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FOREWORD 

Periodically in science and in its intriguing by-ways 

we reach positions where it becomes important to examine 

our. questions, not merely our answers, so that we may (perhaps) 

understand the sources of our wonderment and make them more 

explicit. Thus, we reveal our ignorance in detail to ourselves 

as well as each other and, in that unveiling process, perhaps 

make known that which was hidden. 

Among radiation chemists this procedure has been deliberately 

adopted in regard to "The Present Status of the Radiation Chemistry 

of Water" in the course of five small conferences at the Notre 

Dame Radiation Laboratory spaced more or less erratically as 

the need required over the period from 1952 to 1966. The running 

record of those meetings (which usually extended over about 

two-and-a-half days) was kept and published with improved accuracy 

over the years, but at the same time with the understanding 

that any. errors of statement were to be attributed to the Editors 

and not to the active participants. 

Apparently, we have now come to another such position in 

another area of radiation chemistry. Twenty-five years ago 

we were happy to estaolish reliable ~values. Later, the advent 

of flash photolysis encourage similar effort in radiation chemistry. 

We engaged actively in pulsed radiolysis and measured rates 

in the millisecond region and, rather quickly thereafter, in 

the microsecond region. At the same time, we began to study 

vii 



high-energy-induced luminescence in the nanosecond region and 

shortly thereafter by new devices (which employ Cerenkov radiation 

as bench marks in time): into the ·radiation chemistry of the 

same time region. In the last two years, John Hunt of Toronto, 

who unfortunately could not be with us in Buenos Aires, has 

moved brilliantly into the 10-ll sec region. Almost simultaneously, 

questions begin to emerge not only ·about the minimum time region 

attainable (i.e., the very earliest processes we can study) 

but also about the meaning of detailed chemical processes the 

so-called rates of which we presume to measure in the very-

short time region. Thus, it had become time in March 1970 to 

speak about Very Early Processes in Radiation Chemistry and 

Radiation Biology, to examine our attainments, our-position 

and our ignorance and to consider where we may be going and 

what answers and questions emerge. 

This report is the record of the conversation which OCC'\lrred 

in 1970 on the mornings of March 10 to 13 inclusive under the 

aegis of the Notre Dame Radiation Laboratory in the delightful 

city of Buenos Aires in collaboration with and under the benignly 

benevolent foresight and oversight of the Argentine Comision 

Nacional de Energia Atomica. 

The.record is not perfect. Conversational English, no 

matter how accurately recorded, is not as precise as the written 

word no matter how clear and understandable it appears in the 

oral exposition. Shrugs, stares, nods and hand movements as 

viii 
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.. well as spoken words like "this symbol" have little utility 

in the record and yet are very important indeed. The three 

Editors, Doctors W. Phillip Helman, Asokendu Mozumder and Alberta 

Ross, with the high-pressure secretaryship of Mrs. Florence 

Wrase, did their best to retain the original language and yet 

to make a good record. However, if there are errors in statement 

or in fact, they accept the blame. t\lhatever is true and stands 

the test of time is in each case to be attributed to the brilliance 

of the participants. 

Finally, the Chairman cannot conclude this Foreword without 

an explicit statement of personal appreciation to Dr. Martin Crespi, 

Director of Research of the CNEA, for that official benign inter

cession without which no meeting could have occurred, and to 

Dr. Marcelo A. Molinari who planned and interceded so far in 

advance, who worked out details, who established procedures, who 

directed services, who provided for the welfare of the participants, 

and to whom, in brief, all who participated in the meeting are 

indebted for whatever success was achieved. 

Hilton Burton, Chairman 
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.. Editorial Preface 

The symposium on "Very Early Effects" formed an important 

part of the International Meeting on Primary Radiation Effects 

in Chemistry and Biology held in Buenos Aires, Argentina, during 

the period March 9 - 14, 1970. The editors of the proceedings 

of this symposium have made efforts for faithful reproduction 

of the lively discussions that occurred. The wishes and the 

opinions of the individual contributors have been preserved to 

the extent that they were discernible from the tape recordings. 

However, in a free-running conference like this, there are 

bound to be errors and omissions; the editors are painfully 

aware of this fact. 

The presentation of materials in this proceedings is 

approximately chronological. At a few places, howP.ver, this 

order has been superseded either for readability or for the 

sake of coherence in the general context. Following the editorial 

preface there appear brief summaries of some specific topics 

discussed in the symposium. At the end of each summary 

a list of connected topics has been supplied with appropriate 

page numbers by which they can be referred in the text. The 

selection and the contents of these topics necessarily reflect the 

bias of the editors. They should, therefore, not be taken as 

measures of importance; nor is the direct connection with 

specific contributors necessarily implied. 

The editors expect that the present proceedings will offer a 

useful reading. They also hope that they have not misquoted or 

misinterpreted any contributor. 
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Tuesday, March 10, 1970 
1. The Time Scale: Introduction 

to Problems to be Considered 

BURTON: We are going to start by having Hagee talk to us about 

the theoretical time scale. 

MAGEE: The subject of this conference on "Early Effects" is 

not an absolute concept. I am going to talk about early effects 

on the basis of radiation chemistry. It may not be "early" 

from someone else's point of view. Now, the theoretical time 

scale is something all radiation chemists use. They all do 

their own theory. You remember that yesterday in his plenary 

lecture Allen said, "There exists a theoretical framework for 

understanding radiation effects." I think this statement is 

true, but it is still a pioneer ii11~ t!f fu1:t. There are three 

ways you can understand the theoretical time scale we are talking 

about. First, there are theoretical concepts from very early 

to very long times. Second, there are times that are inferred 

from experiments. Third, there are experimental measurements 

and I am going to say a little bit about all three of them. 

A time scale is illustrated in Figure 1 where the numbers 

represent P!r the negative logarithm of time. There are two 

things we talk about in connection with the theoretical time 

scale. We have processes which we know from other types of 

experiments, from measurements in other areas of chemistry. 

What do these systems do when they have not been.irradiated? 

1 
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Figure 1. A theoretical time scale for "Early Effects" in radiation chemistry. 

The numbers are the negative logarithm of time (pt =-log !(sec)). 
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Well, the molecules vibrate, they self-diffuse and there is 

dielectric relaxation. Molecular vibrations occur in lo-14 sec 

(a range is given in Figure 1); this is a short time such as 

a vibration period in the C-H bond. (Incidentally, I may have 

said before, I a~ putting these time scales down but if anybody 

doesn't like them, he is welcome to put down his own. This 

is a spontaneous discussion and I have not prepared for it. 

-12 -11 I have no slides, etc.) Molecules jump in 10 to 10 sec 

in solution. Another famous time is the dielectric relaxation 

time in water which is around lo-11 sec at room temperature. 

This is what you get from measurement in a constant macroscopic 

field. Dr. Mozumder has made a careful analysis of relaxation 

under two conditions. One, is in experiments with constant field, 

in which the dipoles relax and charges flow in. They keep on 

flowing and it takes approximately 10~ 11 sec. If you do it in 

another way, viz., keeping charge constant, the dielectric relaxes 

faster by approximately two orders of magnitude. It may be that 

this other kind of relaxation is more appropriate if an electron 

gets trapped and the dipoles relax rapidly around it. 

3 

ALLEN: I would like to hear more about this other kind of relaxation 

process. 

BURTON: If you want to discuss it now, it is probably all right. 

But I was going to ask .r"lozurnder to speak about this at a later 

time. 

MAGEE: Could we do that, Gus [Allen]? 
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ALLEN: Okay. 

BURTON: Fine. 

MAGEE: We have other famous times. Electronic excitation life

times of molecules are in the 10-9 to 10-7 sec range (see Figure 1), 

with respect to light emission. This is not an absolute number 

but for molecules of interest to us, it is a fair estimate. Also, 

we could put down other time scales for molecular systems. If a 

system is being irradiated, there are other time scales. We have 

often talked about lo-16 sec as being the shortest time for energy 

absorption in matter. When a fast eiectron travels past a molecule 

depositing approximately 20 eV to 30 eV, the shortest time given 

from the uncertainty principle is approximately lo-16 sec. This 

is not too relevant and probably not the most important short 

time in radiation chemistry but it relates to the shortest time 

scale in principle. Other time·s may be more significant; for 

example, when 20 or 30 eV energy is deposited, a recoil electron 

is generated and it goes about creating excitations and/or ioniza

tions. Its journey takes a much longer time. An interesting 

question is, "What is the longest time scale for the energy deposi

tion process?" I think this is given by the time to form a short 

track which may be somewhat greater than lo-14 sec. I also think 

that this kind of time scale puts a lower limit on the macroscopic

ally measurable time because, at smaller times, there is a mish

mash of various processes which are not statistically separable. 

We can discuss this but I see Bob Platzman has a question. • 



5 .. PLA'l'ZHAN: I don't understand: what puts a limit on what? 

MAGEE: There are two aspects of this problem - time and space; 

I'll come back to it. 

Then there are subexcitation electrons which lose energy 

by exciting vibrations in a molecule. You cannot transfer the 

energy in times much less than a vibrational period. Electrons 

b bl · b "t t" to lo-14 sec. 'I'h" · t pro a y rema1n su exc1 a 1on up 1s 1s no an 

absolute nurnl:Jer either but this kind of time is necessary for 

them to lose energy. ~·!e also talk of electron thermalization 

wl1ich is an obvious concept from the point of view of the electron 

having equilibrium with its environment at some time and place. 

It has to be a local ·equilibrium in the Coulomb field since true 

thermal equilibrium means that the charges have to recombine. 

If the elec~rnn is trapped, then the concepl i~ a little eas1er 

to understand. However, if you think of the electron-as a point 

charge with no quantum restrictions, then the thermalization time 

. -12 is approx1mately 10 sec. 

PLA'l'ZHAN: What phase are you talking about? 

HAGEE: I'm sorry. I'm always talking about the liquid state. 

If you talk atout other phases and temperatures, you can extend 

these time scales. 

Next, there is the question of heat flow which is a more 

normal process taking this kind of time scale (see Figure 1). 

If you talk about low LET radiation in water or hydrocarbons, 

• there is not very much heat - just a little . 
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" FORSTER: What distance are·you talking about? 

MAGEE: About 30 A. 

Then there are other phenomena that occur such as conversion 

of electronic.states which can be studied through competition. 

The ti~e scale is indicated in Figure 1. 

KUPPERMANN: Conversion from what to what? 

MAGEE: From one electronic state to another.through radiationless 

processes. Light emission is a very slow process taking approx

imately 10-9 to 10-7 sec. 

LAMOLA: I feel that the time scale of radiationless transitions 

should be about two orders of magnitude larger. 

MAGEE: All right. What I said is, that it is theoretically 

possible to have that kind of time scale for radiationless 

transitions. I think that Kasha told me about this; he may have 

changed his mind. 

" FORSTER: The kind of experiment to which Lamola is referring 

tends to pick up the longest time scale. 

MAGEE: How far do you want to extend it? 

LAMOLA: To about lo-10 sec. 

MAGEE: I'll go along with that. 

Next, we have spur diffusion. The e-folding time for this 

-10 -9 process is, I believe, around 10 - 10 sec (see Figure 1). 

In hydrocarbon liquids, we have another time scale for electron 

recapture. For the·most part, the ~lectron is recaptured, though 

there is always a small probability of escape through random walk. • 
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There may be various names for this process but "electron recapture" 

is used by many. If we use some of the high mobility figures 

that have been measured recently, then we get a time scale of 

10-9 sec for this process (see Figure 1). 

SCHULER: The time scale for electron recapture should be much 

smaller than you indicate. 

MAGEE: You mean by about two orders of magnitude? 

SCHULER: -11 -10 Between 10 and 10 sec. 

HENTZ: It depends on whether you are talking about electrons 

or anions. If it is an electron, I think that Bob [Schuler] is 

right. If it is an anion, then your time scale is right. 

MAGEE: Okay. I'll put two different time scales in Figure 1. 

I think that there could be trapped electrons which don't qualify 

as anions but haye longer time scales of recombination. 

BURTON: You mean a time scale for the general neutralization 

process. For the purpose of record, this time scale has a span 

-11 -8 of 10 sec to about 10 sec. 

KUPPERMANN-: Are you talking about electrons being neutralized 

by their parent ions or by any positive ion in the medium? 

MAGEE: This is not a homogeneous process. This is a neutralization 

with the radiation-produced positive charge. 

FREEMAN: You spoke about subelectronic and subvibrational energy 

regions. In your opinion, is the subvibrational region a well-· 

established concept or is it controversial? 

MAGEE: I feel very strongly that this is not a well-established 

concept. The thermalization time scale indicated here is based 
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on a model that Mozumder and I used .• 

FREEMAN: However, you take it all t.he way to a kinetic energy 

of kT. 

MAGEE: Yes, we discuss complete thermalization. 

FREEMAN: About where does the electron come to approximately 

0.2 eV? 

MAGEE: I think it ~s somewhere around l0-13 sec. However, I 

didn't put it in the figure because I'm very uncertain about it 

due to the finding of high mobility in recent experiments. 

HENTZ: As I see it, this is going to be a major issue in this 

meeting. Could we possibly defer discussion of this point till 

a later time? ' . 
MAGEE: Okay. .we just wanted to get started rather than to give 

numbers which are unalterable. I spoke about theoretical time 

scales which are not strictly theoretical.· We don't know enough 

about real systems to calculate time scales ab initio. Lots of 

experimental results have been thrown in - an important one being 

inferential time scale measurements from scavenger studies. Now 

the last type of measurement we have is direct experimental measure

ments. I would like to say a few things about this.and I'm really 

sticking my neck out. I don't know very much about experimental 

things. First, we had.pulse radiolysis in the microsecond region 

and then in the nanosecond region and now in the 10 picosecond 

region. The question is: "How far can it get pushed?" The velocity 

of light has to be a factor in an experimental arrangement. If 

I : ~ 



• I 
I 

9 

you have a cell as shown in Figure 2 and if you are irradiating 

a region which is cubic and the edge is 3 rnrn, then it takes 40 MeV 

electrons lo-11 sec to traverse it. If you are just making measure

ments, that 10-ll sec is a liability. 

" FORSTER: What is the reason you need such a big sample? 

MAGEE: Well, that is what I am talking about. I believe that 

the experiments which have been done have used fairly large samples. 

What you need to do is to narrow the beam. If you compress by 

a factor of ten (I'll assume that it is a trivial detail to flatten 

this by a factor of 10) and put all the electrons in, you have 

a ribbon. You analyze with a ribbon of light which takes a picosecond 

to go through. The light is there all the time. I believe John 

Hunt has measured this. I believe he found a 2 or 3% absorption. 

BURTON: May I intrude something here. I have a statement here 

which I solicited from Peter Ludwig about what can be anticipated 

for the shortest accessible experimental times. I would like to 

read this to you now. "In reference to the shortest time intervals 

which we can possibly study in the future, perhaps a word should 

be intruded about possible applications of the laser. I understand 

that some ideas which A.J. de Maria (of the United Aircraft Corporation) 

proposed on mode locking of lasers have in turn led Giordemaine 

and Rentzepis (both of Bell Labs) to new ideas, which have already 

appeared in print. In principle, it is now possible, by suitable 

laser techniques to limit the time involved in the excitation 

process to less than lo-13 sec. The time involved in the 
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Figure 2. Spatial limits in pulse radiolysis that affect the 

time resolution in the picosecond time. l"<'.!"ge. 

excitation process itself is, of course, extraordinarily important 

in any short-time kinetic studies - as is also the time between 

such processes. In principle also, it is possible to extend the 

latter time (i.e., the dead time) as much as is necessary. At 

the present time, the actual time span of excitation processes 

themselves has been reduced to times of about lo-12 sec. I should 

note also that these accom,plishments are with light and that, 

so far, the work has been mostly with visible light. Frequency 

multiplication will make it po,ssible to penetrate into uv excitation 

and, ultimately, we can hope for penetration into regions correspond-

ing to what we may usefully think of as high-energy excitation 

processes. The point I am making is that we are not in principle 

locked into times of excitation in the lo-10 sec region." 

t.. 
' 
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THOMAS: Who wrote that? 

BURTON: This was written by me on the basis of information given 

to me by Ludwig. He looked it over and decided that this was 

exactly what he meant. 

MAGEE: Now, the difficulty in making a measurement on a sample 

as shown in Figure 2 is that the mean distance is 0.3 rnrn. I don't 

know how sharp you can make the front. 

I.AMOLA: About a picosecond. 

MAGEE: A picosecond? Well, all right. You say, in this method, 

that the size always limits you, but if you keep compressing the 

beam and making it thinner and thinner, ultimately you might be 

limited by the size of a delta ray. Delta rays would come out 

of the beam. Of course, a beam like this is also scattered but 

probably not.:. very much. But you do have a significant number 

of delta rays - say 20% which would penetrate up to a fraction 

of a micron and it would take lo-14 sec to travel that distance. 

BURTON: Now, I would like to indicate to the participants the 

subjects we would like to cover. 

FREEMAN: Could we have a rough idea of the subjects that are 

going to be covered during the week? I could see how half a dozen 

things that John [Magee] mentioned could take the rest of the 

morning and we should leave them today if we are going to discuss 

them Wednesday. 

BURTON: We are not going to proceed that way. We propose to 

attempt to let the subjects evolve from the discussion. However, 

11 

we have a list of a number of subjects which may assist in thinking 
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about what we would like to cover during the week. We have just 

had the theoretical time- scale and we would like to hear something 

about: 

inferences .from charge scavenging experiments, 

inferences from conductivity experiments (i.e., 

low conductivity liquids), 

inferences from absorption spectra of trapped electrons 

and positive charges in highly viscous media, 

in glass experiments, in water, 

very early processes in water, 

possible uses of Cerenkov radiation, 

criteria of relevance of ionic processes in organic 

glasses for understanding of processes at ordinary 

temperatures, 

what has actually been measured that bears on "earliest" 

processes, 

what experiments can be done to get at "earliest" times, 

experiments on the mode-locked laser, 

anything on absorption and emission, and 

the time scale of processes that can be observed in 

this way (in the gas phase, in the condensed phase, 

and in polar and non-polar media). 

• 
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There is also a question of discussion of real operations 

vs. discussion which revolves merely about semantics. Perhaps, 

someone may want to say a word about that. Also, there is the 

matter of the relevance of the radiation chemical time scale to 

radiation biology. This is a very important subject which we 

particularly want to have covered. We would like to have the 

ideas of the radiation biologists as to what is the very earliest 

time significant for them. In short, we would like to get some 

ideas out of this conference that would be useful to all of us. 

This is what we have planned. 

There is also the kind of thing that happens unplanned which 

may result indeed in a conference successful even beyond our 

expectation and our hope. 

13 

Who wants to speak up first? You have heard the possibilities. 

We have two alternatives. We could start with the very shortest 

times the people want to comment upon and move to the longer times 

or we could start at the longer times and move to the shorter 

times, or we could move all over the picture. It is up to you 

people to determine that. 

KEVAN: Let me ask which of these times are affected by temperature 

or, in other words, which ones are relevant to solids, say at 

77°K, as well as to the liquid state that has been talked about 

most here. It would seem to me that the shorter times are equally 

relevant to solids and that only the dielectric relaxation times 

and the diffusion times of macroscopic species are the ones that 

are affected by low temperature. Thus, if we learn something 
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by looking at low temperature systems as far as the time scales 

are concerned, the shorter time scales should all be relevant 

to both liquids and solids. Is that your impression, John [Magee]? 

MAGEE: The principal times that are changed have to do with 

molecular motions. As you said, they refer to relaxation'and 

diffusion. Of course, there is another thing that happens too 

and that is that electrons get trapped and become immobile. So 

the recombination of. ~harges takes place on a di,fferent time scale 

altogether. And, that's also very important. 

PLATZMAN: I think that many of the other rates, in addition to 

the ones you stated, can depend on temperature. Your list was 

far too short. I don't think this is the appropriate time to 

go into detail but I may mention, for example, that moderation 

of electrons depends on temperature. Internal conversion depends 

on temperature. Practically everything can. 

HENTZ: I would like to suggest an approach which will reflect 

my prejudices but at least it will open the meeting to a discussion 

of what we ought to discuss. And, I think one might begin with 

a discussion of the nature of the electron in, say, a liquid of 

low dielectric constant. One might proceed from this to a discussion 

of how the subsequent behavior of that.electron depends on its 

nature or even how its previous behavior is related to its ultimate 

nature when, and if, thermalized. Then, from this you can proceed 

into such things as scavenging experiments related to models of 

the electron and its behavior, conductivity experiments, etc., • 
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going to the solid state, or at some point diverging into the 

solid state, and, maybe ultimately, into the gaseous state, although 

I suspect that there are not a great many of us here oriented 

in that direction. Now this is one suggestion as to how to approach 

the discussion. 

FREEMAN: I thought we could approach the discussion of the nature 

of electrons in liquids through the question of the difference 

between energy-loss processes by subelectronic excitation energy 

electrons and subvibrational excitation energy electrons, because 

I think there does not seem to be much doubt about energy-loss 

processes for electrons above about 10 or 20 eV. Everybody seems 

to be happy about how long it takes an electron to get down to 

about 4 or 5 ev but when an electron gets below the lowest electronic 

excitation energy of the medium, there seems to be a little bit 

of controversy. When the electron gets below about 0.2 eV, that 

is vibrational energy levels, there is an enormous amount of controversy 

It seems to me that there is room for a lot of discussion, especially 

for electrons of energy less than a few tenths of an ey •. Maybe 

we can start there. 

HENTZ: I would agree that it is important to discuss these thermal

ization events, or whatever you want to call them -anyway, the 

energy-loss process - to the point at which the electron's fate 

is determined, which is also necessarily dependent on the nature 

of the electron. This is as good a place to begin as any, I would 

• think. 
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BURTON: Freeman will begin. 

2. The Nature and Behaviour 

of Excess Electrons 

FREEMAN: Whenever John Magee and Bob Platzman don't argue with 

each other I assume that what is going on is relatively well-

known and they don't seem to argue about things that are going 

-14 -13 on below 10 sec or perhaps even 10 sec. 

BURTON: That may be a result of ignorance, too, you know. 

FREEMAN: Now, above about lo-14 sec, where energy is not being 

lost by the electrons to an electronic state but to rotational 

states, vibrational states, etc., there is a lot of controversy. 

Now it seems (from experimental evidence that we can discuss 

another day) that energy can be given up to vibrational modes, 

and what not, in non-polar molecules or, at least, in molecules 

which are traditionally considered to be non-polar, like hydro-

carbons. So the energy-loss processes for sUbelectronic energy 

electrons seem to be quite the same in water and in n-hexane, 

to take a couple of extremes. Do you agree with this? 

[Dr. Platzman indicates "No."] No? Well, I think they are 

similar in water and in something like ~-hexane. 

PLATZMAN: Could you be more precise about these events? 

FREEMAN: I think that there is some evidence that the median 

range.of the secondary, tertiary, etc. electrons in .water is of 

the order of 20 A and in n-hexane it might be 30 A. It is not • 
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very different. I don't think it is 100 A in n-hexane compared 

to 20 A in water. For the ranges to be similar"in the two liquids, 

it seems that an electron might become localized before its kinetic 

energy reaches kT. Now this is another controversJal subject. 

