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CHAPTER I

INTRODUCTION

All living systems consist of cells. In these cells processes of

energy capture, transfer and conversion take place. Each cell type is

unique in terms of its structure and function and the integration of

all activities is essential for the overall functioning and survival of

complex organisms.

The cell membranes provide compartimentalization while at the same

time they function as active participants in the chemical and biophysi-

cal processes of the cell. The closely coupled reactions of the electron

transfer chain in the inner mitochondrial membrane, the transfer of

energy from the light absorbing chlorophyl molecules to the reaction

centres in photosynthesis are few of the many examples of situations

in which the stuctural arrangement of the membrane components evidently

has a profound effect on membrane function.

The cell membrane can be studied with emphasis on the stucture and

dynamics of the ensemble of molecules(EPR, NMR [1 ] ) or by studying

the relation of the structure to the functions of the constituting

molecules (study of chemical reactions,photochemistry,pulse radiolysis).

Pulse radiolysis, developed in the early 60's, has contributed con-

siderably to the understanding of complex reactions and to the under-

standing of the effects of ionising radiation [ 2 J . Pulse radiolysis

at low temperatures has proved to be an excellent technique for studying

electron transfer by tunnelling [ 3 ]; it has been used to elucidate the
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thc electron transport mechanism of mitochondrial heme proteins [ 4 ] ;

much of the radiation chemistry is now understood,in particular of

simple aqueous systems [ 5 ] .

In the last ten years more and more studies on heterogeneous

systems have been undertaken,inspired by the increased interest in

the catalytic effects of interfaces and in the localization and

separation of chemical reactants in particular with a view to the

conversion of solar energy into chemical energy [ 6 ] . It has been

realized that molecular mechanisms for radiation effects must be investi-

gated in a more complex environment than a dilute aqueous solution,

which is quite remote from the realities of a living cell. Pulse

radiolysis studies of aggregates like aqueous micelles, reverse

micelles and vesicles, which incorporate some of the key functions

of cell membranes may provide information about organization and

dynamics of aggregates and simulate biological reactions.

Cell membranes and model membranes

Cell membranes are composed of about equal amounts of proteins

(20-60%) and lipids (40-80%). Current ideas about membrane structure

are summarized in the fluid mosaic model proposed by Singer and

Nicolson [ 7 ] .In this structure amphiphatic lipids are arranged

Fig. 1. The fluid mosaic membrane model
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in a bilayer in which the enzymes,ion transport and receptor proteins

are embedded. Fig. 1. shows the architecture of a cell membrane sche-

matically. The major part of membrane lipid consists of a hydrophi]ic

headgroup and two hydrocarbon chains. It is the spontaneous aggrega-

tion of the lipids into a bilayer by orientating in such a way that the

hydrocarbon region is isolated from the aqueous phase, that forms

the barrier function of the membrane. This "hydrofobic effect" results

from the strong attractive force between the water molecules which

must be disrupted if individual molecules are to be solvated. In the

case of the nonpolar hydrocarbons, no compensation for this by sol-

vation takes place, thus the increase ir entropy of the water molecules

exceeds the decrease in entropy by organization of the nonpolar species

[8 ] .

Model systems of membranes can be made in a large variety, from

the dispersion with the use of surfactants of intrinsic proteins in

water to lateral arrangements of elongated molecules in series of

stacked layers. In pulse radiolysis the most widely investigated models

are aqueous micelles, vesicles and inverted (water in oil) micelles.

Aggregates formed in aqueous solutions of surfactants are referred

to as micelles, and these systems are by far the most thoroughly

studied. Surfactants form micelles above a certain critical concen-

tration (c.m.c). A dynamic equilibrium exists between monomers in

bulk solution and micellized molecules. The precise structure of

aqueous micelles still remains rather uncertain. A spherical geometry

with headgroups on the surface and a more or less hydrocarbon-like

interior have been suggested [ 9 ] .

In nonpolar solvents reverse or inverted micelles are formed by

some surfactants. Large amounts of water can be solubilized by con-

centrating it in pools at the core of each micelle. The wat_r pools

have been used to study electron transfer to these pools from the
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alkane phase through the charged interface as a model for transport

through a membrane [ 10 ] .

Double chain surfactants and molecules such as lecithin form

vesicles in agueous solution. These systems consist of closed bilayers

of radius 30-50 nm. The bilayer encloses a volume of water. The

exchange with monomers in the bulk is slower than in the case of

micelles [11 ] and the monomer concentration is low e.g. for lecithin

in the order of 10 M. As a model for biological membranes the

bilayer system may be more appropriate than the micelle.

Pulse radiolysis

In pulse radiolysis a solution is irradiated with a short pulse

of high energy electrons produced by an electron accelerator. In the

studies reported in this work the electron pulses, produced by a 2 MV

Van De Graaff accelerator, had a pulse lenght cf 100 ns, k ps or 5 ps.

When a solution is irradiated with 2 MeV electrons many molecules

are ionized or excited. For polar molecules the ionization energy

is of the order of 10 eV [ 5 ] .Therefore one 2 MeV electron can

produce cf the order of 10 free electrons and as many positive ions.

A part of the secondary electrons travel away from their parent ions

and loose energy by inelastic collisions with molecules of the medium;
_Q

eventually they become thermalized. After 10 s the radicals formed

by covalent bond rupture of electronically excited molecules may be

considered thermalized and distributed randomly in the medium.

Values of the radiation chemical yield are expressed as G(x)=n(x)/E

where n(x) is the amount of a specific compound, x , which is pro-

duced, destroyed or changed by the energy imparted, E , to a speci-

fied material. G(x) is expressed in molJ~ . In the literature the

"old" G-value is more widely used, this value is defined as the

number of molecules produced or changed per 100 eV energy absorbed.
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G (moU"1) = 9.65xlO6 G . .(
new old

Throughout this thesis we shall use the custumary "old" G-values.

The yield in aqueous solution is given in table 1.

species

G-value

H3

3.3

OH"

0.6

e
aq

2.7

OH"

2.8

H"

0.6

H

0

2

.45

H

0

2°2
.7

Table 1. Yield of products in aqueous solution

By a particular choice of the composition of the solution,systems

with one radical as the main reactive species may be obtained. By

saturating the solution with N„0 an almost totally oxidizing system

can be obtained,

H2°
ea + N2° * N 2 + °2 * 0H' + 0H + N2

N- is inert under the conditions employed.

The transient species, produced in pulse radiolysis, are most

commonly dtected by kinetic spectrophotometry. Quantative measurements

of optical density (O.D.) as a function of wavelenght and time are

made. In this work a wavelength region of 230-1475 nm could be

covered. The sensitivity of our detection system ( Xenon arc.mono-

chror..titor(s) and photomultiplier or photodiode ) is in the order of

an O.D. of 10~3.

A review of the techniques and the use of pulse radiolysis can be

found in reference [ 12 ] .

This work

In this thesis investigations on a number of model systems of

membranes are described. In Chapter II a model for lipid-protein

interaction is studied. The reaction of 0_ with cytochrome c, a

protein of the respiratory chain earlier studied in our laboratory

was investigated in the presence of SDS, a surfactant, a conformatio-
?
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nal change is induced on cytochrome c by SDS , this change may be

relevant in vivo for the donation of an electron by cytochrome c to

the next protein (which is membrane bound ),cytochrome c-oxidase.

Cytochrome c is a well-characterized protein and has been used

as an electron acceptor in water pools of reverse micelles at room

temperature [ 10 ] . Following the tradition in our laboratory to

study electron transfer reactions at low temperatures where diffusion

is ruled out [ 3 ] , we have studied the possibilities of investigating

electron transfer through a charged interface in reverse micelles at

low temperatures. In Chapter III reverse micelles of AOT ( bis 2-

ethylhexyl sulfosuccinate ) in 3-MP are studied. It has been con-

cluded that reverse micelles still exist at 77 K , however, no large

amounts of water could be solubilized. Electron transfer from traps

in 3-MP to the AOT micelles has been found to take place. The electron

reacts with AOT itself rather than being transferred to the small

water pool inside the micelle.

Meanwhile an experimental set-up for measurements in the UV was

completed. The study of membrane components such as unsaturated

fatty acids by optical detection of a formed chromophoric group has

to be carried out in the UV part of the spectrum. The radicals formed

by attack on fatty acid chains absorb below 300 nm ; the dienyl ra-

dical absorbs at 280 nm with a molar extinction coefficient of
4 -i -1

e =3x10 M cm . This radical plays a role in the natural oxidation

of membranes, which is believed to be connected with carcinogenity

and aging. In Chapters IV and V the dienyl radical is studied in the

model compound linoleate ( C.gH^.O^ ). The dienyl radical absorbance

as a function of time is strongly dependent on the aggregation of the

molecules. This makes the dienyl radical an interesting probe for

structural aspects of membranes. A first attempt to use this radi-

cal as a probe is described in Chapter VI . An indication for the

formation of the dienyl radical upon irradiation of dilineoyl-phosphati-

dyl choline vesicles was found.
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CHAPTER II

THE INFLUENCE OF A DETERGENT ON THE REACTIVITY OF

CYTOCHROME C TOWARDS THE SUPEROXIDE RADICAL MEASURED

BY PULSE RADIOLYSIS

A Model System for Protein-Lipid Interactions

ABSTRACT

The reaction of the superoxide radical with cytochrome a was used

to probe the interaction of cytochrome o with sodium dodecylsulfate.

The interaction was found not to be purely of an electrostatic nature.

A confonnational change, the displacement of met-80 - and thus opening

of the heme-crevice - is proposed to explain the data. The free energy

found for opening of the heme-crevice in water pH 7.2 is 1.9

+_ 0.2 kcal/mol (I = 10 mM, 2I°C).
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INTRODUCTION

Cytochrome e is a protein component of the respiratory chain. It

is located on the outer surface of the inner mitochondrial membrane

and is in close contact with the membrane components in vivo [1].

Because of its large positive charge (+7 at pH 6-9) electrostatic

interactions with phospholipids will be dominant, but hydrophobic

interactions are also important. It is known that structural changes

in cytochrome e take place upon interaction with lipids [2,3].

There have been many studies of the mechanism of electron transfer

reactions to and from cytochrome c [4] but few of its electron transfer

reactions in the presence of membrane components. Studies of the

hydrated electron with cytochrome a in the presence of phospholipid

vesicles [5], however, suggest that the interaction of cytochrome e

with the lipids is only of an electrostatic nature.

In order to resolve the inconsistency we investigated the reaction

of the superoxide radical with cytochrome o in the presence of sodium-

dodecylsulface (SDS). The SDS-cytochrome a system is used as a model

for the interactions of cytochrome e with the mitochondrial membrane

in vivo. SDS is known to facilitate the transfer of cytochrome e to

an alkane phase as do negatively charged lipids, like cardiolipin [6].

EXPERIMENTAL

Horse-heart cytochrome c type VI was obtained from Sigma

Chemical Co. (St. Louis, MD, USA) and used without further purification.

The concentration of protein was determined spectrophotometrically using

a Ae 550 nm (red-ox) of 21 mM cm [7]. Sodium dodecylsulfate was

purchased from Biorad (Richmond, CA, USA). All other chemical used were

analysed reagent quality. De-ionized water was doubly distilled in a

glass/quartz apparatus. All solutions were saturated with air. The protein

solutions were made up in 5 mM phosphate (or less when a lower ionic
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strength was required) buffer at pH 7.2 and contained 0.5 mM

(or less) EDTA to remove traces of metal ions. t-Butanol or

glycerol (100 mM) were used as OH" scavengers.

Single electron pulses of 0.55 ps duration were produced by

a 2 MV Van de Graaff accelerator. The experimental set-up has been

described previously [9]. Polysterene cells with an optical path-

length of 10 mm were used. Pulse doses were adjusted to obtain

pseudo-first order kinetics. Doses were standardized against KCNS
3 —1 —1

dosimetry using G.e = 22 x 10 M cm ac 480 nm. The SDS concen-

trations in the protein solutions were varied by mixing small amounts

of a solution of 5 mM SDS in triply distilled water with 3 ml

cytochrome a. No changes in the absorption spectrum between 400 and

600 nm were found upon mixing. The cytochrome a concentrations were

in the 10-45 nM range and SDS concentrations of between 0 and 0.7 mM

were used.

The formation of reduced cytochrome a was folbwed at 550 nm.

