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INTRODUCTION
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I N T R O D U C T I O N

CHARGE SEPARATION IN CONDENSED MEDIA. RESULTING FROM IRRADIATION WITH HIGH
ENERGY ELECTRONS

Primary interactions

When a high energy electron traverses a condensed medium, it loses
its energy by different processes. While energy losses due to Interaction
with the nuclei dominate only at extremely large energies (>100 MeV) of
the electron, for energies in the MeV region these processes account for
only 1% of the total energy loss, and the energy loss can be considered to
be due to interaction of the fast moving particle with the electrons of
the medium.
The electronic energy loss processes of the fast electrons may be
divided into two categories according to the amount of energy transferred,
namely the knock-on and the glancing encounters. In a knock-on collision a
substantial fraction of the energy of the primary high energy electron is
transferred to an electron of the medium. This so called secondary
electron has sufficient energy to cause further ionisation and can be
treated In turn &s a primary high energy electron. Approximately half of
the total energy loss of the primary electron is accounted for by these
encounters. The other half of the energy loss is due to the glancing or
resonant collisions, in which ouch smaller energy losses are Involved. The
energy loss processes due to the glancing encounters can be visualised as
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follows. An electron in a molecule experiences a high energy electron
passing at some distance as a rapid change in the electric field. This
oscillating field may be considered as a collection of photons with an
intensity distribution inversely proportional to the energy of the
photons. The probability of an electronic transition of a molecule in a
beam of monoenergetic photons is proportional to the differential
oscillator strength -==•, which is proportional to the optical extinction
coefficient c. The distribution of energy losses of a high energy electron
is now proportional to the product of the above mentioned spectral
tip

distribution of the photons and the oscillator strength distribution -j=- of
1

HP

the medium and thus of the form =• x ^=-.
E dE
The oscillator strength distribution is well known for many gases, as
well as for many liquids and solids. For molecular compounds the form of
the oscillator strength distribution is roughly the same, its main
characteristics being a rapid rise from the lowest electronic excitation
level to a maximum at about 20 eV and then a decrease at higher energies.
As a result the most probable energy loss is around 15 eV and the average
about 25 eV.
For molecules with atoms with low Z in the condensed phase, the
average energy loss per unit distance (Linear Energy Transfer or LET) of
an electron in the HeV range is about 0.02 eV per Angstrom and the
t

distance between primary events on the order of 1000 A.
As the average energy loss of the glancing encounters is
approximately 25 eV, which is well above the ionisation potential, a
substantial fraction of the primary events will result in secondary
electrons which have sufficient excess energy to bring about one or more

subsequent ionisations. As the cross-sections for ionisation of these
relatively low energy electrons is very large, these secondary ionisation
events will occur at close distance from the primary ionisation (within
0

tens of Angstroms in low Z liquids). In this way clusters of one, two or
r-... .on pairs will originate, with a rapidly decreasing probability of
occurrence of a larger number per cluster. The electrons which are ejected
in the ionisation process will cause electronic, vibrational and
rotational excitations and eventually reach thermal energies at some
distance away from the parent positive ion. This thennalisation of the
electrons takes place within picoseconds in most condensed media. The
thermalisation distance is typically several tens of Angstroms.
From the above considerations the path or track of a high energy
electron can be characterised as follows. Along the main track single ion
pairs or groups of a few ion pairs are formed, separated by a distance on
a

the order of 1000 A, as a result of the glancing encounters, and much less
frequently a side track with the same characteristics as the main track is
formed, resulting from the knock-on encounters. Towards the end of each
track, due to the lower velocity of the fast electron the average energy
loss per unit distance (LET) and thus the ionisation density increases.

Recombination and escape

Whether the thermalised electrons will undergo recombination with the
parent ion or escape from the Coulombic attraction will depend on the
thermalisation distance and the range of the Coumlombic field. A measure
of the latter is the Onsager radius, which is equal to the distance
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between a singly charged positive and negative ion when the potential
energy is equal to the thermal energy, kT, and which is inversely
proportional to the dielectric constant of the medium.
If the thermalisation distance is much smaller than the Onsager
radius, the probability of escape is very small and geminate recombination
is predominant. This is the case for nonpolar molecular liquids such as
a
cyclohexane, where at room temperature the Onsager radius is 300 A,
0

whereas the thermalisation distance is typically 60 A. Thus, in
cyclohexane only a few percent of the electrons will escape recombination.
a
In water the thermalisation distance is typically 20 A and the Onsager
0

radius about 7 A, so that the main fraction of the electrons escapes from
the Coulombic attraction of the positive ion. In contrast to water, in ice
the fraction of escaping electrons is very small due to the fact that the
dielectric constant is very low on the time scale in which recombination
takes place.
The time scale of the geminate recombination depends on the diffusion
coefficients of tne charged species and on the initial separation
distance. In most liquids however the majority of the species recombines
within nanoseconds.
When recombination of a positive ion and an electron takes place, an
excited state may be formed, which in turn may dissociate or relax to the
ground state, either radiationless or accompanied by emission of a photon.
In cyclohexane the predominant process after geminate recombination is
formation of ( M L * and H" radicals, and only a minor fraction of the
b 11
recombination events gives rise to solvent excited states which result in

-6 fluorescence. In benzene however bond breakage is less frequent and the
yield of non-dissociative excited states is much larger.

Study of the properties of the charged species

As we have seen above, part of the ion pairs that are created by high
energy radiation will escape geminate recombination. After some time,
depending on the diffusion coefficients of the species, these "free"
electrons and positive ions will become homogeneously distributed
throughout the medium, provided they do not become trapped and immobilised
as may happen in the solid.
The number of charged species per unit of total energy deposited in
the medium that escapes geminate recombination is called the escaped ion
yield or free ion yield, which is denoted as G

if for the unit of

63 C

absorbed energy 100 eV i s taken. This yield of escaped charges has been
determined in liquids in a number of cases by applying a large DC field
after pulsed irradiation, so that the charged species are collected on the
electrodes before recombination between the oppositely charged species can
occur. This yield (G

) has been determined also by adding a small amount

6SC

of scavenger that is known to react with one of the charged species and
which gives rise to a product of which the yield can be measured.
In some cases the charged species can be studied by means of
measurement of the optical absorption after pulsed Irradiation. By
observing the decay of the absorption after the pulse the reaction of the
charged species with solutes can be studied and the rate constants can be
determined.
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In many nonpolar liquids (and solids) the mobility of the charged
species has been determined by means of a so called drift experiment. In
the simplest case the charged species are generated at one of the two
electrodes of a parallel plate cell, and the charge carriers are drawn to
the other electrode by applying a high DC field. In this way the mobility
of excess electrons in cyclohexane, neopentane and several other liquids
has been determined and was found to be several orders of magnitude larger
than the mobility of molecular ions. In the case where the excess
electrons react with solutes (scavengers), ions with lower mobility are
formed, and the rate of reaction of the charged species with the
scavengers can be determined by observing the decay of the conductivity
after pulsed irradiation. The conductivity after pulsed irradiation may be
determined by a DC or an AC method, or by microwave absorption. In each
case the sum of the products of concentration and mobility of the
different charge carriers is determined. The contribution of the positive
and the negative species to the total conductivity can be determined by
adding solutes which react selectively with either one of these species.
If the free ion yield is known the mobility of the charged species can be
determined from the conductivity measurements, even if the lifetime of the
species is too short to carry out drift experiments. In this way
mobilities of short lived excess electrons and electron holes in liquid
hydrocarbons and in ice have been determined.

-8 EFFECTS OF HIGH ENERGY RADIATION ON BIOLOGICAL SYSTEMS

The primary interactions discussed above occur in what is often
called the physical and the physico-chemical stage, the time scale of
these events being typically microseconds or less. When biological systems
are exposed to high energy radiation, the primary events induce changes
which in some cases result in biological effects which are observed only
after many years. These biological effects can vary from subtle changes in
the functioning of cells to death of the organism or mutations that
manifest themselves in later generations. The various processes that cause
the primary interactions to result in biological effects are largely
unresolved.
The biological effects observed after exposure of an organism to high
energy radiation are generally assumed to find their origin in changes at
the cellular level. As DNA is the molecule which contains all the
information which is processed during the cell cycle, damage of this
molecule is most crucial, although damage to other structures and
molecules, like for instance membranes and enzymes, may also play a role.
For this reason a great deal of the research on biological damage has
concentrated on DNA.
DNA itself is a complicated molecular structure, and together with
its biological environment the system is so complex that in order to
reduce the number of experimental parameters much work has been done with
model systems, mainly dilute aqueous solutions of DNA and solid DNA.

- 9Dilute aqueous solutions of DNA

When a dilute solution of DNA is irradiated most of the induced
damage is the result of ionisation events in the bulk of the solution, and
not the result of direct hits on the DNA-molecule. The ionisations which
occur in the bulk yield water radicals which after diffusion to the DNAmolecule induce the damage. This mechanism has been called the indirect
effect. The mechanism by which radiation damage is induced by a direct
ionisation event on the DNA-molecule is often called the direct effect.
The discrimination between direct and indirect effect is difficult
however, especially in biological systems, where water and proteins are
bound to the DNA-molecule.
By adding compounds to the solution which specifically scavenge some
of the various water radicals and thereby prevent these radicals to cause
the damage, the effect of OH", H" and the solvated electron (e- ) can be
aq
studied separately. In this way also the reaction rate constants of these
radicals with DNA have been determined experimentally with the pulse
radiolysis technique. Product analysis has elucidated the mechanism of the
formation of a large variety of products, as resulting from attack both on
the bases and on the sugar residues of the DNA.
Much progress has been made by irradiating dilute solutions of
biologically active viral DNA and relating the radiation induced damage to
the biological activity. In this way the formation of single strand
breaks, double strand breaks, base damage and crosslinking as well as the
relation with the loss of biological activity have been evaluated.
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Dry solid DNA

The other extreme with respect to water concentration is dry solid
DNA. In this system ESR is the most frequently applied analysis technique.
The availability of oriented DNA-samplea meant a big step forward in these
studies, and it has been shown that the species which are observed with
ESR are not randomly distributed. The most prominent products are found to
be the guanine-cation radical and the thymine- and cytosine-anion
radicals. This seems to be evidence for (short range) charge transfer
through the DNA-helix. It is unknown however whether the same process
occurs in DNA in its biological environment.

Intermediate hydration levels

We have mentioned above that dilute solutions and solid DNA have been
investigated extensively. DNA in the living cell is in a state of
hydration between these extremes. In addition DNA is surrounded by other
biological molecules, such as proteins. So far relatively few systematic
investigations on the effect of water concentration on radiation induced
processes in biopolymers have been reported in the literature.
In this thesis charge migration in biopolyner-water mixtures and the
effect of water concentration on the charge migration is investigated by
measuring the electrical conductivity and the light emission with the
pulse radiolysis technique.
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OUTLINE OF THE THESIS

In the first chapter the experimental methods which have been used in
the work described in this thesis are treated. Host of the work is carried
out with the microwave conductivity technique and therefore the
experimental apparatus is described in some detail. The main features of
the light emission measuring system and the radiation source are also
given.
The second chapter is a paper which gives a preliminary account of
the microwave conductivity observed in hydrated DNA and collagen at low
temperature after pulsed irradiation. The results show that when hydrated
DNA or collagen are irradiated at low temperatures, conductivity
transients with microsecond lifetime are observed. It is tentatively
concluded that these transients are due to the highly mobile dry electron.
Chapter three and four are papers in which the results are discussed
in more detail. In chapter three special attention is given to the effect
of water concentration on mobility, lifetime and migration distance of the
electron. In chapter four the effect of additives to the hydrated systems
on the behaviour of the electron is described. It is shown that the
observed effects of the additives confirm the earlier conclusion that the
dry electron is the? species responsable for the radiation induced
conduc tivi ty.
The water concentration in the DNA- and collagen-systems could be
varied only between zero and approximately fifty percent, due to
inhomogeneities which occur at higher water concentrations. Chapter five
is dealing with experiments on gelatin, a biopolymer which forms
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homogeneous samples with levels of hydration varying from almost zero to
100 % water (ice). Both the radiation induced and the dark microwave
conductivity have been studied as a function of water content.
Finally in chapter six preliminary results of a study of the light
emission from pulse irradiated DNA-water mixtures are reported in an
attempt to establish a relation between the observed electron migration
and the formation of excited states via charge neutralization.

Chapt-en 1

EXPERIMENTAL METHODS

E X P E R I M E N T A L

METHODS

The experimental results described in this thesis have been obtained
with the pulse radiolysis technique, i.e. a short intense pulse of
radiation is given to the sample and the resulting processes are followed
with time resolved detection techniques. In this chapter the pulse
radiolysis equipment is described. Details of the radiation source, a Van
de Graaff acceleratort have been published previously

'

and here only

the main characteristics are given. Host of the work described below
involves the study of the radiation induced electrical conductivity in
biopolymer-water mixtures at low temperature by means of the measurement
of the microwave absorption. This method has been extensively described
elsewhere

and is briefly reviewed in this chapter. In addition some

details, specifically related to the experiments with the biopolymer
samples, are given. This is followed by a short description of the light
emission detection system which was used to obtain the preliminary results
described in the last chapter.

VAN DE GRAAFF ACCELERATOR

A 3 HeV Van de Graaff electron accelerator is used to supply pulses
of electrons with pulse lengths of 200 ps to 250 ns. For the subnanosecond pulses the risetime is ca 120 ps

. In order to measure the

charge delivered in the pulse the electron beam can be deflected on a
coaxial target connected to an electrometer. After proper conditioning of
the accelerator the charge delivered per pulse is reproducible within one
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percent. The maximum beam current during the pulse is 4 A. This
q
in
corresponds to dose rates in the irradiated samples of about 10 and 10
Gy/s (J/kg.s) for the microwave conductivity set-up and the light emission
measuring equipment respectively.
The accelerator can be operated both in single pulse and in multiple
pulse mode. The single pulses are used for real time measurements with a
time resolution of ca_ 1 ns. Noise reduction is obtained by averaging the
(digitized) transients. Operated in multiple pulst mode the accelerator
delivers a train of hundred pulses within a few seconds, which can be used
for sequential sampling. In this way a time resolution of ca 100 ps

*

can be obtained.