There is already some controversy on energy-loss processes at 

electron energies between about 4 and 0.2 eV, and there is enormous 

controversy about the processes at energies below that. Some 

people say that electrons can be localized in hydrocarbons and 

other people say that they cannot. There are still other people 

who even say that you can have a quasi-free electron of thermal 

energy in water. However, experimental evidence of the scavenging 

type - of the type I hope we will treat in a separate session -

indicates that an electron is localized in water before it reaches 

kT. Now, can we get a discussion going with someone who believes 

one can have a quasi-free thermal-energy electron in water? No one 

wants to do that? 

SCHWARZ: What is the difference between a free and a quasi-free 

electron? 

FREEMAN: A free electron can exist only in a vacuum. For a free 

electron between two charged plates, the electron will be continuously 

accelerated while it is in the field. The velocity of a free electron 

in a constant field increases iinearly with time (see Figure 3). 

Now, if you have the electron in a medium that interferes with 

the motion of the electron, say in a gas, and plot the velocity 

against time in a constant field, you find an initial acceleration 
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followed by a steady-state. velocity. In the steady state the 

electron loses by collision the energy that it gains by 

acceleration between collisions. The steady velocity divided 

by the field strength is known as the mobility. The concept of 

mobility has no meaning for free electrons. For both a quasi-

free and a localized electron, the term mobility has significance. 

For a quasi-free electron, the mean free path is at least several 

molecular diameters, that is, a quasi-free electron is not 

localized in a space that has dimensions of the order of molecular 

dimensions, and the mobilities are very high. However, if the 

electron has a mean free path of the order of molecular dimensions, 

or smaller, then it tends to be localized in a small space of 

molecular dimensions having a much lower mobili t'y. A localized 

electron seems to have a mobility a couple of orders of magnitude 

lower than that of a quasi~free electron. This question of 
' 

semantics is, I think, very important. 

WIT.T.IAMS: My present remark is not really related to the point 

you are discussing at the moment, but something else which you 

said surprised me. You said that some people don't believe that 

electrons are localized in hydrocarbons and yet there is very 

direct evidence that at least some electrons can be localized 

in [hydrocarbon] glasses. I would like to take you up on the 

point about water and hydrocarbons. You did not mention anything 

about the supra-molecular structure. Now we know, where again 

I am relying on inference from the solid state experiments, that 
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Figure· 3. Velocity-time relations for free, quasi-free, 

and localized electrons. 

the details of electron trapping are very sensitive to such 

structure. And yet, you are willing to compare water against 

hydrocarbons and you have got treme~dously different supra

molecular.structures in the two liquids; viz. hydrogen bonding 

!!• no hydrogen bonding. And I think we should not ignore details 

of this kind. 

ALLEN: I would like to be a little more specific about this 

subject and to say what I think is known about them. The behavior 

of electrons in liquids is certainly not well understood in 

general. I think that the best understood liquids are liquid 

helium and liquid argon in which, of course, you don't have the 

vibrations within the molecule to worry about. Such a liquid, 

under irradiation, has a population of moving electrons and holes 
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which renders its behavior very s:irn.ilar in all respects to the 

ordinary behavior of a semiconductor, and the motion of these 

charges is properly treated in accordance with well-known semi

conductor theory. The mobilities of electrons in liquid argon 

have been very well predicted on the basis of the theory, in which 

the motion of the eelectrons is restricted by interaction of the 

electron with the acoustic waves of the argon atoms. Until 

recently, little was known about the mobility of electrons in 

other liquids. However, just during. the last year, a number of 

laboratories have found fast negative carriers in hydrocarbons, 

presumably, because the previous workers had worked with material 

of lesser purity, in which the electrons were always trapped by 

impurities. Dr. Werner Schmidt of our Laboratory has measured 

the mobility of these carriers, which we think are quasi-free 

electrons, in a ·number of hydrocarbons and he has found a wide 

distribution of values depending on the nature of these hydro

carbons. Every material he has studied was a saturated hydro

carbon except for tetramethylsilane which is, of course, very 

similar to a hydrocarbon. I don't have the exact numbers with 

me, but I do remember that the hydrocarbon mobilities cover a 

great range of values: 0.09 cm2;v sec for n-hexane (although 

Silverman and Conrad got about 1), we got about 1 to 2 for 

cyclohexane, about 10 for neohexane, about 60 or 70 for neopentane 

and about 90 for tetramethylsilane. These mobilities remain 

constant up to as high a field as we could try, quite different 
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from the behavior of ordinary semiconductors and liquid argon 

for which the mobility always decreases as the field increases. 

The reason for the decrease in the semiconductors is that the 

mean free paths are so long that the electrons are speeded up 

appreciably during the course of the mean free pa~ and this results 

in the apparent mobility going down. The fact that the mobility 

remains constant in hydrocarbons is taken to indicate that the 

mean free path in hydrocarbons is very short, much shorter than 

in liquid argon or in semiconductors such as germanium. The fact 

that mobility values are so different for all these hydrocarbons, 

although the other physical properties are very similar, would 

again argue that the mean free path is very sensitive to geometric 

details in these liquids. Now, we know that in solid hydrocarbons, 

electrons can be trapped. If the electrons in the liquids were 

localized ·for any period of time (that is, if the electrons tended· 

to be trapped) and their drift in the field was a matter of hopping 

from one trap to another, then it is easily seen that the rate 

of drift with the field would not be exactly proportional to the 

field strength. But in all our experiments, this proportionality 

held very accurately, s.o you can see that these electrons are 
i,:. 

always trapped or are always quasi-free; and I think they are 

moving much too fast to be considered trapped all the time, so 

we regard them as·being quasi-free. The mechanism for determining 

the mobility is essentially the interaction wi'th the various types 

of phonon waves including, of course, the scattering regions of 
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local dipole field. When the hydrocarbon is chilled down 1to the 

form of a glass, this freezes in all the motions which result 

in the formation of potential wells or shallow traps, so these 

traps are sitting there and are ready to trap these electrons. 

However, in the liquids, the molecules are rotating very rapidly 

and these traps just don't last long enough to trap the electrons. 

BURTON: You might specify the time. When you say they are 

rotating rapidly, what do you mean? I mean, how long would you 

say the electrons are trapped? 

ALLEN: Well; I don't think they get trapped at all, but I think 

that the lifetime of the trap must'be less than l0-13 sec at room 

temperature. Now, we don't have any real. theory, any real 

calculations on which to base these ideas. This is just a 

picture that I evolved ad hoc to try to explain the differences 

between the behavior in he.lium ·and liquid argon and the behavior 

in these hydrocarbons. I am ·s'ure that, in time, a sensible theory 

will develop. My suggestion· is that the present experimental 

results suggest strongly that these electrons remain quasi-free 

in pure hydrocarbons or are.trapped only by impurities. 

VOLTZ: May I comment on the· ionized states of organic crystals? 

This is highly relevant to the discussion which we have had. 

HENTZ: I wonder if we could just postpone that question until 

we have answered some specific questions about what we have just 

heard. I would like to hear that, but I think it would distract 

us from the direct comment. 

I. 
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VOLTZ: I think that there is much more known about the 

conductivity bands, the free conductivity band, localized 

conductivity and the charge-transfer states in organic crystals 

than some people here seem to know. I think that one should start 

from the results obtained in molecular crystals, say the transport 

processes in amorphous systems, because even if you have a 

disordered state, you can transpose the results easily. This 

has been proven recently quite generally by the theoretical 

calculations on disordered systems. 

BURTON: I think this point is correct but there is a line of 

discussion starting now and I think we want to get to this later 

on. 

3. Electric Field Dependence 

of Mobility 

HENTZ: My question is one of understanding. I agree that 

Voltz's remark will help unravel what Gus [Allen] was speaking 

about. Gus says that electrons either have to be all quasi-free 

or all trapped, if I understand him, because the drift velocity 

vs. field is linear. Now, it seems to me that the mobillty is 

determined by a mobility that the electron would have if it were 

a quasi-free electron times the fraction of the time that it 

spends moving freely between trapped states. I can't see a 

contradiction here between your results and an electron spending 

a certain part of its time.~n a trap, hopping out and hopping 

to another trap, etc. I don't see how your results preclude 

this. 

23 
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ALLEN: This is because the time., spent in the traps will not 

depend upon the field. The time spent hopping between the traps 

will, of course, depend upon the field. It would be inversely 

proportional to the field. Therefore, the total time spent in 

drifting say, 1 em, will not be exa9tly inversely proportional 

to the field unless the time spent in the trap is negligible 

compared to the time spent outside the, traps. I have a little 

algebraic proof of this conclusion upstairs. 

HENTZ: Well, I would have to see it because I have a little 

algebraic proof to the contrary and I think that the semi

conductor theory is consistent with it but I will have to resolve 

this elsewhere. 

KUPPERMANN: Among others, Stuart Rice has recently developed 

a theory of conductivity of electrons in liquid argon which works 

very well in explaining the mobility measurement. 

BURTON: Allen, you know, is quite familiar ~ith this subject. 

He just chaired a session op it at the Radiation Research Society 

meeting in Dallas. 

KUPPERMANN: Yes, I know but I am making this introductory 

comment for the benefit of th.~ audience. As you know, for the 

basis of the theory, in addition to invoking the pho~on states 

of the medium, he uses a simple theoretical model for the elastic 

scattering of the electrons by the argon atoms using an effective 

polarization potential. To a first approximation, the same ideas 

may be applicable to hydrocarbons if an adequately chosen . ~ 

J 



effective potential is used for them and an average is taken over 

different molecular orientations. I wonder if this has been 

attempted and, if so, whether there.has been any agreement between 

experiment and this type of theory, for simple hydrocarbons. 

ALLEN: No, this theory has not been applied in detail to hydro

carbons. Mainly, because we don't know how to calculate the 

effective potential in a liquid hydrocarbon and we just have not 

had enough time to think about it to really develop a theory. 

I would be very happy if someone would do this. 

KUPPERMANN: It should be relatively simple to guess at such an 

effective potential, just as Rice essentially guessed at an effec

tive potential for argon which is certainly not a first-principle 

potential derived from its electronic structure. Just say that 

there is a charge-induced dipole so that there is a l/R4 term 

which has to be cut off at a certain distance, etc. And it is 

a matter of parameterizing with one or two parameters to see 

whether or not you get results in the right ball park using the 

known polarizabilities of the hydrocarbons. 
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ALLEN: This treatment would neglect the existence of the CH dipoles 

in a hydrocarbon, which I think is very important. I think that 

before this is done, what should be done is to measure the 

mobility of electrons in liquid nitrogen and liquid carbon 

monoxide (if you are not afraid of being poisoned!) to see what 

the effect of the permanent dipole really is on the mobility. 

Then, I think we would be in a much better position to approach 
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the hydrocarbon problem which is .·really very much more complicated. 

BURTON: Gus [Allen], are you planning to do these experiments? 

ALLEN: No, not at the moment, but I would be very glad if 

someone else wanted to do them. 

FREEMAN: The argon treatment is, as Gus [Allen] said, anlover

simplification that won't work for hydrocarbons. It has already 

been demonstrated that there is an enormous effect of molecular 
\ 

structure on electron interactions and argon is a spherically 

symmetrical atom. Of the hydrocarbons studied so far neopentane 

has the most nearly spherical shape and it displays behavior 

nearest to that of argon. But there is a question about the time 

that an electron would spend in a trap which you suggest is 

"' lo-13 sec. I wonder why it would be so small. So .far as we 

can tell from what has been published about dielectric relaxation 

of polar molecules in non-polar solvents and of slightly polar 

molecules in the liquid state, for a liquid like hexane the 

molecular rotation time should be about 10-ll sec. Cyclohexane 

is similar. So wouldn't that make the trap time of the order 

of 10-ll sec rather than l0-13 sec? 

ALLEN:. Well, I don't really'know. It is my guess that these 

traps are formed only when two adjacent molecules happen to have 

their local dipoles (due to the CH bond) pointing in the right 

direction; a small degree of rotation such as a radian or so would 

be sufficient to destroy this trap, or at least greatly reduce 

the depth of the potential well. This shouldn't take more than 
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-13 about 10 sec. Of course, for whole molecules to relax, it 

takes a great deal longer. 

FREEMAN: Another point has to do with the field dependence of 

the electron mobility. The mobility of an electron in liquid 

argon changes because the interaction cross-section is velocity

dependent and, as you increase the velocity of a particle in the 

field in liquid argon, the collision cross-section increases and 

the moLllity goes down. 

ALLEN: No. 

FREEMAN: At least that's what I thought. Anyhow, in liquid 

hydrocarbon, unless the electron can pick up an energy that is 

a significant fraction of kT during a mean free path, the mobility 

should be independent of the field. You said that you had very 

small mean free paths in hydrocarbons. Have you put these numbers 

together and shown that with the kind of mean free ·path that you 

think exists in the hydrocarbons, there should be a field 

dependence of the mobility at the fields you use? 

ALLEN: No, with the understanding that I have of the matter, 

you cannot calculate or propose any definite value of the mean 

free path. Merely looking at the thing qualitatively, the 

independence of the field indicated that the mean free paths were 

much shorter than in argon. And, also, of course, the shorter 

the mean free path, the lower the mobility. So, we suppose that 

L~e mean free path in neopentane is longer than in normal 

hydrocarbons. 
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HENTZ: May I do a little calculation on the board that may be 

wrong but I would like to go through this and perhaps we can 

resolve this problem? Let's assume a very simple-minded model, 

and that may be what is wrong with it. The electron drifts a 

certain distance while it is going through a mean free path o • 

Using classical mechanics, you come out with Equation (1) where 

S is drift distance, E is field strength, e is magnitude of 

electronic charge, m is electron mass and t is time. 

s = 
1 Ee 
2 m (l) 

If we assume that the electron can be in a trap for a certain 

length of time, then it can pop out of this trap and can move 

to some other trap; during the time when it is in the trap, there 

is essentially no movement compared to this drift distance so 

that we can ignore any movement in the trap. 

e e 

The velocity S/t is equal to an average drift velocity ~· Then 

with t given by the mean free path o, divided by the thermal 

v~locity vth 

= s 
t = 

1 Ee 
2 m 

(2) 

.. 
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SCHWARZ: Are you ignoring the thermal kinetic energy? 

HENTZ: No, vth is the thermal velocity and the mean free path 

divided by the thermal velocity is the time it is allowed to drift 

in the field, i.e. the time it is allowed to drift is just cyvth" 

KUPPERMANN: There seems to be an inconsistency in the fact that 

one equation is for uniformly accelerated motion for which the 

velocity changes with time whereas the use of v in the other equation 

assumes a uniform velocity. I don't think that you can use the 

two equations simultaneously. 

HENTZ: Why can't you do this? Gordon [Freeman] says that it 

is okay. 

ALLEN: I would like to suggest that we postpone this dis.cussion 

until after the next break so that I can go upstairs and bring 

down my algebra. I think that my algebra can refute Hentz's 

algebra, but I would rather have it before me instead of trying 

to derive it all over again, which would be a lot of trouble. 

HENTZ: .I have an even better suggestion. Voltz (when he gets 

to solids) can probably clarify this whole thing for us. 

VOLTZ: It is a very elementary theory of Ohm's law. I think 

we have this kind of evaluation in the metals, for example. You 

use, for the movement of electrons, an effective mass and you 

take into account a damping factor which is due to the interaction 

of the electrons with the vibrations. This results in a term 

of the type -kvm ~:h~re ~ is a da!!lping constant. You get, of 

course, the curve which is shown in Figure 3. You have, from 
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very elementary mechanical considerations, a tendency toward a 

steady motion. This is like when you throw a ball against air 

resistance, you have something which is going along with constant 

velocity and this is what you are trying to show here. 

HENTZ: Yes, that is the situation. Maybe the best thing to do 

is to ask you the question but Gus [Allen] wants to put it off. 

I think. the fundamental question here is this: "Can you have 

a mobility independent of field strength even when an electron 

spends 90% of its time in a trap and 10% of its time moving between 

traps?" r think the answer is yes and so I don't think that Gus's 

data preclude this consideration. 

VOLTZ: It depends upon what you mean by trapped. Do you denote 

by trap some transient complex, for example, with a molecule? 

HENTZ: No, I mean a potential well with an activation energy 

of 0.1 or 0.2 eV. 

VOLTZ: Then the question to ask is this: "What is :the variation 

of this mobility with temperature?" In metals, for example, when 

you have collisions with lattice vibrations, the resistance goes 

up which means that the mobility is going down.with temperature, 

but if you have an activated process, you should see a mobility 

which is going up with temperature. 

HENTZ: But what if we have not done temperature work, then the 

question is the following. You measure a mobility, can you just 

say from the mobility dependence on field strength alone, that 

the electron has to be either all quasi-free or all trapped, or 

rather, can it be a mixture of both? 
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VOLTZ: I would think so. 

HENTZ: That is what I would really feel. In fact, I --

" FORSTER: I feel that it is just a problem of whether the field 

has any influence on the electron coming out of the trap or not. 

If it has an effect, then you will get field dependence on the 

velocity. If not, you will get no influence. 

HENTZ: Right. That is exactly what I was going to come to. That's 

my point. Aron (Kuppermann] says I am wrong, but I think that 

if I go through this algebra I can prove my point. I won't take 

the time to do it now. We can wait until Gus [Allen] has his 

algebra; but if you go through the present procedure, you come 

out with Equation 3 which gives the mobility; here o is the mean 

free path in Angstroms, mobility is in the usual units, ~ is 

time spent drifting, and tt is time trapped. 

= 3 
4 (3) 

In hexane, for example, Silverman and Conrad have measured a 

mobility of about 0.2. Now, let's assume what I think is the 

minimum possible mean free path in hexane. Take 1 A as the 

minimum mean free path. I can't believe that you are going to 

get a mean free path much smaller than this. This value gives 

a mobility of about 3/4 and if it is a molecular diameter (mean 

free path), it gives a value of about 4. So that it seems obvious 

to me that it must be spending only about 10% of its time freely 
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moving and 90% of its time in traps to give a mobility as low 

as 0.2. 

SCHULER: I think that there is a question of units here. I mean 

the equation as you have written it makes no sense because it 

is dimensionally incorrect. There must be some other factor in 

there. 

HENTZ: Yes, it is all in the factor 3/4. I have taken into 

consideration the electron charge, etc. and they are all in the 

factor 3/4. My only point here is that this is an over-simplified 

equation. For example, if you put in the mean free path as 

measured in argon, which is about 150 A or so, that would give 

you a mobility of about 150 which is a factor of three lower than 

what is actually measured. I think that from this sort of a 

treatment (unless there is something logically wrong in the 

derivation) it is clear that in hexane at least, with a mean free 

path of 3 A such as Ffrancon Williams used, the mobility should 

be 2 whereas it is 0.2. So I argue that it is spending 90% of 

its time in traps and only 10% out. The data of Irwin Taub on 

squalane pulse radiolysis at -70 to -165° C also suggests that 

the electron is popping in and out of traps with an activation 

energy of a couple of tenths of an eV. He gets exactly the same 

decay time of an electron in squalane as he gets in 3-methyloctane 
~ 

at -150° C although the viscosity difference is a factor of 1010 • 

I don't see how you can explain this except on this sort of a 

model. • 



BURTON: In reference to Hentz's derivation, apparently there 

were some subtleties which were overlooked and which will have 
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to be corrected and Dr. Allen is later going to present a derivation 

which will appear correctly in the record. We have to move on 

to something different. Now, earlier in the discussion, there 

were two suggestions made as to how we should approach this 

matter. One was made by Hentz and the other was made by Freeman. 

I think that we went down the garden trail following Freeman's 

suggestion. Let's try Hentz's suggestion and see which way we 

go. 

HENTZ: Well, I want to wait until later and see if Allen corrects 

me because you see the Chairman puts me in the position of being 

wrong. But I want to wait and see. Is there someone in the 

audience whose grasp of this theory is so good that he could go 

up to the board right now and show us what the situation is? If 

there is someone in the audience who has a sufficient grasp of 

this kind of mobility (mathematics or model) to demonstrate how 

it ought to be done, I think that it would be very useful and 

I think that it ought to be done now. I think we ought to 

continue with the discussion of how the electron loses energy, 

whether it can be trapped before it becomes thermal, or whether 

it must go through Mozumder and Magee's therrnalization length, 

and then get on with the next step in the procedure. That is 

what Gordon Freeman suggested and I think that is a good procedure 

unless someone has another suggestion. 

BURTON: Voltz, do you have a theory that you can present right 

offhand? 
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VOLTZ: No, I am not an expert in this kind of thing but I think 

that Dr. Funabashi should say something about this. About what 

mobility is and how it ·should be calculated. 

FUNABASHI: Well, I really don't think I can calculate it. For 

one thing, as Aron Kuppermann pointed out, there is the Lekner 

and Cohen scheme which seems to apply to everything. If you want 

an exact definition of mobility it is given by Kubo's formulas 

for response theory. These formal theories apply to mobility 

calculation in a pure state. You consider a conduction band with 

a structure and a certain level scheme, dispersion relationship, 

etc.; there we have a scheme to calculate whatever the reference 

is. But if you have trapping then this is a mixed system and 

I don't think there is any simple way of calculating this mobility 

and, also, if the mobility happens to be field-dependent, then 

this is not mobility. Mobility is defined to be field-independent. 

Then you are talking of something else. 

BURTON: I got the impression from what Hentz had to say that 

he was trying to obtain something resembling sweet reason on 

elementary grounds and I don't think it is quite fair to expect 

a very sophisticated view of the nature of the trapping to be 

presented in quite this way. Unless there is· some good reason 

why we should continue to examine this model, I think we can 

with great profit dispense with this portion of the discussion 

now and return to it at a future time. 

FUNABASHI: I just want to bring up one more relevant experimental • 
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fact. This is the mobility in anthracene crystals, measured by 

the usual drift-velocity measurements. As you know, it is 0.1 -

1, whereas if you measure by Hall coefficient measurements, you 

get a mobility of about 70. These results are dramatically 

different. Of course, interpretation is rather involved but I 

think it is related to what we have been discussing. In the one 

case of mobility measurements, you are measuring the average drift 

in the fast moving situation and evenLually, it is trapped. You 

are making a gross average of everything. In contrast, with Hall 

coefficient measurement, you might be measuring only the average 

over short distances. 

The presentation on the pages immediately following does 

not follow the actual order of the Discussion. The remarks by 

Allen and the comments upon it actually occurred on the following 

day but are introduced here, for convenience of the reader, to 
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maintain systematic presentation of subject matter. The Editors. 

ALLEN: To determine electrical mobility, one measures the drift 

velocity by measuring the time for the ion to drift the distance 

d between two charged parallel plates. It has been proposed that 

this traverse can proceed in a series of hops. If the electron 

were trapped at some place, it would stay there for a mean 

residence time,say; ~; it would then move along to another trap 

where it would stay for time~' etc., 
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so there would be a series of these hops. The residence time 

in such a trap is assumed to be, if not independent of the field, 

at least only a weak function of the fi~ld, because any trap that 

would be deep enough to hold an electron for a length of time 

at room temperature would hardly be affected by a field of a few 
-1 hundred or a few thousand V em • Thus, the time spent in these 

traps as the charge is moving along would not be inversely 

proportional to the field,.but would be only a weak function of 

the field. Insofar as the time spent in the traps is appreciable, 

it would be impossible for the total time of travel to be inversely 

proportional to the field, as seen by our experiments, so we have 

to say that the time spent in any such traps is negligible. 

However, some people, apparently people who spend a lot of time 

teaching physics and physical chemistry, have become impervious 

to logic and believe only in algebra, so I was asked to make an 

algebraic demonstration of this. I have a set of equations here. 