Corrections for the effects of large bandwidths of the detection system

were made when necessary. Data were analysed on a PDP 11/70 computer

using an eigenfunction expansion method [10,11].

RESULTS AND DISCUSSION

In the investigated solutions the following reactions are most

important at room temperature.
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Nr.

1

2a

2b

3

4

6a

6b

6c

Reaction

+ 0

k(M

°2aq 2 "2

OH" + t-butanol -»• t-butanol'

+ glycerol

0~ + cyt. III

e + cyt. III
aq '

R2COH + 0 2

R2C(OH)OO"

R2C(OH)O2.

glycerol"

+ cyt. II

cyt. II

R2C(OH)OO"

2.9+0.2x10 10

4 xlO8

1.6x109

2x,0 1 0

1.1+0.lxlO6

(pH 7.2, 1=4 mM, 21°C)

4.5xl010

(pH 7.2, 1=5 mM, 21°C)

•+ R2C=O + BH + 0 2 .

Ref.

[12]

[12]

[12]

[12]

[ 8]

[14]

[15]

[15]

[15]

Reaction 4 is followed at 550 nm. Most of the O~ is formed by reaction 1,

but when glycerol is used as an OH" scavenger reactions 6 contribute

an additional 15% O„. This formation of O„ is fast compared to reaction 4.

Under our experimental conditions (pH 7.2, low doses ^ 300 rad/pulse)

other reactions of 0 2 and HO2 [13] are too slow to contribute significant-

ly to the measured kinetics. At higher cytochrome c concentration (45 yM)

reaction 5 is also observed at 550 nm, but its kinetics is clearly

separated in time from that of reaction 4.

Fig. 1 shows the second order rate constant of the reaction of 0_

with ferricytochrome e as a function of SDS concentration at 10 mM ionic

strength. The reaction constant decreases upon increasing SDS concentration.

This effect is independent on cytochrome a concentration in the range

10-45 uM.
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Fig- I. The second order rate constant of the reaction of

cytochrome o with 0„ measured as a function of SDS concentration.

© = t-butanol, 43 uM cytochrome o; D = t-butanol, 10 pM cytochrome e;

O = glycerol, 10 yM cytochrome o; A= glycerol, 16 pM cytochrome c.
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Under the conditions employed, the reduction of cytochrome e

by 0„ was found to be a first order process. The same amount of cyto-

chrome e was reduced per nC pulse in the presence of 0-0.7 mM SDS.

These results indicate that the reactivity of cytochrome c towards

the superoxide radical only depends on SDS monomer concentration.

The observations are consistent with the idea that SDS induces a

conformational change in the cytochrome a molecule upon binding. This

is in agreement with earlier studies of SDS-cytochrome e interactions

by viscosity measurements [16].

The measured kinetics can be analysed by considering the two-

state equilibrium between cytochrome e-III (native) and cytochrome

c-III*. According to Marcus [17] we may write

„ , AG* x [cyt. c-III*] ...
K = exp( ==• ) = - ^ - (1)

[cyt. e-III]

As in all experiments only one first-order process was observed

due to reduction by 0-, we can assume that the rate of confonnational

change between the two conformers is fast compared to the reaction

of cytochrome c-III and cytochrome e-III* with 0„. The reaction

measured can now be written as

d[cyt. c-II] _
cyt. c-ni*][o.] . (2)

dt l

In this scheme the measured rate constant k can be written as:

kr + K.k
0 °°

~ (3)
K + 1

and
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i—i—i—•—r • i rsn

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

mM SDS

Fig. 2. Determination of AGfl Q and AGgDS according to equation 5,

© = t-butanol, 43 yM cytochrome c;D = t-butanol, 15 pM cytochrome e;

° = glycerol, 10 yM cytochrome a; A = glycerol, 16yM cytochrome a.
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AG* = - RT Ln K . (4)

Here k- is the reactivity of the native conformation towards 0„ and

k is the reactivity of the new conformation. AG* may be expressed as
oo

AG* = A G ^ - AGSDS x [SDS] . (5)

AG* can be found from the dependence of log {(k_-k)/k-k )} on SDS
" 5 - 1 - 1

concentration as shown in Fig. 2. k~ was estimated as 8.10 M s ,

and k as 0.5'105 M~' s"1.
CO

The intercept at zero SDS concentration yields AG as

1.9+0.2 kcal/mol. The slope yields AG = -4.8+0.4 kcaï/mol-mM.

Inserting these values in Eqn. 3 we can calculate the second order

rate constant as a function of SDS concentration, see the solid line

in Fig. 1. This is in good agreement with the experimental data, Fig. 1.

The kinetics of the reduction of cytochrome a can also be influenced

by the change in its net electrical charge due to the binding of

negatively charged SDS molecules. If the charge on cytochrome a is

assumed to decrease linearly with SDS, then the reaction rate will be

expected to decrease almost linearly (Debye factor). Further a decrease

of charge caused by binding should depend on cytochrome c/SDS ratio.

Neither of these effects is observed experimentally.

The effect of electric charge has been investigated by determining

ionic strengths dependence of the kinetics. The experiments can be

described by taking AG to decrease linearly with /Ï7(l - a/ï)

(a = 6) [8]. k^/k- is assumed to be independent of ionic strength.

The same linear dependence describes all our data. The results thus

suggest that the interaction of SDS with cytochrome e-III as measured

by (>2 reduction is not purely electrostatic.

The effect of SDS on cytochrome e-III can also be observed in the

optical absorption spectrum at 695 nm. This weak absorption band can be

used as indicator for the integrity of the heme-methionine 80-bond [18].
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Absence of this bond indicates the opening of the heme crevice. The

695 nm absorption decreases with increasing SDS concentration in the

same concentration range as in the 0„ reactivity measurements indicating

that the cytochrome c-III* form may have a displaced Met-80 and an

opened heme crevice. The reactivity of 0„ towards this form as measured

as a function of pH is also reduced [8]. The interpretation of the

results is consistent with observations of Letellier and Schechter [3]

on the cardiolipin-cytochrome a system. The value found for AG agrees

with the value found by Schejter and George [19], 1.73 kcal/mol (26°C,

I = 10 mM).

It is reported [20] that opening of the heme crevice increases the

oxidation rate of cytochrome a, the rate of reduction may become faster

in the case of a neutral reductant, in contrast to reduction by

ascorbate [21]. The intermediate oxidized state formed in this model

system may be present in vivo as a consequence of interactions with

negatively charged lipids. This state may be relevant in discussing the

function of cytochrome a as an electron donor.
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CHAPTER III

INVERTED MICELLES OF AOT AS ELECTRON SCAVENGERS IN 3-MP

AT 77 K IN THE ABSENCE AND PRESENCE OF WATER

ABSTRACT

Pulse radlolysls of bis (2-ethylhexyl)sulf osuccinate (AOT)

solutions in 3-methylpentane (3-MP) at 77 K leads to the formation of

a species absorbing at around 450 nm. This absorption is believed to

result from the scavenging of electrons by AOT inverted micelles. The

electron scavenging capacities of an AOT solution depend on the

aggregation number of the micelles. The addition of water leads to

less efficient electron capture which is explained by an increase of

the aggregation number. This increase is of the same order of

magnitude as measured by other techniques at room temperature.

INTRODUCTION

In the past few years there has been a growing interest In the

use of micellar systems as reaction media, for example for

investigations of the role of molecular organization In biochemical
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processes. Enzymes entrapped in inverted micelles of surfactant have

been investigated as models of biological membrane structures [ 1] •

Inverted micelles formed by sodium bis (2-ethyïïiexyl) sulfosuccinate

(AÖT) dissolved in nonpolar solvents have been used to entrap

cytochrome c in a water pool [2,3]. Fhotochemically or radiolytically

generated electrons were used to study electron transfer through the

interface formed by the polar headgroups of the surfactant around the

protein [3]. Scavenging of electrons by the polar headgroups was

proposed as a possible mechanism for the rapid decay of the solvated

electrons in those systems.

We have studied the radiation chemistry of the A0T/3-

methylpentane (3-MP)/water system at 77 K. At this temperature the

system Is in the glassy state and diffusion is slowed down. Solubili-

zation of acceptors in the water core at low temperature makes i t

possible to study the influence of the interface on electron transfer

processes without contribution from diffusion or exchange of

surfactant or acceptor molecules between micelles.

We have found that AOT micelles have electron-scavenging

properties at 77 K. A characteristic absorption spectrum was observed.

This absorption is ascribed to an electron-attachment product of AOT.

Following the approach of Dainton, Rice and Pilling [4,5] the time-

dependent electron scavenging of trapped electrons is analyzed. The

aggregation of AOT into micelles Is taken into account by using the

scavenging volume overlap parameter 4>(t) as introduced by Huddles ton

and Miller [6].

EXPERIMENTAL SECTION

The AOT used was from Fluka "purum". The impur i t ies - 0.3% Na2

SO^, 0.01% Na2 SOg and minor q u a n t i t i e s of semies t e r , a l c o h o l ,

carboxyla te [7] a r e bel ieved to be of n e g l i g i b l e in f luence on our

pulse r a d i o l y s i s experiments a t low tempera tu re . AOT samples

r e c r y s t a l l i z e d from methanol gave the same r e s u l t s as u n t r e a t e d

samples . 3-MP and methylcyclohexane were from J . T . Baker (A .R . ) . Water
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was deionized and triply dist i l led. Samples were prepared by

dissolving AOT in 3-MP and the concentrations were determined at room

temperature. In some cases a small amount of water was added and

dissolved by shaking or by short treatment in a bath-type sonicator.

Argon was bubbled through the solutions prior to use. No detectable

loss of 3-MP by evaporation occurred when the bottle containing the

solution was cooled with ice. Deoxygenated solutions were quickly

injected into a polystyrene cell (optical path length 1 cm) immersed

in liquid nitrogen. Frozen samples were transferred to an optical

cryostat (Cryoson XL500), which was precooled to 77 K. Helium was used

as an exchange gas .

The electron pulse? (0.55 us duration) were produced by a 2 MV

Van de Graaf f accelerator. The pulse dose was about 20 Gy (2 krad) and

was measured at room temperature with a thiocyanate solution. The

absorbed dose measured in the aqueous system was not corrected for

differences in electron densities between the solution under

investigation and the doslmetry solution.

The optical detection system for the visible region (350-700 nm)

consisted of a 450 W Xe lamp, two Bausch and Lomb grating mono-

chromators (one on each side of the cryostat) and an RCA R928 photo-

multiplier. The bandwidth was smaller than 5 nm and f i l te rs were used

to suppress second-order light and Cerenkov l ight . Bleaching was

prevented by using low light intensi t ies . The infrared part of the

spectrum was recorded with a Ge 7460 photodiode (Rofin). In this case

the monochromator behind the cryostat was replaced by an infrared

transmission f i l t e r . Owing to the low radiance of the Xe lamp in this

wavelength region only the emission lines of the lamp were used. The

bandwidth (determined by the f i r s t monochromator) was between 18 and

25 nm.

The signals were registered by a Tektronix R7612D digitizer,

processed by a PDP 11/23 computer and stored on a floppy disc unit .

The absorption signal at short times was corrected for the

luminescence of the cryostat windows.
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RESULTS

The spectrum extrapolated to the end of the pulse

Figure 1 gives the absorption spectra of A0T/3MP mixtures

immediately a f te r the pulse . The infrared absorption, ascribed to the

trapped e lec t ron [8 ] , decreases upon increasing AOT concentration

whereas a new absorption band at 450 nm increases . The spectra in f i g -

1 have not been corrected for the absorption of the polystyrene c e l l

(included in f i g . 1) .

The u n i t for absorption . • , is expressed in e.G (JÖQ—v" M cm )

by the r e l a t i o n

9 5 x i o on
e G = ' A 0 • v—X where d = lightpath (cm)

p = density (g/ml)

The polystyrene ce l l contributes an absorption band with a maximum a t

410 nm at room temperature [ 9 ] . The spectrum observed at 77 K with e.G

= 0.91 x 10*» was s imilar to that of ref . 8 (0.83 x 101* at room

temperature a t 60 n s ) .

The spectrum measured a t zero AOT concentration is in agreement

with the spectrum founu by Klassen [10] and Buxton [11] in 3-MP. In

f i g . 2 the y ie ld at 1475 nm, 1 us after the pulse is plotted as a

function of AOT concentrat ion. The log (yield) is a l inear function of

AOT c o n e T a t i o n .