MICROWAVE CONDUCTIVITY SYSTEM

Microwaves are attenuated in a conducting medium and by measuring the
attenuation of the microwaves in pulse irradiated media as a function of
time, time resolved conductivity measurements can be carried out. The
microwave absorption method based on this principle has been fully
described elsewhere

. In the following section the experimental

apparatus is briefly described. It is also shown how the conductivity can
be calculated from the microwave power absorption, in the simplest case
where the sample cell is fully filled with a medium in which the "dark"
conductivity (i.e. in the absence of radiation) is neglegible. In the work
described here the biopolymer samples were contained in cylindrical holes
in a perspex block to allow smaller sample volumes. In addition both the
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perspex sample container and the biopolymer-water mixtures had a nonneglegible dark conductivity above ca 200 K. The calculations and the
experimental procedures which have been applied to account for these
complications are also described in this section.

The experimental apparatus

In Figure 1 a schematical representation of the experimental
apparatus is given. The measuring cell (4) is a piece of waveguide closed
at one end with a metal plate while the other end is fitted with a flange
for attachment to the waveguide system. The upper side of the cell is
reduced to 0.1 mm thickness to allow transmission of the electron beam.
The dummy cell (18). which is used to measure the reflected microwave
power in the absence of radiation induced or dark conductivity (see below)
has a similar geometry as the sample cell. From the microwave source
(sweep oscillator, HP 8620 C, (13)) the microwaves are transmitted through
a rectangular waveguide (14) via an isolator (15), a circulator (16) and a
microwave switch (17) to the measuring cell (4), where they are reflected
at the end wall of the sample cell. After the (transient) attenuation in
the cell the microwaves are transmitted through the circulator, a second
isolator and an attenuator (19) to the detector diode (21). The change in
voltage on the detector diode resulting from the radiation induced change
in conductivity of the sample is amplified (23) and fed into a transient
digitizer (Tektronix R 7912 (26)).
The proportionality factor which relates the relative change of
microwave power incident on the detector diode to the relative change in
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the output voltage of the diode is dependent on the incident power level
and the frequency of the microwaves. Therefore for a given power level and
frequency of the microwaves this factor is determined experimentally by
measuring subsequently the power (with the powermeter (20)) and the
voltage (with the voltagemeter (22)) before and after attenuation by the
attenuator (19).
Triggering of the accelerator and command of the various active
components of the measuring apparatus (sweep oscillator, switches and
attenuator) are operated by a microcomputer (PDP 11/40), which also reads
the powermeter (20) and the voltagemeter (22).
The information of the digitizer is read out by the microcomputer and
displayed on a video terminal (10). Signal averaging, baseline
subtraction and kinetic checks (e.g. first and second order) are carried
out by means of the computer. The averaged digitized transient, together
with the various experimental parameters, is then sent to a desk
calculator (HP 9825, (11)) and recorded on data cassette (12).
The over-all risetime of the equipment is ca_ 1 ns and relative

-k

changes in the detector output of typically 10

can be detected.

The measuring cell is contained in a thermally isolated aluminium box
in which the temperature can be controlled by means of a flow of liquid
nitrogen or by means of an electrical heating unit. In this way the
temperature of the measuring cell can be varied From 80 K to 350 K and
kept constant within less than 1 K.

- 18 -

V

*
1

1

25

n

Schematic drawing of the experimental sf>t-up of the micrrwa1.
conductivity apparatus.

1: Van de Graaff accelerator (High Vcitage Eng.. type K)
2: 50fl coaxial target
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3: electrometer (Kelthley 616)
4: sample cell
5: thermally isolated box (Cryoson)
6: temperature control unit (Cryoson TRLH4)
7: thermometer (Fluke 2190 A)
8: CAMAC interface
9: computer (PDP 11/^0)
10: video monitor (DEC VT55)
11: topdesk calculator (HP 9825)
12: data cassette
13: X-band sweep oscillator (HP 8620 C + HP 86250 C)
lh: rectangular X-band microwave guide
15: isolator (Ramco Eng. X 200)
16: circulator (Ramco Eng. X 615)
17: microwave switch (Philips PH 7299 X)
18: dummy cell
19: attenuator
20: powermeter (Marconi Instr.)
21: diode detector
22: digital voltmeter (Tekelec)
23: amplifier (HP 8 ^ 7 A or HP 462 A)
2H: plug-in amplifier (Tektronix 7A19)
25: plug-in time base (Tektronix 7B92A)
26: transient digitizer (Tektronix R 7912)
27: monitor (Tektronix 604, type 6555)
= Faraday cage
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Determination of the conductivity from the observed absorption of
microwave power

a^ Reflection cell filled with N homogeneous dielectric media
When a reflection c e l l i s filled with N homogeneous dielectric media
with boundaries perpendicular to the z-axis at z , as illustrated in
Figure 2, the ratio of the reflected power P and the incident power. P. at
(•3)

the front of the cell is given by lJ/:

^ «

where

r

z
is
N+1( N)

|r N+1 (z N >| 2

(l)

the reflection coefficient im medium N+l at the

interface z between medium N and medium N+l and |r| is the product of r
and its complex conjugate r .
The reflection coefficient r (z ) can be expressed in terms of the
reduced admittance in medium n at the interface z , Y (z ), in the
n n n
following way:

1-YCz )

TiT)
and at the interface z the reduced admittance

Y

2
to
n+j/ n)

nediua n+l is

related to the reduced admittance Y (z ) in medium n according to:
n n
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r,

w

z.z,

z=o

z.z.

I
Figure 2
Cross-section in the y-z plane of a waveguide with N media with
boundaries at z

and propagation constant T . The perfectly

reflecting plane is at z=0 and the relative change in absorbed
microwave power is calculated at z=z .

The propagation constant T

of medium n is a complex number which in

the presently used microwave setup

is given by:

T =
n

with A = [-]

- to p Q e Q e (n) and B = wu Q a(n), where a is the width of the

microwave guide in meters in the x-direction (0.0229 m ) , u is the radial
frequency in s

, p_ and e

vacuum in H.m~

and F.m"

the permeability and the permittivity of

respectively, and e (n) and o(n) the relative

dielectric constant and the conductivity (in 0
respectively.

m

) of medium n
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In addition, within a medium n with uniform propagation constant the
reduced admittance Yn (z) at point z*z is related to the reduced admittance
Y (z1) at point z=z' by:

Y_(
Y_(z)
n
n

1+Y (z")coth(z'-z)
5
Y (z')+coth(z'-z)

Given the boundary conditions that at z=0, i.e. at the perfectly
reflecting wall, the reduced admittance Y.. (0) is infinite, the reduced
admittance

Y

1 (z.)

in medium 1 at the interface z. can be calculated from

equation (5) if z' is taken to be zero and z«Zj. At the interface z1 the
reduced admittance in medium 2, Y-fzj), can be expressed in terms of the
reduced admittance in medium 1, Y.(z.), using equation (3) •
Then the reduced admittance in medium 2 at the interface z_ can be
obtained from equation (5) by taking z'^z., and z=z_.
Thus, by alternatively solving equations (5) and (3) for each medium
finally the reduced admittance at the Interface z N , V U + J( Z IJ) » in medium
N+l is obtained, from which, by applying equation (2) and (1), the ratio
of P r and P.i at the front of the cell can be calculated,

b. Cylindrical sample geometry
As mentioned above many of the experiments with the biopolymer
samples were carried out by making use of a perspex sample container with
cylindrical holes to allow the use of smaller sample volumes. By choosing
an appropriate location of the cylindrical holes the sensitivity per unit
volume can be increased. In Figure 3 the microwave power at point z, Pz,

is plotted as a function of z for two frequencies in a perspex block. It
is illustrated that by placing the sample holes in the shaded area a
relatively large sensitivity can be obtained at 8.3 GHz, as at this
frequency the main fraction of the microwave power is concentrated in
these areas.

Figure 3
The microwave power in a perspex block (er=2-55) as a function of z
at 8.3 GHz (-

-) and 12 GHz (-

-) • P i s the maximum

microwave power.

In the present case, where the sample i s contained in the cylindrical
holes in the perspex block, a radiation induced conductivity occurs only
in the cylindrical spaces. For such a geometry no exact solution of the
equations given above is available. Therefore, in order to account for the
cylindrical sample geometry in the calculation of ~ for a given increase
r
in the conductivity, two different approximations were used.

Method 1;

The microwave power absorption, AP , due to a homogeneously

distributed conductivity change Ao in a volume V of a d i e l e c t r i c i s given
by (3):

2

where E Q is the maximum electric field and K is the wavelength of the
microwaves at a given frequency. When the present cell geometry is
approximated by a homogeneous dielectric, i.e. the propagation constant T
for the perspex remains unchanged by the cylindrical samples in the
absence of radiation induced conductivity, the change in microwave power
due to a change in conductivity in the sample only, AP , can be related to
the change in microwave power due to a change in conductivity in the
entire container, AP p , in the following way:

(7)

where V and V p are the volumes of the cylindrical holes and the entire
sample container respectively.
In order to calculate the volume integral over V , the cylinders are
approximated by the sum of rectangular blocks having sides in the x- and
z-direction of 0.1 mm. The integral of each rectangular block lying within
the cylinder is calculated and the sum of the integrals determined. Then

AP

AP
F
S
using the above described procedure - = — is calculated and —~ is obtained

from equation (7).

Method 2:

Here the two cylindrical sample holes are approximated by

rectangular blocks, centered at the same points as the cylinders and
having the same volume. This is illustrated in Figure k.

32.5 mm

• I:

Figure k
Cross-section in the x-z plane of the perspex sample holder,
illustrating the approximations used in method 2 (see text) to
calculate the change in absorbed microwave power due to a change in
conductivity in the sample holes.

- 26 -

AP,
First the relative change in microwave power absorbed - 5 — due to an
increase in conductivity in the media 2 and 4 (Figure 4) was calculated as
described above. Then AP, was related to the change in microwave power
absorbed, AP R , for a conductivity increase in the blocks only by combining
equations (6) and (7) in the following way:

a+rjn

iP

R

Results of the two methods of calculation are shown in Figure 5,
AP
AP
s
R
where - 5 — and - 5 — are plotted as a function of frequency for the same

increase in conductivity. As can be seen from the figure the agreement
between the two methods is quite satisfactory.
The first method has the advantage of approximating the cylindrical
form of the holes very accurately. In fact this method would allow the
calculation for any arbitrary sample geometry. In addition, once the
integrals have been evaluated, this method requires much less calculation
time than the second method, as equations (2) and (4) need to be solved
only for two media, i.e. the container and the empty waveguide.
The second method however is more accurate when the difference
between the dielectric constant of the sample and the dielectric constant
of the container material is not neglegible. This is due to the fact that
in this method the propagation constant is calculated for each consecutive
medium and only the dielectric inhomogeneities of the media 2 and k are
neglected. Thus, for instance for samples with a relatively high dark

conductivity, the second method yields the best fits to the experimental
results.

tt>

u

•o

0)

0)

10
II
Frequency (GHz)

12

Figure 5
Plot of the relative change in absorbed microwave power per unit
change in conductivity in the sample holes as a function of
frequency, calculated with the two methods described in the text. The
solid line is calculated according to method 1 and the dashed line
according to method 2. The dotted line indicates the relative
difference between the two curves.
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c. Dark conductivity
In the microwave conductivity technique the quantity actually
determined is the relative change in microwave power absorption, which is
given by:

lp

(p1

where (5—)

i°o

l

V

is the relative change in absorbed microwave power due to the

conductivity increase o. and a Q is the dark conductivity.
As both the perspex sample container and the hydrated biopolymer
samples had a non-neglegible dark conductivity at temperatures above ca
200 K the procedure for the calculations was as follows;
a) For a given temperature frequency dependent power absorption
measurements were carried out on a solid perspex block and from the

relative absorption (5—j of the perspex the dark conductivity and the
r

dielectric constant at microwave frequencies o(p) and c (p) were
r
obtained from curve fitting using the calculations described above (for
N*l) and by applying equation (9) with O Q » 0 and Oj-ofp), taking for ?±
the power as measured from the dummy cell.
b) Procedure a) was repeated with a sample container filled with the
hydrated biopolymer, using in equation (9) O Q » 0 and taking o- as a or
o

for the appropriate medium (see method 2 below), now yielding the

dark conductivity and the dielectric constant a and e_(s) of the
sample.

c) The radiation induced relative change in microwave power absorption for
a given dose and at a given time was measured as a function of
frequency and the corresponding Ao was obtained by curve fitting taking
for 0 n in equation (9) a

and o , for a., the radiation induced

conductivity and using the obtained values of e (p) and e (s).

LIGHT EMISSION DETECTION SYSTEM

In Figure 6 a schematical representation of the experimental
apparatus for the photomultiplier detection system is given

(details of the

measuring cell and the cryostat are given in Chapter 6 ) .
In order to minimize the contribution of Cerenkov radiation in the
detected light only the light which is emitted in the direction opposite
to the incident electron beam is measured. For this purpose a thin mirror
is placed above the sample cell under an angle of 45

to the incident

electrons.
The light emitted from the sample (4) as a result of the irradiation
is reflected by the mirror into a lense system, passed through a
monochromator (Jobin Yvon HL (19)) and then detected by the
photomultiplier (Hamamatsu R 928 (20)). The output of the detector is
either fed into a storage oscilloscope (Tektronix 7A13 (23)) and read out
by a waveform digitizer (Lecroy 2256 (24)) or after amplification fed into
a transient digitizer (not shown). The digitized transients are then
further processed and stored as described above for the microwave
conductivity equipment.
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Figure 6
Schematic drawing of the experimental set-up of the emission
detection apparatus.