The reason I didn't present all this off the cuff yesterday was 

because the algebra gets to be a little too awkward for me to 

solve right offhand without going through it. However, the 

equations themselves are quite simple. One breaks up total time 

~ into a time spent in free motion, tf' plus total time spent 

in a trap, tt. We take distance between the plates, d = 1 em; 



.. ~f as the mobility of the free electron; and ~t as the mobility 

of the trapped electrons. 

1 
= (4) 

~fE tf + ~tE tt = 1 (5) 

~fE tf tt 
n ~ = L tm 

(6) 

L + ~t E t 
~· = ~f 

m 
tn L + ~f E tm 

(7) 

Equation 6 involves the number of jumps being made; L is .the 

mean drift distance the electron moves between traps, ~ is the 

mean resideklce time. in a trap. To obtain what we are looking 

for we have to eliminate ~f and tt from these three equations. 

You can see from the solution (Equation 7) that, if the residence 

time ~ is very large, L drops out and ~m = ~t· If ~ (trap 

residence time) is very small, then ~m is simply equal to the 

free mobility ~f. Otherwise, ~ does depend upon E, contrary to 

experiment. 

FREEMAN: Equation 6 assumes that the motion is in a straight 

line and the major motion is in a random direction. 

ALLEN: Of course~ we are only concerned with the drift, the 

macroscopic drift, the phenomenological drift. 
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FREEMAN: But you have the number of jumps, n = ~fEtf/L. 
ALLEN.: L is not the distance the thing moves between the trap. 

L is the distance it moves in the direction of the field while 

it is jumping around between traps. 

FREEMAN: Don't you relate L to d eventually? 

ALLEN: Yes, d is the distance between the plates and L is the 

distance it drifts in the direction of the field while going from 

trap to trap. It is not the theoretical distance it moves 

around. 

FREEMAN: How can you estimate L? 

ALLEN: You don't have to estimate L. You don't have to estimate 

anythi~g here. This treatment simply shows that the measured 

value is going to be a function of the field if hopping process 

occurs. 

FREEMAN: If you just consider hopping, it doesn't matter what 

fraction of the time your particle spends in the trap and what 

fraction of thP. time it is free. You are going to have an 

average mobility and as long as you have the total drift distance 

much, much greater than the actual field drift distance, I think 

that you are allowed to have field-independent mobilities. 

ALLEN: No. The Brownian motion is a theoretical concept. What 

you actually see is the motion of ions drifting through the field 

at an obviously much slower rate than the theoretical thermal 

velocity. This L is just an average value which will include 

some negative motions as well as positive. But, in general, it 



keeps drifting in the same direction and one has an average 

positive value for L. 

BURTON: L is a drift distance? 

ALLEN: Yes. L is a drift distance between traps. 

FUNABASHI: I would like to make a comment on the experimental 

aspect of this. I think, in general, in the measurement of 

conductivity, one has to make sure that electrode-electrode 

distance is sufficiently small that you are not complicated with 

artifacts. In this derivation, I think, it is related to taking 

distance d = L. Actually, if you go carefully, I think that 

mobility is a function of d/L. It depends on how L compares with 

d. Now, here d is taken to be unity, therefore, you don't see 

this dependence but I think it is rather crucial. 

VOLTZ: May I ask if you have experimental results on temperature 

dependence of mobility? 

ALLEN: The mobility experimentally is, of course, independent 

of d. It depends only on the field which is the ratio of the 

applied voltage to d. But you can put d in those first two 

equations instead of L and then d will come explicitly into the 

final results. This will not affect the conclusion that, if the 

hopping is significant the mobility will depend upon the field. 

FREEMAN: The most commonly used model of diffusion of molecules 

or ions in liquids is that it goes that way. A molecule makes 

a jump and stays there a while and it jumps again. Ions have 

field-independent mobilities at the usual field strengths used. 
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HENTZ: I missed the point here. In the first equation, in the 

denominator, is that tf? I don't see how those two equations 

differ. It seems as if they are identical equations. Actually, 

what they say is ~ = ~ t ~t· m f 

ALLEN: No. Exactly not. 

HENTZ: Well, I missed that. Aren't those two times the same? 

Oh, all right, it is supposed to be tf. 

SCHWARZ: Voltz didn't get an answer yet. 

ALLEN: The question was, "Do we make measurements on temperature 

dependence?" The answer is, "Yes." 

KUPPERMANN: If I understand you correctly, when you do put down 

the d in equations 4 and 5, the answer is that the numerator and 

the denominator will have the factor and that the result will 

not be changed. It will just be a function of L/~. If L is small 

compared with,. the other t.~rm, then you will get cancelling with 

the result ~m = pt. That assumption only depends on L/d being 

sufficiently small. 

FUNABASHI: That is right. But L is not the so·-called mean free 

path. It is the macroscopic distance. It is not the so-called 

A. which is related to the diffusion constant in the free state. 

L is the effective distance between successive trappings. It is 

not the distance between traps. 

WILLIAMS: I think it is possible to show that if, during the 

free flight period, the distance that the particle moves along 

the field bec9mes greater than the mean free· path of the particle 



.. in diffusive motion, then field-independent mobility will not 

be obtained. The particle will be accelerated in the field. I 

think this is essentially what Freeman was saying. 

WEBER: I am under the impression that these measurements are 

done under stationary conditions. In other words, Dr. Allen, 

you are observing a stationary phenomenon. Therefore, the time 

of one measurement in a stationary phase should depend upon the 

time the particle spends in the different states which contribute 

to that phase. You should get an average of these states. It 

would be entirely independent of the number of hops between the 

states. It will be completely independent of how many times it 

changes from one to the other and should be only dependent on 

the relative proportions of time spent in the two states. 

ALLEN: Once more, if the time spent in two such states is 

comparable one to.the other, then these equations show that the 

mobility will not be independent of the applied fields. Do you 

accept this? 

WEBER: I would look at it this way. If the contribution to 

movement in one of the states is zero compared to the other, then 

they willl continue to be negligible and you will get independence 

of the mobility on applied field. In order to obtain dependence 

on the applied field, there must be appreciable contributions 

from the two states (from the ground state and the free state), 

independent of the number of changes from one state to the other. 
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ALLEN: If I understand you correctly, I don't think ·that's 

right. If it were completely stationary, then the .. time spent 

in traversing the distance would not be inversely proportional 

to the applied field because whatever time is spent in these traps 

would be constant and dependent upon the field~ 

WEBER: Yes, that's correct. 

ALLEN: The trapping phenomenon is not important and we can 

neglect it. 

WEBER: It may be a very long time spent in the trap. 

ALLEN=· One measur~s the time, not the motion. Actually, this 

experiment was done as follows (although you can do it other ways). 

We had a liquid; we turned on the x rays in the neighborhood of 

the cathode; .a current ·appeared and grew linearly with time until 

it reached the constant value, suddenly stopped growing, and 

remained constant thereafter. This growth time represents a time 

required for ions to pass from the plates where the x rays are 

incident to the positive pole of the apparatu& which, in some 

of our experiments, was of the order of·a centimeter and, in some, 

it was less ~ down to 2 mm. 

Tuesday, March 10, 1970 (continued) 

BURTON: Are there any other comments on this question? 

FREEMAN: The way the word "mobility" is commonly used, it can 



be field-dependent. I think it is important for us to include 

this field dependence idea. All you have to do is to have a 

steady-state velocity in a given field and that will give you 
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a mobility. Mobility is given by the steady-state velocity divided 

by the field strength and that can change with the field strength. 

There seem to be only about three of us here who are involved 

in all this discussion, so perhaps we should/stop. 

4. Thermalization and Localization 

of Electrons 

BURTON: Bob [Hentz], you were the one who proposed a procedure 

which you say was properly started. Will you indicate the next 

step? 

HENTZ: I think the next step is to discuss the problem of.the 

thermalization distances because these are relevant to the 

probabilities of scavenging, the time scale of return and so on. 

I am not qualified to discuss this and so I don't want to start 

the discussion. Gordon Freeman has discussed this, Magee and 

Mozumder have discussed this and one of them, maybe John Magee, 

ought to discuss the Magee-Mozumder model. I am sure Gordon 

Freeman will have much to say on the subject. Maybe others in 

the audience will have something to add too. And then we can 

get on with the problem of distribution functions of separation 

distances between cation-electron pairs and how this determines 

the time scale of return scavenging, etc. 
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FUNABASHI: Could I start with this thermalization question? I 

think the thermalization process should start with definitions 

of thermalization. What do you mean by thermalization? 

Thermalization should not be considered as average electron 

kinetic energy being kT or 1/2 kT or 3/2 kT, or any. combination 

of these. It is not the right way because, depending upon 

localization, you may have zero-point energy of much greater than 

kT. In conduction bands, the so-called quasi-free state, if the 

bandwidth is less than kT, it could not possibly have kinetic 
' energy of k'l' so it seems to me that thermalization should be defined 

differently. First of all, you have to know the electronic levels 

of the entire system with excess electrons. I would define 

thermalization as when you can describe the population by Boltzman 

distribution (i.e., occupation probability by the Boltzman . 
distribution), and that is the thermalization rather than kinetic 

energy. I think that kinetic energy or average or whatever has 

nothing whatever to do with thermalization. 

KUPPERMANN: Let's talk a little bit about the process of energy 

loss of an electron whose energy E is less than the lowest 

electronic excitation energy of the system under consideration 

and ask ourselves what the mechanism of this energy degradation 

is. It is this mechanism that will lead to the cascading down 

of energy and establishment of final distributions. I will limit 

my comments to the situation for molecules in the gas phase and 

let someone else comment about how these ideas are modified when 



one goes to the condensed phase. The process of vibrational 

excitation of a hydrogen molecule by an electron whose energy 
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is of the order of magnitude of 10 eV (except for the lowest triplet 

state between 1 and 9 eV low-energy electrons belong in this category) 

has been studied by us both experimentally and theoretically. 

The experiments consist of measuring the angular distribution 

of the scattered electrons after exciting a specific vibrational 

level of the molecule. These angular distributions were compared 

with calculations done using a first-order Born-type theory 

utilizing an effective potential containing short and long range 

polarization terms with reasonable cut-off radius at short distances. 

This type of very simple theoretical model did reproduce quite 

well the angular distributions that were measured indicating that 

the physical ideas were quite reasonable. This mechanism of 

energy loss by essentially a polarization interaction, in which 

transfer of vibrational energy is produced by the distortion of 

the molecular electron clouds by the incoming electron, should 

be valid for essentially any molecule and also in the condensed 

phases. This is one mechanism of transferring energy from the 

incident electron into nuclear motions and in such a way as not 

even to require the presence of resonances. The processes I am 

speaking about were measured and calculated at energies away from 

resonance energies, corresponding in simple words to temporary 

negative-ion formation, also present in this molecule. This 

polarization mechanism is somewhat more general because it applies 
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to a wider energy range than the resonance mechanism. I think 

this might be one of the contributing mechanisms for bringing 

the energy of the electron down part of the way by transferring 

to vibrational excitation. 

PLATZMAN: You say, it might be? 

FREEMAN: ;Platzman says it has to be. ~ ~ ~ 

KUPPERMANN: Okay, I am being very cautious. 

FREEMAN: I don't know why everybody is afraid to come to grips 

with the problem of electron localization.· Maybe everyone is 

afraid to stick his neck out. I agree with what Paul [Funabashi] 

said about the thermalized state -- that you don't just talk about 

kinetic energy. What happens if the electron gets localized before 

its kinetic energy is reduced to 0.3 eV? It will fall into a 

trap. You will have a zero-point energy of over 1 eV in water. 

You are not allowed to talk about 0.026 eV. That has nothing 

to do with anything. 

Now, in Mozumder's model; the ioni;t;ation event occurs and 

then the electron travels a certain distance while its energy 

is reduced to a vibrational level of a few tenths of an eV and 

then he talks about the electron wandering off while its energy 

is being reduced to 3/2 kT. (See the illustration in Figure 4a.) 

The quan~ity R is thermalization length. There is a big disparity 

between Mozurnder's estimates and ours regarding thermalization 

lengths. Now what is the experimental evidence for thermalization 

length? I'll be talking about this evidence later this afternoon, 
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Figure 4(a). Thermalization distance of an electron from its 

geminate positive ion. 

G (P) 
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Figure 4(b). General scavenging yield versus scavenger 

concentration, on a log plot. 

0 -. experimental points; 

---- - calculated result on a given model • 
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but I will only be giving you the results. We plot the G value 

of a scavenged product as a function of log scavenger concentration 

(see Figure 4b). Now I am talking about a low-dielectric-constant 

liquid, specifically normal hexane. Neopentane has a different

looking curve. You have ·these experimental points and you·want 

to try to rationalize them with some sort of·model calculations. 

The model for such a complex system has to be greatly over

simplified. Attempts at e~act calculations result in such 

complicated equations that they are useless to you. We over

simplify and hurt the feelings of the theoreticians but at lP-~Rt 

we get on with the problem. One of the things that is involved 

in this sort of thing is the shape of the distribution of therm

alization lengths - to use Mozumder's terminology. I am talking 

about gamma radiolysis and the over-simplified model assumes that 

each spur gets only one ion-electron pair. We use the symbol 

I for thermalization length bpt we will compromise here and use 

Mozumder's R. (See Figure 4a.) .We are talking of the distribution 

function for R. Nobody knows what it look.s like so you have to 

make assumptions. Now how does the change of the form of the 

distribution function affect the fitting of a scavenging curve 

such as that in Figure 4b? Well, it has a significant effect. 

In the literature, people have discussed and used six different 

forms of distrib~tion functions. One of them has nothing to do 

with reality, so we didn't use it. With others you can calculate a 

curve. We have two normalizing parameters of which one is the 



free-ion yield measured by some method such as conductance. Now, 

this is not a freely adjustable parameter - it is a parameter 

fixed by measurement. The other parameter fixed by measurement 

is the maximum ionization yield. 

HENTZ: That really wasn't fixed by measurement, was it? 

FREEMAN: Yes, it was. The accuracies of both the free ion and 

total ionization yields are estimated to be about 20% or 30%. 

That is an accuracy estimate. The precision is a lot better than 

that. 

HENTZ: I think then that you could explain to us how it is fixed 

by measurement. 

KUPPERMANN: Let him finish. 

HENTZ: All that is required is the justification for the 

statement. 

FREEMAN: Well, from different kinds of scavenging measurements, 

at high concentrations you get a maximum yield about the same 

as gas-phase ionization yield. It is roughly equal, within about 

20%, to the gas-phase value. If we are considering nitrogen 

yields from solutions of N2o, we actually take the maximum 

nitrogen yield which is about 5. This is probably 15% or 20% 

greater than the ionization yields in the gas phase but we have 

done secondary calculations to show that the best thing to do 

is to take the whole experimental yields. 

BURTON: Schuler may have a comment on this. 

SCHULER: I shall have some very extensive comments on these 
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points but I think they had better be deferred until tomorrow 

morning. 

FREEMAN: If you take the simplest distribution function, which 

in fact most people have used, then it is a delta function. We 

calculate scavenging curves such as those in Figure 4b and estimate 

the error. We calculate a point for each experimental concentration 

and then take the sum of the absolute errors of the.calculated 

yields. You can also use the semi-empirical distribution function 

if you will allow me to call our distribution function that. Allen 

and Hummel and, I think, Magee have also used slightly different 

semi-empirical distribution functions. If you use the semi

empirical function, you get a better fit. In fact, you get pretty 

close to the experimental curve. You can use a Gaussian distribu-

tion function and you can use power functions. I am not enough 

of an artist ·to be able to draw them so that you can see the 

difference. But the Gaussian function has one adjustable parameter 

b in it (Fiqure Sa) and the delta function has one adiustable - . ' .... 

parameter~ (Figure Sb). You simply take R0 to give you correct 

free-ion yield. That's how you adjust it. And you calculate 

the rest of the scavenging curve from that. For the Gaussian 

function, pic~ a value·of b to get.the free-ion yield. The 

scavenging curve calculated from the Gaussian distribution gives 

you a better fit than the delta function did. 

HENTZ: Isn't the center of the Gaussian another adjustable 

parameter? 



FREEMAN: We center at the origin. It is a three-dimensional 

Gaussian. The kind of Gaussian you get in error analysis is a 

one-dimensional thing, but if you allow for the probability of 

being anywhere in space and integrate the angles out of it, you 

51 

get a function that looks like N(~) in Figure Sa; it is an origin

centered Gaussian. The maximum falls at b. The other distribution 

function used was a power function which a graduate student of 

mine had a bash at a few years ago. It was a lot of work to do 

by hand but we finally hooked it into the computer and it was 

much easier. You get a calculated scavenging curve that is slightly 

better than that obtained from the empirical function. But the 

power function has two adjustable parameters in it. The delta 

function has one, the Gaussian has one and the exponential function 

has two adjustable parameters~ We had to start from some value 

R
0 

and we could choose the value of the slope (Figure Sc). The 

best fit of the curve for cyclohexane has a median R value of 

roughly 30 A. The same consideration applies to water with a 

distance of 20 A. 

BURTON: Am I to understand that your conclusion is that you get 

the best fit at such R values? 

FREEMAN: The best value is about 30 A. 

SCHULER: There is a major missing link here. And that is that 

the scavenging dependence reflects a time-distribution function. 

You are trying to define it in terms of a distance-distribution 

function and you somehow or other have to know how to bridge this 

'. 
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Figure s. Distribution curves for electron thermalization lengths. 
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gap and I don't think we really know how to do that. 

scmvARZ: There is still another adjustable parameter, namely 

the ratio of rate to diffusion constant. How do you get at that? 

KUPPERMANN: I find it hard to accept the validity of the distribution 

function obtained by a best-fit selection from a single mathematical 

function containing two adjustable parameters. You must first 

demonstrate the sensitivity of the fit to the shape of the 

distribution function. In other words you have to compare several 

distribution functions of very different shape but having the 

same number of adjustable parameters. Until this is done, I don't 

know what that 30 A value which results from this fit means, even 

if the fit is a good one. 

FREEMAN: First, with respect to Bob Schuler's comments, time 

and distance are always related in kinetics. You cannot separate 

them. They are connected by diffusion coefficients and mobilities. 

SCHULER: In this case, they are connected by mobility. 

FREEMAN: Right, so you talk about one and automatically you talk 

about the other. That the time-distribution function is independent 

of the distance-distribution function is not true. Just look at 

the fundamentals of kinetics. You can't separate the two. 

HENTZ: I think we ought to state explicitly the time-distance 

relationship you have used. It's the one Ffrancon Williams 

developed back in 1964. The point is there must be a functional 

dependence of distance on time. The question is'- "What is the 

nature of that dependence?" That's one of your parameters. In 
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that parameter, you also insert mobilities and it is an answer 

to another question. There would be an effect of a change in 

mobilities in the original a value, especially in cation scavenging 

and I think even in the electron scavenging. When you change 

the mobility by a factor of 100 from your 2.5 x 10-3 up to 0.2, 

you get a large change in a. 
FREEMAN: We do not use absolute values of mobilities. They are 

included in our parameter, s. 
HENTZ; You get a B value which includes a jump frequency. 

WILLIAMS: I'm not impressed with arguments of this sort because 

I think you just cannot get very much precision out of this 

complicated kind of treatment. You are ignoring some important 

features, as has been pointed out. Where is the uniqueness of 

your fit? You are on very weak ground, invoking a distance of 

30 A and saying that this is it. I think you can fit the data 

to anything from 20 up to 100 A. In your method, you are ignoring 

·things like diffusional broadening and its effect on the 

recombination-time distribution. So I really don't think that 

you can claim that this method really gives us any insight into 

any precise average distance of separation. 

FREEMAN: I didn't claim that it did give any insight. I'm only 

giving an idea of the sensitivity of the calculation to a certain 

kind of distribution function assumed. 

KUPPERMANN: I wonder whether this kind of parameter fitting is 

sensitive to the shape of the distribution function, i.e., whether 

J 
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the ones you used included functions with very different shapes 

but the same number of parameters. Would you compare the sensitivity 

to the shapes of distribution functions having the same number 

of parameters? 

FREEMAN: This is something that has me very worried. Quite a 

few years ago, our semi-empirical distribution function was 

developed to explain the free-ion yields in a number of different 

liquids. From that time this distribution function has been fixed. 

We modify the distribution function in a non-arbitrary manner 

when we go from hexane to water and so on; but the basic features 

remain the same. We got values pretty close to the experimental 

free-ion yields. On the basis of that, we thought that thermaliza

tion processes were quite similar in very dissimilar liquids. 

In 1962, the semi-empirical function had an adjustable parameter 

but the way we have used it now, it has no adjustable parameter. 

Two other distribution functions (delta and Gaussian) each have 

one adjustable parameter, and the other two functions that we 

used each have two adjustable parameters. This work is probably 

on one of your desks now to referee. In general, with one adjustable 

parameter, we got lousy results. The best results were given 

by the two-adjustab·le-parameter distribution functions and because 

they had two parameters, we got pretty good fits. But the fit 

obtained with the no-adjustable-parameter function was only slightly 

less good, and this was all the way from water to cyclohexane • 

This feature bothers me. 

..· 
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KUPPERMANN: And you say you got the same distances from the two

adjustable-parameter one as from the semi-empirical one? 

FREEMAN: No. We plotted the size of error as a function of the 

~'t· median value of R in the different functions of this distance. 

(See Figure 6.) The ones that had the largest median R gave the 

largest error and the functions that gave the smallest error had 

the smallest median ~values. I do not know that that is 

significant but we are offering it for your consideration. 

HENTZ: You have assumed 10 A for R0 , in your published work at 

any rate, and now you are taking for your best fit a median of 

30 A and yet several simple calculations show that the drift 

velocity for 30 A is about equal to thermal. Ffrancon Williams 

calculates 18.5 A I think. The point is that, if the thermal

ization distance is 30 A, you may be excluding some 80-90% of 

the ion pairs in this treatment and I think that some comment 

on that is essential. 

BURTON: I want to know whether we are going forward or sideways 

in this discussion. 

WILLIAMS: What Hentz is saying is that Freeman has given a very 

extended treatment here but that his whole basis of calculation 

may be wrong. Now I would also comment that, in order to get 

a better fit to the experimental curve, (the way you [Freeman] 

presented it) I think you can get a lot of that by just taking 

into account diffusional effects which will broaden out your 

distribution curve. 



r . •· 

FREEMAN: What we are starting on now is an extensive treatment 

of the effects of these parameters. It is not useful to change 

them all at once. The distribution function is the one to begin 

with. In discussions you had with Mozumder or with Ludwig, you 

have shown that the shape of the lifetime distribution doesn't 

change that much when you put in the diffusional broadening. The 
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most obvious place to start this kind of investigation is at the 

distribution function. We are going to do the diffusion calculations 

later. But first, this is the grossest thing that has to be attacked 

and we have attacked it. Now there is a question about R0 which 

we call the last jump distance. We have assumed, in these 

calculations, values of 0 and 10 A, and the conclusion is that 

it doesn't make an important contribution to the calculation. 

In the future we might drop R0 because it docon't really contribute 

anything to the final results. 

HENTZ: What if you use 30 A? 

FREEMAN: If you use 30 A, you can't say anything. Someone else 

should do this simpler sort of calculation to develop a parallel 

model. So far as l can see, we are the only ones who have actually 

got a molecular model that gives any results at all. 