The time dependence of the absorption at 1475 nm

The decay of the trapped electron was measured from 50 us to 100

ms. The decay a t zero AOT concentration as measured both at 800 nm and

at 1475 nm is in good agreement with the resu l t s of Klassen [12] . The

decay curves in the presence of AOT were corrected for the decay in

the pure matr ix . The corrected absorption decays almost l inear ly with

log (time) ( f i g . 3 ) . Since the absorbance of the trapped electrons
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Figure 1. Absorption spectra immediately after the electron pulse in

3-MP/AOT mixtures.

o : [AOT] = 0; + : [AOT] = 45 mM; 0 : [AOT] = 65 mM;

• : [AOT] = 173 mM; x : [AOT] = 285 mM; • : [AOT] = 470 mM.

The dotted line is the absorption spectrum of the cell.
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Figure 2. Yield of the trapped electrons as measured at 1475 nm as a

function of AOT concentration (e) relative to the yield measured at
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time t . Measurements are at 1475 nm.
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decays almost loga r i thmica l ly over s e v e r a l orders of time a t a l l AOT

concentrat ions measured, we be l ieve t ha t th is decay occurs by

tunne l l ing of the e lect rons from t h e i r t rapping s i t e s to AOT

molecules. As ind ica ted by Dainton, Rice and P i l l i n g [4 ,5] a good
— 12approximation to descr ibe e l ec t ron tunne l l ing fo r t > 10 s is given

by equation 1:

f ( s ) «pZL511 ( l n t ) 3 ( 1 )
A 0 f33 C l

where A(t) is the absorbance at time t, AQ the absorbance at time t in

the absence of scavengers, S the molar concentration of the scavenger,

P = 2.(2m AV)̂ /h (expressed in nm ) if the barrier is rectangular

with a height AV and t j is a reciprocal frequency factor. The factor

f(S) was added to correct for dry electron scavenging and/or the

formation of trapped electrons within the encounter radius of the

scavenger. We fi t ted the decay curves of the electron at 1475 nm by

plotting log —r— versus log (10 l l*.t)3 . The results are shown in

figure 4. From the slope of these plots y which is given by equation 2

with S expressed as usually in mol/1, p in nm was calculated. From

the ordinate intercept f(S) was found. Results are given in table 1.

The value of (3 thus estimated is relatively insensitive to the choice

of t j . Variation of 10~16 < tx < 10~12 s gives variations in p of +

15%. Variations in f(S) are larger. We expect from equation 2 a linear

dependence of y on S, so the value found for (3 for a l l concentrations

should be the same. The values for (3 were calculated assuming that the

scavenger concentration in the sample at 77 K is 1.33 times the

concentration at room temperature, due to volume contraction of the

3MP glass [13]. For the three different concentrations these values

are in good agreement.
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Figure 4 . A p l o t of log[A(t)/AQ] versus [log(1011* t ) ] 3 . A l i n e a r

behaviour is observed in accordance with eq. 1.

Table 1 R e s u l t s of the f i t of our data to eq . 1 ( t ^ = 10,-14 s)

scavenger S(mM) P(nm 2> f (S )

AOT

AOT/H2O

Biphenyl

65

173

285

173

65

4

0

0

0

2

3

.1

.4

9.9 +1

23 .5±

44 +

12.5±1

3.5+ 0

7.9+ 0

.6

2

8

.0

.7

.8

22.7+1

23.6±O

22.6+1

29.1±0

32+

9.4+ 0

.2

.7

.4

.8

2

.3

0.81+0

0.50+0

0.45+0

0.48±0

0.80+0

0.95+0

.03

.04

.15

.02

.03

.03

1) S(mM) c o n c e n t r a t i o n a t room t e m p e r a t u r e .

2) Errors a r e 1 x s t anda rd d e v i a t i o n from f i t .
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Addition of water to the A0T/3MP mixtures

At room temperature large quantities of H20 can be added to

A0T/3MP mixtures. A value for wQ (= rAQT1) of 20 can be easily

obtained. On rapid cooling to 77 K i t was only possible to obtain

clear samples when WQ was smaller than 4. Two water concentrations

were studied (various samples)

3MP + 65 mM AOT + 220 mM H20 + 4 mM NaOH* (wQ = 3.4)

3MP + 173 mM AOT + 360 mM H20 (wQ = 2.1)

The effects of the presence of water on the spectra immediately

after the pulse are an increase of the trapped electron yield but a

decrease of the 450 nm species.

An additional absorption possibly due to electrons solvated in a

water environment [14] was not found. After correction for the cell

and the absorption of the trapped electron at this wavelength, the

yield of the species absorbing at 450 nm was about 70 % in the WQ =

3.4 and WQ = 2.1 samples as compared to the dry samples. The trapped

electron yields were about 14 % higher in both samples.

The decay of the trapped electrons as plotted in f ig . 3 changes
Aft)

drastically with the water content. Again log ^ is plotted as a
0

function of (log(10-1-'*t)) (figure 4 ) . The p values calculated from the

slopes are larger than in the dry samples, and the effect is strongest

in the sample with the higher WQ. The f (S) factors are about the same.

Biphenyl as a s cavenger

4 mM Biphenyl was dissolved in 3-MP. The decay curve of the

trapped electrons was analyzed by means of eq. 1. The results are

included in table 1. The value found for (3 is much smaller than for

AOT. In 3-MP biphenyl is as effective as CCl̂  in reducing the trapped

electron yield at 77 K, even róien CCl̂  is clearly the stronger

The NaOH was added to prevent the crystallization of the water.
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scavenger when the two scavengers compete with each other for

electrons [ 1 5 ] .

APT In methylcyclohexane

The absorption spectrum r e s u l t i n g from the i r r a d i a t i o n of 250 mM

AOT in methylcyclohexane a t 77 K is s imi la r to the absorption in 3-MP

as a s o l v e n t . Both in 3-MP and in methylcyclohexane the spectrum

decays slowly and the maximum is s l i g h t l y redshif ted at longer times

(more than 1 min).

DISCUSSION

The 450 nm absorption

We asc r ibe the absorption found in 3-MP/A0T and McH/AOT mixtures

to an e l ec t ron attachment product of AOT. This is based on the

f ollowing cons i de ra t i ons :

a) The absorption increases with increasing AOT concentration while

the trapped electron yield decreases. The electron yield immediately

after the pulse shows a logarithmical dependence oi AOT concentration

(tig- 2).

b) The same absorption was found in different solvents.

c) AOT has two ester groups. Esters show an absorption band around 450

nm after irradiation at 77 K [16].

No growth of the absorption after the electron pulse was observed

directly. S t i l l we believe that the decay of the infrared absorption

after the pulse in the 3-MP/AOT system, corrected for the decay in the

pure 3-MP matrix, must be attributed to tunnelling of the electron

from its trap to the AOT scavenger. A rough estimate of the ratio of

the extinction coefficients of A0T~ at 450 nm and e at 1500 nm,

derived from the data of figures 1 and 4, (corrected for the

absorption of the polystyrene cell and the electron) gave a value of
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0.1 based on the assumption that in a pure 3-MP matrix at 77 K about

20% of the dry electrons is trapped. The extinction coefficients of

A0T~ and e at 450 nm appear to be almost the same. This means that

the increase of A0T~ and the concomitant decay of e leaves the

absorbance at 450 nm unchanged.

Electron scavenging by AOT

From table 1 i t can be seen that AOT seems to be a less effective

electron scavenger than biphenyl, as judged by the higher value for p

found for AOT. At room temperature however, AOT aggregates to inverted

micelles in nonpolar media. Therefore the AOT micelles may be

considered poly-functional units with respect to the scavenging of

electrons. Huddles ton and Miller [6] have shown that a difunctional

molecule may be a considerably less effective acceptor than two

independent mono-functional molecules, when the separation distance

between the two reactive groups is a substantial fraction of the

tunnelling distance. A factor

V (t)

was defined so that the trapped electron survival probability at time

t can be expressed as

Pn(t) =

and

where V̂  is the capture volume associated with acceptor i . Ŝ  is the

concentration of the acceptor.

This means that in equation 1 we should write S(J) instead of S. If

we consider that n AOT molecules aggregate and that at longer times
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the capture volumes overlap completely we find $ = 1/n. Because of the

aggregation of AOT, we do not believe that the high value f or 8 found

from equation 2 is due to AOT being less effective because of Franck-

Condon factors for the electron transfer process. As has been

demonstrated recently [17] P may be thought to be the sum of a p0

which is scavenger independent and a term \ in which Franck-Condon

factors are incorporated. The value found for biphenyl in 3-MP may be

close to Po> since biphenyl and CCl̂  are the most efficient scavengers

in 3-MP [15].

If we now assume that an AOT molecule is as effective as a

biphenyl molecule in 3-MP, we can determine n from y = —* as
R3

1 5 . The parameter (3^ i s t h e value found f o r b i p h e n y l . b

The s t r o n g i n c r e a s e i n p caused by t h e a d d i t i o n of wa te r can now

be exp l a ined by a change i n the a g g r e g a t i o n number n caused by the

a d d i t i o n of w a t e r . Thus we f i n d f o r WQ = 2 . 1 : n = 29, and f o r WQ =

3.4 : n = 39 . The a s s o c i a t i o n numbers found a t 77 K a r e lower l i m i t s ,

s i n c e the cap tu re volumnes of the n molecules were assumed to over l ap

c o m p l e t e l y . If t he o v e r l a p is not complete <f w i l l be l a r g e r than 1/n.

As an approximat ion we t ake n molecules d i s t r i b u t e d un i fo rmly over the

surface of a sphere with radius rc < r t (tunnelling distance).

Provided n is large enough, we found that <J)(t) = — {n }3- In this

case <t> will be time-dependent. Experiments over more decades of time

could test the time-dependence of $- The r c may vary with water

content, so the increase in n may be even larger than calculated

above.

Comparison with room temperature data on AOT

At room temperature the association number as a function of water

content (in the region WQ < 6) has been investigated by small angle X-

ray diffraction [7] and fluorescence polarization [18]. The

aggregation number was found to be independent of concentration for

[AOT] < 0.3 M [18]. The aggregation number increases with increasing

water content. From the results of Keh and Valeur [18] on AOT/heptane
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Table 2 Association numbers of AOT

Keh et a l . Tavenier et a l . This work

0 - 18 15

1 32 19

2.1 40 22 29

3.4 51 30 39

mixtures n can be calculated (assuming spher ical micelles and by

taking the molecular volume of AOT to be 825 A3 ( re f . [19 ] ) . Bearing

in mind that aggregation numbers of AOT depend on the solvent and that

the values calcula ted are lower l i m i t s , the values found f or n as a

function of WQ from electron scavenging data are consis tent with

values obtained for these systems at room temperature. This indicates

that upon rapid cooling to 77 K micelles with a small water core exis t

indeed at this temperature.

The factor f(S)

The increase of water content does not change f(S) very much. The

factor f(S) can be expressed as [20]:

f(S) = exp(-S/S37) .

At short times (10~14 s) Kt) will approach unity (no overlap) so we

may calculate S 3 7 by taking S as if no aggregation has occurred. The

assumption that overlap does not exist at short times can explain why

the change in water content does not influence f(S). The value for S37

found is 370 + 140 nM. This value is high when compared to the value

found for CrO4~ in an 8M NaOH glass [21]: 45 + 15 mM. The large errors

in f(S) do not permit further conclusions.
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CONCLUSION

Upon r a p i d coo l ing AOT e x i s t s i n 3-MP a t 77 K in m i c e l l a r form as

a t room t e m p e r a t u r e . AOT has e l e c t r o n scavenging p r o p e r t i e s . The

scavenging of t r apped e l e c t r o n s by AOT mice l l e s i s i n f luenced by the

water content, because the aggregation number and hence the effective

scavenger concentration depend on water content. A characteristic

absorption at 450 nm was found and ascribed to an electron attachment

product of AOT.



-35-

REFERENCES

1. Cu r t i s s , P . J . , Biochem. Biophys. Acta 1972, 255, 833.

Martinek, K, Levashov, A.V., Kluachko, N.L. and Berezin, I .V. ,

Dokl. Akad. Nauk SSSR 1978, 236.

Luis i , P . P . , Bonner, F . J . , P e l l e g r i n i , A., Wiget, P . , and Wolf,

R., Helv. Chim. Acta 1979, J32, 740.

2 . P i l e n i , M.P., Chem. Phys . L e t t . 1981, 603-605.