V//
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1: Van de Graaff accelerator (High Voltage Eng., type K)
2: 50fl coaxial target
3: electrometer (Keithley 6l6)
4: sample cell
5: thermally isolated box (Cryoson)
6: temperature control unit (Cryoson TRLtft)
7: thermometer (Fluke 2190 A)
8: CAMAC interface
9: computer (PDP 11/40)
10: video monitor (DEC VT55)
11: topdesk calculator (HP 9825)
12: data cassette
13: main trigger
14: delay for electron pulse and start gating
15: start/stop gating
16: pulse generator command, causes start of the electron pulse
17: photomultiplier, detects start of the electron pulse
18: amplifier (Avantek GPD)
19: monochromator (Jobin Yvon HL)
20: photomultiplier detector (Hamamatsu R 928)
21: high voltage supply (Fluke, model 408 B)
22: plug-in vertical amplifier (Tektronix 7A13)
23: storage oscilloscope (Tektronix 783*0
2k: waveform digitizer (Lecroy 2256)
'/ = light emitting, '/
= Faraday cage

= light detecting
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The light emission experiments have been carried out with either a
photomultiplier or a photodiode for the measurement of the emitted light.
The photodiode detection system in combination with the sequential
sampling technique is used to measure the emission during the pulse with a
high time resolution (100 ps).
The light emitted after the pulse proved to be several orders of
magnitude lower in intensity than the light emitted during the pulse.The
photomultiplier, which has a higher sensitivity than the photodiode when
operated at full amplification (applied voltage V=l400 V ) , is used to
measure the low emission after irradiation. To prevent overloading the
photomultiplier is gated by applying an inverse voltage at the cathode
during the electron pulse.
The detectors are housed in a Faraday cage to avoid pick-up noise
from the fields associated with the electron pulse. To minimize the signal
that arises from X-ray radiation of the photomultiplier cathode the
Faraday cage is shielded with lead.
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Chapter* 2

HIGHLY MOBILE CHARGE CARRIERS IN
HYDRATED DNA AND COLLAGEN FORMED
BY PULSED IONIZATION

- 35 -

Highly Mobile Charge Carriers in Hydrated DNA and
Collagen Formed by Pulsed Ionization
D. VAN LITH, M. P. DE HAAS, J. M. WARMAN, and A. HUMMEL,

Interuniversitair Reactor Instituut, 2629 JB Delft, The Netherlands

INTRODUCTION
Charge migration in biopolymers has been studied both theoretically and experimentally by several authors1"5 ever since the suggestion of Szent-Gyorgyi6 that
semiconductive properties of proteins might play an important role in biological
processes.
While the dark conductivities of the pure, dry polymeric materials have been
found to be very low, due presumably to the low concentration of intrinsic charge
carriers, dramatic increases occur on hydration with, in general, an exponential
increase in the conductivity with increasing water content.1 The precise nature
of the conduction mechanism involved, however, has not yet been elucidated.
In this communication we present results in which the concentration of charge
carriers in DNA and collagen samples is artificially increased by irradiation with
short pulses of ionizing radiation. By detecting the resulting conductivity changes
using a microwave conductivity technique, the problems of electrode contacts, dielectric polarization and electrolysis, frequently associated with DC methods, have
been avoided.

EXPERIMENTAL
Samples were irradiated with 2-50 ns pulses of high-energy electrons from a 3
MeV Van de Graaff accelerator, and the resulting conductivity was determined by
measuring the absorption of microwave power. Samples with different water
content were prepared by first dehydrating the starting material under vacuum
at room temperature until no more weight decrease was observed. The dry material
was then exposed to water vapor in the absence of air, until samples with the desired
amount of water were obtained. After the experiment the sample was dried in a
vacuum oven at 80°C and reweighed. The values found for the water content before
and after the experiment agreed within a few percent.
Calf thymus DNA (Sigma type I) and bovine achiUes tendon collagen (Sigma type
II) were used without further purification. Experiments with a rigorously purified
DNA sample gave identical results.
The microwave conductivity method has been extensively described elsewhere.7
In order to allow sample volumes of approximately 1 mL, the sample was contained
in two cylindrical holes in a rectangular Perspex block with the same outer dimensions as the (X-band) wave guide. The relative absorption of microwave power,
AP/P, is related to the change in conductivity ACT, by AP/P = A X ACT, where A is
Biopolymers, Vol. 22,807-810 (1983)
© 1983 John Wiley & Sons, Inc.
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Fig. 1. Relative microwave power absorption versus time following pulsed irradiation (2
ns, ca. 0.5 Gy) of a DNA sample containing 1.08 g HaO/g dry DNA at 136 K.

a constant. For the present sample geometry, the factor A was determined by
comparing the signal obtained from a sample of pure ice in the Perspex container
with that for the completely ice-filled cell, for which A can be accurately calculated.
In this way the absolute value of the radiation-induced conductivity could be determined to within 15%.

RESULTS AND DISCUSSION
An example of a microwave conductivity signal obtained at 136 K on pulse irradiation of a DNA sample containing 1.08 g H2O/g dry material is shown in Fig. 1.
Similar transients were found in hydrated collagen samples.
In Fig. 2 the conductivity per nanocoulomb beam charge at 20 ns and 1 fis after
the pulse is plotted as a function of water concentration for both DNA and collagen.
As can be seen for both biopolymers, no conductivity is observed in samples with
a water content below a critical concentration. Above this hydration level, however,
the conductivity increases sharply with increasing water content.
Since the conductivity at a given time is equal to the product of the concentration
of the charge carrier present, N, the charge e, and the mobility M. the concentration
of charge carriers must be known in order to determine the mobility of the migrating
species. While no experimental knowledge is available as yet on the yield of mobile
charged species formed in these systems by high-energy radiation, it is possible to
estimate an upper and a lower boundary for the yield of charged species formed
per unit of energy absorbed. For the lower limit we take a value of 0.1 (100 eV)~l,
which is approximately the lowest value found for a large variety of molecular
compounds.8 In ice at 150 K, a value of 0.2 (100 eV)-> has been reported.9 For
the upper limit a value of 5 (100 eV)~> is calculated if the band gap is taken to be
at least 6 eV and if it is assumed that the energy required for the creation of an
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Fig. 2. Conductivity per nanocoulomb beam charge at 138 K versus hydration level for DN A,
( • = 20 ns, • = 1 its) collagen ( • = 20 ns, O = 1 fts) following pulsed ionization. Conduction
is thought to occur via electrons in the water mantle surrounding the biopolymer.

electron-hole pair is three times this energy, as has been found empirically for
semiconductors and insulators.10 Taking the above-mentioned limits for the yield,
an upper limit of 15 X 1()-4 and a lower limit of 0.3 X 10~4 m2 V"1 s" 1 is found for
the mobility in the DNA sample with a water content of 1.65 g H2O/g dry DNA.
This is a value that is three to four orders of magnitude greater than the mobility
of ions in aqueous solutions or that of the proton in pure ice.11
Since the critical water concentration below which no conductivity is observed
corresponds rather well to that required for sodium DNA to adopt the B-configuration, where the stacked bases have an optimal jr-orbital overlap, charge migration
through the bases, as predicted by theoretical calculations,12-13 was initially thought
to be the explanation for the high conductivity. In subsequent experiments,
however, we found that in collagen, which has a completely different primary
structure, a similar behavior of the radiation-induced conductivity could be observed. On the basis of the fact that samples of the mononucleotide adenosine
monophosphate containing 0.7 g H;>O/g dry material show absorption signals quite
similar to those observed in DNA and collagen, it may be excluded that migration
occurs through the phosphate-sugar backbone as suggested by Suhai on the basis
of theoretical calculations.14 Also, if the migration were to take place within the
polymer chains, an increasing conductivity with increasing water content, as is
observed experimentally, would seem unlikely. In fact, this result seems to be an
indication that the increase in conductance is due to the increasing fraction of water
available in which mobile species are formed. Considering also that in irradiated
pure ice, excess electrons are the main charge carriers with a mobility of 25 X 10~4
m2 V' 1 s~',15, it seems probable that the migrating species in the biopolymer-water
systems is also the electron.

BIOPOLYMERS VOL. 22 (1983)
A further feature of interest is the decay kinetics of the conductivity signals in
these systems. Conduction electrons in ice have been found to recombine with the
positive ions according to homogeneous second-order decay kinetics with a rate
constant that is expected on the basis of the Debye equation kr = fie/eo(r with cr
= 2. In the biopolymer-water systems below 170 K, however, the decay is much
slower, and the conductance decreases almost linearly with the logarithm of time.
This suggests that once ionization has occurred, recombination of the charged
species is spatially or energetically hindered. In addition, the relatively long lifetime
of the charge carrier implies the absence of an efficient trapping mechanism in the
hydration layer around the DNA and collagen helices.
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ELECTRON MIGRATION IN HYDRATED DNA
AND COLLAGEN AT LOW TEMPERATURES
Pant Is E-F-Feet of water oonoentration
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Electron Migration in Hydrated DNA and Collagen at
Low Temperatures
Part 1.—Effect of Water Concentration
Dick van Lith, John M. Wannan, Matthijs P. de Haas and Andries Hummel*
Interuniversity Reactor Institute, Mekelweg 15, 2629 JB Delft, The Netherlands
The migration of charges formed in hydrated DNA and collagen at low
temperatures by nanosecond pulses of 3 MeV electrons has been studied by
measuring the microwave conductivity on nanosecond and microsecond
timescales. The radiation-induced conductivity is found to be critically
dependent on the water concentration of the samples. No radiation induced
conductivity could be detected below water concentrations of 0.41 and 0.79
gram water per gram dry collagen and DNA, respectively. Above the critical
water concentration the conductivity increases approximately linearly with
water concentration. It is suggested that the observed conductivity is due to
a highly mobile 'dry* electron migrating in the ice-like water layer around
the biopolymer, with a mobility similar to that of the excess electron in pure
ice (2.5 x 10"3 m* V~' s"1) but with a considerably longer lifetime.

In recent years various researchers have directed their attention to the study of the
conductive properties of biopolymers, and a large number of publications have
appeared. [For a recent review see ref. (1).] Results of d.c. measurements of the dark
conductivity have been interpreted in terms of semiconductive behaviour for many
biopolymers.* Other electrical properties such as photoelectricity,3 thermoelectricity,1
piezoelectricity,5 high-frequency dielectric behaviour8 and the electret effect7 of various
biological molecules have also been described. The study of charge carriers in biological
compounds has proved to be difficult, mainly because of their low equilibrium concentration. Therefore methods of artificially increasing the concentration of free charge
carriers can be of great use for the study of their properties. Thus methylglyoxal has been
found to increase the intrinsic conductivity of various proteins.8 This has been explained
as being due to the formation of a charge-transfer complex with the protein molecule,
which results in the creation of electron holes in the valence band of the protein. Lewis
et al." studied charge migration in hydrated albumin after creation of surface charges
by the corona discharge technique. Gahwiler et al.w made use of the ionising properties
of gamma radiation in order to study the radiation induced d.c. conductivity in dry
DNA.
The effect of high-energy radiation on DNA and its constituents has been the subject
of numerous studies, since it is generally accepted that DNA is a primary target in the
chain of events that leads to biological damage. In this connection both charge and
energy transfer in DNA have been proposed. Evidence for electron transfer along the
bases in DNA in the solid state was obtained from e.s.r. measurements after gammairradiation by Gregoli et a!.11 and Graslund et al.1* Pulse radiolysis of dinucieotides in
glasses demonstrated the occurrence of electron transfer between nucleotides.13 Fielden
et al.11 estimated the range of electron (or energy) migration in DNA doped with
5-bromouracil to be ca. 100 basepairs on the basis of the decay of luminescence intensity
following high-energy irradiation. Whillans,15 on the other hand, on the basis of optical
pulse-radiolysis studies of proflavine intercalated in the DNA helix, concluded that the

,
,
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Electron Migration in DNA and Collagen
maximum migration distance of electrons is five base pairs. Efficient charge migration
in biopolymers has been proposed,18 and high mobility values were predicted fn DNA
on the basis of theoretical calculations,17"1* whereby recently the hydration water has
been taken into account;20 even superconductivity11 has been suggested.
In an earlier communication22 we have presented a preliminary account of the study
of the migration of charges in frozen water-biopolymer systems, where the charges were
created by pulses of high-energy radiation of nanosecond duration. The irradiation of
the medium results in the formation of ionised molecules and excess electrons that are
thermalized on a picosecond timescale. The migration of the charged species was studied
by means of measurement of the microwave absorption with nanosecond time resolution.
In the present papers a more detailed account of this work is given. While in this paper
frozen DNA-water and collagen-water mixtures are discussed, in the second paper we
deal with the effect of additives in order to further substantiate our conclusions about
the electron migration in the ice-like structure surrounding the biopolymers.

Materials and Methods
High-energy electron pulses with a duration of 2, 10 or 20 ns from a 3 MeV Van de
Graaff accelerator were used to create excess charges, delivering doses between 0.1 and
50 J kg""1. The dose per pulse was obtained from the total charge collected on a coaxial
target and the known dosimetry.23
The change in conductivity on irradiation was monitored by measuring the change
in reflected microwave power on a nanosecond timescale. This microwave conductivity
technique has been extensively described elsewhere,23-24 except for a modification in the
sample geometry allowing samples with a small volume (0.77 cm3) to be used. For this
purpose the microwave reflection cell was filled with a Perspex block of 32.5 mm length
with two cylindrical sample holes of 7 mm diameter as illustrated in fig. 1. The
radiation-induced conductivity in Perspex (PMMA) was found to be below the detection
limit of the microwave conductivity equipment. The sensitivity, i.e. the relative change
in microwave absorption for a given change in conductivity, is determined by the average
electric field in the sample. Thus maximum sensitivity can be obtained by ensuring that
the sample is located at the maximum of the electric field for a given frequency and
dielectric constant.
For small absorptions the relative change in absorbed microwave power is proportional
to the change in conductivity in the samples:
= -AAa.
(1)
The sensitivity factor A has been calculated, and in addition control experiments have
been carried out with air, microcrystalline ice, KC1 and anthracene. In these experiments
the radiation-induced microwave absorption in the cell with the cylindrical holes was
compared with the absorption in the fully filled cell, for which the conductivity can be
accurately determined, using the methods of calculations published earlier." The
frequency dependence of the observed power absorption in the cell with the cylindrical
holes is in agreement with the calculations; however, the absolute value of the microwave
absorption found in this way is ca. 30% lower than the value obtained from the calibration experiments. No explanation for this effect has been found so far. The sensitivity
factor obtained from the calibration experiments has been used in the treatment of the
results. The lower limit of detectable change in conductivity using the present cell
geometry is ca. 10~5 fl"1 m~'.
For each sample the relative change in the microwave absorption as a result of a given
dose of high-energy radiation was measured as a function of frequency between 8 and
12 GHz. The experimentally determined absorption values were fitted and the
conductivity values were then corrected with the factor obtained from the calibration
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Fig. 1. Schematic representation of the Perspex sample container and the cylindrical sample holes.
In the x- and ^-directions the outer dimensions of the container are equal to the inner dimensions
of the reflection cell. The reflecting wall of the cell is located at 2 = 0.