ALLEN: But Schuler has been publishing these things for years. 

SCHULER: Again, I will discuss this later but our model comes 

from the other end, that is, from the scavenging results working 

backwards to what this' has to look like here. 
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Figure 6. Error of fi·t for several' distribution functions vs. 

median value of I( for that distribu-tion· fu·ncti'on. 

SCHWARZ: somewhere along: the' way·,· the rate consta·nt· for· reaction 

of the electron with the solute has' to come in'to this' consideration, 

at least the: ratio· of· tha·t .. r'ate· constafit to· the diffu'~ion · 
. ' 

coefficient. This is just as important as· tlle radius··. 

FREEMAN: Actually., what·· is mo'st important· in electron scavenging 

is the ratio lJ_/·(P.;, +'- lJ.p ~ · This: is··the·, import:ant.· th.ing and we use 

it as an adjustablevparainete'r ·to ·fit with: the· ·extierim~ntal point. 
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It doesn't change the shape of the curve but it locates it on 

the concentration axis. 

SCHWARZ: The reaction radius must also enter. 

FREEMAN: It is in e-. 
SCHWARZ: You have to have a reaction radius if it is diffusion 

controlled. Do you take 3 A, 10 A, or what? 

FREEMAN: It is included in e. We published this in 1967. It 

is in an adjustable parameter, e-, and in e- there is a whole 

mess of things that nobody knows about. So we thought that the 

only reasonable thing for us to do is to take them all and lump 

them into one and then we will adjust that one. Later on, when 

we know something about the physics of the process, we'll try 

to analyze e-. But, in the meantime, let us get a value for e-. 
Later on, with the help of a heck of a pile of physicists, maybe 

we can understand the details of e-. Right now we just want a 

number, just as Bob Schuler's a is also an arbitrarily adjustable 

parameter. 

SCHWARZ: How does the radius come out of this if it is not in 

the arbitrarily adjusted parameter? 

HENTZ: In Freeman's treatment, he has the probability called 

f, which is the probability that reaction will occur when two 

species encounter each other. It is this parameter to which he 

assigns a number. It includes the reaction radii, as I recall. 

Is that the answer to the question? 

FREEMAN: The quantity f is an encounter efficiency, but we always 
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use it as unity here. In a series of calculations that we have 

just finished, we wanted to keep it self-consistent and didn't 

fiddle with it. 

SCHWARZ: You use a value of 1. Why not 0.1? 

FREEMAN: It doesn't matter. 

SCHWARZ: It matters by an order of magnitude. 

fB~E~N: They are essentially diffusion-controlled reactions. 

I finally understand what you are saying. The reaction radius 

is of the order of 3 A or it is of the order of a molecular 

diameter. Because the rate constant for N1 0. plus an electron 
~ 

is of the order of 1010 M-l sec-1 • What we need ·is a compilation 

of these rate constants. 

SCHULER: It is at least 3 x lOll M-l sec-l 

ALLEN: I think that this discussion is very interesting and very 

germane to the problems in radiation chemistry and I would like 

to see it continued in the next morning rather than going on to 

something else. 

BURTON: We will adjourn and resume tomorrow. 



Wednesday, March 11, 1970 

5. Thermalization Models 

HENTZ: I would like to begin by asking questions regarding the 

models used in describing electron escape, neutralization, charge 

scavenging, etc. Models used by Moz~der-Magee, Schuler, Freeman, 

and Hummel start from a classical diffusion point of view. I 

think it would be useful to discuss some of the fundamental 

assumptions underlying the models. Again, if classical diffusion 
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is a valid approach what are the regions of validity of the 

Smoluchowski equation? What values should be used for the parameters 

in some of these models? The first and most fundamental assumption 

that I think needs to be questioned is the following. Is the 

model applicable at all to these systems or alternatively must 

we consider a cation-electron pair with a separation distance -

say within 300 A - as an excited state with a rather large orbital 

and that this excited state decays essentially by an internal 

conversion process and must therefore be treated quantum mechanic

ally? That is one point that must be discussed at some stage. 

Or, it may be that there is some distance at which the electron 

behaves more or less classically, and then when it gets within 

a certain distance (we ought to know what that distance is) it 

behaves more like an excited state. There are experiments on 

that sort of thing in photochemistry. I think another question 

is whether we can apply this classical model only to certain 
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liquids and not to other liquids. For example, is the classical 

model applicable to hexane and cyclohexane in which the mobilities 

are down around 0.2? Is it not applicable to liquids like nee

pentane and tetramethyl-silane for which the mobilities are any

where from 50 to 100? Obviously, it is not applicable to argon 

at all. This is a question of the mean free path; the mobility 

is related to the mean free path because the larger the mean free 

path the greater is the separation distance within which the 

Smoluchowski equation is invalid. We need to discuss these funda

men~al aspcctc. Some of the theoretician~ here should be able 

to help us. Now, even if we can use the classical model in hexane, 

(let me say that I have a prejudice) I don't think that it can 

be used when the mobilities get near 10, 15, or anything of this 

sort. It is possibly useful when the mobilities are as low as 

0.2. However, Jortner and Piatzman don't even believe that it 

can be used for such systems, but maintain that you must use a 

quantum mechanical excited-state analog. Let us assume that it 

can be used for the situation in hexane. Then the next ques.tion 

is, what kind of a time-distance relation can we use? Can we 

use a time-distribution function, such as that Schuler is going 

to discuss today from conversion of scavenging behavior to a time

distribution function? Even if we can do so, the question of 

the region of applicability of the Smoluchowski equation still 

arises. Then, finally, what values do we have a right to assign 

to the parameters which are used in the diffusion model. We have 



to get to the nub of some of these questions and I think that 

there are some people in the audience who can discuss this better 

than I. 
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BURTON: I want to be sure to issue an invitation to all persons 

present here to participate even though I mention only a few names. 

Nobody owns the floor; anyone can be interrupted. The old hands 

at this game are used to such behavior. Don't hesitate to proceed 

J.n this way merely because you are new. The "older" ones will 

not. 

SCHULER: Over the last several years, we have accelerated our 

study of ionic reactions by scavenger approaches. What I would 

like to mention this morning very briefly are some of the con

clusions to which we have been able to come by essentially 

inverting the arguments of the type that were discussed yesterday. 

Namely, we look at the scavenger dependence and try to go back 

and see what we can learn from the scavenger dependence about 

what the initial situation must look like; i.e., to examine the 

time distribution of the ionic intermediates. 

I might mention very briefly two types of experiments that 

we have been doing. One is to use alkyl halides to pick up electrons 

and thus to act as electron scavengers and produce radicals which 

we can study quantitatively by some chemical procedures that we 

have developed. The other experiment is an extension of the work 

by Ausloos in which he used deuterocyclopropane and demonstrated 

that the cyclopropane ring opens up and produces propane with 

a proton on either end to give 1,1,2,2,3,3,-hexadeuteropropane 
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0.12 

Bigure 7. Linear plot of scavenger yield against square root of 

scavenger concentration, s, in cyclohexane. 

as the product. We have actually changed the experiment slightly 

in that we use 14c cyclopropane. By radio-gas-chromatographic 
I. 

procedures, we can essentially look at all other products from 

the solutes in this case. ~y~lopropane is used as a positive 

ion scavenger and the alkyl halides as electron scavengers. These 

are probes of the ionic reactions that occur in pure hydrocarbons. 

Very briefly, results at low concentration are illustrated 

on Figure 7. If one plots G(product) ~.square root of solute 

concentration, the region w~ere the solute concentration is less 

than 10-3 M shows a linear dependence (in the case of cyclohexane) 

and extrapolates to 0.12 which we identify as the free-ion yield. 

The free-ion yields measured by charge collection experiments 

vary from about this value up to about 0.15 or 0.16 such as in 

.. I 
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G(P) 

[s] 
Figure So General yield plot for electron scavengers in cyclohexane. 

Allen and Schmidt's recent determinations. Essentially, the claim 

here is that ~(p) = ~(fi) + K ff""in the low scavenger-concentration 

region, where G(p) is yield of product in the presence of scavenger 

concentration, s, and K is a constant characteristic of the system. 

These results are obtained with both electron scavengers and 

positive-ion scavengers. But the positive-ion scavengers give 

linearity to somewhat higher regions with a somewhat smaller slope. 

At high concentration, the yield obviously cannot continue to 

rise with the square root because you are using up all the ion 

pairs and so it falls off. The yield of these products on a 

logarithmic plot is shown in Figure 8. It starts from a small 

value at low concentration and rises (as Gordon Freeman indicated 

yesterday) - in the case of our experiments -to a value of about 
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3 at 1 molar concentration. The yield is about 2.5 at 10-l M. 

However, it continues to rise even at the highest concentrations 

experimentally possible. Th.;i.s is where Freeman and we diverge 

quite a bit. He would say the yields are leveling off in this 

particular region. It turns out that one can describe the observed 

dependence analytically over the entire concentration range by 

G(p) ras = G(fi) + G(gi) 
1 + ras 

(8) 

Here, alpha is an empirical parameter. At low scavenger concen-

trations, the second ter~ is negligible and we may have the 

limiting yield that I have indicated on Figure 7. There are two 

new parameters in this equation that we have to assign. The free-

ion yield is assigned from the identity with the electrical 

measurements. We believe thqt the other two parameters, G(gi) 

and a, represent, respectively, the total yield of ions available 

for scavenging and a constant which is proportional to the rate 

constant for the reaction of the ion with a particular solute. 

This is an empirical result and the question is: What can one 

learn from this? Hummel pointed out about two years ago that 

one could invert this scavenger dependence to give a time depend

ence of survival probability against recombination. In the 

equation 

F (S) = laS/ (l+laS) = 1 - JC» f (t) exp (-kSt)dt (9) 
0 



.. the factor F is the fraction of ion pairs (geminate ion pairs) 

which can react with the solute at concentrationS; f(t) is simply 

the distribution of ion-pair lifetimes in solution. The 

exponential term represents the fraction of ion pairs which will 

escape scavenging at time t. So we have the probability of an 

ion pair having a lifetime ! multiplied by the probability that 
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it will escape scavenging at time t which gives the total probability 

that one of the ions, or the ion pair, will not be scavenged at 

time t. This can then be equated to the experimentally observed 

dependence. This particular expression is a Laplace transform 

which allows us to evaluate f(t) by using the appropriate tables. 

The expression for f(t) in our case is given by 

f (t) = ~ [( ,J t ) 112 -e•t e1:£c (),t) 
112 J , (10) 

where 

A = k/a. 

Now, f(t) is a lifetime distribution function of the ion pairs 

in pure hydrocarbons. The expression does not contain anything 

that pertains to the particular scavenger which we put into the 

solution. The term ~a appears as a unit quantity; we have given 

the symbol A to the ~/a term. The expression does behave the 

way it is supposed to; namely, it involves A which is related 

to the solvent and does not pertain to the solute which is put 

into the solution. The expression for f(t) is rather complicated. 

Evaluation of the error-function term is somewhat difficult. 
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I0-10 sec. 

Figure 9. Time distribution of surviving charge pairs. 

However, you can do it with computers very easily. The important 

thing is not so much the lifetime-distribution function itself 

but the fact that if we have a particular distribution function, 

we can integrate it; i.e., we can sum up all the ion pairs that 

decay at times longer than timet and thus get N(t), the number 

of ion pairs which live at any time t. This mathematical operation . 
can be carried out for the distribution function in Equation 10 

with the result 

N(t) • eAt erfc(At) 112 (11) 

So we have an.expression which is simple in appearance and which 

can be evaluated with a little more difficulty than the usual 

type of exponential. A plot of N(t) !!• t gives a curve which 

has a rapid drop and a very long tail. (See Figure 9.) At very 



.. long times N(!) is proportional to l/t112 so you have an inverse 

proportionality with the square root of time elapsed since the 

ion pairs were generated. At this point, the problem appears 

in establishing the lifetime scale because we really don't know 
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what the value of A is. Let me mention at this point that estimate 

of A is something like lo-11 sec. Now you can get at this particular 

lifetime as we have done (and actually all that I have said up 

to this point has been pointed out by Hummel) by examining the 

lifetime dependence of negative ions which have resulted from 

the capture of electrons by some appropriate solute. We will be 

particularly discussing biphenyl because Thomas has made some 

measurements on the decay of biphenyl anion in his nanosecond 

experiments. The expressions that you get for the lifetime 

dependence of the negative ion are related to observation time 

t*. This time t*, can be greater than! because, when an electron 

is captured by something like biphenyl to give a biphenyl negative 

ion, the lifetime of the negative ion is extended. We have 

developed a model in which we assume that, if the electron is 

captured at a particular time t' (which is less than the lifetime 

t that the electron would have in solution) then its lifetime, 

(i.e., the residual lifetime that the ion would have) is extended 

by a factor Eo· It can be interpreted as the ratio of the mutual 

diffusion coefficients of the charge pairs before and after capture. 

It turns out that, from measurements of the effect of electron 

scavengers on the cyclopropane positive ion reactions (or more 
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accurately using positive ions of cyclopropane to probe the life

time of the negative ion), we can establish the value of~ which 

is something of the order of 17. That is, the lifetime of the 

negative ion is increased by a factor of 17 in this particular 

experiment. One can write an analytical expression for the quantity 

N_(t*), the negative ion population at observation timet*. 

It turns 01.1.t that i.t. is a monstrous expression with a number of 

error function complements in it and I will not try to write it 

down. But one can evaluate it in a straight-forward way. · In 

the long time limit, that is, for times gre~ter thari ~/A, the 

-1/2 expression reduces to (nAt/Eo)' • This approximation should 

hold for the measurements made by Thomas in the time scale of 

100 nsec. He finds that, at 100 nsec, ~ of biphenyl negative 

ions is "' 0.3. Of this 0.3 about 0.1 would be from the free-

ion yield and there would be,.very little decay of the free ions 

at that particular time; so you have a residual ~of about 0.2. 

A value of the total number of available ion pairs (if all the 

electrons had been captured by the biphenyl) would be around 4, -

3.8 is the number we use - so that the fraction corresponding 

to this number at this particular time would be about o.os. By 

using the relation, N_ (t*) = (nAt/!:o).-l/2 = 6.05, we can calculate 

a value A/Eo= 1.6 x 109 sec-1 • Using a value ED= 17 gives the 

value of A = 2 x 1010 sec-1 • This allows us to establish the 

time scale given in Figure 9. Because k, the rate constant for 

the electron scavenging reaction, is equal to Aa (a in this 
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particular experiment has a value ·of~ 15 M-1 ), its value comes 

out to be ~ 3 x 1011 M-l sec-l This is the value that I indicated 

yesterday. 

Now there is one difficulty with this particular interpretation. 

Namely, if you take these arguments as they have been given here, 

the value of 17 given for En would indicate that the ratio of 

the mobility of the electrons before capture to that of the negative 

ion after capture is about a factor of 10 lower than has been 

indicated by the most recent mobility measurements. 
-2 2 

The mobility 

here is about 10 em /V sec for the initial negative entityo 

BURTON: Would you indicate to what reaction k = 3 x 1011 M-l 

applies? 

SCHULER: That rate constant is for the electron plus biphenyl 

to give biphenyl anion; i.e., 

Now, there is the problem that the mobility indicated in this 

-1 sec 

work does not appear to be large enough although, at the beginning, 

we were very happy because everyone else had quoted much lower 

mobilities as most of you are aware. The fact is that, if the 

measured mobility of ~ 10-l cm2;v sec applies here, then we are 

probably underestimating our value of Eo· If we underestimate 

~, k wo~ld be even highe~. I would say that in any case 

3 x 1011 M-l sec-l must be a lower limit for the rate of the capture 
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process. I think that there is no way that this rate constant 

can be lower. If the value of Eo is greater than what we say, 

from the studies of the effect of electron scavengers on the 

reactions of cyclopropane positive ion, then the time scale here 

would be even shorter. Namely, the time scale referred to here 

would be an upper limit for the decay time of the ion pairs in 

the unscavenged system. 

BURTON: What is the lifetime of the free electron? -11 10 sec? 
.• 

SCHULER: Do you mean the geminate electron or the free electron? 

DURTON: The latter. 

SCHULER: That will be long. I'm talking about the geminate 

electrons and not the free electrons. 

BURTON: Oh, excuse me. Well, what is the lifetime of the geminate 

electrons? 

SCHULER: This is described by the expression where we say 

10 -1 
.>. = 2 x 10 sec • The period for 50% decay would be about 

30 picu:::H:!cumh:i. 

KUPPERMANN: One has to be careful with these distributions in 

log plots since they can emphasize regions which are not important. 

SCHULER: The point is that there is a s~gnificant fraction of 

the geminate ions that exists in times of the order of 10-8 sec. 

This of the order of three to four percent. I should indicate 

one more thing. The upper limit of the G(gi) that comes out 

of our work is 3.8. That is the total number of ion pairs available 

for such reaction. It turns out that this is essentially identical 

J 
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with the value in the gas phase. 

HENTZ: This brings up two points. One, it is the old question 

of whether one has the right to extrapolate an empirical expression 

beyond the range of applicability out to infinity, essentially. 

Another serious question is the following. Even if you accept 

that this procedure is reasonable in this case, some of the ion 

pairs must be formed in spurs and it would seem, as most people 

have assumed, that all but the last ion pair are neutralized very 

quickly. At least it seems that your empirical scavenging law 

can apply to spurs with only one ion pair or to spurs with more 

than one ion pair in which all but the last ion pair have been 

neutralized. So your G has to be a lower limit to the total G. 

SCHULER: No. I don't think it is quite as bad a~ you say. In 

Figure 8, we have a G of 2.5, at 10-l -M and the maximum value .... 

that we have measured is around 3. We have extrapolated this 

by the usual competition-type plot except that here we have plotted 

1/G, corrected for the free-ion yields~· 1/S (i.e., !/square 

root of the solute concentration). We extrapolated to a value 

of 3.8. The competition-type extrapolation, of course, still 

has a very large gap, but I don't feel that it can be very much 

different from this value. It is still going up at 0.5 ~according 

to our interpretation at least. Freeman disagrees with that 

but it is still going up and, if it is, it has to obviously be 

something somewhat higher than 3. It has to be somewhere around 

3.5 and it doesn't seem to me to be more than about 4.5. So I 
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feel that the number of 3.8 is a pretty reasonable number atthough 

the problem does come in the model i'n writing these kinetic 

equations. 

KUPPERMANN: In your empirical fitting of the yield ~· scavenger 

concentration to a mathematical expression, did you have any 

theoretical guidance in picking its mathematical form, or was 

it purely an empirical one? 

SCHULER: We didn • t have any theoretical guidance·. The guidance 

carne from the square root of solute concentration, ~, at low 

concentrations so we chose to do a competition type plot 

substituting for the normal 1/S coordinate, 1/~, and it turns 

out that this does give you very nice linearity. The fit over 

the entire region, 10-S to 10-l is excellent. There is a standard 

deviation of 0.02 in G units of all of the points. 

KUPPERMANN: As a minor comment on the fact that you picked that 

fit purely empirically, it is a minor miracle that you were able 

to get the inverse Laplace transform and its subsequent indefinite 

integral analytically. This happens very rarely. 

SCHULER: Actually, Hummel picked a different function and it 

didn't fit nearly as well. 

WILLIAMS: I think this is not quite right. There are theoretical 

treatments in the literature which do predict this scavenger 

dependence on concentration. 

SCHULER: Bu.t this is true only at low concentrations. The 

problem is in fitting the curve at high concentration which does 



again involve a little bit of magic on which we were sort of lucky 

as Kuppermann points out. There is no guarantee that this is 

the complete function. 

·swALLOW: This is all based on the assumption that the scavengers 

are doing nothing except scavenging electrons or positive ions 
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even at these quite high concentrations. I wonder if that is 

entirely justifiable. I mean 6 do you not think that higher excited 

states, as in Voltz's treatment, might be reacting at the higher 

concentrations? 

SCHULER: This is certainly a possibility. We have not found 

that it was necessary to introduce it. 

SWALLOW: I thought it was really quite likely that, if you have 

a concentrated solution, you would be getting other things, in 

addition to the same kind of scavenging you get at low concentrations. 

SCHULER: Well, we have done some other testing as you will see 

when you read our papers. For example, methyl chloride is a rather 

clean solute. We put in ethylene and we can demonstrate very 

conclusively that hydrogen atom scavenging by the methyl chloride 

does not occur. I think this is a bigger problem actually, than 

the excited state problem that you men~ioned. 

ALLEN: I want to remark about this function just happening to 

fit the criterion of integrability. I think you were lucky to 

pick cyclohexane because, as I mentioned yesterday, other hydro

carbons may follow quite different distribution laws from cyclohexane. 
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SCHULER: Rzad and Warman have worked with other hydrocarbons 

and the functional depe~dence is not grossly different. There 

are some perturbations. You are probably quite right that we 

are lucky we picked cyclohexane. I have always been embarrassed 

by always working in cyclohexane but maybe it is correct this 

time. 

VOLTZ: This is just an addition. to one of swallow's remarks. 

I think the question is more fundamental. It is the question 

of the very initial production of ionic species. In your model, 

it is proposed that ionization is very rapid. So you do.rule 

out auto-ionization and this is in contradiction to what is known 

about ionization from other kinds of experiments. 

SCHULER: No, the model doe.s not make that assumption. . The model 

defines the time from the time when the ion pairs were created 

and thermaliz•ed. That is ;time zero. 

VOLTZ: I quite understand that but I think that if you consider 

auto-ionization you have als·o to consider competing processes 

and this may be very important in your experiments because you 

may have, as precur~ors .of your ionic species, mobile excited 

states. 

SCHULER: The .model. is purely phenomenological. It takes the 

results that we know for the scavenging .experiments and argues 

back to the time,dependence but doesn't .introduce any of the 

mechanistic aspects of how the ion pairs are formed. 

VOLTZ: Well, you .are defining mobilities and things like that, 
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so you automatically introduce quantities which characterize the 

whole species. 

SCHULER: No, I'm sorry. The term Eo comes in only as a 

phenomenological term. 

VOLTZ: Oh, I see. 

SCHULER: It would appear that Eo can be interpreted in terms 

of mobilities bbut, in the basic material that I have presented, 

Eo is an erupiz:·ical term. It comes out of other experiments. 

VOLTZ: I think that very rapid ionization is in contradiction 

to the optical approximationG Thus, from what we know about the 

production of ions in the gas phase and in the crystalline phase, 

you have to consider auto-ionization. It is well known that the 

intrinsic photoconductivity is not due to band to band transition, 

but it is due to a transition to an excited state which auto

ionizes in the conductivity band. I think it is essential to 

consider your kind of experiments from this point of view and, 
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if you consider auto-ionization, you also have to consider excited 

states, internal conversion, and migration of purely excited states. 