3 . Visser , A.J.W. and Fendler, J . H . , J . Phys. Chem. 1982, 86, 947-

950.

4 . Dainton, F . S . ; P i l l i n g , M.J. and Rice , S.A., J . Chem. Soc. Faraday

Trans. 2, 1975 _7_I 1311.

5 . Rice, S.A. and P i l l i n g , M.J . , Prog. React . Kinetics 1978, 9_, 93 . j

6 . Huddles ton, R.K. and Mi l le r , J . R . , J . Phys. Chem. 1981, 85, 2292. {""

7. Tavenier, S.M.F., Thesis Univers i ty of Antwerp, 1981.

8 . Guarino, J . P . and Hamill, W.H., J . Am. Chem. Soc. 1964, 86 77.

9 . Ho, S.K. and S i ege l , S. J . Chem. Phys. 1969, ^0_, 1142.

10. Klassen, N.V. and Teather, C.G., J . Phys. Chem. 1979, 83 326.

11 . Buxton, G.V., Salmon, G.A. and Gebicki , J . L . , Rad ia t . Phys. Chem.

1981, _17_397.

12. Klassen, N.V., G i l l i s , H.A. and Teather , C.G., J . Phys. Chem.

1972, _7£, 3847.

13 . Kevan, L. , Advances in Radiation Chemistry 4 . Burton, M. and

Magee, J . (eds) Wiley New York (1974) .

14. Wong, M., Gra' tzel , M. and Thomas, J .K . , Chem. Phys. L e t t . 1975,

_30, 329.

15. Mi l l e r , J . R . , J . Chem. Phys. 1972, _56_, 5173-5179.

16. David, C , Jansen, P. and Geuskens, G., Radiochem. Radioanal .

L e t t . 1969, JL, 129.

17. Leeuwen, J.W. van and Levine, Y.K., Chem. Phys. 1982, 69_, 89-98.

18. Keh, E . , Valeur , B. and Col l , J . , Interf . Sc i . 1981, ]9_, ^65-478.

19. Zulauf, M. and Eicke, H.F. , J . Phys. Chem. 1979, 83 480-486.

20. Wolff, R.K., Bronsk i l l , M.J. and Hunt, J.W., J . Chem. Phys. 1970,

S3, 4211.

2 1 . Leeuwen, J.W. van, Heijman, M.G.J. , Nauta, H. and C a s t e l e i j n , G.,

J . Chem. Phys. 2 1 . 1482-1489.



-37-

CHAPTER IV

A PULSE RADIOLYSIS STUDY OF THE REACTIONS OF

OH7O- WITH LINOLEIC ACID IN OXYGEN-FREE AQUEOUS SOLUTION

ABSTRACT

Absorption spectra of products resulting from the reaction of

OH' and 0 with linoleate in aqueous solution have been measured.

An OH" adduct, absorbing at t> 240 nm as well as the allyl and the

dienyl radical were observed. The dienyl radical is formed by the

reaction of linoleate with OH" (k = (1.15 +_ 0.10) x io'° M~! s"1)

and 0~ radicals (k = 2.5 +_ 0.4) x 109 M~' s~'). The greater

selectivity for the formation of dienyl radicals by 0 as compared

to OH" is due to the formation of an OH" adduct. The dependence of

the absorption band of the adduct on linoleate concentration can be

explained in terms of competition between reactions of OH" with

linoleate molecules in micelles and in solution. It is assumed that

OH" radicals neither form adducts nor dienyl radicals with micellized

linoleate, but still react with these molecules, albeit in a different

way. Since the rate constant for the reaction of OH" with micellized

linoleate is comparable to the rate constant for the OH" addition

reaction and much lower than the rate constant for dienyl production,

the absorbance at 280 nm (dienyl) is less affected by linoleate con-

centration increase than the absorbance at ̂  240 nm (OH adduct).
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INTRODUCTION

The formation of hydroperoxides in the auto-oxidation of

membrane components is often studied in model membranes such as

micelles and vesicles [1]. Sites particularly susceptible to

oxidation are those associated with methylene interrupted poly-

unsaturated fatty acid moieties in lipids [2]. The oxidation process

of poly-unsaturated fatty acids is a cbain reaction which is strongly

influenced by the packing of the lipid molecules [?-6]. The chain

reaction can be induced chemically (by 0„, N0„), by thermal disso-

ciation of molecules such as azobisisobutyronitril [7]or by ionizing

radiation. The auto-oxidation of linoleic acid, an important com-

ponent of the lipid molecules leads mainly to the formation of

specific hydroperoxides derived from oxygen entrapment of a penta-

dienyl type radical, delocalized between carbons 9 and 13 of the fatty

acid chain [8]. However, on irradiation of linoleate micelles in water

only 60% of the oxygen uptake can be accounted to this hydroperoxide

formation [9].

A clue to the solution of this discrepancy is the observation that

the radicals produced from the irradiation of water can attack the

linoleate molecule on a number of sites other than the double allylic

position [10] . The irradiation of water produces free radicals such as

e , OH" and H". The OH" radicals can abstract hydrogen and add to
aq _

double bonds [11]. It has previously been found that the 0 radical, the

conjugate base of OH", is more selective than the OH" radical in

producing dienyl radicals in linoleate solutions [12]. The 0 radical

reacts predominantly by abstraction [13]. The adduct formation of the

OH" radical may be the reason for the unaccounted loss of linoleate under

irradiation.

An OH" adduct to a double band is expected to have an absorption

band in the far UV part of the spectrum. The dienyl radical can be

detected by an absorption band centered at 280 nm with an extinction
4 -1 -l

coefficient e = 3 x 10 M cm [ref. 10].
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In this paper we present spectra of products resulting from

irradiation of linoleate in oxygen-free solutions. It will be shown

that the formation of dienyl radicals by 0 and OH" takes place

predominantly in the bulk solution, even at concentrations where

most of the linoleate is micellized. An absorption band from

a product of addition of OH' radicals to the double bonds is found

which appears to be highly dependent on the linoleate concentration.

The dependence on linoleate concentration can be explained by a

less effective addition to double bonds when the linoleate molecules

are micellized. This makes the double bonds suitable probes for

investigating micellar structure.

In order to investigate further the specificity of the OH' and

0 radical for abstraction at the double allylic position we have

measured the rate constant for the formation of the dienyl radical

at different pH values by direct observation of the absorption

changes at 280 nm.

EXPERIMENTAL

Radicals are produced by irradiating aqueous solutions in a

quartz cell with electron pulses (of 100 ns or 1/2 ps duration)

delivered by a 2 MV Van de Graaff accelerator. The optical path was

1 cm and care was taken not to irradiate the quartz windows through

which the analyzing light beam passed. The optical transmission change

of the sample was observed by means of an analyzing light source,

monochromator, photomultiplier and a transient digitizer. Precautions

were taken for observing transmission changes as small as 0.5% in the

wavelength region of 230-300 nm. The current through the 450W Xe-lamp

was pulsed. Signals were corrected for non-flatness of the lamptrace

by subtraction as described in [14]. The determination of the high

rate constants necessitated measurements on short timescales. Because

of the rather large jitter in the arrival time of the electron-pulse

(+ 15 ps), the time origin for subtraction was determined by correlating
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i

• 7600 M~' cm"1.

the shapes of the fast fluctuations in the light pulse. In this way

consistent values for the rate constant could be determined. The

solutions were made with triply distilled water and adjusted with

(carbonate free) NaOH to a pH between 7 and 12, or made in a borate

buffer (pH 8). All solutions were clear and showed no scattering of

visible light. Linoleic acid (grade III) and oleic acid were ob-

tained from Sigma, and checked for oxidation by measuring the ab-

sorbance at 232 nm (conjugated diene) prior to use. All samples con-

tained less than 0.1% oxidation products. Other chemicals were from

J.T. Baker, reagent grade. The experiments were carried out at 20 C

in argon and N_0 saturated solutions. The absolute dose per pulse

was measured by thiocyanate dosimetry, taking e (475 nm) =

RESULTS AND DISCUSSION

Spectra of linoleate solutions immediately after the

electron pulse.

In Fig. 1 the optical density immediately after a 1/2 ps electron

pulse of 10 Gy (1 krad) is plotted as a function of wavelength for

three linoleate concentrations at pH 12. At low linoleate concentrations

the spectrum consists of two broad bands, one centered around 280 nm

and one at about 240 nm. In the spectrum for the high linoleate con-

centration the 240 nm band is absent. Only a shoulder at wavelengths

shorter than 280 nm is observed. In contrast the band at 280 nm exhibits

only a weak concentration dependence. This band has previously been

assigned to the dienyl radical [10]. The 240 nm band can thus be as-

signed to a separate product formed from linoleate. We shall now con-

sider the possible products from linoleate which could give rise to the

observed effects.
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The radiolysis of aqueous solutions yields e , OH' and H',
aq

with G values of 2.8, 2.8 and C.55 respectively. In the presence of
N„0, e is virtually completely converted to 0 , which itself is
2, aq
in rapid equilibrium with OH"

O + H20 *• OH' + OH (1)

-12
The equilibrium constant for the reaction is K = 1.26 x 10

(pK = 11.9) [ref. 15] . Several products can be formed by the reaction

of H", OH' and O with the linoleate molecule which contains two,

methylene interrupted, double bonds

I
I ^ C.

C 5 H U — c = cr 1
 Nc = c - (CH2)? - c;

H atoms are known to add to a double bond at rates of about
9 —1 —1

5 x 10 M S (butene [ref. 16]), while abstraction by H atoms of

H from the chain is lower by a factor of hundred. At the linoleate con-

centrations greater than about 100 pM the addition reaction proceeds

more favourably than the raction of the H atom with OH to form e
7 -1 -1 a q

(k = 2 x i0 M S [ref. 17] with subsequent conversion into OH'

and 0 .

Studies on unsaturated aliphatic alcohols [11] show that the

OH" radical adds predominantly to the carbon-carbon double bonds, but

a measurable proportion (10-20%) was found to abstract hydrogen from

allylic positions. The extent of abstraction increased by a factor of

two in case of a double allylic position, in 1,4-pentadienyl-3-ol.

We expect the OH" radical to add to the double bonds in linoleate as

well as to abstract from double allylic (forming the dienyl radical)

and from other positions along the chain,resulting in allyl and

alkyl radicals.
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The O radical reacts almost exclusively by abstraction but

approximately three times slower than the OH* radical [II]. The

carboxyl headgroup does not react with these radicals.

The addition product of linoleate from OH addition e.g.

V
• C = Cv

etc

OH .

,c- c -
etc

is expected to have an absorption spectrum below 250 nm as the

structure resembles that of the allyl alcohol radical which absorbs

below 235 nm [181. The 240 nm band is thus ascribed to the OH radical

adduct. This is supported by the fact that at lower pH, where almost

only OH* radicals are formed in the irradiation of water, a rela-

tively large contribution of the 240 nm band to the spectrum is

observed (Fig. 2). In Fig. 2 the absorption spectrum (for a pulse of

10 Gy) obtained in a 0.5 nrM linoleate solution in borate buffer pH 8.0

is shown. This spectrum is the same as that observed previously by

250 270

Wavelength (nm)

290

Figure 2. Absorption spectrum of products resulting from the

irradiation (with a dose of 10 Gy) of oxygen-free

linoleate solutions at pH 8 (borate buffer).
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Patterson [10]. The residual shoulder at 260 nm in the high concen-

tration linoleate solution may be attributed ti the allyl radical. An

absorption band at approximately 255 nm is found in oleate solutions,

Fig. 3. The formation of an OH adduct in this case cannot be ruled

out, as in the oleate solutions there is overlap of absorption bands.

In contrast to linoleate solutions, no drastic concentration effect is

seen in oleate solutions. However, y-irradiation of oleate in oxygen-

free aqueous slutions hydroxystereate has been found as a product in

combination with dimerized molecules [19].

The extinction coefficients in tht UV for the dienyl and allyl

radicals have been determined at 77K from measurements on polyethylene

[20]. The extinction coefficient found for the dienyl radical

E = (2.9 _+ 0.6) x 10 M cm agrees well with the value determined by

Patterson [10], E = 3 x 10 M cm in linoleate solutions. Patterson

concluded that formation of the dienyl radical by abstraction by the

250 270

Vtevelength (nm)

290

Figure 3. Absorption spectra of products resulting from the

irradiation (with a dose of 10 Gy) of oxygen-free

oleate solutions at pH 12.