10
frequency/GHz
Fig. 2. The relative change in microwave power for a given conductivity in the cylindrical holes
of the sample container as a function of frequency. The experimental points ( • ) have been
obtained with hydrated DNA at 138 K (1.3 gram water per gram dry DNA) 60 ns after a 20 ns
pulse. The full line has been calculated from theory using £,. (Perspex) = 155, e, (sample) = 3.0
and a = 8.5 x 10"* Q"« m"1.
experiments. A comparison of calculated and experimental values of the power absorption
as function of frequency as obtained with a DNA sample is shown in fig. 2.
Calf thymus DNA (type I), bovine achilles tendon collagen (type II), acid soluble calf
skin collagen(type III), adenosinemonophosphate (AMP) (type III) and 5'-polyadenosine
(poly A) were obtained from Sigma and used without further purification. Poly(acrylic
acid) (PAA, molecular weight 9.9 x 10s) and p-poly(styrene sulphonic acid) (PSSA,
K-salt, molecular weight 1.52 x 10s) were provided by Prof. J. C. Leyte and Dr F. van
der Touw, respectively, from the Rijksuniversiteit Leiden. D,O was purchased from
Merck (Uvasol, 99.75%).
The samples, contained in a vacuum-tight glass vessel, were dehydrated under vacuum
(P = 0.01 Torr)t until no further weight decrease could be observed. Then hydration
t lTorr= 101325/760 Pa.

Electron Migration in DNA and Collagen
Table 1. Water concentration as determined before and after the
experiment (see texl), effective densities at 293 K and dielectric
constants at microwave frequencies at 138 K for the various
DNA and collagen samples

compound
collagen

DNA

DNA
[deuterated)

water concentration
(gram H2O per gram polymer)
—
——
density
before
/10-3kgnr3
after
0.503
0.603
0.725
0.834
0.949
1.050
1.487
1.147
1.560

0.509
0.625
0.687
0.792
1.007
1.112
1.827
1.185
1.587

1.09
0.97
.14
1.35
1.30
1.26
1.22
1.32
1.29

2.6
2.7
2.9
3.1
3.1
3.2
3.0
3.0
2.9

was allowed to take place in an atmosphere of 100% relative humidity by exposing the
sample in the vacuum system to the vapour of degassed water until the desired level of
hydration, as judged by the weight increase, was obtained. Depending on the level,
hydration took between one and two weeks. Then the sample was taken out of the glass
vessel (and thus exposed to air) and transferred to the Perspex sample holder. The weight
of the sample holder with and without sample was determined, from which the effective
density of the sample was obtained. After the experiment the sample was dried at 3S0 K.
in a vacuum oven and the dry weight of the sample determined. The water concentration
determined in this way was compared with the value obtained before the experiment.
In the results reported below for the water concentration the average of the two values
was taken. In table 1 the results of the weighing procedures are summarised for some
of the samples in which the radiation-induced conductivity was studied. Values of the
relative dielectric constants at GHz frequencies as obtained from the fitting of the frequency-dependent microwave absorption as described above are also shown. For the
deuterated samples, DNA was subjected to three cycles of hydration with D,O and
subsequent dehydration prior to the final hydration, to obtain maximum deuteration.
Results
Effect of Water Concentration on the Radiation-induced Conductivity

No radiation-induced conductivity could be detected at room temperature or at lower
temperatures in dry samples of DNA, AMP, poiy-A or collagen, either during or
after submicrosecond pulses with a total dose of 60 J kg - I and a dose rate of
3.2 x 10" J kg" 1 s"1. However, when the water concentration was above a minimum
critical concentration, conductivity transients, which persisted for as long as several
microseconds, became observable, as shown in fig. 3 for collagen, AMP, poly-A and
DNA. Similar results have been obtained with acid-soluble collagen. The synthetic
polymers PAA and PSSA, with water concentrations of 1.74 and 0.73 gram water per
gram dry material, respectively, did not show a detectable conductivity signal.
The height of the conductivity signal per unit irradiation dose was found to be strongly
dependent on the water concentration, and for DNA and collagen the effect of water
concentration has been studied systematically. The results are shown in fig. 4. As can
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Fig. 3. Conductivity as a function of time resulting from pulsed irradiation of samples at 138 K,
obtained with (a) collagen (0.54 J kg"1), (b) poly-A (2.9 J kg"1), (c) DNA (0.56 J kg"1) and (d)
AMP (0.65 J kg"1) with water concentrations of 0.55, 0.75, 1.45 and 0.50 gram water per grain
dry compound, respectively.

weight fraction of water

Fig. 4. Conductivity per unit dose 20 ns after a 2 ns pulse as a function of weight fraction of water
for hydrated collagen ( d ) , hydrated DNA (O) and deuterated DNA ( • ) , at 138 K. The drawn
lines have been obtained by fitting eqn (10) to the experimental points.
be seen from this figure, there is a substantial difference in critical water concentration
for DNA and collagen, but once this concentration is reached, the conductivity increases
with water concentration in a similar way. The filled circles represent data obtained with
deuterated samples, and it can be seen that deuteration has no measurable effect on the
height of the conductivity signals. For AMP and poly-A the effect of water concentration
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Fig. 5. Arrhenius plot of the? first-order trapping rate constant for hydrated DNA. The full line
corresponds to an activation energy of 0.40 eV. For comparison data obtained with pure ice arc
also shown (dotted line).

lias not been studied systematically, but in these compounds conductivity signals were
observed for water concentrations of 0.5 and 0.75 gram water per gram dry compound,
respectively.
Decay Kinetics of the Conductivity
In DNA with water concentrations well above the critical value (>1.2 gram water
per gram dry DNA1 the conductivity after the pulse decays exponentially and is
independent of the absorbed dose per pulse for the lowest doses used (0.02-0.2 J kg ')
for temperatures between 250 and 190 K. The lifetime of the charge carriers, however,
is strongly dependent on temperature and increases from a few nanoseconds at 250 K
to more than 200 ns at 190 K. An Arrhenius plot of the specific rate of decay of the
conductivity, k, for a DNA sample with a water concentration of 1.3 grain water per
gram dry DNA is given in fig. 5. The activation energy of the specific decay rate is found
to be 0.4 eV for the linear part of the curve.
For temperatures < 190 K the decay is no longer exponential but obeys more closely
a linear dependence of the conductivity on the logarithm of elapsed time. This behaviour
is shown in fig. 6 for DNA and collagen at 138 K. As can be seen the decay at these
low temperatures now extends well into the microsecond region.
At higher doses per pulse the rate of decay after the pulse increases, with the effect
being more pronounced at the lower temperatures. This effect is illustrated in fig. 7 for
a DNA sample containing 1.3 gram water per gram dry DNA at 138 K.
At temperatures below ca. 190 K the lifetime of the charge carriers was found to
decrease with accumulated dose received by the sample for accumulated doses exceeding
a few hundred J kg V However, the effect could be annealed out by warming the sample
to 250 K. or above. In most of the experiments annealing was not necessary since the
total dose given to the sample was never larger than 100 J kg' 1 .
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Fig. 6. Plot of the conductivity against the logarithm of time after the irradiation pulse for hydrated
collagen (O) and DNA (x ) at 138 K. with values of the water concentration of 0.6 and 1.35 gram
water per gram dry polymer and with doses of 0.64 and 0.2 J kg*1, respectively.

100

Fig. 7. The conductivity per unit dose in hydrated DNA (1.3 gram water per gram dry DNA) at
138 K as a function of time resulting from 10 ns pulses with different dose rates (A> 24.7; + , 10.6;
O, 3.9 and x, 0.9 x 10' J kg"1 s"1). The full lines are calculated assuming only second-order
reactions contribute to the decay, with k./fi = 3 x 10~* V m.
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Discussion
Low Water Content
The radiation-induced conductivity observed for all of the polymers investigated in the
dry state, even when using the largest dose and the largest dose rate possible (60 J kg~*
and 3.2 x 10s J kg~ l s~', respectively), was found to be smaller than the detection limit
of 10~5 Q'1 m'1 both during and after the pulse. If the lifetime of the charge carriers,
t, is much longer than the pulse length, /, (r > t), decay during the pulse may be
neglected and the total number of species present at the end of the pulse is equal to the
total number of species formed during the pulse. Although the yield of charge carriers
per unit of energy absorbed by the medium is not known, a reasonable estimate of the
order of magnitude can be made as discussed previously." If a value of 0.5 per 100 eV
is assumed for the yield of free charge carriers (i.e. 3.1 x 10" charge carriers per J
absorbed), then with a < 10~5 Qrl m" 1 using the relation
ff = Dgpe/i
1

(2)

1

where a is the conductivity (in Or m^ ), D the total dose delivered to the sample (in
J kg"1), g the number of charge carriers created per J absorbed, p the density (in kg m~3)
(a value of 1300 kg m~3 is used) and e the electronic charge in C, an upper limit for the
mobility of ft § 2 x 10~9 m2 V"1 s"1 is calculated.
If the lifetime of the migrating species, r, is much shorter than the pulse length (r < t),
steady-state conditions are reached during the pulse. Assuming the lifetime is governed
by a first-order decay process, the following relation holds:

where n is the concentration of mobile species (in nr 3 ), k the specific rate (in s"1) which
is equal to l/r, and the other symbols have the same meaning as previously. For the
stationary-state conductivity during the pulse dn/di = 0 we can now write
a = Dgpe/ir/At.
(4)
Using the same value for the yield as above and for a sg 10~5fi~' m~', the upper limit
of the product of mobility and lifetime is found to be fn ^ 5 x 10~15 m 2 V"1.
For a second-order process the half-life, t,/s, is given by
'l/!=l/M
(5)
with kr the second-order rate constant and n the initial concentration of reacting species.
Assuming that the upper limit of the second-order rate constant is given by the
diffusion-controlled recombination rate constant of oppositely charged species, i.e.
kT = fwlEaeI

(6)

the lower limit of tin is given by
On substituting a = neft and using the upper limit for the conductivity a < 10"s £1"' n r 1
it follows that the half-life, tm > 1.8 x 10~6 s. Thus when nanosecond pulses are used,
steady-state conditions will not be reached during the pulse when the lifetime of the
charge carriers is limited by a second-order recombination process.
We conclude that the charge carriers in dry DNA either have a mobility
fi < 10"8 m2 V"1 s"1 or the product of mobility and lifetime p t < 5 x 10" ls m* V"1. Thus
if species with a mobility of 10~3 m ! V"1 s"1 are formed, as has been suggested in the
literature,1-1S-18 then their lifetime must be only of the order of a few picoseconds or
less.
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Using the upper limit of the product of mobility and lifetime p i < 5 x 10~15 m* V~x
an estimate of the upper limit of the average migration distance of the charge carriers
can be obtained. The root mean-square displacement due to random diffusion in one
dimension is given by
_ _ ,f2 n >
where D is the diffusion coefficient, or, since D/fi = kT/e,
r = {itakT/efi*.
16

2

(7)

1

If we take for pi a value 5 x 10~ m V" , an upper limit of 9 nm is calculated for this
displacement for a temperature of 95 K. Therefore charge migration in dry DNA over
distances corresponding to a number of nucleotides, as suggested by several authors,11"13
is not ruled out by our results.
High Water Content
We now turn to the discussion of the results obtained above the critical hydration level
where the conductivity during and immediately after the pulse abruptly increases. The
absolute height of the observed radiation-induced conductivity as well as the increase
of this conductivity as a function of water content are remarkably similar in collagen
and DNA, in spite of the large difference in primary molecular structure of both
biopolymers. For DNA, charge migration both through the stacked bases" and through
the phosphate-sugar backbone25 have been suggested. The latter can be excluded as the
source of the conductivity observed on the basis of the results obtained with hydrated
AMP, where no such backbone is present. If migration would occur through the stacked
bases, a drastic effect on the magnitude of the conductivity would have been expected
with AMP, since the stacking in the solution of the nucleotides is expected to be less
perfect than with DNA. In addition the base composition would be expected to affect
the conductivity drastically when migration occurs through the bases, whereas the
conductivity in poly-A and DNA are of comparable magnitude. This suggests that the
charge migration takes place in the water phase.
As can be seen from the plot ofa/D against the weight fraction of water, F, in fig. 4,
above a critical water weight fraction, Fo, the conductivity per unit dose increases
approximately linearly with the weight fraction of water present in excess of FB, i.e.
a/D x (F-Fo) (for F > Fo).