THOMAS: I would like to make some comments, starting from the 

point of view that entirely supports Bob [Schuler], to an area 

which perhaps does not support him. Bob's been very modest about 

some of the calculations in the sense that the fit he gets when 

he calculates our data is almost precise, to within a few percent 

or so. The one thing that worries me is that the speed of the 

electron reactions seems to be rather low. For example, with 
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a rate constant of the order of 3 x 1011 at low concentrations . . 
of biphenyl and cyclohexane, we should see some formation of biphenyl 

negative ion and we have made some attempts to get this but we 

can never observe it. When you put something like biphenyl or 

anthracene into cyclohexane, you will produce excited states in 

the radiolysis and as. far. as we can make out, the excited states ·· 4 

come from recombination _of anions and cati9ns of the, solute. Now, 

the whole point is that, if you observe the excited state on a 

nanosecond time scale with pulse irradiation, you get two time 

zones. of. production of excited states and the subsequent production 

is something that fits very nicely with what Bob [Schuler] would 

calculate. But, there is an initial very. rapid production of 

excited states. We have tried to stretch this time scale into 

the picosecond time region. We have been able to do this using 

the fine structure on our Linac. What we have done, is to put 

something like 2-terphenyl or anthracene into cyclohexane in 

concentrations of something like 10-3 M. Then we observe the 
i 

fluorescence produced in these solutions. As you know, the fine 

structure pulses look like those. shown on Figure lOa. If you 

look at the fluorescence produced, you get a series of steps and 

of course, if there is recombination of the ions over this time 

period, we could expect something that curves in continously, 

as in Figure lOb. Now, we find, under the conditions of 10- 3 M 

£-terphenyl or anthracene in cyclohexane, that the fluorescence 

is completely produced within 70 picoseconds. This tends to make 
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Figure 10. Linac excitation pulses (a) and expected fluorescence 

response for directly (---) and indirectly ( •••• ) 
-3 produced excited states of 10 M £-terphenyl in 

cyclohexane. 
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us believe that the ion recombinations are something like solid 

positive ions with electrons and that they occur at these 

concentrations in times that are way short of 70 picoseconds. 

I find·this a little hard to believe if the electron rate is so 

low. 

SCHULER: Is this neutralization of the geminate electron? 

THOMAS: Yes, you react the cyclohexane cation with ~-terphenyl 

and then put the electron in afterwards to get the excited state. 

+ + C + E-terphenyl + ~-terphenyl + C 

. -+ . * E,-terphenyl + e + E_-terphenyl 

SCHULER: I don't see any proble~ in this. I think we can 

accommodate this change and the concentrations you are talking 

about. This reaction will be very fast - will be short with respect 

to your pulse. And, the fact is, that the neutralization will 

be about 70% over in 70 picoseconds. So I think it is perfectly 

compatible. 

THOMAS: Could you have this agreement even with the slow rate 

constants for the positive ion with the solute? 

SCHULER: No, I don't think there is any problem. 

SCHWARZ: You are limited by the reaqtion rate of the electron. 

THOMAS: Yes. But the calculations that came out were in the 

range of 70 picoseconds. 

SCHULER: This is fast still for the time with respect to having 

the fluorescence ·coming from the E,-terphenyl and you are limited 

by the rate of the positive ion reaction with the geminate electron, 
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which as I say is going to be 70% or 80% over in 70 picoseconds. 

THOMAS: So that is still consistent. 

SCHULER: Yes, I think it is. 

HENTZ: I think there is a point here which Thomas and Schuler 

have missed in their discussion. That is, it is not the electron 

returning to a cation which is causing the luminescence. Presumably 

the electron is scavenged by the £-terphenyl which prolongs the 

lifetime of the cation sufficiently to form the E-terphenyl cation. 

The lifetime you are concerned with is the return of £-terphenyl 

cation and E-terphenyl anion. Otherwise, how with the short return 

time of electron to cation, can you get enough of these E-terphenyl 

cations formed to see the luminescence. 

SCHULER: If the electron is in fact captured, the neutralization 

process will be slowed down and Thomas's difficulties are real. 

However, I was assuming the equations as Thomas wrote them. Namely, 

that the electron has not been captured. 

THOMAS: I think that's okay. I think that you have two processes, 

+ + -the E-terphenyl + electron and the £-terphenyl + £-terphenyl • 

It is the latter that we can observe in (say) tens of nanoseconds 

(see Figure 11); that observation fits with Bob [Schuler's] calcu

lation. It is like the biphenyl-, and that is a slow production 

of excited states in tens of nanoseconds. But the former one 

is rapid, the sharp rise here is very much faster. I think that's 

how I would look at it. It is consistent, I think. 

HENTZ: It is not consistent in the yields, because the efficiency 



82 

flour. 
Inten. 

. . . . . . . . . . . . 

. . . . 

, 
Figure 11. Fluorescenc~ of 1.0- 3 M. £-te~~henyl solution over 

t~m1 of nan9secpn4~ a.fter higll-en~rgy e~citation. 

of scavenging of a cation for C.lQse di~t4nc~s in which you can 

get a fast ret~~n of the el~QtJ."Oll is very sma:l,l. 

THOMAS: You ~re re~yin9 on the fact tna~ ~he mQbil.ity of the 

electron is m~ch gre~t:er th~n th~ mobility of th~ ~-~~rphenyl 

negative ion. And so the el,~ctrQn neqtraliz~E! ver-y quickly. This 

is how we wo~ld lo9k ~t it. 

HENTZ: But, when yo~ see i~. quigkly, Y9\l W9n't be !;leeing it go 

back to £-terpbenyl. 

almost inevi ta.bl.y. 

It will be going bac;:~ to cyc].qllexane cations 

THOMAS: Well, it does, b~t it is a m;lxt~l;'e. 

SCHWARZ: This is p~rtly i~ the line ot ~ questiop.. At this 
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. -3 concentrat1on, 10 M, there are only two significant possibilities. 

One is, that the electron is back-reacting with the E_-terphenyl 

positive ion or that a E.-terphenyl negative ion is back-reacting 

with a cyclohexane cation. The cross reaction, P+ + P , is 

completely negligible. There just aren't enough of them around, 

I think. If you get any fluorescence from P-, it's on a slow 

time scale. The only fluorescence you could see on a fast time 

scale would be due to P+ + electron. And that is going to be 

almost instantaneous. I also want to re-emphasize something that 

Bob [Schuler] said. The question keeps corning up as to how much 

mechanistic consideration there is in his treatment. The only 

mechanistic consideration is that he assumes his reaction product 

is all due to one reaction which he identifies as the electron 

reacting with the solute. From then on, there is no mechanism 

involved. Right? 

SCHULER: That's correct. 

FREEMAN: There are three points. First, I don't see quite what 

Bob [Schuler] and I disagree on. He said when the G values reaches 

3 for electron scavenging, it is still going up; on that we disagree. 

I don't see why. We think the maximum§. is about 4.3, so it still 

goes up above 3. Another thing, about Eo being an empirical parameter 

that has no significance: it does, and in fact, it involves the 

ratio of mobilities (~e + ~+)/(~neg.ion+ ~+). And the con~ent 

on Harold's [Schwarz] comment is that any sort of kinetic treatment 

like this involves an assumption about the mechanism. It is simply 
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that Bob [Schuler] has chosen to ignore the implicit assumption 

in his treatment. It is there and you can't get away from 

kinetic implications when you are doing 'kinetic studies. 

SCHULER: With respect to Eo meaning the ratio of the mutual 

mobilities before and after scavenging, I readily agree that it 
~ . 

can be interpreted this way. However, in the model·, it basically 

h,qs elementary significance that the lifetime is increased by 

this factor. Equating this value to the ratio of the mutual 

mobilities is an interpretation. But it is not a requirement 

at all of the mathematics. 

6. Dielectric Relaxation 

MOZUMDER: At this time, I would like to say a few words regarding 

dielectric relaxation at not too low temperatures. At a later 

stage I would like to discuss some of the questions posed earlier 

in this session regarding classical diffusion, Brownian motion, 

validity of the Smoluchowski equation, etc •• in connection with 

neutralization and scavenging. To begin with, I would like to 

draw your attention to the fact that dielectric relaxation, and 

I'm speaking of macroscopic relaxation here, can take a variety 

of forms depending upon the exact experimental setup. So you 

can get slower or faster relaxation depending upon whether you 

keep the external field constant or you keep the charge constant. 

Conceivably, there will be other situations in which a certain 
\ 

different electrical quantity is kept fixed, such as the frequency, 
I· . ,. 
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which will then give rise to a different relaxation time. .We 

will not be interested in the frequency-dependent dielectric constant 

here because it does not appear as such in radiation chemistry. 

We'll rather be interested in the time-dependent dielectric 

constant. Even this situation can take two extreme forms and 

possibly many other intermediate forms. One of these two forms 

refers to the case where the external field is kept constant and 

in which the dielectric relaxation procee~s in a certain manner. 

The other form refers to the case of fixed charge where relaxation 

proceeds differently. We'll not derive any formula here. The 

derivation with its implication to charge neutralization and escape 

in polar media has been given in some detail in two recent papers: 

J.Chem. Phys. SO, 3153, 3162 (1969). We will, however, write 

down l:he forruulas for the excitation of the dielectric constant 

in the two cases mentioned earlier and discuss their difference 

and relevance to radiation chemistry. 

If the electric field is weak and it is kept constant then 

one gets a time-dependent dielectric constant as follows • 
.. 

E(t) = £
9 

- (£ -£ ) exp(-t/T) s ()0 
(12) 

Here £ and £~are re~pectively, the steady-state (d.c.) and high
s 

frequency dielectric constants, E(t) is the dielectric constant 

at time t and T is the laboratory-measured macroscopic relaxation 

time. The quantity T is the same as that obtained, for example, 

in the Cole-Cole plot where one obtains a semi-circle by plotting 
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the imaginary part £ 2 of the frequency-depende~t di,electriG con

stant against £ 1 , the real part (see Figure 12). Th~ fr~quen.cy 

at which the imaginary ?art is a maximum is r,elated inversely 

toT. Equation 12 gives E(t) = E~ and €
8 

respectively at 

t~o and t~oo. For water, Es = 80, £
00 

=· 2 (although there may 

be some questions about this.value) and T = 8 x l0-12 sec at room 

temperature. 

If the charge is kept constant (the same thing as keeping 

the dielectric displacement constant), the dielectric constant 

evolves in a somewhat different form as fol~ows. 

E-l(t) = (13) 

The important aspect of Equa•tion 13 is ~hat the relaxatio_n time 

(T') appearing t·here is not tlle T which is measured in the 

laboratory, ·often with a )b:ridge. Inste.ad, it is smaller by a 
' 

factor equal ·to the ·ratio o! bhe two dielec,tric .constants: 

'T' = T£ 00/Es. 

Both Equations 12 and 13, as wel.l as other e.qua:tions derivable 

on the basis of some other e'l·ectical quantity 'being kept fixed, 

have the same physical origin in •the super.posi tion pri,ncipl.e of 

linearly adding ·dielectric polarization from in£inite past ~o 

the present time. The -differences you see ·c;1re attributable .to 

the external ·restrictions., ~., fixed field or fixed charge, 

etc. Figure 13 .show·s the evolution of the dielectric constant 

in water according to Equation 12 and 13. The abcissae is 



Figure 12o Cole-Cole plot of the imaginary component (E 2 ) versus 

the real component (£ 1 ) of the dielectric constant 

E over all frequencies. Each point on the semi

circular plot is labelled with a frequency increasing 

from right to left. 

t/T in a logarithmic scale and the ordinate is E(t)/Es• Both 

curves start from a value of 0.025 (£~/£s) at small times and 

approach asymptotically the value 1 at long times. However, a 

comparison shows that the constant-charge case relaxes faster 

than the constant field case by a factor equal approximately to 

the ratio of the dielectric constants (Es/£~). 

ALLEN: Could you indicate which curve relates to what situation? 

MOZUMDER: Let me describe curve I as belonging to constant field 

and curve II as belonging to constant charge (see Figure 13)o 

87 
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Figure 13. Time evolution of the dielectric constant for water. 

I: fi~ed field; II: following introduction of a 

charge. 

You see that in the case of cotlstant charge £ evolves one or two 

orders of magnitude faster than for constant E. 

ALLEN: Is that charg·e macroscopic? Is that on a condenser plate? 

MOZUMDER: Yes. This is a macroscopic consideration. We are 

comparing two macroscopic situations. The result derived here 

is formal and the question is: "How can we utilize tl;lis result 

in radiation chemistry?" It is my belief ·that when charges are 

created in a medium (such as a liquid system at not too low tempera-

ture by ionization, faster relaxation related to constant charge 

is probably the more realis'tic one to use. Now I • 11 finish by 

saying just two more things about the present treatment. One 

is that you cannot extend this treatment to very low temperatures 
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where the macroscopic relaxation time is so long that macroscopic-

ally the entire thing looks as if it is non-polar; it does not 

relax. However, we know (we have evidence which has been presented 

by Larry Kevan as well as other people) that you can't think of 

relaxation on a macroscopic scale, for example, in ice at 77°K. 

Rather, one has to think of some microscopic orentiation which, 

for example, is brought about by an induced Bjerrum fault or some-

thing of that nature. This is one thing. The other is, if the 

dielectric does relax faster, then what happens to things like 

the reactions of the "dry" electron as Bill Hamill uses the word? 

What is the implication of faster relaxation with respect to 

J.W. Hunt's experiments? It may be too early to say the final 

word on it, but it does seem, from my point of view, that the 

solvated electron will be formed at times faster than what we 

-11 had thought before, namely 10 sec. It might have already been 

formed in l0-13 sec and then the inescapable conclusion of this 

is that, if the dry electrons do exist, their reactions will have 

to be faster than that and would have to be essentially complete 

before you even get into this time scale (10-13 sec). It does 

not mean, once again, that I deny the existence of dry electrons 

and their reactions, but all I am saying is that they have to 

be faster than what we had believed. 

BURTON: What is that? Give us a number. 

MOZUMDER: We just divide the conventional relaxation time in 

water by 40 which gives us 2 x lo-13 sec or something of that 
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order. It has to be in the time scale of 10--13 sec or shorter 

to be specific for water at room temperature. 

BURTON: Then, if the solvation process is essentially complete 

at that time, that is an extraordinarily fast so-called relaxa

tion time. 

MOZUMDER: Yes. 

BURTON: It is going to be even shorter than 2 x lo-13 sec. 

MOZUMDER: Yes. Basically, we are thinking of a. kind of competition 

regarding the fate of the dry electron~ What can it do? It can 

either have sufficient relaxation so that it can get solvated 

or it will react and then it transforms to another species. Whichever 

way it does, it has to be done in this time scale. If it takes 

much longer than that, then it can only relax and get solvated. 

BURTON: I am trying to establish a point here to get it clear. 

What you are saying essentially then is this: referring, for 

example, to the report yesterday afternoon in a lecture by Johns 

regarding Hunt's experiments. your presentation suggests there 

is nothing amazing in having all the solvation complete by the 

time Hunt in his reported work begin.s to make an observation. 

Is that correct? 

MOZUMDER: Well, we are all amazed by experimental results; we 

then try to rationalize it. 

BURTON: No, I'm not trying to rationalize it. I am simply saying -

is this an implication? 

MOZUMDER: Yes. 
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KUPPERMANN: If I understand the implication of your assumption 

of curve II (Figure 13) being valid, you are essentially stating 

that whatever the interpretation of the early part of Hunt's experi-

ment is it should not be associated with reactions of dry electrons. 

Z.10ZUMDER: No, I didn't say that at all. 

KUPPERMANN: You are saying that the solvation time is of the 

-13 order of 10 sec and for the dry electron to react before becoming 

solvated, it would have to react with rate constants faster than 

diffusion controlled by about two orders of magnitude. 

MOZUMDER: This could very well be true. I did not go into the ., ·. 
numbers. All I am saying is that the reaction has to be over 

~ 

before that time. 

KUPPERMANN: Which is a very short time. 

MOZUMDER: Right. 

FREEMAN: Equations 12 and 13 apply to the situation where the 

ion dipole effects are much smaller than kT. They must be 

negligible with respect to kT. In water, the ion dipole effects 

are not negligible compared to kT. And this, in fact, would shift 

your curve significantly to the left. This just reinforces what 

you are saying. 

MOZUMDER: I do realize that the thi~g that I presented is absolutely 

on a macroscopic scale. It does not apply to microscopic scales 

at all but I am just pointing out at this stage that the knowledge 

of the relaxation time by itself does not mean a thing. It is 

related to the kind of experiment that you are doing and what 
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electrical quantities you keep fixed. This is at the macroscopic 

level. At the microscopic level you may find things which are 

different and, once again, if you go to low temperatures, the 

ordinary relaxation time or even T' is, so to speak, like the 

age of the universe so that it just can't relax. But yet, we 

know that it does so we have to go into the microscopic state 

at a later time, 

ALLEN: I do have a question. Are these equations that you put 

down derived for a parallel electric field or for a charge intro

duce~ into a parallel plate condenser, and to what extent would 

they have to be modified for radial fields such as would occur 

when an electron is created in the medium? 

MOZUMDER: Equation 13 is for a parallel plate with electric field 

constant. Equation 14 is for a parallel plate with charge constant. 

Now, if you have other kinds of field geometry where the field 

is macroscopic grossly, then I believe that this procedure will 

still be useful. But if the field is microscopic in character, 

like the creation of an ionization in the medium, I am certain 

that we must modify this treatment. We have not yet done this. 

FUNABASHI: I have nothing against this theory itself,.but if 

we were to apply the theory to the fate of electrons, then there 

is something else we must consider. I have to insist, on the 

effect of short-range potential that Larry Kevan discussed a few 

days ago. The aspect of interest is the following. The macro

scopic dielectric relaxation is related to long~range interaction; J 



i.~., the interaction potential extends to infinity, and it is 

known that the electron trapping in a long range potential is 

spontaneous. In other words, the transition from a delocalized 

state to a localized state is continuous. In such a case, one 

might expect to see a spectrum shift such as Dr. Platzman 

asked yesterday in his plenary lecture. The fast time scale of 

absorption spectrum studies should indicate a shift in spectrum 

and alsou in such a case, the delocalized electron state (or 

"dry" electron state) is not a steady state even approximately. 

However, if you have the short-range. potential (though it is not 

known really what a short-range potential in water is) or if the 

short-range potential is predominant in electron trapping, then 

transition from a delocalized state to a localized state is not 

spontaneous. It requires an activation energy. That is, the 

electron has to dig its hole. In this case, the dielectric 

relaxation time has little to do with electron trapping. The 

important quantities are the local vibrational frequencies which 

-11 are coupled with the electron. It could be as long as 10 sec 

or even shorter. I am inclined to conclude from experimental 

data which have been presented with respect to the absorption 
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spectrum of a trapped electron, that the contribution of the short-

range potential is rather essential in describing electron trapping. 

THOMAS: I wonder if you would care to speculate on the data which 

we presented yesterday (in the afternoon meeting) where we had 

a glass and observed what we considered to be a real relaxation 
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time of the medium around the electron as somewhere in the region 

of a fraction of a microsecond. On the other hand, as you 

mentioned, it should be according to the classical ideas, of the 

,. order of 40 years or so. Have ·you any estimate? I was talking 

about glassy alcohol and 3-methylpentane glass. 

MOZUMDER: Well, already I have said, if you go to lower temper

atures then none of these macroscopic relaxations is really valid 

and I bell~ve that the thing to which you are referring is con

nected to microscopic relaxation. For example., if you have a 

single charge and you then allow just the nearest molecules to 

orient, that is .the greatest part of the polarization that builds 

up. The .rest of the things contribute much more weakly. In fact, 

I am surprised that it is even as much as a microsecond because 

to turn a molecule would take much l:ess time than that. 

THOMAS: I would like to add that we did try a "water-glass" and 

in the "water-glass", we observed no change. The spectrum is 

developed immediately after the pulse. 

PLATZMAN: I make this comment·with some timidity since I am 

puzzled by the information on 'Figure 13. It- doP.s nn't apply to 

water but has all the constants which belong to water. I can't 

imagine what such a substance might be. So my comment applies 

to real water. Real water has not a single_, unique dielectric 

relaxation time, but an infinite number of them, .start:ing with 

frequencies in the infrared and going all the way to zero frequency. 

So I can't imagine what the significance of the curve is that 

J 
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takes the radio frequency relaxation time and omits all the others. 

MOZUMDER: Yes. This is a very valid comment and unfortunately 

I picked up the values which pertain to water. However, the thing 

which is displayed here is only true for a system which has a 

single dielectric relaxation process. And, as you have mentioned 

PLATZMAN: You mean not water and not anything else? 

MOZUMDER: That I don't know. Maybe it will be all right for 

alcohols and things like that. 

PLATZMAN: All molecules absorb in the infrared and they will, 

therefore, have much shorter dielectric relaxation times as well. 

MOZUMDER: Yes. In fact, in water, we have some problem about 

E also; i.e., what value to take for it. But I was trying to 
w ---

do the simplest thing you can think of conceptually to pring out 

the difference between the two cases. 

HENTZ: I wanted to point out the motivation of the calculation, 

as I understand it, which I think is being missed here. And it 

is, that people were talking about dielectric relaxation time 

in water of lo-11 sec, which is the macroscopic value, as if this 

was the only significant thing. So I think that Mozumder's point 

of view is that he could demonstrate that even in a macroscopic 

situation of this sort with all the simplifications, that the 

correct relaxation time had to be shorter by at least a factor 

of 40. If you take into account structure, etc. it is going to 

be even shorter than that. 

MOZUMDER: Yes, this is perfectly correct. But the fact, going 
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back to Dr. Platzman's question, is that the real systems do have 

multiple relaxation processes due to absorption in the infrared 

and still lower frequencies. This is a necessary complication 

but the difference between the two cases presented here is 

irrespective of that. In other words, whether you take 10-ll 

sec or you take 2 x lo- 13 sec, in either case complications due 

to multiple relaxation exist. The important thing is that even 

macroscopic relaxation can take different orders of magnitude 

of time to complete depending on what electrical quantity is kept 

fixed in an experiment. 

PLATZMAN: There is not a single macroscopic relaxation time. 

There is an. infinite number of them - a whole range of distribution 

- and they are all macroscopic. 

BURTON: As I understand it, there is a range of relaxation times 

suggested ranging from the longest relaxation time that has eve~ 

been adopted for water to a very much shorter relaxation time 

which seems to be pertinent in this case. Is that correct? 

MOZUMDER: Yes. What Dr. Platzman has said is, of course, correct 

that there are a number of relaxation times but they come from 

two different kinds of consideration. One is due to the infrared 

absorption and absorption at still lower frequencies; the other 

is the environmental situation. The latter depends on what kind 

of experiment is being done, what electrical properties are being 

kept constant. 

PLATZMAN: I understand your model but I object to, for example, • 
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the implication that there is anything speculative about the remark 

I made. Any substance which absorbs electromagnetic radiation 

in the infrared and at lower frequencies has corresponding relaxa

tion times. These are mechanisms. They are macroscopic. This 

is not speculative. 

BURTON: We are not talking about anything that is speculative. 

Really, what we want to know from you, because you did talk about 

this theory, is this: Did your statement imply that you are opposed 

to the suggestion that the relaxation that we are concerned with 

in this particular case occurs in extraordinarily short times? 

Do you object to this? That's the question really. 

PLATZMAN: I don't know what is meant by extraordinarily short 

times. I understand the model presented here. 

BURTON: Times which are short compared to lo-13 sec. 

PLATZMAN: I understand the point that is made. Relevance of 

the point is questionable because so much is omitted from it. 

But, as a model, it is perfectly clear. 

KUPPERMANN: It might be helpful, Platzman, if you could put up 

a crude sketch o~ the distribution functions of relaxation times 

that you have in your mind. 

PLATZMAN: These have been published by me and a lot of other 

people going way back and I would be very reluctant to do this 

now. Every once in a while I learn something important from Dr. 