° ' "'M Ü lOmM
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OH" radical is random along the chain (6.5%), at pH 10. At pH 12,

we find that 9 +_ 2% of the OH' and 0 radicals are converted into

dienyl radicals (in the concentration range 100 uM - 5 mM). The

pH dependence of the yield is shown in Fig. 4 for a 100 pM linoleate

solution. The optical density at 280 nm resulting from the reaction

of the radicals with linoleate has been plotted as a function of

initial total radical concentration. The slopes of the lines in

Fig. 4 are significantly different, yielding 6.6 + 0.3% at pH 10 and

9 +_ 1% at pH 12.5.

From the extinction coefficient found for the allyl radical at

77K: (7.3 ̂ 1.5) x 103 M"1 cm"1 at 258 nm, we find that 22 + 5% of

the OH' and 0 radicals are converted into allyl radicals in oleate

solutions at pH 12, while random abstraction would only yield 13%.

The differences arise from the higher initial 0 concentration in our

experiment at pH 12. As no addition to neighbouring bonds takes place,

the possibility for abstraction at the double allylic and allylic

positions is enhanced. Furthermore because 0 is charged, a higher

reaction probability away from the charged headgroup is to be expected.

1 2 3 4 5

Initial Radical Concentration

Figure 4. Yield of the absorption a t 280 nm in a 100 PM l inolea te

so lu t ion , as a function of i n i t i a l r ad ica l concentration.

O pH 12.5 O pH 10
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The dependence of the absorption spectra on linoleate concentration

In Fig. 5 the dependence of the optical density at 240 nm

(resulting from a 10 Gy pulse) on linoleate concentration is shown. The

absorption at 240 ran decreases for linoleate concentrations above 1 mM,

roughly the critical micellar concentration at pH 12. The decrease of

the absorption at 240 nm can be described by a dependence on the concen-

tration to the power of -0.78 _+ 0.06. The approximate inverse dependence

of the absorption at 240 nm (A^-Q) on the linoleate concentration can be

explained by competition of linoleate monomers and micelles for the

OH radical. As a first approximation we assume that the product of the

reaction of the OH" radical with micellized linoleate is not an adduct.
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The optical density at 240 nm at concentrations C > cmc as compared

to C < cmc varies according to

k2. cmc

A_,-(C < cmc) k- cmc +

with k_ the rate constant for reaction with micellized linoleate,

and k the rate constant for an addition reaction in the bulk. This

function, eq.(2), yields a power dependence of A9/_ on C with an
9 -1 -i

exponent of -0.775, if we take k = 10 M S [ref. 10] and
9 - 1 - 1

k„ = 2 x 10 M S . This value for k„, the rate constant for

addition of OH' linoleate agrees with the rate constant measured for
g

the addition of OH' to ethylene k = 1.8 x 10 [ref. 21]. A somewhat

better description is obtained by taking into account a small

additional adduct formation in micelles and a redistribution of the

OH' radicals not forming adduct in the bulk. We thus find that only

small values of k, (the rate constant for addition to micellized

linieate) gives the right power dependence.

The total reactivity of the OH" radical to the linoleate molecule

as can be measured by competition with KCNS [10] drops by a factor

of ten on micellization. For the addition reaction of OH' this

reduction factor is even higher, as in the extended description

k2 = 1 x 10
9 M~' s"1 and k = 0.01 x 109 M~' s~'. The decrease in

reactivity may be explained by a change of intrinsic reactivity or by

geometric effects. The latter effects could arise, at least for the

reactivity of the molecule as a whole, as it can be shown that only

about 10% of a micellized chain is wetted. The greater reduction in the

rate of the reaction at the double bond position might mean that the

carbon atoms from position 9 to the end of the chain are less exposed

to water than the other part of the chain.
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The decrease of the 280 nm band upon an increase in linoleate

concentration is rather small. By the same argument but only using a

rate constant for abstraction at the double allylic position which is

larger than the rate constant for addition we calculate an exponent of

- 0.3 for the dependence absorption at 280 nm on linoleate concentration

(for a rate constant for ab&traction k = 10 M s (see next section)),

If further a small contribution to the absorption at 280 nm from dienyl

formation in micelles is taken into account, the small decrease of the

band can be explained. It should be noted that the 0 radical does not

react with the micelles because of charge effects, so that the 0 contri-

bution to the formation of the 280 nm absorption does not change.

The rate constant for abstraction at the double allylic position

The second order rate constant for the formation of the dienyl

radical by OH" and 0 has been determined from the time dependence of

the absorption signals at 280 nm following a 100 ns electron pulse.

The dienyl radicals decay by a second order process involving also

radicals not absorbing at 280 nm. Hence low irradiation doses were used

( <12 Gy).

The rate constants for the reaction of 0H'/0 with linoleate

determined for solutes at different pH values are given in Table I.

pH k(x lO1^"1 S~')

7 1.07 +_ 0.18

10 1.18 +_ 0.13

10.5 1.20 ;+ 0.26

11.9 0.54^0.07

12.5 0.50 + 0.04

Table 1. Second order rate constants for the formation of the dienyl

radical.
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All rate constants are calculated from first order rates obtained

from experiments at different linoleate concentrations below the

critical micelle concentration. Dimerization processes were neglected

in the analysis [22]. The rate constant for the formation of the

dienyl radical appears to be constant for pH < 11 with

k= (1.15 +_ 0.10) x 10 M~ s~'. This value indicates that this

reaction is diffusion limited, since the diffusion limited rate con-

stant k was estimated at 1.1 x 10 M s (using 58 for the

reaction radius and 3 x 10 m s for the sum of the diffusion

coefficients) [23].

The rate constant decreases on increasing the pH. This decrease

stems from the difference in reactivity between OH" and 0 towards

the linoleate molecule. The rate equation for the formation of the

dienyl radical in solutions where OH' and 0 are present is,

dj-dienyl] = ^ ̂  [linoleate] + k [OH'][linoleate]. (3)
dt U U H

As the equilibrium between 0 and OH' is fast [24], the ratio of the

concentrations of 0 and OH' is constant so that

[O ] _ ,opH-pK = (4)

[OH']

Substitution of Eq. 4 into Eq. 3 yields

= k [R] [linoleate] , (5)
d t

with [R] = [OH'] + [0 ] , the total primary radical concentration and
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k = - J i - V + _ i _ k Q H . . (6)
1 + et 1 + a

The formation per unit of time of the dienyl radicals is proportional

to the rate of disappearance of the primary radicals. Thus single

exponential time dependence of the dienyl concentration will be

observed. It must be realized that the rate constant k - is dependent

on the ionic strength of the solution [23] . Consequently we find from

eq. 6 that k - =(2.5+0.A)xlO M~ s"1 for ionic strength 1 = 0 .

This rate constant found for the formation of the dienyl radical

by 0 is a factor of four smaller than the rate of formation by the

OH' radical. The effect of electrostatic charges can be estimated from

the diffusion limited rate for the reaction of 0 with the negatively

charged linoleate molecule which is given by [23],

-^ * ] ° 3 D ro N M"1 a"1 , (7)

1 - exp(rQ/R)

where r = 7.1 A in water, D the sum of the diffusion coefficients of
_ ° _n 2 —i
0 and linoleate (̂ 3 x 10 m s ) and R the radius of reaction.

On assuming R T> 5A ref.[23] we estimate that at zero ionic strength
9 - 1 - 1

k T * 5 x 10 M s . One should realize that this calculation is very

sensitive to the value taken for R, so that we cannot conclude whether

the formation of the dienyl radical by raction of 0 with linoleate is

diffusion limited or not.
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CHAPTER V

A PULSE RADIOLYSIS STUDY OF THE DIENYL RADICAL

IN OXYGEN FREE LINOLEATE SOLUTIONS:

TIME AND LINOLEATE CONCENTRATION DEPENDENCE

ABSTRACT

The time dependence of absorpt ion s igna ls of t h e dienyl r a d i c a l in

l i n o l e a t e s o l u t i o n s at pH 12 was measured using a pulsed Xenon lamp. Ab-

sorpt ion changes of 0.5 "L over a pe r iod of 1.5 ms were determined from d i f -

ference s i g n a l s . The time dqiendence of the dienyl r a d i c a l concentrat ion can

be described in terms of r a t e equat ions for formation and decay r e a c t i o n s . A

growth of the dienyl rad ica l absorption with f i r s t - o r d e r k ine t i c s takes p l ace

only in l i n o l e a t e micel les . A concentrat ion dependent growth parameter

k^ < 6 x 10 (C-cmc)/C s , has been determined. Radical recombination occurs

both in bulk water, 2k = (2.46 + 0.09) x 108 M"1 s " 1 , and in micelles with a

multiple r a d i c a l occupancy. The competition between the growth of the dienyl

absorption and i t s decay by recombination i s shown to be affected by the mi-

ce l l a r equi l ibr ium. The model accounts for the dependence of the maximum y ie ld

of the dienyl r a d i c a l on the l i n o l e a t e and added s a l t concent ra t ions .

INTRODUCTION

There has been a growing i n t e r e s t in the oxidat ion processes of po ly -

unsaturated f a t t y acids from c e l l membranes as these may be inportant in the
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development of the oxygen effect [1,2]. The peroxides formed in aitoxidation

of membrane conponents are thought to play an inportant role in promoting

diseases such as arteriosclerosis and carcinogenity and aging processes [3].

The formation of such peroxides can be induced chemically (by 0^, NO-,) or

by ionizing radiation and is often studied in model membrane systems such as

micelles and vesicles of fatty acids or lip ids [4]. Unsaturated lip ids undergo

very efficient oxidation. It is generally accepted that oxidation is a chain

reaction which is strongly influenced by the molecular conformation of the

fatty acid chains [5-8]. We believe that studies of the reactions of the p r i -

mary radicals are fundamental to the understanding of the factors controlling

the peroxidation of lipids in biological systems.

Sites particularly susceptible to processes of radical initiated ^eroxi-

dative chain reactions are those associated with methylene interrupted poly-

unsaturated fatty-acid moieties found in various lipids [9] . The autoxidation

of linoleic acid, an important component of the lip id molecules mainly leads

to the formation of hydroperoxides derived from oxygen entrapment of a penta-

dienyl type radical, delocalized between carbons 9 and 13 of the fatty acid

chain. [10]. However, on irradiation of linoleate micelles [11] only 60 % of

the oxygen uptake can be accounted in terms of this hydroperoxide formation.

Studies using free radicals such as OH" resulting from irradiation of water

indicate that there are a number of potential sites for attack other than the

double ally l ie hydrogen in abstraction from linoleic aced [12].

As has been shown by Patterson [12] extensive secondary abstraction at

the double a l ly l ie position leading to the penta-dienyl radical takes place in

an oxygen-free solution. It is convenient to use these radicals as a probe be-

cause of their intense absorption band centered at X = 282 nm

(e ~ 3 x 104 tf"1 era"1) [ref.12].

In this chapter we report a study of this secondary abstraction in lino-

leate micelles in oxygen free solutions using pulse radiolysis. The effect of

micellization, of the dependence on linoleate concentration and of the c r i t i -

cal micellar concentration of the surfactant is discussed. A model for the

description of the time evolution of the absorption signals is presented.
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EXPERIMENTAL

Radicals a re produced by i r r a d i a t i n g aqueous so lu t ions in a quartz c e l l

with electron pu l ses (of 100 ns or 1/2 us duration) de l ivered by a 2 M7 Van de

Graaf f acce l e r a to r . The time dependence of the o p t i c a l transmission of the

sample i s observed by means of an analyzing l igh t source, monochromator, pho-

tomul t ip l ie r and t r ans i en t d i g i t i z e r . The experimental set-up i s shown in

f ig . l .

Precautions were taken for observing transmission changes as small as

0.5 % over a time range from 0.5 us to 1.5 ms in the wavelength region of

230 - 300 nm. The low radiance of the high pressure 450 W Xe-lamp (Osram) in

this wavelength region and the increase of Cherenkov light during the electron

pulse at the short end of this range (resulting in overload of the detector)

made it necessary to pulse the current through the Xenon arc during a short

time interval. In this way a radiance increase of several hundred times can be

obtained [13]. There i s , however, no simple relationship between the shapes of

the current pulse and the light pulse. Variations in impedance during the cur-

rent pulse and instabilities of the light intensity due to physical displace-

ment of the arc inside the lamp had in the past limited the use of this kind

of analyzinglight source to time scales of about 10 us [ref.14]. These prob-

lems have been overcome and the time window of the experiments is now limited

by the length of the current pulse. As has been noticed by Hodgson and Keene

[13] the fluctuations on the light intensity were reproducible from light pul-

se to Light pulse over a period of an hour. This made i t possible to correct

for the non-flattness of the trace and for the intensity fluctuations by sig-

nal subtraction. After every two or three light pulses (at a fixed wavelength)

monitoring absorption signals, a trace with no absorption signal ( i .e . no

electron pulse) was measured and subtracted from the former signals. An exam-

ple of this procedure is shown in fig.2. The pattern of light fluctuations was

somewhat dependent on line voltage and wavelength.