(8)

This suggests a simple model in which water is present in two phases; in one phase the
molecules are tightly bound to the biopolymer and do not contribute to the conductivity;
in the other phase, which can only exist above a certain water concentration, conduction
is possible. If it is assumed that the conductivity per unit dose of the sample is equal
to the product of the weight fraction of the conducting phase, Fc> and the conductivity
per unit dose in the conducting phase, aJD, i.e. a/D = Fcac/D, it can be shown that
for weight fractions of water, F, above the critical fraction FB, the conductivity is given

This equation shows that the conductivity per unit dose is expected to be linear with
F-Fo for F> FB, with a slope of
d(g/D)
dF

1 «xc
(l-Fn)/)"

(10)

The straight lines drawn through the experimental points in fig. 4 yield values of 0.29
and 0.44 for FB and 2.2 x 1 0 a and 3.0 x 1 0 s O 1 m 1 J 1 kg for aJD for hydrated
collagen and DNA, respectively.
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lor pure ice a value of 3.4 x 10 4 m 2 V 1 s 1 (100 e V ) 1 for the product of yield and
mobility of the dry electron has been published." This corresponds to a value of
3.4 x 10 3 II" 1 m"• J"' kg for the conductivity per unit dose. This value is very close to
the values of <r(./D found above, which suggests that the conductivity in the hydrated
biopolymer samples is due to the dry electron in ice-like water surrounding the
biopolymers and having approximately the same mobility.
The lifetime of the electron towards trapping is an order of magnitude longer in
hydrated DNA and collagen than in pure ice. This suggests that the concentration of
trapping centres in the conducting part of the water surrounding the biopolymers is
lower than in pure ice. The fact that no conductivity could be observed in hydrated PAA
and PSSA seems to indicate that (he water surrounding these polymers does not readily
form an ice-like matrix on freezing.
Below a given water weight fraction FB no conduction occurs. This can have two
possible explanations. One is that some of the water present does not contribute at all
to the conduction even at water concentrations above Fo, the other is that below Fa there
is not enough water to obtain sufficiently large conducting regions to allow migration.
It is conceivable that both effects play a role. For example, it may be that the water in
the grooves of the DNA helix does not contribute at all to the conduction. Also, mixtures
of conducting and non-conducting materials show a sharp increase in conductivity above
a critical concentration of the conducting component, which can be explained by
percolation theory.-" The possible application of percolation theory to the data
presented here will be discussed in a future publication.
Kinetics
As we have seen above, the increase in conductivity with increasing water content
suggests that it is the dry electron in the ice-like water surrounding the biopolymers that
is being observed. We now turn to a discussion of the kinetics of the conductivity and
test whether the kinetics are consistent with this suggestion. From rig. 5 it can be seen
that the specific decay rate of the conductivity as a function of temperature shows
behaviour similar to the (pseudo)-first-order trapping rale of the electron in pure ice,
although the activation energy of the trapping in pure ice was found to have the
somewhat higher value of 0.55 eV.2e In addition, the trapping rate is found to be
systematically lower in the hydrated biopolymers, which implies a lower concentration
of trapping sites for the dry electrons. At temperatures below 170 K the lifetime of the
electron towards trapping extends into the microsecond range and the decay rates are
found to be affected by the total dose in the pulse even for low doses. The increase in
decay rate with increasing dose as illustrated in fig. 7 is assumed to be due to reaction
between electrons and other radiolysis products. The full lines in this figure have been
calculated by numerically solving eqn (5) after substitution of n = t?//te and convoluting
over a square pulse shape and the rise-time of the detection equipment (2 ns). In order
to fit the results a value of 3 * 10" V m for kr/ft had to be assumed. Using for the
second-order rate constant kr = 4nrD with D - nkT/e, the value of 3 x 1 0 s V m is seen
to correspond to diffusion-controlled reaction with a reaction radius r = 20 nm, or. in
other words, to diffusion-controlled electron ion recombination with kT — /ie/eo«r and
£r = 6. Again this is a behaviour quite similar to the electron in pure ice, where
electron-ion recombination occurs with a rale corresponding to zT a: 2. 11 The difference
between hydrated biopolymers and pure ice. i.e. the factor of three in recombination rate
at times f > 50 ns is possibly related to the microheterogeneity of the concentrated
biopolymer systems.
From the second-order decay, as illustrated in fig. 7, a lower limit for the average
migration distance of the charge carriers can be calculated. Using an upper limit of
0.5 (100 eV)~l for the yield of free electrons, an upper limit of the concentration of
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electrons of 2 x 10" m~s is calculated for the curve obtained using a dose rate of
24.7 x 107 J kg"1 s"1. This corresponds to an average distance of 1.7 x I0~7 m between
the charge carriers. As can be seen fron fig. 7, ca. 50% of the electrons recombine
homogeneously with the positive ions wnhin SO ns, and thus migrate over a distance of
the order of 10~7 m. From fig. 6 it can be seen that for DNA and collagen at 138 K. the
lifetime of the electron is of the order of microseconds for low doses. If we take the
mobility of the electrons in the hydrated biopolymers to be the same as for the dry
electrons in pure ice, i.e. 25 x 10 * m1 V~' s~\ M we can make an estimate of the
migration distance r using eqn (7). For the hydrated biopolymers r is now found to be
1.3xlO~ 5 m. The values of the average migration distance of ca. 10~7-10~5m in
hydrated biopolymers is to be compared with the upper limit of 9 nm found for the dry
compounds.
Additional evidence for the electron being the species responsible for the conduction
has been obtained by studying the effect of additives on the conductivity in the hydrated
biopolymers. This is reported in the following paper.
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ELECTRON MIGRATION IN HYDRATED DNA
AND COLLAGEN AT LOW TEMPERATURES
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Electron Migration in Hydrated DNA and Collagen at Low
Temperatures
Part 2.—The Effect of Additives
Dick van Lith, Joyce Eden, John M. Warman and Andries Hummel*
Interuniversily Reactor Institute, Mekelweg 15. 2629 JB Delft, The Netherlands
The effects of various additives on the transient conductivity signals seen on
pulse irradiation of hydrated DNA and collagen have been investigated over
the temperature range 135-250 K. The additives studied were ethanol,
HJOJ, NH 4 F, HF, misonidazole and ethidium bromide with DNA and
NH,F with collagen. The observed reductions in signal height on addition
of NHJF or ethanol to the hydrated biopolymers were very similar to the
reduction seen in the signal due to dry electrons in ice on addition of these
impurities. However, ethidium bromide, which intercalates into the DNA
helix, showed no measurable effect on the conductivity transients seen in the
hydrated polymer. These observations strongly support the proposition that
the signals observed on pulse radiolysis of hydrated DNA and collagen are
due to the unsolvated electron migrating in an ice-like matrix around the
biopolymer.

In the preceding paper1 evidence was presented for the occurrence of electron migration
in frozen hydrated DNA and collagen samples as obtained from studies of the
microwave conductivity transients after pulsed irradiation with high-energy electrons.
In the present work various impurities were added to the hydrated DNA and collagen,
chosen so that they would preferentially accommodate themselves either in the water
layer or in the biopolymer helix. It was hoped that these experiments would provide a
test for the conclusions of the previous paper that migration occurs within the water
phase of these systems rather than within the biopolymer.

Experimental
The additives used with the DNA were ethanol, ammonium fluoride (two concentrations),
hydrogen fluoride, hydrogen peroxide (two concentrations), misonidazole and ethidium
bromide. For all preparations demineralised water (B.D.H. AnalaR grade) was used. All
DNA samples were hydrated to the same degree to give a water to DNA ratio
(weight/weight) of 1.3 ± 0.1. This was determined after experimentation by weighing the
samples before and after drying for several days at 80 °C in a vacuum oven. A hydrated
collagen sample with added ammonium fluoride was also studied and this sample had
a water to collagen ratio of 0.S5.
Unfortunately all samples could not be prepared in exactly the same manner. The
hydrogen fluoride, ammonium fluoride, hydrogen peroxide and misonidazole were each
prepared as I0~2 mol dm" 3 solutions, 10~3 mol dm" 3 solutions of ammonium fluoride
and hydrogen peroxide were also used. Quantities of these solutions were then added
to weighed samples of DNA (Sigma calf thymus type I, used without further purification)
to give the required water to DNA ratio. The mixture was then left in a sealed container
for 24 h to allow uniform hydration. A collagen sample with added 10"* mol dm"'
NH,F was prepared in the same way.
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For the sample containing ethidium bromide, 0.8 g of DNA was added to 25 cm'
water and 0.08 g of the additive was also mixed with 25 cm3 water. Both samples were
allowed to stand with intermittent shaking at ca. 5 °C for 24 h to ensure that they were
fully dissolved. The DNA gel and the solution of ethidium bromide were then mixed
together, shaken well and left at 5 °C for several days with intermittent shaking. Initially
red' streaks' were observed owing to incomplete mixing, but with time the sample gained
a homogeneous appearance. The solution was then freeze-dried. A weighed quantity of
water was added to the dry sample and it was left for one day to equilibriate.
The ethanol was prepared as a 20% solution in water and this was added to a quantity
of DNA. In order to compare the effect of ethanol on the DNA-water system to that
on water alone, a pure water-elhann) sample was also tested. As ethanol is not
compatible with the ice lattice it would not be expected to become homogeneously
incorporated into the frozen matrix if the ice crystal were grown slowly. The mixture
was therefore frozen rapidly by forcing the solution through an atomizer into liquid
nitrogen. The 'ice" particles created by this method were found to be ca. 50/an in
diameter. A sample was prepared in the same manner using pure water to compare the
radiation-induced conductivity signal in the powdered ice with that observed in a slowly
grown, optically clear ice crystal.
0.3-10 ns pulses from a 3 MeV Van de Graaff accelerator were used to irradiate the
samples and the conduct! vit y change was detected using an X-band microwave absorption
technique as in the previous paper. In the analysis of the results, the approximation given
in the paper of Infelta el a/.2 for the calculation of the propagation constant of the
microwaves in the sample was not used as at higher temperatures the dark conductivities
of the samples were too great for this approximation to be accurate. Instead the exact
solution had to be employed to find the relationship between microwave power
absorption and induced conductivity in the samples. As in the preceding paper the
hydrated biopolymer samples were contained within two cylindrical holes in a rectangular
Perspex block to allow [he use ofsmaller amounts of material. The powdered ice samples
were compressed directly into the waveguide cell to give samples with an effective density
of ca. 600 kg m :l.
Experiments were performed at temperatures ranging from 135 to 250 K. and using
radiation doses of between 0.05 and 5 J kg '.
Results
Fig. 1-4 show the transient conductivity signals per unit dose obtained for the different
samples at 190 or 138 K for doses of ca. 0.2 J kg '. In fig. 1 the signals for the powdered
ice and powdered ice with added ethanol are compared with the signal for a slowly grown
'single' ice crystal. The non-degassed powdered ice shows very similar kinetics to those
for the ice crystal grown slowly from degassed water, although the signal height is
lowered by ca. 50°/o even after correcting for the difference in density of the two samples.
The addition of 20°,, ethanol, however, reduces the signal dramatically.
In fig. 2 results for the hydrated DNA without additives are shown for several different
samples. These agree well with results from previous experiments' where the DNA had
been hydrated in an air-free moist atmosphere. Also shown in fig. 2 are results for the
additives H : O 2 and ethanol. The former is seen to have only a small effect, shortening
the lifetime of the signal slightly and decreasing the initial height. Ethanol is found to
result in a dramatic reduction in the conductivity, as was found for pure ice.
The addition of ethidium bromide or misonidazole (fig. 3) caused no measurable
change to the signals obtained.
The additives ammonium fluoride and hydrogen fluoride (fig. 4) lowered the endof-pulse height of the conductivity signal significantly at 138 K. A concentration of
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Fig. 1. Decay of the conductivity per unit dose at 190 K following pulsed irradiation of a slowly
grown ice crystal ( x ) , powdered ice (V) and powdered ice containing 20% ethanol ( 0 ) . Dose
ca. 0.02 J kg"1.
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Fig. 2. Decay of the conductivity per unit dose on a logarithmic timescale following pulse
irradiation at 138 K of different samples of hydrated DNA without additives (O, +, A. *) and
DNA with 10~s mol dnr 3 H,O, (V), DNA with 10"* mol dm"s H,O, (Q) and DNA with 20%
ethanol (•). Dose ca. 0.2 J kg"1.
10"2 mol dm"3 HF was found to lower the signal by a factor of 5. 10"1 mol dm * and
10~3 mol dm"3 NH 4 F lowered the signal by a factor of 10 and a factor of 3, respectively.
The reduction in signal height was found to be less at higher temperatures, as can be seen
by comparing the data at 138 K. in fig. 4 with the results obtained at 213 K, which are
shown in fig. S.
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Fig. 3. Conductivity transients on a logarithmic timescale at 138 K for hydrated DNA with 10%
ethidium bromide (O) and DNA with 10~* mol dm~» misonidazole ( x ) . The dashed line shows
the signal for hydrated DNA without additives (from fig. 2). Dose ca. 0.2 J kg' 1 .
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Fig. 4. Conductivity transients on a logarithmic timescale at 138 K for DNA with 10 * mol dm-*
NH.F (O), DNA with lO"* mol dm"* NH 4 F ( A ) and DNA with 10"1 mol dm-' HF ( x ). The
dashed line shows the transient for hydrated DNA without additives (from fig. 2). In the insert,
the conductivity decays at 136 K. for hydrated collagen (O) and collagen with 10"* mol dm~1NH4F
( x ) are shown. Dose ca. 0.2 J kg""1.