Allen and this is one of those great days. I had thought the 

decline in my logical abilities was due to aging but it turns 
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out, in fact,. to be due to the fact that I teach no.t ·only .phy·s:ics 

or physical chemist:ry .P.U .. ~ both. 

BURTON: Actually, Bob [Pl~t2;manl _, you ar.e .extraordinarily clever 

and now we understand less. 

FREEMAN: I think that we ca~ g~t .around this a little bit. This 

is really a _comment on Bob's [Platzman] comment because even if 

you stick a value of S.or 5~6 in there, you are still going to 

have a factor of 80 over 5.6 which is 15. So you are going to 

gain an order of m~gni~ude. If yo~ throw in ion dipole effects, 

you are going to get down into the region where Mozurnder is anyway. 

So couldn't you have answered Milton's [Bur.ton] question as 

"Yes, these shor.t lifetimes are. relevant to radiation· chemistry. . . 

You can move curve II down at lea-st. an order of magnitude in time 

from curve I" (see Figure 13). 

PLATZMAN: The statement was mage yesterday (in fact thfs: is the 

statement that appears over. and ov.er again· in. conversations· like 

this and, in the literature) that .. the time required· to- form a 

hydrated electron is the radiotrequency rela·xation· time· of water. 

And there is no basis for that statement at all- and I quite agree 

with Mozurnder that there are many. more·· rapid· process.es. 

HAYON: We have some preliminary experimental results· which· are 

very much related to what Mozurnder. has .. been saying here· and I 

would just like to mention_thes~. We do work in·pulse·radiolysis 

adding small concentrationsof anthracene, andfollow·the 

anthracene-ion formation under conditions. such. that· ·the· concentration 
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is low enough that we observe the free-ion yields. When we study 

organic liquids like cyclohexane and benzene, these yields agree 

quite well with those that have been observed by conductivity 

measurements. We started this work to study these free-ion yields 

in various liquids as a function of the static dielectric constant. 

We have covered a region of dielectric constant values from about 

2 to 180. We looked at something lik~ 20 liquids and made two 

assumptions in the derivation of the G value of A- ions. One 

is that we accept the literature value for the extinction co

efficient of A ion. Second, we assume that this value is constant 

in all these different liquids with dielectric constant from 2 

to 180. We find that the~ values of A-, which we associate with 

the G value of the free ion, increases steadily in a smooth and 

regular fashion all the way from G values of about 0.14 for, say 

cyclohexane, to limiting G values of about 3.5 to 3.8 when we 

plot these ~ values as a function of the static dielectric constant. 

I would like to have your opinion on what way this fits in with 

those ratios and those time scales that you have mentioned. 

MOZUMDER: I have discussed this in some detail in my paper, but 

let me say, first of all, that I don't think that the yield of 

the free ions is necessarily connected with a single parameter 

like the static dielectric constant. I think that everything 

comes in the static dielectric constant, high frequency dielectric 

constant, various relaxation times; also the initial distance 

is very important. Dr. Freeman published a paper several years 
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ago 1 about 1965 or even be"fore that., where he tries to ;correlate 

these various free-ion yields with static ·dielectric ·con·s:tant. 

It is my impres·sion that I and ·if I am wrong I somebody migh;t cor'rec't 

me 1 it doesn't tie in very well. You can hav·e a series of ·aicohols 1 

glycerine, etc. where you can have substantially the same kind 

of free-ion yield or solvated electron yield even though their 

static dielectric constants can change by a factor of 2 or more. 

However, I would like to know what is the material that you had 

with the static dielectric constant of 180. 

HAYON: These were amides, N-methylpropionamide and N-rnethyl~ 

formamide. 

MOZUMDER: Thank you. 

THOMAS: I think that you can immediately see that there is no 

direct connection between the Static dielectric constant and the 

free-ion yield because you can take something like benzene or 

cyclohexane where the ion yield is much sTiialier iii benzene thiln 

it is in cycloheleane and, yet; the dielectr'ic cons:tants' are about 

the same. It is just that there· is some ptopert.y· either due to 

the mode of ionization of the benzene comp·ared to cyclohexane 

or, to support somebody else again, it is due to the rriod.E{rat.l.on 

of the secondary electrons which make the iO'hic s'eparation smaller 

and this must have a tremendous effect there. 
. 

MOZUMDER: I think it would· be better if i, even· if I don't 

remember the details, point out the various :fac.tcirs in the polar 

media that contribute to'. the' free-ion yield·. Now I as well' as 
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I remember, the various factors are the static dielectric constant, 

the high-frequency dielectric constant, and I would group the 

various relaxation times into a single parameter T, and the initial 

distance. I believe that there is a group of mobilities or diffusion 

constants that also come into the picture but I will mention only 

two: o1 and o2 • The significance of these are that if you are 

thinking of a diffusion process, then one is fast and the other 

slow, applicable respectively to times before and after relaxation. 

These are the parameters; you are thinking of a single relaxation 

time, otherwise there would be more. Out of these six parameters 

you could make dimensionless constants. I think that we have 

two constants, two dimensionless parameters, that you can form 

out of these six parameters and your free-ion yield essentially 

depends on these two dimensionless parameters. Of course, the 

one thing that is there and that I did not write down is the initial 

yield which is not all that variable. So all of them come in. 

NIELSEN: I don't know how relevant my comment is but it relates 

to ice and you stated that your treatment does not apply to ice. 

Now, we have done pulse radiolysis of crystalline ice at fairly 

high temperatures of -5 to -50° with microsecond techniques. Analysis 

of these results which were obtained at high doses, shows no saturation 

so that the G value for formation of trapped electrons is independent 

of dose. This finding together with the temperature dependence 

of the G value which drops off quite rapidly from -5 to -50° leads 

us to the conclusion - and this is my point - that the hydration 

~ of the electron in ice is a reaction taking place in the nanosecond 
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region, maybe between 0.1 and 1 nanosecond. 

MOZUMDER: Well, this thing does not indeed apply to ice at low 

temperatures. If you apply it to ice at low temperatures anyhow, 

you get inordinately large initial distances·of separation to 

make your calculation agree with any kind of known yield. So, 

not only the one that I showed, but none of the· macroscopic 

dielectric relaxation processes apply to ice at low temperatures. 

None of them apply. Now there has to be a microscopic relaxation 

theory which is not yet available. It is as simple as that, but 

it is clear and I think that this is undisputable that no matter 

how you look at it in any situation, water, ice at low temperatures, 

etc. you always tend to go to faster time scales. This is all 

that you can say at this moment qualitatively. 

HENTZ: I only wanted to point out the extreme example which would 

support what Mozumder has said and that is liquid argon, of course. 

Schmidt and.Klassen and Freeman and Tewari get a G value for free 

ions between 4 and 5 yet the dielectric constant is about 1.5. 

MOZUMDER: I am very pleased that you came out in my support but 

I don't think that the situation is quite the same. In atomic 

liquids, there is a very essential thing that is missing, namely, 

the energy loss of the lower energy electrons into the internal 

degrees of freedom of molecules, so that all that yo~ have is 

elastic scattering. The rotation doesn't produce any energy loss, 

the interatomic vibrations are weak, so you· would expect that 

in an atomic liquid; the initial separation distance or thermaliza

tion distance following ionization would be higher. So I think 
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that that is probably the more important reason that you get a 

high yield rather than relaxation, etc. 

HENTZ: Yes, but you also have an R0 on the board. [R0 is the 

initial separation.] 

MOZUMDER: Yes, this is extraneous to what I have said. This 

is only to indicate that not one parameter but six come into the 

yield and really, in atomic liquids, I think, that~ is the thing 

that is dominating the issue and not a relaxation process. 

SCHULER: As I understand John Hunt's results that were presented 

by Johns yesterday afternoon, he reports that when he adds acetone 

to the acid solution that he is examining a competition between 

the reaction of the electrons with the acetone and the dielectric 

relaxation. If this is so, it should be possible to perform an 

inversion of the arguments similar to what I presented earlier 
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and come up with an expression which essentially defines the relax

ation time in terms of the rate constant of the reaction of the 

so-called dry electrons with the acetone. It should be possible 

then to plug in some sort of a reasonable value for this k and 

go through the arithmetic very simply and come up with a relaxation 

period and see whether this is at all reasonable. 

BURTON: May I express my hope that you are going to do this work. 

SCHULER: Yes, the work of course has not been done yet. 

FREEMAN: I really don't understand the purpose of the discussion 

because there never was an initial statement that there is a simple 

dependence of the free-ion yield on the static dielectric constant • 
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In fact, for some years, we have been using ~, E0 ,E=' and T and 

I am wondering where this idea carne from, that the free-ion yield 

depends simply on static dielectric constant. Why are we discussing 

it? 

MOZUMDER: The idea carne partly from your work that you published 

several years ago and the question that Dr. Hayen asked. 

FREEMAN: Well, all right then. Maybe if I am guilty it is because 

when we plotted those values, and you can only put one paratneter 

on a two dimensional plot, the one parameter we chose was the 

static dielectric constant. But the points were not on a smooth 

curve and, in fact, R0 was taken into consideration, etc. So 

really, there is no point for discussion. All of these things 

have to be taken into consideration and it was never stated that 

it was simply the static dielectric constant. 

BURTON: Are you suggesting tha·t we simply cut all of this 

discussion out of the program, starting with what Mozurnder said? 

FREEMAN: Right. 

BURTON: You know I like that kind of thing. Maybe we can apply 

it to an earlier part of this discussion. 

HAYON: Well, I just want to comment on what Thomas said. While 

in benzene and cyclohexane we have those same differences, all 

that I was trying to indicate was that there is a smooth correlation 

in a plot of ~(free ions) against the dielectric constant. Within 

that plot, there are variations. We have, for example, the yield 

between cyclohexane and benzene and there are many others all 

along that plot which obviously are related to effects other than 

I 
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dielectric constants. 

MOZUMDER: Well, this kind of thing can only go so far and no 

further. For example, take an extreme case, and I am deliberately 

picking out a rather bad example. If you compare the yields between 

neopentane, which is about 0.7 or 0.8 and liquid ammonia, where 

the yield is only about half of that although it is not very well

known, but it is known that it is lower than that, the static 

dielectric constants go the wrong way. So what I say is that, 

on the one hand, you can show the correlation with a certain group 

of compounds, and then again you can pick up examples which will 

fit only very badly in that kind of picture. I understand that, 

and I am not blaming Dr. Freeman for what he did; it is the most 

natural thing to do to see if there is any correlation with the 

static dielectric constant. The important question is "When numerical 

values of the six parameters are given, can you calculate the 

probability for escape?" And the answer is "Yes." You can do 

that. I think that's the important thing. 

JOHNS: Yesterday when I was reading Dr. Hunt's paper, I was caught 

on the question as to whether the acetone was really some special 

problem, with the acetone breaking up the water structure. I 

looked over his manuscript last night and he had considered this 

possibility and ruled it out. His spectra that I showed were 

actually taken in acetone and with other scavengers and they are 

identical with data for the solvated electron obtained by Keene 

at longer times. 
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BURTON: Yes, of course, we will have to do something to get that 

material into this record even though it is in the other session. 

I think it is one of the most important contributions that we 

have here and we do want to be certain that it is not neglected 

in the record of this conference. 

JOHNS: Is there any simple statement that I can take home to 

Toronto about this problem of relaxation time. In water, I gather 

that you expect the solvated electron to be made in 0.2 picoseconds. 

Is that what I understand from what is said here? 

MOZUMDER: Yes. 

FROM THE AUDIENCE: Or earlier. 

JOHNS: Now, what about in alcohol? What would the figure be? 

MOZUMDER: We have some problems with alcohol. Water and ammonia 

are perhaps the best cases. The question of alcohols is not quite 

clear because even with the macroscopic, the faster macroscopic 

relaxation time, the kind of time that we get is still large compared 

to your experiments so I think that, for this, as well as for 

materials at low temperatures, you have to look at microscopic 

relaxation. 

JOHNS: You are saying that in alcohol the time for formation 

might be of the order of 10 to 20 picoseconds or something even 

larger? 

MOZUMDER: We don't know yet. But the values we calculate are 

larger than the times that you see. 

BURTON: Are you talking about relaxation times pertinent to 

solvation of the electron? 



MOZUMDER: Well, maybe I can give an example that might clarify 

what I was going to say. As well as I can remember, if you make 

a comparison between the two kinds of propyl alcohols that you 

worked with, one of them has a much higher relaxation time than 

the other, and yet the two dielectric constants are nearly the 
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same. So, on the basis of the macroscopic theory like this, you 

would begin to believe that the solvated electron would be generated 

at different times, but your experiments show that this is not 

true. So, we have this trouble with alcohols. 

JOHNS: The experiment of John Hunt's that I gave yesterday shows 

that in alcohol it was longer than in water and is of the order 

of 8 picoseconds. 

MOZUMDER: No, that's not what I am talking about. It is a compari

son between two types of alcohols. 

PLATZMAN: I would like to offer an answer to Dr. Johns' question. 

He asked if there were a simple message that he could bring back. 

My message would be this. We hope that Dr. Hunt will continue 

his beautiful experiments and not worry about all this theory. 

The theory will catch up eventually, I hope, and we wish him all 

good luck in doing that. 

ADAMS: The only example where there was no change in the total 

yield in John Hunt's experiment was with perchloric acid. Since 

the spectrum doesn't change with acetone and, therefore, probably 

not with the other solutes also, it implies simple competition 

between dry and wet electron processes. Why, then, don't dry 

electrons react with positive ions (they do in the mass spectrometer). 
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I don't understand this. 

FUNABASHI: I still insist that there is a contradiction in terms. 

If you emphasize the dielectric interaction then· there is no dry 

electron. The dry electron is to be understood as a delocalized 

electron. A delocalized electron is not even temporarily in a 

stationary state. There is no such thing. 

BURTON: Dr. Adams, I have a question to put to you. How 

siqniticant to radiation bioloqy is th~~ di~cu.ssion of the extra

ordinarily short times that are possibly involved here? 

ADAMS: I think that they are very important and I shall discuss 

their importance in the [plenary] le.cture that I will give 

tomorrow. It is not pertinent at the present time to talk about 

radiation chemical processes in biology. But I would sincerely 

hope that we will spend some time upon this and I would suggest 

Friday morning would be a good time to do it. I would suggest, 

if it is acceptable, that I might speak for ten minutes at the 

beginning of the Friday morning session and let's see how we go 

on from there. We could spend some time trying to explore some 

of the concepts that have been tossed about this week in relation 

to radiobiological phenomena. 

BURTON: We certainly don't want to shut out the biologists. It 

is extraordinarily important to consider the implications of these 

matters to the biologists and not necessarily exclusively on Friday 

morning. 
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7. Superexcited States 

and Ionization 

SWALLOW: At the risk of starting a very long discussion that 

we cannot finish today, this symposium is dealing with very early 

effects and it puzzles me as to what is happening even before 

the electron is produced. Professor Platzman has discussed the 

oscillator strength distribution curve. He explains how there 

can be excited states above the ionization potential - the super

excited states - or you may get ionization. But the thing which 
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is not clear to me, but perhaps is clear to other people, is the 

following: when you excite a molecule to a state above the ionization 

potential, do you get ionization immediately in the radiation 

event or do you get a brief superexcited state which auto-ionizes. 

Js it always one? Or is it always the other? Or is it a propor-

tion of one and a proportion of the other? Does it vary from 

molecule to molecule? What are the factors involved in the excita

tion in the very first instance? 

BURTON: Dr. Platzman seems to be absent. Unless someone has done 

some very extraordinarily theoretical work of which I have not 

yet heard, the only way that we can answer this question is on 

a specul.ati ve basis. You raise an interesting question which 

is, in my opinion, so far out that I don't know who would be prepared 

to comment on it. 

MOZUMDER: Dr. Platzman is not here. He is the one who did that 

work but I don't think that the situation is speculative. It is 
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all available in Platzman's papers and reviews. I think that 

it is partly one and partly the other. And, the ratio in which 

they go does depend on the kind of molecule. If you have a total 

oscillator distribution curve and if you are using an optical 

approximation then you can compute the cross section for formation 

of sup~rexcited states. When you believe the curves that are 

given by Professor Platzman, there is no speculation there. There 

is a probability that you deposit a certain amount of energy in 

an excited state that is higher than the ionization potential. 

There is a probability that a superexcited state will form. From 

there, you have two channels, either it might dissociate into 

neutral fragments or it might auto-ionize. But the same amount 

of energy might give you prompt ionization. Now there are three 

possibilities. These probabilities can and have been worked out 

by Professor Platzman. 

BURTON: If I understand Professor swallow's question, he was 

talking about a super, superexcited state. What do you mean by 

such a state? 

SWALLOW: I mean an excited state which always ionizes. I mean 

by a superexcited state something that is above the ionization 

potential but does not ionize, but dissipates its energy in some 

other way •. 

MOZUMDER: Oh no. That's not necessarily true. 

SWALLOW: When Dr. Platzman comes back, could he be asked to give 

an explanation. • 



.. 

• 

111 

BURTON: I won't guarantee anything. If the opportunity occurs, 

you may try. 
II 

FORSTER: I could say something about this if someone could tell 

me what is your definition of the superexcited state. I understand 

this state to possess a configuration in which two electrons are 

excited. The energy for a single electron is not sufficient to 

ionize, but the combined energy would be sufficient for this. 

Now, certainly such states will become excited according to this 

model; they will have certain oscillator strengths, etc. The 

problem is, how large is this oscillator strength? These are 

two-electron (or more) transitions. Usually the oscillator strengths 

are not very high for such transitio~s and I should like to hear 

more from the people who understand this matter. 
II 

MOZUMDER: The case to which Dr. Forster is referring is certainly 

one way of creating the superexcited state but conceivably there 

could be other ways. For example, you can excite an electron 

that is much deeper bound but not take it to ionization. You 

can take it to some excited state and then eventually, there may 

be two or more electron interactions within the atom or the molecule 

and that also can give you auto-ionization or dissociation with 

certain probabilities. 

LAMOLA: I thought that perhaps we could put three or four ideas 

from the last two days together and perhaps be able to get away 

from our problem which seems to be that everything has to be very 

fast. Such as: dielectric relaxation to give the solvated electron; 

< 
' 
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quenching of the precursor of the solvated electron by things n 

like acetone; and bring in the idea of Rene Voltz, of energy 

migration of the superexcited states. Perhaps what we are referring 

to as a dry electron, is really a superexcited state, and this 

is delocalized but the localization·is very fast; if you have 

something else present like acetone, there is some probability 

of localizing on acetone rather than on water. If it localizes 

on water, localization meaning auto-ionization, you get a free 

electron followed by very fast dielectric relaxation, to produce 

the solvated electron. If it happened to .simply localize on 

acetone, then you have something else. 

KUPPERMANN: I will just put on the blackboard the picture that 

Platzman has published and which he gave in his talk yesterday. 

It is essentially an excitation spectrum for methane (see Figure 

14) where the abcissa is the energy of the transition in electron 

volts and the ordinate is proportional to the probability of the 

corresponding excitation• The region to the left of the ionization 

potential at about 13 eV, is the excitation region. To the right, 

we have the superexcitation region and the region of ionization. 

The lower curve represents the superexcitation whereas the upper 

curve corresponds to the sum of the superexcitation and ionization. 

These two curves come together at the ionization potential. Of 

course, once the excitation energy exceeds the ionization potential, 

both superexcited states and ions corresponding to direct ionization 

can be formed. If you want to visualize this last process, the 

incident electron comes in and kicks another electron directly 
• 
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Figure 14. Optical oscillator-strength distribution curve for 

methane showigg excited, superexcited, and ionization 

regions. 

out of the molecule. It is a very fast process. In the super

excitation process one or more electrons are excited, the total 

excitation energy exceeding the ionization potential. This state 

is, therefore, imbedded in the ionization continuum but because 

the energy is essentially localized in the wrong electron this 

is a quasi-bound state. The time in which it will auto-ionize 

by ejecting an electron depends on the interaction matrix element 

113 
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between this quasi-bound state and the continuum state correspond

ing to a free electron plus the positive ion. It can scan a large 

range of values, depending upon the complexity of the molecule; 

for small molecules it can be of the order of vibration times 

(lo-12 sec) or less. So this is what superexcitation is. I don't 

know what super-superexcitation means. 
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8. Events in the Solid State 

WILLARD: Kerry Thomas, Maddock and Pikaev have all dealt with 

certain aspects of the radiation chemistry of the solid state 

in their contributed "afternoon" papers. This morning I thought 

it would be interesting to consider some differences found experi-

mentally between the radiation chemistry of the solid state and 

that of the liquid and gaseous states. I shall pick just a few 

examples. Without going into any great detail about the experi-

mental method, I am going to pick some results, with the thought 

that they may be provocative of interest and discussion. We have 

at least two other active practitioners in the solid state here, 

Williams a.nd Kevan, and they may have something substantial to 

add to what I say. I am going to speak a little about radicals 

and their decay, something ·ab~ut matrix isotope effects, and a 

word or two about some pronounced differences in the radiation 

chemistry of a particular compound in the solid state as compared 

to its behavior in the liquid or gaseous state with respect to 

H atom production and the nature of the free radicals formed. 

Then, I am going to just run over a few of the facts that we know 

about the behavior of trapped electrons in hydrocarbon glasses, 

as a basis for discussion that may follow. 
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There are two types of differences resulting from phase change 

that we will think about. One is the difference that makes the 

~ solid state a useful tool for studying things that can happen in 
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the liquid and gaseous state. Another consists of the differences 

in the reactions in the solid state, which are surprising as corn-

pared to what one sees in the other states. The first type of 

difference is illustrated by the f~ct that one oan study the de~ay 

of electrons and free radicals over minutes or hours in a solid 

hydrocarbon like 3-rnethylpentane (3-MP). This might be done on 

a fast time scale in the liquid state but can be done at leisure 

in the solid state. 

In the solid state there may be some differences traceable 

to caging eff7cts and the effect of the low t.ernperature relative 

to the activation energies for reactions with the solvent. Suppose 

that we take a glassy 3-rnethylpentane matrix at 77°K containing 

0.5 mole % of a methyl halide and that we introduce electrons 

into the system by gamma radiolysis or photoionization of TMPD 

(tetrarnethyl-E-phenylenediarnine). Dissociative electron capture 

producing CH 3•or cn 3o radicals is observable by ESR. 

CII3X + e -+ CH 3 + X- (15) 

The partner, which is not directly observed, may be Cl-, Br-, 

or I-. S~rnilarly, methyl radicals may be formed by photolysis 

of CH
3

I producing a neutral partner instead of a charged partner. 

Taking any of these cases that I have mentioned, one plots the 

log of the concentration of methyl radicals against time as in 

Figure 15. In 3-rnethylpentane matrix at 77°K this gives a straight

line first-order plot for 90% or more of the decay. One gets 

identical decay curves for the methyl radicals from each of the J 
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Figure 15. Decay of methyl radicals produced by radiolysis or 

electrons from photoionization of TMPD in 3-MP glass 

containing 0.1% methyl halide at 77°K. 

methyl halides. They have a 16 minute half-life at this temperature. 

The half-life is temperature sensitive. 
.,.,. 