The delay—line Xe-lanp pulser was built at our laboratory folJowing

luthjens [15], and produced 1.5 ms current pulses up to 200 V line voltage,

resulting in currents up to 400 A. Precautions were taken to ensure repro-

ducibility of the line voltage from pulse to pulse and to prevent dissipation

of the energy of the long current t a i l by the lamp. A backing-off system de-
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veloped in our laboratory following an idea uf F. Wilkinson (personal commu-

nication) was used to eliminate the quasi d.c. component of the photonulti-

plier (1P28) output.

The triggering of the Van de Graaf f, lamp pulser and backing-off system

were synchronized by a timer. ND differences in signalshape were found by

varying the time between the electron-pulse and the lamp-pulse, furthermore,

no dependence of the signals on light intensity was found.

The Xe-lanp was focussed by a condensor on the celL. A shutter placed

between lanp and cell and an air stream prevented heating of the sample. An

Oriel UG5 f i l t e r was normally used to diminish photolysis of the solution. The

solutions were made with triply d is t i l led water and adjusted with (carbonate

free) NaOH to a pH of about 12. Linoleic acid was obtained from Sigma (grade

III) and checked for oxidation by measuring the absorbance at 232 nm (con-

jugated diene). All samples contained less than 0.1 % oxidation products.

Sodium sulfate was obtained from J.T. Baker. The experiments were carried out

at 20 °C in Argon and 1̂ 0 saturated solutions. The absolute dose per pulse was

measured by means of thiocyanate dosimetry, taking e (475 nm) = 7600 M cm .

Freeze fracture electron microscopy studies of the 10 mM solutions yielded

spherical micelles with a mean diameter of 10 nm (see f ig .3) . This is in con-

trast to Rayleigh et a l . [16] who report the existence of large spherical and

rod-shaped bodies with dimensions up to 1000 nm in 12 mM llnoleate solutions

at pH 10.3.

THEORY

In this section we describe the time evolution of the dienyl radical

concentration. We shall assume that an in i t i a l concentration of linoleate

radicals formed by the reaction of the chain with OH' or 0~ is present. The

dienyl radical formed by abstraction of an H atom from the doubly al lyl ic po-

sition in the linoleate chain has an absorption band centered at 282 nm, and

can thus be distinguished from radicals formed by abstraction at other posi-

tions along the chain. The dienyl radical will be denoted by "R" and the l a t -

ter radicals by "A". Two sets of reactions take place: disappearance of the
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Figure 3: Freeze fracture electron-microscopy image of a 10 mM
linoleate solution. The method used has been described
in ref. 29
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radlcals (l-III) and formation of dienyl radical from other radicals (IV).

k l
R + R

k2
A+ R »AR II

k
A'+ A—i-A2 III

k4
A + linoleate wR + linoleate IV

The increase of the dienyl radica l concentration (reaction IV), may be taken

to be described by a pseudo—first-order reaction in the presence of an excess

concentration of l i no l sa t e . The concentration of l inoleate remains constant

during the course of th i s reac t ion . The kinet ics of the reactions of the r ad i -

cals are also influenced by the formation of micelles [see r e f . 1 7 ] . The reac-

t ion constants k i , ko, k?, k>, may therefore be dependent on l inolea te concen-

t r a t i o n , since above the c r i t i c a l micelle concentration l inoleate nolecules

aggregate, so that for example, reaction IV may proceed faster inside a micel-

l e where the l inoleate concentration i s high. These effects wi l l be considered

further below. The ra te equations corresponding to t h i s set of mechanisms are

(1)

(2)

where R(t-0) - Rg and A(t=0) = Ag. Under our experimental conditions [18] Rg

i s approximately equal to 10 % of Ag*
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As na general analytical solution exists for such rate equations we shall

consider two special cases: (i) no decay of R radicals (k^ = ̂  = 0) and

(ii) no growth of R radicals (k^ = 0).

(i) After some elementary algebra the solutions of eqs.(l) and (2) can be

shown to be [19]

(3)

and

A °

Under the condition that Zk^Ag/k^ « 1, the solution for R(t) simplifies to

R(t) = RQ + AQ (1 - e * ) , (5)

so that an exponential growth with time will be observed.

( i i ) Here the system can only be solved [20] by assuming that the ra te

constants for reactions I and I I I are equal to half the magnitude of the rate

constant for reaction I I : 2k^ - ^2 = ^ 3 '

On solving the equations we obtain

R ( t ) AQ)t *

Hence the first half-life time of the react i is
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v-
We shall now take into consideration the aggregation of the linoleate mole-

cules above the c r i t i ca l micelle concentration. The concentration of the re -

acting species can no longer be taken to be uniformly distributed in the sol-

ution. Let M be a moleculfi of the surfactant and n the mean aggregation

number (n » 1).

A dynamic equilibriuni exists

Mn I* Mn-1 + M' (8a)

k+

where k and k~ are rate constants for the entrance and exit of a nDnomer mol-

ecule into a micelle. The cmc can be defined as the equilibrium constant

and is equal to the mononar concentration for any total concentrations of the

surfactant above it. If a small fraction of the linoleate molecules is trans-

formed into radicals, monomer radicals as well as radicals in micelles will

exist in the system. The rate constants k and k"~ may be expected to remain

unchanged by the transformation to linoleate radical. If now at all times the

dienyl and other radicals are distributed according to the equilibrium,

eq.(8), then the concentration of dienyl radicals in the bulk solution is

R(t)
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and of other radicals

A(t) Sf- , (9)

where C denotes the to ta l linoleate concentration. The concentration of ra-

dicals in micelles are

R (t) = R(t)
m

Am(t) = A(t) C " c
C m C . (10)

The reactions I - IV now take place in micelles and in water but are coupled

by molecular exchange according to eq.(8).

Since the local concentration of molecules in a micelle i s very high, we

will henceforth assume that the conversion (IV) of radicals from A-type to

R—type takes place only within the micelle. This can be accounted for in eqs.

(1) and (2) by replacing

* C - cmc , . . .
4 4 * C "

For the sake of simplicity we shall assume that decay processes take place

only in the bulk solution and thereby neglect decay of radicals in a micelle,

as well as intermicellar and micelle-monomer decay processes as proposed by

Henglein and Proske [17] for a sodium 4-(6'-dodecyl) benzenesu If onate system.

The fraction of radicals that is micellised with occupancy greater than one,

can be calculated if we assume a Poisson distribution of radicals over micel-

les [21]
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f = 1 -e ~V(1 + V) (12)

where V is the ratio of the number of micellised radicals to the number of

micelles in solution and n is the aggregation number

( R + A ) £ c m c
v = C n.(,R+ A)

C - cmc C

As long as V « 1 intramicellar decay can be neglected. In that case R(t) and

A(t) in the decay terms of eqs.(D and (2) mist be replaced by effectively

transforming

* 2

\ * \

The contributions of an intramicellar decay process and of the processes as

described by Henglein and Proske will be discussed la ter .

The approach set out above makes i t possible to use eqs.( l) and (2), with

concentration and cmc dependent rate constants. The differential eqs.(l) and

(2) were solved numerically using a step adjusting fourth order Ringe-Kiitta

method as described in ref.22. Typical time-evolution spectra calculated for

R(t) are shown in figs.7 and 8.

The theoretical curves can be compared with experimental results on de-

fining the parameter
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max 280 max
— 55

280 i n i t i a l

For case ( i ) , eq.(3) t h i s parameter y c a n be shown to be

k 2k.

R0 l 3R0 k 4 U

A set of curves y(R0
 + ^0' k^/lk^) can thus be calculated. The curves in

f ig .6a were calculated from solutions of the general case, taking k.̂  and ^

into account with 2k ̂  = k2 = 2k-j. Thus the curves for y are only dependent on

the ra t io k^/2k-j. I t can be seen that the posi t ion in time of the maximum of

the R(t) curve, however depends on the absolute magnitude of kg and k^. The

values for k-, and k.̂  used in evaluating the curves of f ig .6 were determined

from estimations of k-j and k.̂  using the special solution ( i ) and ( i i ) in ex-

periments conditioned to these l imiting circumstances.

RESULTS AND DISCUSSION

Time-dependent curves

Typical examples of time-dependent absorption signals observed are shown

in f i g . 4 . In essence three cha rac te r i s t i c types of behaviour were observed

within our time window.

a) The experiment of f i g . 4a was performed in a concentrated Unoleate

solution (10 mM) where the i n i t i a l r ad i ca l concentration was kept low

(~ 1 nM). The o p t i c a l density increases a f te r the i n i t i a l fas t r i s e can be de-

scribed by an exponential growth.

b) The second s ignal was obtained in a solution containing a low l ino le -

a t e concentration (1 mM); a high i n i t i a l radica l concentration was used. The

absorption signal decays by a second-order process .

c) An intermediate case can be seen in f ig .4c . A l ino lea t e concentration
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Figure.4: Time dependent absorpt ion signals.

a) 10 m M Hnoleate, t o t a l i n i t i a l r ad ica l concen t ra t ion ~l\M

b) 1 mM Hnoleate, t o t a l i n i t i a l r ad ica l concent ra t ion 24p.M.

c) 2.5 m M Hnoleate, t o t a l in i tLa l rad ica l concent ra t ion
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of 2.5 mM and an i n i t i a l concentration of 11 |j,M were used. We observed an in i -

t i a l growth to a maxinum, followed by a decay.

The growth of the absorbance in case (a) has been analysed according to

case ( i ) , eq.(5). The signal could be well described by single exponential

growth and yielded k^ = (5.7 ± 0.5) x 10 s . A similar experiment in an 8 mM

solution yielded k^ = (4 + 1) x 103 s"1 . The values obtained mist be regarded

as an upper limit because of contributions from decay processes to the measur-

ed signals. Thus as the absorption was observed within a limited time window

the values of k* obtained may have been overestimated. It was not possible to

determine kr at lower concentrations in th is way. The radical concentrations

necessary to fu l f i l the condition for exponential growth were too small to

yield reproducable results in our single pulse experiments. At concentrations

close to the cmc and at low doses a small though fast growth, amounting to

about 30 % of the i n i t i a l step, was also observed. Patterson [12] attributes

th is signal to intramolecular transfer reactions. We believe however that this

i s due to a fast conversion of alkyl into dienyl radicals which might take

place in the dimers which exist below the cmc [23]. A value of 10 M"* s"1 was

estimated by Patterson [24] for secondary abstraction in micelles. A compari-

son with our results is not possible as the experimental conditions have not

been reported in ref. 24, and the "local concentration" of linoleate in a mi-

celle is not known.

At low linoleate concentrations as used in case (b) almost no growth oc-

curs even at low i n i t i a l radical concentration. Therefore this case may be

conpared to case ( i l ) of the theoretical section. According to eq.(7) the

inverse f i rs t half- l i fe time of the decay signal should be proportional to

(AQ + RQ), the to ta l i n i t i a l radical concentration. Figure 5 shows the depen-

dence of the f i r s t half-l ife time on the In i t ia l radical concentration. The

i n i t i a l radical concentration was calculated assuming G(OH' + 0~) = 5.6 and a

to ta l conversion of OH' and 0" radicals into a l ly l , alkyl and dienyl radicals.

These results yield a second-order rate constant 2 ^ = (2.46 + 0.09) x

10 M"1 s . We note here that the concentration (1 mM) used in this experi-

ment i s close to the cr i t ica l micelle concentration. At pH 11.2 a cmc of 1.7

mM has been determined [6] . We thus expect 2k j to be the rate constant of the

reaction of the radicals in water at pH 11.9. The value found is about a fac-

tor ten lower than the value found for short chain hexyl radicals in water by
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Figure 5: Dependence of the inverse first half-life time of the decay of the

radicals a t 280 nm on the initial radical concentration.

l i M linoleate, pH 11.9.