Discussion
Ethidium bromide is known to be an intercalating compound1- * and it may be calculated
that for the concentration used here there is on the average one ethidium bromide
molecule per 5 base pairs inserted between the stacked bases. From fig. 3 it can be seen
that both the height and decay of the conductivity in the ethidium bromide containing
samples are very similar to those observed for the hydrated DNA without additives.
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Fig. 5. Conductivity transients at 213 K. for hydrated DNA without additives ( • ) , DNA with
10"3 mol dm"3 NH.F (O). with 10"* mol dm"3 NH.F (A) and with 10"1 mol dm"3 HF (x).
Dose ca. 0.4 J kg"1.
Since a marked effect of the ethidium bromide on the mobility of charge carriers would
be expected if migration occurred through the stacked bases, the lack of effect strongly
supports the conclusion of the previous paper that the measured conductivity is not due
to such a migration process.
In fig. 1, where the conductivity transients observed in powdered ice are compared
with those obtained with slowly grown, optically clear samples, it can be seen that the
decay kinetics are very similar in both systems. Density measurements of the powdered
ice showed the sample to be 65% ice by volume and 35% air. In such a two-phase mixture
a reduction in measured conductivity is expected owing to the difference in dielectric
properties of the two components.5 Taking the dielectric permittivity of ice to be 3 at
microwave frequencies and that of air as 1, then the expected conductivity of the mixture
was calculated to be between 28 and 40% of the conductivity of a pure ice sample. The
measured conductivity of the powdered ice sample was in fact 25 ±5% of that of an
air-free ice crystal. We conclude therefore that the same species is observed in powdered
ice as in the ice crystal, i.e. the dry unsolvated electron.6
The presence of 20% ethanol results in a drastic shortening of the lifetime of the
conductivity both in powdered ice and in hydrated DNA as shown in fig. 1 and 2. X-Ray
diffraction studies' have revealed that at this ethanol concentration the DNA is still in
the B-conformation, having the same helical parameters as in the absence of ethanol,
and no effect of the presence of ethanol on the conductivity is to be expected if charge
migration occurs within the DNA molecule. The drastic effect of ethanol observed
therefore indicates that the conductivity is not caused by migration within the polymer.
The similarity in effect of the presence of ethanol on the conductivity both in hydrated
DNA and in powdered ice suggests very strongly that migration occurs in the water
phase. In powdered ice addition of 2% ethanol was also found to reduce the lifetime
of the electron considerably, whereas for this ethanol concentration no effect was
observed on the conductivity transients in hydrated DNA. We assume that lower ethanol
concentrations can separate out from the outer hydration layer of the DNA, which is
not frozen as rapidly as the powdered ice samples.
Hydrogen peroxide has been shown to shorten significantly the lifetime of the dry
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electron in pure ice. At 153 K. the half-life is reduced from 300 ns in pure ice to 30 ns
in 2 x lO"3 mol dm~3 hydrogen peroxide. There was a suggestion of some shortening of
the lifetime for the DNA samples containing hydrogen peroxide, but the change was
much less dramatic than in ice. Since hydrogen peroxide is rather unstable it was thought
possible that it might have reacted with the DNA. A sample of DNA with added
10~2 mol dm~3 H2O2, which had been prepared and treated in the same way as the
samples used for the conductivity studies, was tested for its H 2 O 2 content using the
colorimetric method described by Hochanadel,9 but <30% of the peroxide was found
to have disappeared. The much smaller effect of H2O2 in the hydrated DNA sample may
therefore be due to it not being readily incorporated in the structure of the outer
hydration layer.
HF and NH 4 F are thought to become substitutionally incorporated in the ice lattice
and have been shown to influence dramatically the concentration of point defects in pure
ice.10 Pulse radiolysis studies11 have shown that both additives result in changes in the
induced conductivity transients in ice, even at very low concentrations. A decrease of
the conductivity was observed for both additives, which was explained by the formation
of a shallow trap for electrons. The slower decay at longers times was thought to be due
to an equilibrium between untrapped and shallowly trapped electrons. The results shown
in fig. 4 demonstrate that both ice dopes have a similar effect on the conductivity in
hydrated DNA and collagen as in pure ice. The observed reduction in signal height
strongly suggests that NH4F and HF introduce similar traps in the hydration layer of
DNA and collagen as they introduce in pure ice. This is taken as strong evidence that
it is the dry unsolvated electron in an 'ice-like' hydration layer that is being observed.
A strong positive correlation between electron affinity and radiosensitising capacity
for a variety of compounds with different chemical structures has been found by Adams
et al.11 about a decade ago. Bakale and Gregg13 suggested that this correlation might
be explained by the reaction of the dry electron with the sensitizer, thus allowing the
positive charge to react with the DNA and induce damage. We therefore carried out
experiments using the radiosensitizer misonidazole14 to see whether this hypothesis could
be verified. As can be seen in fig. 4 the presence of 10~* mol dm~3 misonidazole in the
hydration water has no measurable effect on the conductivity transients at 138 K. Even
at 233 K no effect of the sensitizer was observed. The same negative results have been
obtained for ice containing similar concentrations of misonidazole.15 It seems therefore
that while in aqueous solution the electrons react efficiently with the sensitizer,
apparently in the frozen state the dry electrons do not become efficiently trapped on these
molecules. This is in fact quite analogous to what is observed for DNA. These results
therefore do not allow us to check the validity of the hypothesis of Bakale and Gregg.
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Abstract—The migration of charge carriers created in gelatin gels during nanosecond pulses of 3 MeV
electrons has been studied using a time resolved microwave conductivity technique for temperatures from
—20 to — 150°C. Both the initial height and the decay kinetics of the measured conductivity transients
were found to be dependent on the water content of the gels. Below a critical water content (approximately
32% water by weight) no induced conductivity was observed. Above this threshold the height of the signal
was found to increase steadily with water content, tending to a conductivity value of approximately 1/3
of that found for pure ice at 100% water. At 138 K, the decay kinetics were non-exponential and the
transient conductivity was found to decay over a timescale of tens of microseconds for the lowest water
content gets. The lifetime of the carriers decreased with increasing water content, to submicrosecond
timescales at the highest water concentrations studied, similar to the decay found in pure ice. For
temperatures above - 8 0 ° C the decay kinetics were exponential and the lifetime almost independent of
water content.
It is concluded that in the gels at low temperatures the water is present in different structures. The water
most closely associated with the gelatin cannot sustain charge migration and was shown, by dielectric loss
measurements, to correspond closely to the so called "non-freezing" water. Above this primary hydration
layer, ice-like regions are present, some of which support charge migration similar to that in bulk ice, but
some of which appear to form non-conducting ice regions. The presence of the latter regions is ascribed
to the random coil configurations of the gelatin.

INTRODUCTION

When excess charge carriers are created in hydrated
DNA and collagen at low temperatures by pulse
irradiation with 3 MeV electrons, long lived (many
microseconds) conductivity signals are seen. This has
been shown to be due to "dry" electrons migrating
through ice-like regions in the samples."-2'
The present work is a continuation of this study on
charge migration in hydrated biopolymers, with particular emphasis on the effects of water content on the
conductivity signals observed. In the previous experiments the effect of hydration was studied only up to
water contents of 50-60% whereas in the work
reported here, weight fractions of up to 90% have
been used.
Extra information on the properties of hydration
water associated with the biopolymers has been
gained from a study of the high frequency (microwave) dark conductivities of the samples.
Gelatin was chosen for these experiments as it is a
gelling protein and therefore a large range of concentrations of gels can be prepared and frozen without
freeze-separation of the biopolymer and the ice.

•Dedicated to Professor Dr A. Charlesby on the
occasion of his 70th birthday.

EXPERIMENTAL

For the whole hydration range used (8-90% water
by weight) samples were prepared in the same manner
by mixing a weighed amount of gelatin. (Sigma type
I from swine skin) with a measured volume of water
(BDH Analar grade), then stirring well and leaving
the samples to hydrate thoroughly for several days.
The samples were then wanned at 45°C for IS min to
form a sol. The higher water content samples were
then poured directly into the measurement cell. Those
samples with less than 70% water were too viscous to
be poured and had to be scooped out of the preparation vessel and compressed into the cell. All samples
were then left to gel at room temperature for several
hours before being cooled for storage at — 20°C.
Changes in the conductivity of the samples on
irradiation with 0.3-5 ns pulses of high energy electrons from a 3 MeV Van de Greaff accelerator were
studied using a time resolved X-band microwave
absorption technique. This apparatus has a time
resolution of 2 ns and the technique has been fully
described previously.01 Experiments were performed
between 138 and 253 K using doses per pulse in the
range 0.05-1.3 J kg"1.
By measuring the difference in microwave power
reflected back from the cell containing the sample and
from an identical empty cell, it was possible to find
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the amount of microwave power absorbed by Ihe
non-irradiated samples. Such measurements were
made over the frequency range 8-12.4 GHz ana from
fitting the shape and magnitude of these absorption
spectra with theoretical curves,131 both the dark conductivity (dielectric loss) and the permittivity of the
samples could be obtained.
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RESULTS

i

At the higher end of the temperature range studied,
the conductivity signals after irradiation decayed
exponentially with time, the lifetimes of the charge
carriers increasing as the temperature was lowered.
At the lowest temperatures studied, the decay kinetics
became more complex and could no longer be described by first order decay. At 138 K the lifetime of
the carriers was found to be very dependent on the
water content of the samples. Figure 1 shows the
decay signals on a log-log scale for a selection of the
samples studied. An increase in lifetime with decreasing water content is clearly seen. In this figure,
all signal heights are nonnalised to give the same
initial height as that for pure ice so that the differences in kinetics are more clearly illustrated.
The signal heights do in fact decrease as the water
content decreases and for samples containing less
than 30% water by weight, no signal at all was
detectable. The decrease in the initial signal height
with decreasing water content is shown in Fig. 2. The
point shown at 100% H2O is the value found for an
ice sample which was prepared in the cell at — 20 C
using non-degassed Anaiar water in the same manner
as the gelatin samples were prepared. The initial
conductivity per unit dose of 3.4 x 10 ! Q"'m~'
J~' kg gives a value for the product of electron yield
and mobility (Gn) of 3.4 x 10"4 m1 V"' s"l (lOOeV)1
which is the same value as that which has been
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Fig. 2. Microwave conductivity per unit dost after pulsed
irradiation (0.3 ns, 0.1 J kg"') of hydrated gelatin gels as a
function of the weight fraction of water at 138 K_ (O)- The
crosses are data for collagen from Ref. (1).
found for a slowly grown ice crystal, prepared from
degassed, purified water."'
At the lowest temperatures studied, the kinetics of
the induced conductivity signals in the gelatin gels
was found to be very sensitive to accumulated radiation dose, with the conductivity lifetimes decreasing
steadily as the experiment progressed and increased
dose was given to the sample. This suggests that some
long-lived product is being formed which can trap
the dry electrons created during subsequent pulses.
Figure 3 shows the effect of accumulated dose for the
gelatin sample containing 60% water. From the
difference in the initial half-life at low and high
accumulated dose, the half-life of the electrons reac-
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Fig. 1. Log-log plot of the microwave conductivity resulting from pulsed irradiation of gelatin gels with
different water contents at 138 K as a function of lime. Dose per pulse = O.IJ kg"'. Pulse width = 0.3 ns.
The dashed line shows the dependence for a collagen sample containing 40% water by weight, for
comparison. All signals shown have been nonnalised to give approximately the same initial height as that
for pure ice.

- 61 Microwave conductivity of frozen gelatin gels

E 10 -

1000
Time (ns)
Fig. 3. Illustration of the efTecl of accumulated dose on the decay kinetics of the radiation induced
conductivity of a gelatin sample containing 60% water at 138 K for accunu rated doses of (O) 2 J kg"'
and ( x ) 28 J kg"1. Dose per pulse = 0.I J k g ' for bo'h traces.

ting with this built up product was found and the rate
constant calculated to be at least (7 x 1 0 " / G ) M '
s"1 where G is the number of molecules of product
formed per lOOeV of energy absorbed.
Although a small accumulated dose effect has been
noted for collagen and DNA,'" the effect is negligible
for doses up to 100 J kg' 1 , so there is a substantially
greater build-up of product or a much greater
reaction rate of the product with electrons in gelatin.
As with collagen and DNA, the accumulated dose
effect could be annealed out and the long lifetimes
recovered by wanning the samples to —20°C. All
plots shown in Fig. 1 are for low accumulated dose
( < 5 J kg"1).
Figure 4 shows examples of the background (not
radiation induced) microwave power absorption,
over the range 8.0-12.4 GHz, for a sample containing
60% water, at two different temperatures. The drawn
lines show the fits of theoretical curves'31 which give
both the conductivities and the permittivities of the
samples. The dark conductivities so obtained are

found to increase with gelatin concentration up to
approximately 60% gelatin by weight, but then to
decrease again at higher gelatin contents. An Arrhenius plot of the logarithm of the dark conductivity per
volume fraction of gelatin against reciprocal temperature is shown in Fig. 5. It can be seen that all
samples with gelatin contents of less than 60% by
weight have the same activation energy (0.18 + 0.01
eV), but as the proportion of gelatin is increased
above 60%, the activation energy decreases.
DISCUSSION

For temperatures above — 80cC, the conductivity
signals induced in samples with high water contents
(^80%) showed an exponential decay, with the rate
of decay decreasing as the temperature was lowered.
An Arrhcnius plot of the first order decay constants gave values for the activation energies of
0.58 ±0.1 eV and 0.64 ± 0.1 cV for the samples containing 90 and 80% water respectively. These values

02 -

10
Frequency (GHz)

Fig. 4. Background (dark) microwave absorption for a gelatin sample containing 60% water as a function
of microwave frequency, at —40°C(#)and —60°C(x). The full lines are calculated curves for o =0.065
Q - ' m - ' and e =3.4 (upper curve) and a =0.027 tl^'m" 1 and t — 3.3 (lower curve).
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Fig. S. Arrhenius plot of the dark conductivity per volume
Traction of gelatin for gels containing from 8 to 90% water
by weight. Samples containing less than 40% water have
dashed lines representing the least-squares fit through the
experimental points. The symbols represents: — O — .
8%;—x—, 15%; — # — , 24%; — . - - . 33%; —V—,
43% — + — , 52%; — D — . 61%; —O—. 72%; — x—,
81%; — 0 — , 90% water by weight.