This is a very clean first-order process in this particular 

case. The first-order kinetics cannot be ascribed to reaction 

of the radicals with the matrix. The temperature is too low and, 

furthermore, one does not see the ESR signal of the matrix radicals 

grow in. One is forced to the conclusion that the mechanism 

involves trapping of the methyl radical in the cage with its 

geminate partner • 

• 
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+ X (16) 

The reaction is first order because this radical is predestined 

to recombine with a geminate partner. Its fate is not influenced 

by the presence of other methyl radicals or halide species elsewhere 

in the matrix. The rate-determining step must have to do with 

the reorganization of the configuration of this methyl radical 

because the rate is independent of whether the geminate partner 

is Cl-, Br , I , or I. It is also independent of whether the 

radical is CH 3 • or co3 • • The rate of recombination must be 

controlled by a restraining effect of matrix molecules on the 

reorganization of the configuration of the methyl radical. There 

are slow thermal motions of the matrix molecules even at 77°K 

and they appear to allow reorganizatiori of the methyl radicals 

which is necessary for recombination. The methyl radical, as 

you know, is planar in the gas phase but it needs to get near 

the tetrahedral form to combine. The observed behavior may be 

relatP.d to this fact. 

ALLEN: May I ask a question? If a CH3 • combines with an X , 
., 

wbat is the product? 
. -

WILLARD: The product is CH 3X • The potential energy curves for 

the dissociation of CH3X- and CH
3

X are related as shown on 

Figure 16. ~ctually the decay behavior of CH 3 is the same for 

geminate combination with a neutral halogen atom or a negative 

halide ion. 

WILLIAMS: Is this recombination exothermic? J 
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Figure 16. Potential energy curves for the separation of methyl 

radicals from iodine atoms or ions. 
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WILLARD: We believe so. In fact about 30% of the electron capture 

events lead to CH4 production, presumably by attack of hot CH3 • 

radicals on carbon-hydrogen bonds. 

SCHWARZ: Does this mean that the CHjX- radicals do not show an 

ESR spectrum? 

WILLARD: That's right. Certainly it must be paramagnetic but 

we are not surprised that it does not have an ESR spectrum. We 

know that matrices which have concentrations of iodine atoms far 

above the concentration needed to observe the ESR spectra of free 

radicals fail to give observable spectra. This must be the result 

of a line broadening. When you don't see any ESR spectrum, it 

doesn't prove that the species isn't there. 

Well, let's now consider the decay of radicals made by gamma 

irradiation of 3-methylpentane glass without any solute. The decay 

is clean second-order (see Figure 17). One implication of this 

./ 
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Figure 17. Decay of radicals after irradiation of 3-MP without 

result is that the radicals are produced in larqe enough spurs 
' so that the probability of a radical combining wi-th another 

radical in the spur is neqliqible. The probabilit.y nf thP.ir getting 

out and combining at random is much greater. 

One more observation on radical decay. This carne to us as 

a great surprise. If, instead of using a matrix of· protiated 

3-methylp~ntane, we use the identical perdeuterated compound, ~he 

half-life of decay of methyl radicals by geminate recombination 

at 77'°K increases from 16 to 90 minutes (see Figure 15). We have 
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~ also observed this matrix isotope effect in other matrices. However, 

• 

where the decay is a result of homogeneous diffusion as in the 

second-order combination of 3-MP radicals in gamma-irradiated 

3-MP without solute, the rate is unaffected by deuteration of 

the matrix. Now, let's leave that for the moment, I am going 

fast because I would like to mention a number of further examples. 

QUESTION FROH AUDIENCE: In Figure 17, am I right that you are 

representing the decay? 

WILLARD: This is the decay of c6H13 • radicals. We assume from 

the kinetics that it forms c12H26 . 

KUPPERMANN: Is that in the pure glass whether it is deuterated 

or not? 

WILLARD: Yes. 

KUPPERMANN: And, Figure 15 is probably for the methyl-iodide 

containing glass? 

WILLARD: Yes, that diagram is for a matrix containing about a 

tenth of a percent methyl iodide in 3-methylpentane at 77°K. 

KUPPERMANN: In one case is it a deutero-methyl iodide and, in 

the other case, a protiated methyl>iodide? 

WILLARD: Deuteration of the methyl radical does not alter the 

decay rate of the radical but deuteration of the matrix does. 

KUPPERMANN: So then, in both cases, it is protiated methyl iodide. 

WILLARD: Deuterated methyl iodide gives CD
3

. radicals which 

decay with the same rate as that of protiated methyl radicals. 

FREEMAN: What's the temperature of the pure glass where you get 

second-order decay? Is that also 77°K? 



122 

WILLARD: Yes. This is the temperature for all of the examples 

I have given •. 

FREEMAN: So you don't get any·observable c6n13 • if you scavenge 

the electrons? I am wondering what kind of --

WILLARD: This has nothing to do with electrons at all. 

FREEMAN: No, but would you get any of those radicals in your 

other glasses?· 

WILLARD: Yes, the 3-MP radicals are there. Their concentration 

is unaffected by the presence of the methyl iodide. The process 

of producing the 3-M~ radicals is independent of the process of 

producing the CH
3

• radicals. The 3-MP.radicals are not produced 

by ion-electron recombination processes. 

FREEMAN: And do they decay by a second-order process whether 

you have the methyl iodide there or not? 

BURTON: You don•t show a reaction for the disappearance of 

the methyl radical. You have that disappearing by a first-

order reaction (16). Is that the only reaction by which it disappears? 

WILLARD: Yes. Now, why do we state ·that it is the only reaction? 

This is because we get first-order kinetics for over 90%, and 

apparently for 100%, of the disappearance. This would say that 

it all has to go by one reaction and we see no other reaction 

that can account for it. 

BURTON: Are you suggesting that this process occurs exclusively 

in the cage? 

WILLARD: -Yes. The results seem to demand that. 

J 
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But coming back to Gordon's [Freeman] question -- the geminate 

decay of CH 3 • radicals is very much faster than the second-order 

decay of 3-MP radicals at the concentrations at which we work. 

The CH 3 • radicals are all gone before appreciable decay of the 

3-MP occurs. If we irradiate without methyl iodide present and 

look at the spectrum of the 3-MP radical, it is identical with 

what we find after the methyl has all decayed in the case where 

we have methyl iodide present. 

The next two examples that I would like to give deal with 

results which show that the chemical effects caused by the 

irradiation of solid hydrocarbons are sometimes very different 

from the chemistry in the other phases. First, let me speak about 

hydrogen-atom production. Many people observed ESR spectra of, 

gamma-irradiated solid hydrocarbons for the purpose of studying 

the free radicals formed, and incidentally have looked for the 

500 Gauss splitting of the hydrogen doublet and haven't seen it. 

The only case where the hydrogen atom signal has been seen in 

solid hydrocarbons by ESR is in methane at 4°K. The methane observation 

has been reported from two or three laboratories and we repeat 

it easily. In no other solid hydrocarbon has the H atom signal 

been seen, be it paraffinic at 4°K, 3-methylpentane at 4°K, or 

any of many other hydrocarbons at 4°K and higher temperatures. 

This must mean that hydrogen atoms are not produced or else that 

they are not trapped. !t has generally been assumed that they 

move around so readily that they combine with another hydrogen 

atom or radical and are not trapped. So we set out to investigate 
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whether there is a possibility of trapping them. One would think 

that they should be trapped in some medium in some temperature 

range if they are produced. We found that it is possible to produce 

and trap hydrogen atoms by the photolysis of HI in perdeuterated 

3-methylpentane. We chose the perdeuterated matrix because the 

nuclear characteristics of ·the deuteron are useful in allowing 

discrimination between the types of radical we were looking at. 

We found that hydrogen atoms are trapped and can be seen readily 

in the range from 20° to 50°K if produced by photolysis. 

We now had a medium which would trap hydrogen atoms, and 

we proceeded to radiolyze it to see if the radiolysis would produce 

trapped hydrogen atoms. We used a sample with HI in it. Radicals 

produced by the radiolysis grew in but there were no trapped hydrogen 

atoms. When this same sample was exposed to light following 

radiolysis, hydrogen atoms grew in immediately. So a matrix which 

we knew could trap hydrogen atoms showed no hydrogen atom signal 

when radiolyzed. This leads us to conclude that hydrogen atoms, 

at least of the energy that are required for trapping, are not 

produced by'radiolysis of the hydrocarbons that we have studied. 

A very interesting further observation is that photolysis 

of HI in c6H14 does not produce trapped H atoms, in contrast to 

the trapping ability of c6o14 • So there is a matrix isotope effect 

on trapping hydrogen atoms produced by the photolysis of H!. 

KUPPERMANN: I have a question concerning factual information.· 

Did you ever radiolyze a solution of DI in the c
6

H1·4 , the same 

one you photolyze? J 
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WILLARD: Radiolyzed DI? No. 

Well, so much for hydrogen atoms. A remarkable difference 

between the radiation chemistry of solid hydrocarbons and that 

of the gases and liquids has to do with the specificity of bond 

rupture in radical formation. The ESR spectrum of gamma-irradiated 

3-MP is ambiguous as to whether the radical is made by removal 

125 

of a tertiary H or a secondary H. A. fairly careful analysis involving 

the synthesis of compounds which allowed formation of each of 

the four possible radicals which can result from removal of an 

H from 3-MP leads us to the conclusion that the radical formed 

by gamma radiolysis is predominantly that formed by removal of 

a secondary hydrogen. The evidence is strong. Now,this is 

surprising to us because you might think of the weakest bond, 

the tertiary bond as being the most probable to be broken or you 

might think of 9 primary hydrogens as giving a high probability 

for primary bond rupture. 

In the glass at 77°K, it appears that there must be some 

constraint on the molecule that makes the secondary position the 

most vulnerable position for removal of hydrogen. Now, I hesitate 

to say this (because your credulity will be strained even more) 

but if you produce 3-MP radicals from 3-methylpentane, not by 

gamma .;-adiolysis but by producing hot hydrogen atoms by photolysis 

of HI, the secondary radical is again formed. Investigation of 

a series of other hydrocarbons indicates the rule that the hydrogen 

that comes off is that on the secondary carbon nearest to the 

end of the longest chain if you have branching in the three position. 
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Let's leave that and turn now to the question of trapped 

electrons in typical hydrocarbon glasses. As an assistance to 

focussing our attention I have put up a table (Table I) for the 

population density of species formed with a G = 1 at different 

radiation doses. In thinking about the phenomenon of trapping 

of electrons, one notes that they can be trapped rather than be 

neutralized immediately, even in a medium where the population 

density is as high as indicated. 

If one observes trapped electrons in a hydrocarbon glass 

at 77°K by infrared absorption, we have the familiar curve 

(see Figure 18) which we have seen before in the afternoon 

sessions of this meeting. I would like to mention a few of the 

properties of the spectrum. This is the spectrum from a 

gamma-irradiated sample, observed with a Cary spectrophotometer. 

When the sample is allowed to stand in the dark at 77°K, the 

spectrum decays without change in shape. No change in shape of 

the spectrum is observed if one illuminates with light somewhere 

on the left edge; it simply bleaches uniformly. There is no 

suggestion of two different types of traps. work at Notre 

Dame and Chalk River (I am talking here about work from various 

. laboratories) shows that at wavelengths below about the maximum 

of the absorption curve one can photobleach but that at higher 

wavelengths the initial quantum yield is exceedingly low. The 

higher wavelengths must excite to a bound state whereas the lower 

cause de-trapping. Furthermore, if one plots the quantum yield 

against the fraction of the electrons bleached (see Figure 19) 
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Figure 18. Optical absorption spectrum of electrons trapped in a 

hydrocarbon glass at 77°K. Solid plus dashed curves 

represent the spectrum later than 2 ~sec after 

irradiation. Solid plus dotted curves represent the 

spectrum prior to 20 nsec after irradiation. 

TABLE I 

Dose Mole Distance Distance Coulomb 
-1 Fraction between from Attraction eV g neighbors - (eV) 

(molecular etrap. 
diameters) 

1 X 1019 1.6 X 10..; 5 39 15 0.1 

1 X 1020 1.6 X 10-4 18 6 0.24 

2 X 10 20 3.2 X 10-4 15 5 0.29 

1 X 10 21 1.6 X 10- 3 8.5 3 0.48 
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Figure 19. Quantum yield for bleaching of electrons trapped in 

a hydrocarbon glass at 77°K as a function of the 

traction already bleached. Solid curve is for 3-MP 

without additives; dotted curve is for·3-MP with 

0.0002 mole-fraction piphenyl. 

the curve starts out close to unity and falls of~ so that by the 

time half is bleached, the quantum yield is very low. Now, one 

might at first surmise that this process happens probably because 

bleaching uses up positive centers so that as bleaching progresses 

electrons which are de-trapped have less chance of encountering 

a positive charge, and therefore, they have a greater chance of 

being retrapped. But one is disabused of that idea when one finds 
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~ that if one makes the initial population much higher, and then 

normalizes the bleaching quantum yields to the same starting point, 

the curves superimpose. Now, according to the work of Hamill's 

.. 

group (see dotted curve, Figure 19), if you add to the hydro

carbon before radiolysis a good electron scavenger, like biphenyl, 

in an amount of only about 2 x 10-4 mole fraction, the quantum 

yield remains at 0.75 or higher for complete electron removal, 

The results seem to be authentic but are difficult to reconcile 

and we are hoping to explore the matter further. 

Finally with respect to some of the ·facts about electron 

trapping, I note again the beautiful work that Kerry Thomas has 

been doing, which shows a change in the trapped electron spectrum 

with time in the 20 nsec to 2 ~sec range. The initial absorption 

is the low wavelength portion of the,spectrum observed at long 

times. The long wavelength portion grows in the next few hundred 

nanoseconds. 

BURTON: What do you mean by the vertical line? 

WILLARD: If I correctly represent Kerry's work, he shows that 

the solid plus the dotted curve in Figure 18 is what you have at 

about 20 nsec. Then it grows in a period of a few microseconds 

and there appears a fully developed spectrum •. This is the same 

as one sees when one looks at it at long times. 

FUNABASHI: I have many comments on this. This topic is closely 

related to what I have to say this afternoon, so I'll just pick 

up one point, which is the decay of quantum yields for bleaching -
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a topic we mentioned earlier. I would like to point out the 

following rather obvious things. You take a single quantity 

(in this case it is the area underneath the absorption curve) that 

represents the number of entities which you are measuring~ The 

intensity decays as a function of time by more than one exponen

tial function, let•s say, in the simplest case, 2 exponentials 

as indicated in Equation 17. 

I = A + -at 
e (17) 

It turns out that,in the case of thermal dP.c~y of the absorption 

spectrum, Hamill found the· curve can be fitted by two exponentials 

very accurately. If you insist on closer fitting you may use 

three exponentials, but certainly one exponential is not adequate. 

If a decay curve consists of more than one exponential, the 

question really is: What is the physical meaning of a decay 

constant? Another question is: What is the effect on A and B 

of adding·biphenyl (see Equation 17)? It can be shown that if 

you add biphenyl, A b~comes close to·B. This means that there 

is no decay in the simplest term. I am not going to go into this 

matter in detail until this afternoon; I just wanted to point 

this out and I would like to discuss the physical m~aning of this 

if I have time. This is. rather important. 

KEVAN: One quick question. You stress the fact that thermal 

decay of the methyl radical was first order, but isn•t this 

dependent upon the particular matrix that you use? In matrices 

of higher viscosity, is it composite first order for example? 



In that sense, isn't it similar to electron decay which can be 

represented by several concurrent first-order decays at 77°K while 

at higher temperatures electron decay can be, ·or at least 

approaches the point where it can be, represented by a single 

first-order decay? 

WILLARD: What Larry [Kevan] is referring to is the following. 

If we plot the methyl radical concentration in 3-MP glass 

in a first-order fashion, we get a straight line. If we go to 

various other matrices, or if we go to other radicals like ethyl 

radical in 3-methylpentane, we get curves such as shown in Figure 

20. Unlike the case of 3-methylpentane, you get the indicated 

curvature which I did not mention in the earlier remarks because 

I simply wanted to point out the main features of the work. These 

curves are what we call composite first-order because if we give 

a larger dose, and plot the decay after normalization for dose, 

the points are superimposable. This means that each radical must 

be combining with a predestined partner. In terms of the model 

which I discussed previously, it means that the radicals which 
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are combining with the predestined partners, must have more different 

types of constraint to reorganizing to the configuration required 

for recombination with their geminate partners than they have in 

3-methylpentane. So, as Larry (Kevan] suggests, it has, you might 

say, a series of first-order constants for decay. 

KEVAN: So it is really not a fact that first-order decay of methyl 

radicals over a large region doesn't make its dec~y kinetics different 
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Figure 20. Decay of methyl radicals in a matrix other than 

3-MP glass, showing non-exponential decay or several 

concurrent first-order decays. 

front ti1ose of say electrons, or of heavier radicals, like ethyl 

radicals, even. 

WILLARD: That is right. 

KEVAN: I have another comment which I guess relates to what 

Ff~ancon Williams asked. If dissociative attachment occurs for 

a thermal electron reacting with methyl iodide, then how do you 

envision the reverse reaction occurring? 

WILLARD: This problem is related, if I understand your question 

correctly, to the question that Gus Allen asked. In answer to 

that question, I suggested th.at the potential energy relationships 

are as shown in Figure 16 for neutral cH3I dissociation into the 
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ion, so that the reaction is exothermic by an amount related to 

the difference between the ground states of the two wells. 

KEVAN: For the process of dissociative attachment to occur in 

the first place, the ion has to overcome the energy in the bottom 

curve, by the electron affinity of the halide. 

WILLARD: For the dissociation, the CH 3I attaches an electron 

and goes to the lower curve. It now has to lose the energy. If 

this reaction occurred in the gas phase in the mass spectrometer, 

you would never see the CH 3I because it would dissociate and 

the fragments would fly apart. But, in the matrix, the excess 

energy can be taken away by the walls of the cage to stabilize 

the molecular anion. 
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WILLIAMS: I would like to say first that we have observed a similar 

reaction in the crystal with co3cN, which I will talk about this 

afternoon so there is no need to go into it now. But we have followed 

it by ESR and we have, in fact, identified the dissociated radical 

co 3 and the anion radical, co3cN-. Now, may I just come back 

again to this point which has been raised. I don't quite follow 

the explanation of why you see CH3 + I when the molecule undergoes 

thermal electron capture. The two potential energy curves must 

cross at the point where the molecu~e is vibrating but surely, 

once the electron is transferred and you are on the second potential 

energy curve, wouldn't there be a tendency to lose vibrational 

energy and sit in the potential well. So there is no immediately 

obvious explanation to my mind of why you see CH
3 

+ I rather 
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than the anion radicql following electron capture. As you said, 

in the mass spectrometer experiments, dissociation can proceed 

quite readily. 

WILLARD: Well, tha:t is a surprising thing about this system. 0 ,, 

You have two entities which you would expect to be highly reactive 

• with each other and yet they have a 16 minute half-life for reaction; 

or even much longer if you go to lower temperatur~~. And, this 

is what indicates to us that in this process, if you want a nice 

simple picture, the arms of this radical get imbedded in the matrix 

in a way that reduces the probability per unit time of its achieving 

the configuration needed to combine with its partner. 

BURTON: I hate to intrude, but we seem to be talking about some-

·thing peculiar here. When an electron is captured in the state 

corresponding to the CH 3 I vibration, in a vertical transition to 

the CH 3I- state, it must have an energy Ev as in Figure 21. Thus, 

dissociation into CH 3 + I- follows immediately. 

WILLARD: Yes. We don't know ~xactly where these curvea cross. 

BURTON: Yes, but the important question is the level of E relative 

to the dissociation level of CH3I-. ~s that what the argument 

is about? 

WILLARD: I don't think that was quite it perhaps. I think that 

what Ffrancon Williams was wondering was --· why once it is dissociated 

it doesn't recombine faster. 

SCHULER: If this is so, John [Willard], wouldn't you expect a 

grossly different change when you go to a chloride? Now you say 

that you have exactly the same effect with chloride. A specific 
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, 
Figure 21. Potential energy curves for dissociation of CH3I 

before and after capture of an electron of energy E. 

The dotted line represents a small energy hump 

(suggested by Magee'), which inhibits recombination 

to some small extent. 
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question: can you say anything on the yield? What are the initial 

yields? 

WILLARD: The yields are the same for all the methyl halides and 

the half lives for decay are the same. This indicates to us that 

the rate determining step is something that has to do with the 

methyl radical and not with the partner. Incidentally, I might 

mention one experiment that we are seeking to do in that connection. 

We are seeking to go to more polar matrices than 3-methylpentane 

with the thought that possibly in a quite polar matrix there will 

be enough solvation for the geminate partner so that comparing 

the charged with the uncharged, we will get a change in rate which 
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is dependent upon what the partner is. 

SCHULER: Well, certainly the potential surfaces should be grossly 

different for the chloride and the iodide. 

WILLARD: What is your explanation? 

SCHULER: Well, I don't have an explanation. Although we have 

had these facts for some years. 

KEVAN: In any of these charged anions, ~houldn't they show a 

spectrum somewhere in the 1.nr? Do you sec any evidence for some

thing like this? 

WILLARD:· You would expect a spectrum 1n the uv. I think U)at 

one would find that it is obscured by the spectrum from the olefins 

that are produced and also by .the spectrum that we now think is 

due to radicals of the 3-MP. Someday it may be possible to dig 

out the CH3x- spectrum. It hasn't been done yet. 

SCHULER: I believe Bill Hamill observed the same type of };)ehavior 

with photoelectrons from TMPD. 

WILLARD: That's right. 

SCHULER: And is the half life the same there? 

WILLARD: Yes, the same. 

SCHULER: There is, therefore, a third way of producing these. 

WILLARD: Right. If you produce the electrons by photoionization 

of TMPD, rather than by gamma radiolysis of the matrix, then you 

get the same results for the decay of CH
3 

radicals. There is 

one difference: the yields of dissociative capture are not the 

same for the three different halides. We have found that this 

is a result of complexing of the iodide and bromide with TMPD 



.. which shortens the half-life of the triplet states so that it 

does not absorb as many photons, and thus the yield of electrons 

is reduced. 

BURTON: Magee made a suggestion regarding the failure of CH
3 

and I- to recombine immediately. He spoke about a small energy 

hump. An alternative reason might be that they are escaping from 
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each other with considerable energy and the radical, as an example, 

may get through low barriers of surrounding molecules. 

WILLARD: The facts won't allow the concept that the radical and 

the partner are separated by as much as one matrix molecule. If 

they were, the decay would not be first order throughout because 

some of the geminate partners would escape from each other and 

combine at random. Those that got a molecular diameter away would 

have a chance of going farther away as well as coming back. 

BURTON: (added later) I realize now that the barrier energy hump 

may result entirely from rotation of the CH
3 

with respect to I-. 

KUPPERMANN: I would like to discuss your inability to see hydro-

gen atoms. I am very puzzled by the set of experimental facts 

which are associated with hydrogen atom detection. I would like 

to recapitulate and ask a few questions before commenting. First, 

if I understand you correctly, you said that, in the photolysis 

of HI in deuterated 3-methylpentane, you see H atoms. Is that 

correct? 

WILLARD: Yes. 

KUPPERMANN: And you see these atoms in the temperature range 

~ 20°K up to what? 
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WILLARD: Up to 50°. But not above 50°. 

KUPPERMANN: And then secondly, in the photolysis of HI in 

protiated 3-methylpentane, you do J)Ot see the H atoms. Now, is 

there any reason why, in this second observation, details of spin 

coupling of hydrogen atoms with a hydrogen-containing matrix would 

tend to blur out the ESR spectrum? 