Sauer et a l . [25]: 2k = (2.4 + 0.9) x 109 M 1 s 1 , Charge effects: Debye fac-

tor and kinetic salt effect (linoleate molecules at pH 11.9 are negatively

charged) account for a 13 % decrease. We believe that the reduction i s due to

the presence of dimers as suggested by Mikerjee [23]. The effect of dimers may

be a larger Debye correction and ster ic hindrance.

Variation of ODmxi/OPinltlal w i t h l inoleate concentration and with in i t i a l ra-
dical concentration

The results for intermediate linoleate concentrations and in i t i a l radical

concentrations are summarized in f ig .6. We have found i t useful to consider

the parameter y as defined in eq.(15). This parameter has been plotted in

fig.6a as a function of i n i t i a l radical concentration for three different con-

centrations of l inoleate. Fig.6b shows y for two in i t i a l radical concentra-

tions (2.24 pM and 5.6 uM) as a function of linoleate concentration. The solid

curves in fig.6a were calculated as described in the theoretical section

(taking 2 ^ = k2 = 2k3) . The value of k4/2k3 varied from about 0.5 x 10~6 M

for 1 mM linoleate to about 8 x 10"^ M at 10 mM. On neglecting intramicellar



- 70 -

0 2 4 6 8 10
Initial Radical Concentration

12

(a)

Figure 6: a) The parameter y = 0 D m a x / 0 D1-niria1 as a function of initial

radical concentration

+ :10 m M linoleate, x:4 m M linoleate,

O :1 m M Ifnoleate.

Solid Unes calculated as described in the theoretical section,

k4/2k3 values used: 8(a), 2.5(b), 0.5(c).

b) The parameter y = 0 D m a x / 0 Dinitiaias a function of
linoleate concentration*

Q: 5.5\iH initial radical concentration

x 2.2(iH initial radical concentration.

Solid lines calculated as described In the theoretical section taking

only the dependence of k^ on the linoleate concentration into

account*
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decay and micelle monomer decay i t can be shown using eqs . ( l l ) and (14) that

th is ratio varies with linoleate concentration as

2k„ (17)

If now we take 2k3 = 2 ^ , an assumption which could not be tested, and for cmc

0.9 mM, then (k^/2k3) should be about 2.5 x 1CT5 M, from estimations obtained

from cases (a) and (b). The calculations are not sensitive to the value taken

for k2» provided k2 is in the order of magnitude of k^ and RQ ~ 1/10 AQ. The

dependence on C thus obtained is stronger than is observed experimentally. We

believe that the dependence on linoleate concentration of 2k-j and 2k, is not

according to eq.(14). A comparison of the temporal behaviour of experimental

and theoretical relative optical density suggest, that the decay parameters

2klf 2k3 are almost independent of the linoleate concentration. The theoreti-

cal and experimental results are shown in figs.7 and 8. The dependence of k4

on linoleate concentration follows eq.(ll). The solid curves in fig.6 were
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calculated using crac = 1 mM, k^/2k3 = 10~5 [(C-cmc)/C], RQ = 1/10 AQ for total

i n i t i a l radical concentrations of 2.2 \M and 5.5 uM. It can be seen that the

theory predicts higher k^^k-j and hence higher y values than there are in fact

measured experimentally.

Intramicellar radical decay

The observation that the radical decay rate constants do not decrease

substantially according to eq.(14), leads us to consider intramicellar decay

as a contributing process. Reaction of two radicals in the same micelle may be

faster than in bulk water because of the reduction of the reaction space to

two dimensions, and because of the generally faster molecular diffusion in

nonpolar media. The fraction of radicals micellised with occupancy greater

than 1 can be estimated from eqs.(12) and (13) if n is known. A value for n

can be estimated from the electron-microscopy results on taking an average

cross-sectional area of 60 A per headgroup [26] and a radius of 5 run for a

micelle. This results in n ~ 500. If the equilibrium between micelles and mo-

nomers i s fast then shortly after the electron pulse, e.g. for 5.5 p.M in i t i a l

radical concentration and 2.5 mM linoleate concentration

500 x 5.5 x 10~6 , , , „. „— = 1, and f = 29 % .
2.5 x 10

This presents a significant fraction of the radicals .

We therefore believe intramicellar decay to be important at intermediate

concentrations. The value for the decay rate constant found will be limited by

the entrance rate k+ of monomers into a micelle (see below)

Intermicellar and micel-nDnomer decay processes as proposed by Henglein

and Proske [17] might become important at higher linoleate concentrations

(C > 10 mM) where the fraction of radicals micellised with occupancy greater

than 1 may be neglected. On using the theory of ref .17, and assuming that in-

termicellar as well as nDnomer-mononier decay could be neglected, Patterson

[12] obtained a rate constant for micelle-monomer decay of 8 x 10^ M~* s .

following Henglein and Proske this rate was identified with k+. ftjwever, a
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fu l l analysis of this data [12] shows that the 1/C2 terms are not negligible.

This analysis yields 2k ( m i c + ma) = 1.7 x 107 M" s"1, and 2k ( m i c + ^ =

7.2 x 106 M"1 s"1 and erne = 2 x 10~3 M. If in highly concentrated solutions of

linoleate large aggregates are present as reported by Rayleigh et a l . [16],

intramicellar decay may s t i l l be important, since n may be > 500 in that case.

The micelle-monomer equilibrium

In the theoretical analysis i t has been assumed that at a l l times the

equilibrium, eq.(8) i s fulfilled for the radicals. If we s tar t from a s i tu-

ation where only radicals in the balk are present, k+ nust be large enough to

establish equilibrium before the radicals decay. The kinetic s tabi l i ty of mi-

celles expressed as leaving rate k~ of monomers is about 105 s"1 [ref.27]. and

from l~/k+ = cmc, k+ nay be estimated to be in the order of 108 M"1 s"1. This

i s of the order of the rate constant for decay of radicals 2kj in the bulk, so

that the equilibrium and hence the relative contribution of the growth and the

decay processes to the signal may be shifted. Consequently a smaller growth

component will be observed in general.

The influence of the addition of Na2SO^

It has been shown above that the growth of dienyl radical concentration

depends strongly upon linoleate concentration. Below the cmc no growth is ex-

pected, apart from the growth which we believe to result from radical trans-

formation in dimers. MLcelle formation in ionic surfactant solution is a r e -

sult of the balance between the hydrofobic effect [28] and the electrostatic

repulsion between tieadgroups. In ionic systems substantially different cmc

values are observed for different compounds containing the same alkyl chain

length but different headgroups [26]. Since linoleate at pH 12 is negatively

charged we expect a marked effect on the presence of electrolytes at a fixed

linoleate concentration. An increase in ionic strength lowers the crac [26],

e.g. for lauryl sulfate the addition of 30 mM NaCl results in a decrease of

cmc by a factor of 3. This means that upon addition of salt the signal ob-

served at a fixed concentration and dose might change drastically in our case.

Figure 9 shows the effect of the addition of 50 mM Na2S0^ to a solution of

0 .7 mM linoleate at pH 12.2. Na2S04 has been chosen because the SO4
2~ ion

does not react with OH and 0~. A significant effect is clearly observed. The
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Figure 9: The effect of the addition of 50 m M Na2S0^ to a solution of 0.7 tn M

linoleate a t pH 12.2. Initial radical concentration for both cases 2 \LH.

Left: no sal t . Right 50 iM Na2SC t added.

effect of the addition of salt has been summarized in f ig . 10. The increase in

ionic strength paral le ls the increase in linoleate concentration shown in

fig.6a. The decrease in the cmc has been taken into account in eq . ( l l ) ,

through the dependence of the growth k^ on C and cmc.
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CONCLUSION

Tha time dependence of the absorption signal of the dienyl radical in l i -

noleate solutions at pH 12 has been described in terras of rate eq ations for

the formation and decay reactions. A f i r s t - order growth of the dienyl radical

concentration takes place in micelles only. This results in a concentration

dependent growth parameter. Recombination of the radicals occurs both in hulk,

water and in micelles with a multiple radical occupancy. The model accounts

for the dependence of the maximum yield of the dienyl radical on linoleate and

added salt concentrations.
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concentration. Dotted line : 0.7 m M Unoleate pH 12-2
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CHAPTER VI

PULSE RADIOLYSIS STUDIES ON VESICLES

INTRODUCTION

The micelles of linoleate, studied in chapter IV and V are

aggregates which incorporate some of the key features of cell membranes •

Other systems which mimic the cell membrane are reverse micelles and

vesicles. Vesicles are closed bilayer systems and represent another step

up in complexity from the aqueous and reverse micelles.

Biological membranes consist for a large part of lipids,

[chapter I] and especially of amphiphilic molecules or ions containing a

strongly hydrophylic headgroup and mostly two long hydrocarbon chains.

Radiolysis studies of membrane lipids have t i l l now mainly been carried

out by gamma radiolysis in oxygenated solutions [1,2]. Pulsradiolytic

investigations on the primary processes of lipld oxydation in vesicles

have not yet been reported. A study of the reaction of the 0H° with

saturated lipids in vesicles has been reported by Barber and Thomas.

[3] .The phospholipid derived from linoleic acid, dilineoylphosphatydi1-

choline was believed to be an appropriate model compound to investigate

the feasibility of the dienyl radical as a probe for structure and

reaction kinetics in vesicles.

EXPERIMENTAL

Vesicles were prepared by drying a so lu t ion of
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dtlineoylphosphattdylcholine (Dil PC) or soya-lecithin in a chloroform-

methanol mixture (2:1 v/v) under a stream of nitrogen and subsequent

addition of 20 mM phosphate buffer pH 7.4, saturated with nitrogen. The

suspension was sonicated under nitrogen for 15 minutes in a bath-type

sonicator (Bransonic) filled with ice water The suspensions obtained

were opalescent, optically clear.Crude soya lecithin was purified on an

aluminium-oxide column. This lecithin was purified further by HPLC on a

Lichrosorb 60 Si column (Chrompack Middelburg The Netherlands, 25 cm x

22 mm); a chlorof orm-methanol mixture (85:15 v/v) was used as the

eluting agent. Dil-PC was obtained from Sigma and checked for purity by

thin layer chromatography on HPTLC plates for nano TLC (Merck). Only a

single spot was obtained on the plates. Butyl-hydroxy toluene (BHT) was

added in small quantity (5pM) to the aqueous Dil-PC suspensions in order

to prevent oxidation during the preparation of the vesicles. Water was

triply dist i l led. Samples were deoxygenated by bubbling with (dried)

Argon gas. The aqueous solutions ^ere saturated further with ^ 0 . Pulse

radiolysis studies were performed in a quartz cell (optical path length

1 cm) with the experimental set-up described in chapter V. Dosimetry was

carried

475 no.

carried out using the thlocyanate dosimeter with e = 7600 M cm"1 at

RESULTS AND DISCUSSION

Because of l i gh t s ca t t e r ing i t was not poss ible to measure

absorption spec t ra of the ves ic le suspension at wavelengths shor ter than

260 nm. The l i p i d vesicles have la rger dimensions (25 - 100 nm) than the

micelles (5-10nm) used for the experiments described in chapters IV and

V.

The absorption spectra obtained upon i r r ad i a t i on with a dose of 10

Gy are shown in f i g . 1. The concentrat ion of l e c i t h in was 1.1 mM. The

maximum opt ica l densi ty in the s i g n a l i s p lot ted as a function of

wavelength. As the signals obtained i n the ves ic le suspension were much

smaller than those obtained in the micellar l i n o l e a t e solutions the

s igna l to noise r a t i o was ra ther poor. I t must be noted that for the

Dil-PC samples that absorption s ignals found at 285 nm show a small
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250 270 290
Wavelength (nm)

310

Fig. 1: Absorption spectrum measured after irradiation with a 10 Gy
puls (N,0 saturated solutions)
0 Dil-PC • Dil PC
0 soya-PC, line drawn to guide the eye.
Errors estimated from several pulses.

increase in optical density during the first few microseconds after the

end of the \ ps electron pulse. At other wavelengths such an increase

was not observed. In the case of soya-PC no increase of OD at any

wavelength after the electron pulse was observed. It can be seen in fig.