are similar to the activation energy of 0.55 + 0.05 eV
found for pure crystalline ice,|4) although at all temperatures studied, the signals seen in the hydrated
gelatins were at least ten times longer lived than those
for pure ice. An increase in lifetime has also been
observed for hydrated D N \ and collagen"1 and it
suggests that there is a redaction in the number of
trapping sites within the ice due to the presence of
these biopolymers.
For samples containing less than 80% water, an
initial fast decay with a half-life of approximately
10 ns became apparent, followed by a much slower
decaying signal. The rapidly decaying signal was
thought to be due to electrons in air pockets within
the samples. During the preparation of the lower
water content gels no pourable sol was formed on
warming, but rather the samples were in the form of
a thick rubbery mass which could not be packed well
into the microwave cell without air pockets remaining
in the sample. At the highest temperatures studied
this rapidly decaying component completely dominated the kinetics so that determination of the signal
arising from the solid was no longer possible. Activation energies for trapping could therefore not be
obtained for these samples.
At the lowest temperature studied, 138K, the
signal lifetimes were found to be strongly dependent
on water content (Fig. 1) and the kinetics can no
longer be described by pure first order decays or even
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Fig. 6. (a) Dark conductivity (O) and dark conductivity
per volume fraction of gelatin ( x ) as a function of water
content al 0 C (b) Activation energy of the dark conductivity (calculated from Fig. 5) as a function of water content.
The .I-axis is linear with the volume fraction of water but
the weight fraction of water values are also given. The
volume fraction of water, F*HlO, was calculated using

where F is the weight fraction of water. pH<1 is the density
of the ice (a value of 920 kg m ' was used) and pp is the
polymer density (1600 kg m 3 ) .

a mixture of first and second order decays. Instead
a distribution of specific rates of decay has to be
assumed. With a higher gelatin concentration a
longer lived signal is observed which implies a wider
distribution of specific decay rates.
The dashed line in Fig. 1 shows the signal found for
a collagen sample containing 40% water by weight
which, like the signals for gelatin, is normalised on
the end-of-pulse value to the height of the ice signal.
The decay is seen to be similar to that of the gelatin
sample with 40% water. The conductivity per unit
dose for the gelatin sample is however only about one
third of that for collagen and about 5% of that for
pure ice.
As for collagen,"1 gelatin also shows a critical level
of hydration below which no radiation induced conductivity is observed. Figure 2 shows that above this
critical hydration level the conductivity increases
approximately linearly with water content. The
values for collagen from Ref. (1) are also plotted.
It can be seen that the critical water contents for
collagen and gelatin are very similar (29 and 32%
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water by weight respectively). From the similarities in
both the decay kinetics (at similar hydrations) and
threshold hydration values for gelatin and collagen
we conclude that the conductivity observed in both
cases is due to the same type of charge migration, i.e.
migration of the dry electron in ice-like regions.
While the hydration thresholds are the same, the
increase of the conductivity with excess water above
the threshold is much smaller in hydrated gelatin
than in collagen. Although levels of hydration as high
as those in the present work were not studied for
DNA or collagen, the results suggested that the linear
increase in the conductivity extrapolated to the value
for ice at a water concentration of 100%. This is
obviously not the case for gelatin.
In Fig. 6(a) the effect of water content on the dark
conductivity and the dark conductivity per volume
fraction of gelatin, extrapolated to 0 C are shown. It
can be seen that the conductivity increases with water
content up to a volume fraction of water of 0.4, but
then decreases again at higher water concentrations.
At these high water contents, the dark conductivity
is found to be approximately proportional to the
volume fraction of gelatin present. No dark conductivity can be measured in pure ice or in the dry
protein at microwave frequencies as both have much
lower relaxation frequencies than those used here.
Pure bulk ice for example has a relaxation frequency
of 8 x 10> Hz at 0 c O 5) and would therefore not be
expected to contribute significantly to the dielectric
loss at microwave frequencies. The dielectric loss
observed in hydrated gelatin samples must therefore
arise from the region in which the two components
interact. Full saturation of this region would appear
to occur at approximately 30% water by weight, with
additional water giving no extra loss.
Dielectric studies have been reported on the hydrated proteins, lysozyme"1 and collagen.17* Lysozyme
was found to have two high frequency relaxation
peaks at room temperature, one at 2-3 x 10* Hz
which increased approximately linearly in magnitude
with water content up to about 0.3 g water/g protein,
and one at around 10'° Hz which appeared only
above this hydration level. On cooling the samples
down below-20°C, the dispersion at 1010Hz was
seen to disappear. This dispersion was therefore
assigned to the relaxation of "outer bound" water
molecules which, although different to bulk water
molecules, still undergo a phase change on cooling.
The dispersion at around 2 x 10* Hz has been studied
for both lysozyme and collagen and was found to
persist down to temperatures lower than — 70°C,
although the size of the dispersion was seen to
decrease with decreasing temperature. This relaxation
has been assigned either to a rotation of "inner
bound" (non-freezing) water"1 or to a protein side
chain relaxation.'71 Measurement of the dependence
of the dispersion frequency on temperature showed
this relaxation to have a small negative activation
energy."-71 It was concluded171 that this can be better

explained by assuming the dispersion to be due to a
side chain relaxation.
At the low temperatures studied here ( < —20DC)
no contribution to the conductivity from the frozen
"outer bound" water is expected. The conductivity
observed is assumed to be due to a similar mechanism
to that which results in the relaxation at around
2 x 10* Hz found for lysozyme and collagen. The
measured conductivity is approximately proportional
to the volume fraction of gelatin at higher hydrations,
i.e. ff/FJ,., is approximately constant as shown in Fig.
6. This would be expected whether the dispersion is
due to the inner-bound water or to a side chain
relaxation as the magnitudes of both must be proportional to the amount of protein present provided that
there is sufficient water to complete the inner-bound
water layer. At lower hydralions where all water
present may be considered to be non-freezing,
decreasing the total amount of water will cause a
decrease in the quantity of non-freezing water. Side
chain motion could then also be expected to decrease
due to a less "fluid" environment. A decrease in the
conductivity with decreasing water content would
therefore be expected below a certain hydration level
as is observed.
From Fig. 6 it can be seen that plots of both dark
conductivity and activation energy against water
content show a break point at a volume fraction of
water of 0.45 + 0.05. This point is taken to represent
the quantity of non-freezing water associated with
the gelatin and is equivalent to 0.5 + 0.05 g H 2 O/g
protein. This compares well with previous estimates
of the quantity of non-freezing water associated with
gelatin, based on NMR studies, of 0.4-0.5 g/g.1B)
It is interesting to observe that the value found
from the dark conductivity measurements for the
quantity of non-freezing water associated with the
gelatin corresponds very closely to the critical hydration value below which no radiation induced conductivity is seen in the pulse radiolysis experiments
(the volume fraction of non-freezing water of 0.45
corresponds to a weight fraction of 0.33).
For collagen and for DNA the radiation induced
conductivity threshold has been explained by assuming that no conduction is observed until an inner
hydration layer is complete. Water added in excess of
this amount forms ice-like regions with a conductivity
per unit dose very similar to that in pure ice. For
gelatin the conductivity above the threshold is lower
than would be expected if all of the excess water/ice
were contributing i.e. the data do not extrapolate to
pure ice at 100% water.
Gelatin is a form of denatured collagen and both
compounds have the same primary and secondary
structures but they differ in their tertiary structure.
In collagen the individual protein strands are bound
together to form long regular triple helices. Gelatin,
in the gel form, also forms regions with triple helical
structure, but there can also be a large proportion of
the protein in a random coil configuration.'" In the

- 6k JOYCE EDEN el al.

literature there seems to be much uncertainty and
disagreement about the amount of random coil, but
most research shows that about one third of the
gelatin may be expected to have this configuration.
Possibly these random coil regions play a role in
lowering the induced conductivity signals by forming
less "conducting ice" around them. Ling el a/."01 have
observed .hat the solubilities of various salts and
sugars are reduced by a much greater extent in
solutions of gelatin than in the presence of other
proteins. This was explained by the presence of
"exposed" oxygen atoms in the extended random coil
regions of the gelatin which are thought to influence
a large region of surrounding water by creating
"polarised multilayers" of the water molecules. Such
regions may also function as temporary localisation
sites for electrons resulting in a reduction in the net
mobility.
We conclude that the primary layer of water
associated with the gelatin cannot support long lived
electron migration, in agreement with what has
been observed for collagen and DNA. Above a
critical hydration level (32% water by weight), icelike regions are however present in which electron
migration is possible. While with DNA and collagen

most of the water in excess of the first layer forms
regions in which electron migration can occur as in
bulk ice, with gelatin, possibly due to the presence of
the random coils, part of the excess water appears to
form non-conducting ice regions.
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LIGHT EMISSION FROM DRY AND HYDRATED DNA IRRADIATED WITH HIGH ENERGY
ELECTRONS

INTRODUCTION

In previous publications

we have shown that on pulsed irradiation

of DNA with 3 MeV electrons above a threshold hydration level and at low
temperatures a transient conductivity is observed with microsecond life
time. The observed transients are due to highly mobile dry electrons which
can migrate over distances of hundreds of Angstroms and possibly much
more.
When a medium is exposed to high energy radiation excited states can
be created by direct excitation and by recombination of the electrons and
the positive ions. In order to investigate whether the dry electron in
hydrated DNA plays a role in the formation of excited states, the light
emission in hydrated and dry DNA has been studied.
Dry DNA has been shown to luminesce during and after high energy
(2 ^ U)
irradiation by several authors
, however no attention has been paid
to the effect of water concentration on the formation of excited states so
far. In this chapter the results of an exploratory study of the effect of
water concentration on the light emission from DNA are reported and
discussed.

- 67 MATERIALS AND METHODS

DNA-samples were irradiated with short pulses of 3 MeV electrons from
a Van de Graaff accelerator. Pulse lengths of 500 ps to 50 ns were used.
Hydration of DNA (calf thymus, Sigma type 1} was obtained as
described previously

. Mainly three degrees of hydration were used in

the experiments: dry DNA (approximately 10% water), fully hydrated DNA
(502 water) and DNA as a gel (90% watsr).
The light emission was studied on timescales varying from a few
hundreds of picoseconds to several milliseconds. For the shortest time
scale a sampling system was used in combination with a fast photodiode
detector with a time resolution of 100 ps. Experimental details of the
equipment have been published previously

. For longer timescales and

also when a higher sensitivity was needed a photomultiplier (Hamamatsu R
928) was used as detector.
During the electron pulse the intensity of the emitted light was
several orders of magnitude larger than after the pulse. Therefore in
order to study the latter the voltage over the photocathode of the
photomultiplier was gated during the electron pulse. Emissions at
wavelengths from 200 to 400 and from 200 to 600 nm could be studied with
the photodiode and the photomultiplier respectively. Depending on the
timescale studied, the current from the detector was measured over load
resistors of 50 to 10 0.
The photodiode detection system, including the lenses and the
monochromator, was calibrated by measuring the current output as a
function of wavelength using a calibrated lamp (Spectral Radiance no. 237,
Optronics Laboratories Inc.) as a light source, located at the sane place
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as the sample. The relative sensitivity as a function of wavelength for
the photomultiplier detection system was determined by considering the
wavelength dependence of the sensitivity of the various components of the
system separately. For the filters and the attenuators this was determined
experimentally, for the photocathode of the photomultiplier the values as
specified by the manufacturer were used. For the monochromator the
sensitivity for all the wavelengths studied was. according to the
manufacturer, constant within 15 % and no corrections were applied.
The time resolution of the detection equipment has been determined to
be 100 ps for the photodiode detection system, by comparing the Cerenkov
emission signal from a 3 mm thick quartz plate (Suprasil 1, Hereaus) with
the shape of the electron pulse

. The performance of the gating

circuitry was tested by monitoring the Cerenkov emission from the
irradiated quartz with and without gating. It was found that when using
the gated photomultiplier the amplification during the pulse was two
orders of magnitude lower than with the ungated photmultiplier. When
measuring the weak light emission from the DNA samples after the pulse
with the gated photmultiplier, a transient after the pulse was observed
which decayed with the RC-time determined by the load resistor (ca 30
microseconds for 1 MO). The data on light emission after the pulse
presented in this chapter have been obtained at times after the pulse
longer than five RC-times.
In Figure 1 a schematic view of the goldplaced brass cell and the
thermostat in which it was fitted is given. For the low temperature
measurements the sample was cooled with nitrogen. Since irradiated
nitrogen gas gives rise to a strong emission, prior to each transient to
be recorded the nitrogen was removed by flushing with oxygen.
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CO:condensor, spiral copper tube attached to exhaust or nitrogen rroa
cooling channel
F :alunlnlua foil 10 wo
EBtdirectIon of electron bean pulse
B :base plate with support rod for optical setup
S :renovable shield

Figure 1
Schematic view of the measuring cell and the cryostat
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RESULTS

Emission during the irradiation pulse.

The light emission from the DNA as a result of pulsed irradiation is
characterized by a strong emission with a short lifetime which is observed
during the pulse and a much less intense emission after the pulse. The
emission during the irradiation pulse was studied as a function of
wavelength at several temperatures and for different degrees of hydration
with the photodiode detection system.
In Figure 2a the wavelength dependence of the output of the
photodiode during irradiation is shown as obtained with DNA samples
containing concentrations of 10. 25 and 50 % DNA by weight. In Figure 2b
the same data are plotted after correction for the wavelength dependence
of the overall-sensitivity of the detection system. A clearly resolved
maximum is observed at 350 nm in the sample containing 10 % DNA by weight,
whereas in the more concentrated samples only a shoulder is observed at
this wavelength.
The effect of temperature on the intensity of the emission has been
studied between 140 and 330 K for the sample containing 10 % DNA by
weight. The results are shown in Figure 3. where the height of the
emission at 350 nm during a 10 ns pulse is plotted as a function of
temperature.
As can be seen from the figure the intensity increases by a factor of
two on decreasing the temperature from 280 to 260 K, while between 260 and
140 K the intensity does not change. In samples with concentrations of 50
and 90% DNA (w/w) the effect of increasing the temperature from 140 to

300 K on the intensity of the emission was somewhat smaller than the
temperature effect illustrated in Figure 3.
When the Tektronix transient digitizer with a time resolution of 0.8
ns was used, the emission signal followed the rectangular shape of the
electron pulse. In order to attempt to determine the lifetime of the
emission, experiments were carried out using the sampling technique (with
a time resolution of 100 ps) and a 500 ps pulse.
In Figure 4 we show the signal obtained from irradiation of hydrated
DNA (25X DNA (w/w)) together with the signal due to the Cerenkov light
generated by irradiated quartz. On comparing the two transients it can be
seen that they are identical within experimental error, from which it may
be concluded that the lifetime of the emitting species is less than 50 ps.
The same result was obtained at all other wavelengths studied (200-400
nm). Other experiments at different temperatures and different hydration
levels yielded the same upper limit of the lifetime of the emission
observed during the pulse.
The emission during the pulse at wavelengths from 200 to 600 nm was
measured with the photomultiplier detection system. In Figure 5 results
obtained with dry (9-OJt (w/w)) and hydrated DNA (50% (w/w)) are presented.