1 that the Dil-PC samples show an enhanced optical density around 285 nm

as compared to soya-lecithin samples. The weak absorption signals

decayed slowly with a halflife of the order of lOOps

The main primary radical formed upon irradiation of N2̂  saturated
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I I I I I

250 270 290 310
Wavelength (nm)

Fig. 2: Absorption spectrum after irradiation with a 10 Gy puls
saturated solutions)
a: Phosphate 20 mM
b: 1 mM acetylcholine (from ref. 3)
c: 1 mM phosphorylcholine (from ref. 3).

solutions at pH 7.4 is the 0H° radical (G=5.6). It is this radical that

reacts with lecithin, as in Argon saturated solutions (G=2.8) with half

the yield of OH when compared to N2O solutions the optical density

resulting from the irradiation is also halved. In the vesicle solutions

several reactions of the 0H° radical can take place. The OH radical

reacts with phosphate, which is present mainly as ^PO^ , with

k =10 M^s [4] Barber and Thomas measured a reaction rate of

5xlO8 M"1^"1 for the reaction of OH* radicals with p-y-distearoyl-L-a

phosphatidylcholine [3] The disappearance of OH" by reaction with other
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0H° radicals proceeds a rate of 2 k = 1010 M 1s 1 [5] BHT is mainly

dissolved in the lipid phase, therefore its concentration in the water

phase is so small that reaction of 0H° with BHT can be neglected. In the

vesicle suspensions t^PO^" ions compete with the lecithin for the 0H°

radical. Therefore, about 30% of the products fcrmed can be expected to

originate from the reaction of OH* with phosphate ions. The absorption

spectrum measured upon irradiation of a 20 mM phosphate solution (pH

7.4) saturated with N20 is plotted in fig 2, together with the

absorption spectra of irradiated solution of I mM acethylcholine and 1

mM phosphocylcholitie obtained by Barber and Thomas [3] . The featureless

spectrum obtained for the soya-PC suspension suggests, if compared to a

weighted sum of phosphate and headgroup radical spectra, attack, on the

headgroup part of the lecithin molecules. This result agrees with the

conclusion of Barber and Thomas.The Dil-PC vesicles contain a higher

number of double al lyl ie hydrogen,as compared to soya-PC which contains

a mixture of saturated and unsaturated chains and contains about 50%

linoleic chains.

The additional absorption found around 280 nra as an increase in 0D

after the electron pulse suggests some formation of dienyl radicals. The

spectrum found by Barber and Thomas for distearoylphosphatidylcholine

has a maximum at 260 nm and is about twice as strong (for a 10 Gy pulse)

as our spectra- No evidence for a maxuimum at 280 nm was found,

supporting our suggestion that this maximum stems from the dienyl

radical in our system. It must be noted, however, that for

distearoyllecithin the experiments were carried out below the phase

transition temperature.

Unfortunately, the bad signal to noise ratio of the signals limited

so far further investigation of the formation of the dienyl radical as a

probe for membrane structure and function. A negliglible amount of

dienyl radical is formed by direct reaction with 0H° radicals owing to

the very low concentration of lecithin in bulk solution (~10 M)

[ref 6]
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CONCLUSION

A s l igh t ind ica t ion for the formation of the dienyl radical in

d i l ineoyl l e c i t h in vesicles has been found.The effect of temperature on

the spectrum found and on the formation of dienyl radicals may give

ins ight in the conformation and mobil i ty of the chains in the ves i c l e .
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SAMENVATTING

De bouwstenen van weefsels van levende organismen zijn cellen. Hoewel

al deze cellen zijn gebouwd volgens eenzelfde grondpatroon, kunnen ze

zeer grote verschillen vertonen in vorm,structuur en functie. In de cellen

worden velerlei functies vervuld zoals transport en omzetting van energie

en materie.

Een belangrijke rol speelt het celmembraan, dat niet alleen zorgt

voor afscheiding tussen de cellen en hun omgeving maar dat ook zelf

actief deelneemt in het lokaliseren en transporteren van diverse ver-

bindingen.

Een celmembraan bestaat uit lipiden en eiwitten. Lipiden zijn mole-

culen die deels hydrofiel zijn (kopgroep) en deels hydrofoob (vetzuur-

staart). Lipiden vormen een dubbellaag met de koolwaterstofketens naar

binnen en zorgen zo voor een barrière.

In dit proefschrift wordt onderzocht hoe de stuctuur van het membraan

invloed heeft op de processen die zich afspelen. Verschillende modellen

van het membraan zijn onderzocht met behulp van de pulsradiolyse techniek.

Hoofdstuk I is een algemene inleiding. In hoofdstuk II wordt als

modelsysteem het eiwit cytochroom c genomen opgelost in water waarin

zich amfifiele moleculen bevinden. Het opnemen van een elektron door cyto-

chroom c is bestudeerd als functie van de concentratie amfifiele moleculen.

Gevonden is dat er een conformatie-verandering van het eiwit optreedt,

die in vivo belangrijk kan zijn voor de afgifte van een elektron aan

het volgende eiwit in de ademhalingsketen, cytochroom c oxidase, dat aan

een membraan gebonden is.

Een ander model voor het celmembraan wordt bestudeerd in hoofdstuk III.

Sommige amfifiele moleculen opgelost in een koolwaterstof vormen zoge-

naamde omgekeerde micellen. Dit zijn aggregaten van moleculen in het oplos-

middel; de koolwaterstof staarten steken naar buiten en in de ruimte bij

de kopgroepen kan water opgenomen worden. De geladen kopgroepen vormen

een elektrostatische barrière tussen water en koolwaterstof. Transport
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kan in dit systeem bestudeerd worden als model voor transport door het

membraan heen. De overdracht van elektronen is bij lage temperatuur,

waarbij geen moleculaire diffusie optreedt.bestudeerd. Hierbij is ge-

vonden dat de omgekeerde micellen in onderkoelde toestand nog als zo-

danig bestaan, maar dat de elektronen met de amfifiele moleculen rea-

geren en niet in het water terechtkomen.

Een belangrijk proces dat in levende systemen plaats vindt, is de

degeneratie van weefsel die optreedt als gevolg van de oxidatie van

lipiden. Dit komt, naar men thans aanneemt, tot uiting in bepaalde

verouderingsverschijnselen en in sommige gevallen bij het ontstaan van

kanker. Zeer gevoelig voor oxidatie zijn lipiden met meer dubbele

bindingen in hun vetzuurstaarten. Oxidatie is in dit geval een ketting-

reactie. Een radikaal, gevormd in de vetzuurketen, dat in het oxidatie-

proces een rol speelt is het di'ényl radikaal dat licht absorbeert bij

280 nm.

De vorming en de reacties van dit radikaal zijn bestudeerd in hoofd-

stuk IV en V. Als model is genomen een oplossing van linolzuur. Linol-

zuur vormt,wanneer het opgelost wordt in water,boven een bepaalde

concentratie gewone micellen met de kopgroep naar buiten en de staart

naar binnen. In eerste instantie worden in een oplossing van linolzuur,

die zuurstof-vrij gemaakt is, verschillende radikalen gevormd doordat

op verschillende plaatsen in de koolwaterstofketen waterstof atomen

worden geabstraheerd door OH-radikalen die in de oplossing zijn gepro-

duceerd door de elektronenpuls. Gevonden is dat het diënyl radikaal en

ook een OH-adduct voornamelijk in de waterfase gevormd worden.Afhankelijk

van de aggregatie-toestand van het linolzuur kan de diënyl radikalen con-

centratie in tweede instantie nog sterk toenemen. De invloed van de

aggregatie-toestand van de moleculen op het patroon van de reacties is

bestudeerd door de concentratie van diënyl radikalen als functie van de

tijd te meten. Hiertoe is ook een stelsel differentiaal-vergelijkingen

opgesteld om de reacties te beschrijven. Tevens is in hoofdstuk V een

methode aangegeven om in de beschrijving rekening te houden met de
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aggre ga t ie-toes taad.

In hoofdstuk VI tenslotte wordt een poging gedaan om het diënyl

radikaal als merkteken te volgen in radikaal-reacties van lipiden (met

linolzuurstaarten) in een dubbellaag structuur (vesicle). D.i.irbij zijn

zwakkere absorptie signalen gevonden dan in het geval van linolzuur.
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STELLINGEN

Behorende bij het proefschrift

PULSE RADIOLYSIS STUDIES OF MODEL MEMBRANES

I. De inconsistentie ten aanzien van de effectieve relaxatietijd
- 2 2 3

van het 2A( E) niveau in robijn tussen gepulste en stationaire

metingen kan verklaard worden door in het laatste geval Raman-

processen, geïnduceerd door niet-thermische fononen aan de

Brillouinzone-rand, in de analyse te betrekken.

(1) T.Holstein, S.K.Lyo en R.Orbach in
"Laserspectroscopy of Solids"
W.M.Yen en P.M.Selzer (eds) Springer-Verlag 198]

(2) R.S.Meltzer, J.E.Rives en W.C.Egbert,
Phys.Rev.B 1982, 25, 3026

(3) J.I.Dijkhuis en H.W.de Wijn,
Phys.Rev.B 1979, 20, 1844

2. De conclusie van Menger en Doll, dat het verschil in oxidatiesnel-

heid van de dubbele binding in enkele surfactanten toe te schrijven

is aan het feit dat terminale dubbele bindingen in een micel meer

contact hebben met het water,volgt niet eenduidig uit hun metingen.

F.M.Menger en D.W.Doll,
J.Am.Chem.Soc. 1984, 106, 1109

3. Het veel gebruikte "wobbling-in-cone" model kan de

fluorescentie depolarisatie van DPH in model membraan systemen

niet beschrijven.

G -Lipari en A.Szabo,
J.Phys.Chem. 1981, 75, 2971

K.Kinosita, S.Kawato en A.Ikegaiui,
Biophys.J. 1977, 20, 289



4. Het absorptiespectrura gemeten na pulsradiolyse van arachidonzuur

in aanwezigheid van zuurstof, dat Rao et al. toekennen aan het

peroxy-anion radikaal ,is waarsc ïijnlijk het spectrum van het

diënyl radikaal, zoals in 1978 gemeten door Hasegawa et al.

P.S.Rao, S.M.Ayres en H.S.Mueller
B.B.Res.Comm. 1982, 104, 1532

K.Hasegawa en L.K.Patterson
Photochem.Photobiol. 1978, 28, 817

5. Meurisse et al. interpreteren hun ESR-metingen aan polyesters

ten onrechte met een theorie die uitgaat van een isotrope omge-

ving van het spinlabel.

P.Meurisse, C.Friedrich, M.Dvolaitzky, F.Lauprêtre,
C. Noël en L.Monnerie
Macromolecules 1984,17, 72

6. In de literatuur zijn metingen aan het tijdsverloop van de con-

centratie van getrapte elektronen in glazen door reactie met sca-
1 2

vengers verklaard met het trap-to-trap en het direct-tunnelling

model. Tussen de uit deze modellen afgeleide scavenger eigenschap-

pen, encounterradius. en barrière-hoogte, bestaat een eenvoudig
-4 3verband voor metingen gedaan tussen 10 en 10 seconde na de

elektronenpuls.

(1) G.V.Buxton en K.G.Kemsley
Radiat.Phys.Chem. 1979,13,151

(2) S.A.Rice en M.J.Pilling
Prog.React.Kinet. 1978, 9, 93

7. Het verlenen van ontslag van rechtsvervolging wegens het ontbreken

van materiële wederrechtelijkheid aan de medicus die euthaniserend

heeft gehandeld - zelfs indien dit is geschied binnen de grenzen

van strikt geformuleerde, in de rechtspraak ontwikkelde criteria -

miskent het constitutionele verschil tussen rechterlijke en legis-

latieve macht.

Rb Leeuwarden, 21 februari 1973, N.J. 1973, 183
Rb Rotterdam , 1 december 1981, N.J. 1982, 63
Rb Alkmaar , 10 mei 1983, N.J. 1983, 407
Hof Amsterdam, 17 november 1983, N.J. 1984, 43

M.de Blois en W.L.Borst, N.J.B. 1983,39

T.M.Schalken en E.Ph.R.Sutorius, N.J.B. 1984, 10



8. Op volksgezondheid zou bezuinigd kunnen worden door op scholen

meer aandacht te schenken aan lichamelijke opvoeding en sport.

Dit in tegenstelling tot de geopperde plannen om sporters een

hogere premie ziektenkosten te berekenen in verband met de kosten

gepaard gaande met blessures.

9. Hardlopers zijn géén doodlopers.

Utrecht 27 juni 1984 M.G.J.Heijman