Emission after the pulse
In Figure 6 spectra are plotted as obtained with dry and hydrated DNA
(50JK (w/w)) at l*»0 K and 150 us after the pulse. Both spectra show a broad
maximum between 460 and 500 nm. The decay of this emission is considerably
slower for hydrated DNA than for the dry sample.
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Figure 2
Uncorrected and corrected spectra of the emission from DNA during the
irradiation pulse as obtained with the photodiode detection system.
Figure 2A
The detector output as a function of wavelength during irradiation
for three DNA-samples with different water concentrations.
I: water concentration = $0% by weight, pulse length = 10 ns,
T = 193 K. II: water concentration = 753* by weight, pulse length
= 0.5 ns, T = 253 K- His water concentration = 30% by weight, pulse
length = 10 ns; (1) T = 263 K, (2) T = 191 K, (3) T = 29^ K.
Figure 2B
The relative number of light quanta emitted as a function of
wavelength for the same conditions as in Figure 2A. The symbols have
the same meaning as in Figure 2A. The dashed curve in picture I is a
calculated curve for the expected wavelength dependence of Cerenkov
radiation when quartz is irradiated.
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Figure 3
Temperature dependence of the emission as measured with the
photodiode during irradiation with a 2 ns pulse From a DNA-sample
containing 90 % water by weight.

75 -

nanoseconds

Figure 4
Time dependence of the emission from a DNA sample containing 75 %
water by weight at T = 83 K and of the Cerenkov radiation from quartz
(Suprasil I) on irradiation with a 500 ps pulse of 3 MeV electrons
using the sampling technique. The monitoring wavelength was 3^0 nm.
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Figure 5
Spectra of the emission from DNA at T = 140 K during irradiation with
3 HeV electrons as obtained with the photomultiplier detection
system, xxx = dry DNA, ooo = DNA containing 50 % water by weight.
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Figure 6
Spectra as obtained from DNA at 140 K 150 microseconds after a 50 ns
pulse 3 HeV electrons with the gated photomultiplier as the detector.
xxx = dry DNA, 000 = DNA containing 50 % water by weight.

This is illustrated in Figure 7 where the spectrum as obtained 1.5 us
after the pulse is shown for hydrated DNA. At the same timescale the

emission from dry DNA i s below detection l e v e l . To illustrate the
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Figure 7
Spectrum obtained 1.5 millisecond after irradiation of hydrated DNA
(50 % water by weight) with 3 MeV electrons at 140 K. Irradiation of
dry DNA did not result in a detectable signal at this time after the
pulse. In the insert the decay of the emission at 450 nm is plotted
on a double logarithmic scale for the samples and the experimental
conditions of Figures 6 and 7. xxx = dry DNA, ooo = hydrated DNA
containing 50 % water by weight.
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difference in decay between the dry and the hydrated DNA, the transients
measured at 450 ran are plotted on a double logarithmic scale in the insert
in Figure ?•
As can be seen both emissions show an approximately linear decay on
this log-log scale, the slope being smaller for hydrated DNA than for dry
DNA.
By integrating the amount of light emitted at 450 nm both for the dry
and the hydrated DNA it was found that for the dry DNA the total amount of
light emitted was approximately the same during and after the pulse. The
total amount of emitted light during the pulse for hydrated DNA was the
same as for the dry DNA, whereas after the pulse it was a factor of 4 to 5
higher than during the pulse.
When DNA is irradiated at room temperature no long lived signal is
observed.
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DISCUSSION

Emission during the pulse

The fluorescence of DNA observed after optical excitation has been
extensively studied, both in solution at 300 K *'• ' and in glassy media
at low temperatures

. A t 300 K a broad spectrum with a maximum at

(7)

350 nm

/ox

and a very narrow spectrum with a maximum at 325 nm

v

' have

been reported. In the low temperature glasses a maximum at or very close
to 350 nm has been observed by Kleinwachter et al
Lamola

. Basu et al.

and by Eisinger and

studied the emission spectra from dry DNA at

low temperature as a function of the wavelength of the exciting light and
found that on decreasing the wavelength of the exciting light from 260 to
160 nm the intensity of the emitted light decreased by a factor of 5 while
the maximum shifted from 370 to 400 nm.
Fluorescence from dry DNA at low temperatures as a result of high
energy irradiation has been studied by Fielden and Lillicrap
Graslund et al.

and by

who reported maxima at 350 and at 365 nm respectively.

In addition Graslund et al. found that when UV light was c~ed as an
excitation source, the maximum of the fluorescence was shifted from 365 to
350 nm. Adams and Jameson

irradiated dry DNA in vacuo at room

temperature and observed fluorescence with a maximum at 3*10 nm. In the
presence of oxygen the emission intensity was lower at all wavelengths
than for the evacuated samples. All the fluorescence spectra reported in
the literature cited above show a sharp rise of the intensity of the
emission above 300 nm.
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Data concerning the lifetime of the fluorescence from DNA are
relatively scarce in the literature. Values are mentioned from 1 *
10 ns

(13>

at 77 K and from 1 ps ^

to 2.9 ns

(15)

'to

at 300 K. Of these

values only the latter is based on experimental data. Fielden and
Lillicrap

studied the fluorescence from dry DNA resulting from

irradiation with 4 MeV electrons at temperatures between 93 and 295 K and
found the emission at 350 run to decay on millisecond timescales at all
temperatures studied. They attributed this to delayed fluorescence caused
by the release of electrons from their traps. Adams and Jameson

(2)
, who

irradiated dry DNA at room temperature with X-rays, concluded that the
fluorescence observed at 300 K has a subnanosecond lifetime.
On comparing the results obtained with the photodiode and with the
photomultiplier (figures 2 and 5) for the same water concentration it can
be concluded that the agreement between the spectra as determined with
both detectors is satisfactory between 300 and 400 nm. Below 300 run the
data do not agree very well. Possibly this is related to a comparatively
less accurate determination of the sensitivity of the photomultiplier
detection system at wavelengths below 300 nm.
Considering the effect of hydration on the shape of the spectra in
Figure 5 it is shown that below *t00 nm no drastic effect of hydration is
observed in agreement with the data in Figure 2. Above 400 nm the shape of
the spectra does change somewhat with hydration.
In the spectra obtained in the present experiments the increase above
300 nm is observed under all experimental conditions. A maximum is
observed at 350 nm in the sample containing 10% (w/w) DNA. In all other
samples a shoulder at 350 nm can be observed, whereas the maximum is found
at longer wavelengths. The emission at around 350 na is likely to be due
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to fluorescence of the same excited states as formed by optical
excitation. The presence of an appreciable contribution of an emission at
longer wavelengths, which has also been found by Adams and Jameson

.

indicates that other excited states contribute to the fluorescence, that
are not observed on optical excitation.
When a medium is exposed to high energy radiation excited states can
be created either by direct excitation or by recombination of the
electrons and the positive ions. Recombination can occur between the
electron and the parent positive ion (geminate recombination) or, after
diffusion of either ionic species, between an electron with an arbitrary
positive ion (homogeneous recombination). At low temperatures homogeneous
recombination is known to occur on a microsecond timescale in hydrated DNA
at the doses given in these experiments

. I t can be shown that the

homogeneous recombination contributes neglegibly to the over-all
recombination during the pulse. Host of the excited states must therefore
be created by either geminate recombination or direct excitation.
The effect of temperature on the intensity of the emission during the
pulse is found to be very small. The sharp drop in intensity observed
above 250 K as illustrated in Figure 3 is probably related to the phase
transition of the water in the sample. The relatively small effect of
temperature on the intensity of the emission is in contrast with what is
observed in optical studies, where the quantum yields of the fluorescence
are reported to decrease by typically three orders of magnitude on
increasing the temperature from 77 K to 300 K

.

Emission after the pulse

After UV irradiation of DNA, in glassy media and in solution, long
lived emissions have been observed with a maximum at 450 nm * • 1 7flo)_
The emission has been attributed to phosphorescence from DNA with a
lifetime of a few tenths of seconds

. Using high energy radiation as

excitation source at low temperature, emissions from dry DNA with maxima
at 475 nm '^' and at 470 nm * ' have been reported for dry DNA at low
temperatures. Fielden and Lillicrap

observed complex decay kinetics of

three components of the emission after the pulse at 350, 410 and 470 nm.
Plotted on a double logarithmic scale, an approximately linear decay was
found by these authors over at least two or three decades of time for all
three components and at all temperatures studied. In the experiments
described in this chapter similar kinetics are observed for the long lived
emission, however at low temperatures only. No evidence has been found for
a long lived emission to occur at 300 K in contrast to the findings of
Fielden end Lillicrap (4). These authors studied the emission at 5 us and
longer after the pulse and they did not use a gated photomultiplier. It
can not be excluded that in their experiments the emission during the
pulse contributes to the transients observed after the pulse.
The non-exponential decay of the kinetics illustrated in the insert
in Figure 7 seems to indicate that the emission is the result of a delayed
formation of excited states. The emission can however not be attributed to
the phosphorescence resulting from UV-excitation as reported in the
literature in view of the lifetime which is reported to be a few tenths of
seconds.

From Figure 7 it is seen that the decay kinetics and the total amount
of light emitted are dependent on the presence or the absence of hydration
water. The fact that in hydrated DNA the emission is "longer lived" and
that the total amount of light emitted is higher may be indicative for the
contribution of the dry electron in the formation of the emitting excited
states. The mechanism underlying the role of the electron in the formation
of the excited states is however unclear in the present stage. We know
from the conductivity experiments that the dry electron is trapped on a
microsecond timescale. The electron may slowly migrate and eventually
recombine with a positive center on the DNA, giving rise to formation of a
fluorescing excited state. The absence of the long lived fluorescence in
the dry samples could be due to less efficient charge migration, resulting
from the absence of the water phase or from a different conformation of
the DNA. It is however also conceivable that water plays a role in the
availability of the excited state that causes the emission and that the
migration of charges is not critical. It is clear that more experiments
are needed.
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SAMENVATTING

In dit proefschrift wordt onderzoek beschreven aan door
hoogenergetische straling geinduceerde geleiding en lichtemissie van DNA
en eiwitten dat is uitgevoerd met behulp van een gepulste 3 MeV Van de
Graaff electronenversneller.
De inleiding geeft een overzicht van de fysisch-chemische processen
die plaats vinden wanneer een medium in de gecondenseerde fase wordt
bestraald met hoogenergetische electronen en hoe deze bestudeerd kunnen
worden. Deze processen, met name ionisatie en radikaalvorming, kunnen
leiden tot schade aan biologische systemen. Enkele aspecten van het
radiobiologische onderzoek aan DNA-modelsystemen belicht.
Het eerste hoofdstuk behandelt de experimentele opstellingen en
methoden waarvan bij het onderzoek dat in dit proefschrift wordt
beschreven gebruik is gemaakt. Het grootste deel van het onderzoek is
verricht met behulp van de microgolfgeleidingstechniek en enkele aspecten
hiervan worden vrij uitvoerig besproken. Iets minder uitvoerig komen de
Van de Graaf f versneller en het lieh tdetectiesys teem aan bod.
Het tweede hoofdstuk is een publikatie waarin de eerste resultaten
worden gepresenteerd van het onderzoek naar de stralingsgeinduceerde
geleiding in gehydrateerd DNA en collageen bij lage temperaturen. De
resultaten laten zien dat wanneer gehydrateerd DNA of collageen bij lage
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temperaturen gepulseerd worden bestraald een toename in de geleidbaarheid
optreedt gedurende enkele microseconden. Deze geleidbaarheid treedt alleen
op bij een waterconcentratie boven een kritische waarde. Gekonkludeerd
wordt dat mogelijk (niet-gehydrateerde) electronen met grote
beweeglijkheid deze toename in de geleidbaarheid teweeg brengen.
De hoofdstukken drie en vier zijn publikaties waarin deze en andere
resultaten meer in detail worden besproken. In hoofdstuk drie wordt in het
bijzonder aandacht besteed aan de invloed van de waterconcentratie op de
absolute grootte en de levensduur van de geleidbaarheid. Hoofdstuk vier
beschrijft het effect van toegevoegde stoffen op de beweeglijke
electronen. Deze meetresultaten leiden tot de conclusie dat de waargenomen
geleiding veroorzaakt wordt door zogenaamde "droge" (niet-gehydrateerde)
electronen in de ijsgebiedjes, met een zelfde beweeglijkheid als ook in
ijs gevonden is.
Bij DNA en collageen is gebleken dat de waterconcentratie slechts
binnen bepaalde grenzen gevarieerd kan worden. Het het eiwit gelatine
kunnen homogene monsters worden gemaakt die wat betreft de
waterconcentratie varieren van vrijwel droog gelatine tot verdunde gels.
Hoofdstuk vijf behandelt, eveneens in de vorm van een publikatie,
onderzoek, waarbij de geleiding van gelatine-water mengsels is bestudeerd.
In deze mengsels wordt eveneens het beweeglijke electron waargenomen.
Tenslotte worden in hoofdstuk zes enkele voorlopige resultaten
gepresenteerd van onderzoek aan de uitzending van licht tijdens en na
gepulste bestraling. Ook hier blijkt de waterconcentratie van invloed te
zijn. De mogelijke rol van het beweeglijke electron bij de vorming van de
emitterende aangeslagen toestanden wordt besproken.
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