WlLLARD: We have considered that. One experiment on a 50-50 

mixture of the deuterc;~.ted and non-deuterated J ... MP gave 10' of 

the yield of H trapping observed in th~ completely deuterated 

matrix. 

KUPPERMANN: 10% as much trapping as what? 

WILLARD: If we do not u;;e pure deute_rated or pure protonated 

solvent but use a 50-SO m!xture of them 1 the yield of trapped 

hydrogen atoms is 10% of what it is in the 100% qeuterated solvent. 

KUPPERMANN: Is this the result of photolyzing HI dissolved in 

such a glass? 

WILLARD: Yes. 

KUPPERMANN: Now, my question has to do with the ra~iolysis of 

a glass containing a mixture of the two 3-rnethylpP.nt.~nP.~, 

c6H14 and c6D14 , with no HI present. 

WILLARD: We have not radiolyzed this mixture. I think it would 

be an interesting thing to do. 

KUPPERMANN: Do you h.ave an explanation as to what is going on 

in these HI + c6H14 and HI + c6D14 photolysis experiments? 

WILLARD: We don't have an explanation but I'll tell you what 
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our current line of thinking is. It isn't very much more than 

recapitulating the facts. Adrian, Cochran~, Jen and Bowers at 

the Johns Hopkins Applied Physics Laboratory have studied the 

trapping of H atoms from the photolysis of HI in solid rare gases 

139 

at 4°K. When they photolyze HI in solid argon, they find 3 different 

types of trapped hydrogen atoms which decay at different temperatures 

and have different ESR characteristics. In xenon and krypton, 

as I remember, they find two traps and in neon one type of trap 

for H atoms. The crystal structures are the .same. They point 

out that a hydrogen atom in such a matrix must feel both attractive 

and repulsive forces but, apparently, there is a very close balance 

and small differences in spacing of the atoms determine which 

of these wins out. Trapping is apparently dependent upon the energy 

of the atoms. They attempted to trap thermal atoms in the argon 

and found no trapping; but the photolysis of HI in the Ar matrix 

gives three types of species and they believe that the three different 

species require three different energies. Since there are these 

subtle differences in the rare gas matrices, it is certainly 

plausible that there are similar subtle differences between the 

deuterated and protiated 3-methylpentanes. There are different 

vibrational amplitudes causing different spacings of the molecules, 

very small differences certainly, but something of this sort has 

to be playing a role. We are going to use different wavelengths 

to produce hydrogen atoms and so get different energies; we hope 

to go to higher wavelengths with HI in the c
6

H14 to see if con

ceivably we will get trapping there. 
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KUPPERMANN: Yes. But what I am trying to take exception to is 

your suggestion that the difference between the radiolysis and 

the photolysis might be the energy with which the hydrogen atom 

is formed. The point is that when you photolyze HI in c6H14 , 

you don't see H atoms but when you photolyze it in c6o14 , you 

do and so here you have a situation in which the H atoms are 

generated at the same energy and still you see differences. 

WILLARD: Yes, perhaps it takes a higher energy to trap them in 

protiated 3-~1P than it does in deuterated 3-MP, and one other 

word in that connection •••• 

KUPPERMANN: If I may interrupt, it seems to be an accidental 

fluke that you have picked a wavelength which produces H atoms 

whose energy is in between the two trapping ene~gies you just 

mentioned. Did you use monochromatic light in these photolysis? 

WILLARD: We used a low pressure mercury arc which centers. around 

2537 A but has quite a width on either side. It was an accident 

that we picked the c 6o14 • I might add another point that the 

study of kinetfcs of growth and decay (which we don't have time 

tu go into I am afraid) leaves us with the feel]ng that thcrmnl 

atoms in our system do not become retrapped and that the decay 

of trapped H atom occurs without retrapping. When a trapped H 

atom escapes from a trap, it apparently migrates until it combines 

with an H or a radical. 

KUPPERMANN: Yes. That explanation sounds much more plausible 

to me. 
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SCHULER: John [Willard], as I understand it, you also irradiated 

HI with gamma rays in the perdeutero-3-methylpentane? 

WILLARD: Essentially.· We irradiated 3-MP glass containing HI 

with beta rays from tritium incorporated in the 3-MP. 

SCHULER: And you did not see hydrogen atoms in this case? 

WILLARD: We do not see hydrogen atoms with no light on. If, 

after beta irradiation (which produces a free radical signal) we 

turn on the light. We then see trapped hydrogen atoms in the 

self-same matrix. 

KUPPERMANN: What was the composition of the matrix? 

WILLARD: All approximately half of a mole percent of HI. 

SCHULER: Well, that eliminates one problem that I was going to 

mention. The fact is that you would expect some H atoms to be 

produced in this system by the same type of process that gives 

methyl radicals in your methyl halide system. 

KUPPERMANN: Very little, for a half a mole percent of HI. 

SCHULER: I was going to suggest that the olefin concentration 

that is built up by the radiation might scavenge your H atoms 

but you photolyze after and see hydrogen atoms so that removes 

that problem. 

WILLARD: Yes. Before we had done that last experiment, this 

was an obvious concern and that's why we did the experiment. We 

tritiated the 3-MP to 15 mc:ml in order to be able to irradiate 

it while we were looking at it by ESR. The HI was in it; the 

free radical radiation products grew. Trapped H atoms appeared 

when, and only when, the light was turned on. 
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LAMOLA: Perhaps this is an explanation for the deuterium isotope 

1 effect. You have a competition between cooling down the hydrogen 

atom and its reaction, say hydrogen abstraction, before cooling. 

WILLARD: Let's just add here that you will not have hydrogen 

atom abstraction by thermal hydrogen atoms. You do have H 

abstraction by hot H atoms. 

LAMOLA: The CD bond is harder to break so that you get. less reaction 

with it than with Cll. On the other ha.nd, because the CD vibz:ation 

is of lower energy than the CH vibration, you would get faster 

cooling of hydrogen atoms in CD than in CH systems. Both effects 

work in the same direction. 

KEVAN: A trivial explanation that occurs to me is that the 

structures of your deuterated and protiated matrices are different. 

Generally the electron yield in the deuterated matrix, say deuterated 

3-methylpentane, is a little lower than the electron yield in 

the protiated 3-methylpentane. I wonder if you have thought about 

this, if you have tried to anneal the two mnt:r.ices or if you consider 

that the two matrices have the same structure under your conditions. 

WILLARD: We have determined the viscosity of each of them at 

77°K and they are the same within experimental error; that is 

my only comment on that. 

SCHWARZ: The question has come up a few times at the meeting 

as to whether excitation energy can migrate rapidly from one mole-

cule to another neighboring molecule. If this were true, one 

would expect to get excited states of hydrogen iodide in your 

studies, presumably associative states, from excited states· of J 



the solvent, and you apparently do not see them. 

WILLARD: What would you see here then1 

SCHWARZ: If you have excitation energy migrating through the 

c
6

D14 to the HI, then presumably you would see hydrogen atoms 

such as you see in the photolysis of HI. 

WILLARD: This was the point that was raised a little earlier -

that if you have enough HI present, you might get hydrogen atoms 

from the HI by gamma radiolysis. 

SCHWARZ: I don't mean the direct gamma radiolysis of HI. 

WILLARD: Yes, the energy from the matrix going to it -

SC~lARZ: Yes, well this places a limit then on how fast that 

process occurs. 

WILLARD: Yes. One also has to consider the possibility that 

if such atoms are formed, they are not of an energy that will 

be trapped. There is a threshold energy for trapping. 

HENTZ: I have two questions. One you can answer quickly, but 

I'll take the other one first. And, that is, can't one explain 

your quantum yield curve (Figure 19) more or less as follows1 

WILLARD: The quantum yield curve is mine only in that I drew 

it on the board. 

HENTZ: All right. For the quantum yield curve you have a dis-

tribution of cation and electron separation distances and this 

distribution monotonically decreases with distance. So when you 

bleach those that are close in, which are the great majority, 
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they have a good probability of getting back to the geminate cation. 
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Whereas those that are present in a lower concentration are farther 

out and when you bleach them, there is a greater probability that 

they will be retrapped before they get back into the cation and ,, 

that, it seems to me, would explain the quantum yield curve. If 

you have an electron scavenger in the system, then those that 

are farther out would have a good probability of being scavenged 

by that scavenger before trapping. 

FUNABASHI: I just wanted to give you the information that this 

is the original idea of Bill Hamill and it can explain the curve 

but it i~ noL a correct picture. 

HENTZ: Yes. That's right. Well, Paul [Funabashi] has a much 

better grasp of the experimental facts, and he will probably explain 

what he thinks is the correct picture later. But the other point 

that I wanted·to ask about is-- How do you assume that the c6H13 • 

radicals are formed in this system? 

WILLARD: We know that we get c6H13 • radicals and we say that 

we are not producinCJ hyllrogen ntoma. The radicals arP. not formed 

just by splitting the carbon-hydrogen bond. Perhaps the first 

posibility that comes to mind is the scheme indicated in which 

you ionize a 3-methylpentane molecule and then you get proton 

transfer. 

+ + (18) 

So far, that seems to e·xplain it. However, when you think about 

that a little more, you run into some difficulties. This question 

touches on one of the unresolved points in the reasoning about 
• I 



the system. 
+ ' 

If you have c6H15 plus an electron, you might think 

that it would go when neutralized by one of the two routes 

+ e + H (19) 

+ e (20) 

i.e., to give c6H13 • + H2 or c6H14 +H. However, if we bleach 

the electrons in gamma-irradiated 3-MP while observing the ESR 

spectrum, we do not see any radicals or H atoms grow in. So, 

again, unless one reverts to the thought that perhaps the energy 

of the H atoms is a determining factor, it throws out these 

mechanisms. 

Now, I will mention another line of thinking about this same 

point. Suppose that, as an alternative, one suggests that you 

have an excited c 6H1 ~ which reacts with an adjacent molecule in 

.a concerted reaction 

(21) 

or, if you wish, by ejecting a hot hydrogen atom, which abstracts 

a hydrogen, and you get two c
6

H13 radicals plus H
2

• This would 

be a method of forming radicals without forming hydrogen atoms. 
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Thinking back to the decay-kinetics studies, we are a little reluctant 

to accept this view because these radicals decay by second order 

and we would expect, if they were formed in this close proximity, 

it would be a first-order decay. 

HENTZ: That's the central problem, I think - that is, how can 

you get two c6H13 •s produced far away from each other. 
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KEVAN: If you have two radicals close together, you ought to 

be able to see the s·pin-spin interaction as indicated by radical 

pair lines by EPR. These have been seen in some systems, and 

I think some hydrocarbon systems. I don't remember precisely 

if they have been seen in 3-methylpentane but in some urea com-

pounds, I know that radical pairs have been seen. The thing that 

has been striking to me is that when the thermal decay of these 

radical pairs has been looked at, the disappearance of.the radical 

pairs is seen, but the total number of radicals doesn't decrease. 

This indicates that the radical pairs almost entirely diffuse 

apart rather than combine, which I don't understand but which 

is a fact in some syste~s. This might be consistent with what 

you see. 

WILLARD: Perhaps Aron Kuppermann would like to speak to that 

point. He was drawing a nice model for me the other day of how 

this sort of thing ~ight happen. He noted that, in order to react, 

two radicals must have their points of interaction oriented towards 

each other and that there might h~ a competition between the 

rotation which would so orient them, and their diffusion which 

would tend to separate them. 

FREEMAN: You said the decay of these c
6 

radicals was cleanly 

second order. 

WILLARD: Yes. 

FREEMAN: Then what sort of lifetime do these c6 ra?icals have 

and how much greater is that lifetime than the lifetime of the 

methyl radical? 



WILLARD: The lifetime depends upon the concentration. Typically, 

with doses of the order of 1019 eV/g, they decay with an initial 

half-time of many hours, whereas the methyl radicals disappear 

with a half-life of 16 minutes. 

FREEMAN: Is that a reasonable lifetime for radicals diffusing 

at random? 
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WILLARD: I don't remember the numbers for the diffusion coefficient 

but we have done some estimates and it comes out to give something 

that is not unreasonable. Before we go on to something that probably 

has to do with electrons, let me add one fact there and that is, 

that the ~ of the 3-methylpentyl radicals in 3-MP glass at 77°K 

is 1.6 whereas the G's of radicals produced in hydrocarbons at 

room temperature are typically of the order of 5. Nothing that 

I have said about hydrogen atoms not being produced by the radiolysis 

of solid hydrocarbons gives any evidence of whether they are produced 

in the liquids and I think there is a very good evidence that 

they are produced in the liquids and this greater G of radicals 

is certainly consistent with that. 

THOMAS: I would like to make a statement which is something of 

the nature of a question also. It is fairly easy for me to under

stand, in the gamma radiolysis of the glasses, that the separation 

of the electrons from positive ions is about 50 A or· so. However, 

I find it very difficult to understand why, in the photolysis 

of TMPD in these glasses (where the final energy of the total 

state which produces ions is something like a volt below the gas 

phase ionization potential) how the separation of the ions is 
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50 A again. Albrecht has made this estimate recently and the 

fact is that to ionize the TMPD with two photons, you do have 

to make use of the energy of solvation of the ions. How does 

the electr~n get so far away on the use of·solvation energy. You 

would imagine that they would be closer.together. 

WILLARD: I'll mention this afternoon some work on the photoionization 

of alkali metals in 3-methylpentane which shows that the threshold 

for what we believe is ionization in those systems is considerably 

below the gas-phase ionization potential. 1n the system to which 

you refer, it is of course uncertain as to how much the ionization 

potential is below that in the vapor phase. 

THOMAS: Would it be fair to say that the electron in the gamma 

radiolysis gets a long way away and, as you have suggested, the 

positive hole moves toward it and is trapped near to it? And this 

is why the phot~lysis and radiolysis are so similar? 

WILLARD: This would be a reasonable working model for us. 

FREEMAN: Is the G value for the trapped radical 1.6 at 77°K? 

WILLARD; Yes. 

FREEMAN: Does that have anything necessarily to do with the liquid 

phase value? You see the trapped ones at a longer time. 

WILLARD: These are all the radicals that can be caught by scavengers, 

in the liquid phase. For the solids we are speaking of the radicals 

that are present a few minutes after a short gamma irradiation. 

Now, you are thinking that there are more radicals formed in the 

solid state than are observed. Surely there might be geminate 

recombination of hydrogen atoms. Perhaps this is why we don't 



~ observe hydrogen atoms: i.e., because geminate recombination is 

so high. 

FREEMAN: It might be more than just that. Because, for example, 

if you split a c-c bond the radicals will be close to each other 

and they might immediately recombine or just disporportionate. 

WILLARD: Granted. We just are not looking at that or thinking 

about those things that immediately recombine here. 

FUNABASHI: I think the point raised by Kerry Thomas is very 

important, namely, why the photoionization of TMPD and 3-methyl-

pentane apparently produces the same charge separation as gamma 

irradiation. This is the point that you raised. Now, what is 
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the experimental evidence for this statement. The only experimental 

evidence for the statement as I understand it, is the decay of 

optical absorption. 

THOMAS: No, there is a recent paper by Albrecht where he actually 

uses the effect of electric fields on the recombination of the 

electron with the positive ion in these glasses. In this case, 

he can pull out of the whole system a parameter which is 50 A 

for the ionic separation. 

FUNABASHI: Yes, I am aware of this, but this particular recently 

published article contains so many parameters that it is rather 

difficult to isolate one factor. I think that the principal 

evidence is indeed what you observe experimentally in the two 

decay curves (photolyzed trapped electrons and gamma-radiolyzed 

trapped electrons); it is that their decays are nearly identical, 

with almost the same decay constant 1 etc. This decay has nothing 
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to do with charge neutralization. In other words you don't get 

• any parameter related to charge neutralization or distance of 

charge separation. The former depends on a given mechanism but, 

as I shall discuss in detail this afternoon, it appears that the 

decay of the trapped electron has little to do with charge 

neutralization. 

WILLIAMS: This is addressed to points raised by Funabasld and 

Thomas. There is more to it than the thermal decay as far as the 

comparison in properties of the electrons produced by TMPD 

photoionization and g~rnrna radiolysis io concerned. Also, the 

ESR power saturation characteristics are quite similar. This 

point is important in making a comparison of electrons produced 

in TMPD photoionization and gamma radiolysis where we are talking 

now about the possible distance of separation achieved in the 

two processes. Paul [Funabashi] mentioned quite rightly that 

the decay curves are strikingly similar and he did:not want to 

attach too much significance to this. Since the ESR power-

saturation spectrum between the two is very similar in the two 

cases I think this is certainly more than a coincidence. 

BURTON: John [Willard], perhaps you should now sum up what the 

significance of all this discussion is for our understanding of 

very fast processes. 

WILLARD: I think the discussion itself furnished a very good 

summary of our understanding and lack of understanding. I have 
' 

been a little sorry that there hasn't been more discussion on 

the nature of the electron trap and the rationale of the two portions 4L 
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of the trapped electron spectrum, one of which seems to involve 

excitation and the other ionization. Many people have postulated 

various types of potential wells but as yet such treatments seem 

more like formal exercises than convincing explanations of the 

mechanism of electron trapping. 

BURTON: Now there have been some complaints by some of the 

participants that we have lost sight in the last hour and one-

half of one of our objectives - which is to talk about very early 

processes. There is also a complaint that we have neglected some 

of the topics that I listed on Tuesday morning. What I intend to 
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do now is to call on a few people and ask them to speak specifically 

on certain points and then I am going to ask·some people to look 

at the possibility of what experiments ought to be done. I am 

going to let Larnola sort of run the show on that. The first person 

I am going to call on is Professor Kuppermann. I am calling on 

him with the restriction that he is to make no brilliant remarks. 

Aron, you are being asked to talk on the very earliest processes 

in water. 

9. The Earliest Events in Water 

KUPPERMANN: The very earliest processes that I can think of in 

the radiolysis of water are the ones associated with the initial 

interaction between electrons and water molecules. These, as pointed 

out yesterday, can be the formation of electronically excited 

' water molecules, superexcited water molecules and ions which can 

be in several degrees of excitation. 
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ALLEN: Aren't you talking abput steam? 

KUPPERMANN: Yes, but the water molecules in t~e liquid phase 

still preserve some of their characteristics in free space. 

ALLEN: Well, some, perhaps, but I would imagine that the excitation 

in the majority of cases would involve several molecules in the 

liquid. Of course, the water molecule is a polymer anyhow • . ' 
KUPPERMANN: The absorption spectrum of liquid water and the 

absorption spectrum of water vapor;, are not very diffP.rent, arc 

they uus LAllen]? 

BURTON; By steam, do you mean at about 100°? Or attentuated 

vapor? 

ALLEN: I like to call it steam because when you think of vapor, 

you think of something else. We call it water, but it is entirely 

different. We have a beautiful word in English - steam - and 

the people who irradiate ice don't call it water, they. call it 

ice. 

KUPPERMANN: Kerry [Thomas], what is the difference between the 

absorption spectra of water in the liquid and gaseous phases? 

THOMAS: The extinction coefficient in the vapor phase is much 

larger. 

KUPPERMANN: Could you draw the spectrum itself? Is the shape 

of the spectrum the same? 

THOMAS: Not necessarily. 

PLATZMAN: I would like the people who talked in the last few 

minutes to be a little bit more precise as to what they are talking 

about because none of it made any sense at all to me. None of 
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it made any sense to me and I was not sitting that far away. 

KUPPERMANN: I'm speaking right now about isolated water molecules 

and Gus [Allen] objected and said that this is not necessarily 

pertinent to liquid water because the liquid is quite different 

from the vapor. So I was saying that the absorption spectrum 

of liquid water and water vapor are not very different. Kerry 

said they are different. I asked him to sketch the spectra -

he said the spectra are very similar but the extinction coefficients 

are extremely different. 

THOMAS: Let me clear up this misunderstanding. It is just that 

the extinction coefficient in liquid water is much lower than 

in the vapor. 

PLATZMAN: Extinction coefficient of what? 

THOMAS: Extinction coefficient for absorption in the region of the 

spectrum that we are interested, around 180 nm. 

PLATZMAN: Speak for yourself. Other people may be interested 

in other regions of the spectrum. So you are speaking of the 

extinction coefficient around 180 nm? 

THOMAS: Yes. 

PLATZMAN: Well, as I indicated on Tuesday (and many other times) 

that absorption band has almost nothing to do with radiation 

chemistry since it is so weak. You can change it by a factor 

of two either way and still not have much effect on radiation 

action. 

THOMAS: I think the whole point we wish to make from the extinction 

coefficient is the fact that, in the liquid phase as Gus [Allen] 
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mentioned, water exists in the polymeric form. 

PLATZMAN: That fact has nothing to do with radiation chemistry 

of water. 

THOMAS: I would like to disagree with you there. 

BURTON: Now, do you have a goal in what you are about to say, 

Kuppermann? I would like you to make a few points and then if 

people want to tear you apart after you have made those points, 

that is all right. 

HENTZ: Before Aron goes on, we have to decide whether what he 

hi'!~ tn say is relevant! I think we must resolve this question 

about whether the water molecule as a liquid can absorb energy 

and produce excited states similar to those in the gas phase. 

KUPPERMANN: Yes, I think that is a very important point. I was 

going to make the same suggestion. If we are going to speak about 

the cross sections of these several processes, which are the earliest 

ones that occur as electrons interact with liquid water, the question 

as to the relevance or the lack of relevance of these processes 

in the gas phase is a crucial one. I think the discussion on 

that one point should continue for a little while before we go back 

and discuss the isolated molecule case. 

BURTON: In other words, you want to know whether you should discuss 

this at all. Is that it? 

KUPPERMANN: I think one should discuss that point. The relevance 

of the knowledge about electron impact processes with isolated 

water molecules to an understanding of the radiolysis of liquid 

water is a very, very important point. I would like to le·t Bob 
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Platzman finish what he started to say. 

BURTON: Wait a minute! It is extraordinarily difficult to sit 

up here and try to be fair. There are people here who would use 

all the time and there are people here who are so thoroughly modest 

that they would let the more assertive persons proceed without 

limit. I would like to hear all of them. I think all of us want 

to hear all of this. But you have to give me a break and help 

me. 

KUPPERMANN: I have a suggestion. I'll speak about gaseous water 

regardless of its relevance to liquid water and then I would like 

to hear somebody come up and discuss this relevance or lack of 

relevance. 

BURTON: I would say that this is a reasonable procedure. Does 

anyone object to this procedure? Fine. 

KUPPERMANN: What is the nature of these processes? Fundamentally, 

as has been discussed in the last few days, the incident electron, 

as it zooms by a water molecule, interacts coulornbically with 

the molecular electrons and kicks them with varying degrees of 

intensity. Some of these kicks produce electronic excitations 
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and others, which are somewhat stronger and differ from the previous 

ones by the amount of energy transferred, correspond to an ionization 

in which the electron is directly ejected from the molecule. This 

description has omitted one type of interaction which is not a 

coulornbic one. This is the electronic exchange process. There 

is no essential difference between the incoming electrons and 

the molecular electrons and this means - as demanded by the Pauli 
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exclusion principle- that there is.the possibility of an electron 

exchange. When this occurs the same excited states can be producet:f;'' 

but we now are permitted to include singlet to triplet transitions 

which are excluded by spin selection rules from the direct excitation 

process. This is one difference between the excitation by photons 

and by electrons. When the energy of the electrons is about 100 eV 

or larger the excitations they produce are very similar to thos 

produced by photons. We are not comparing here electrons and 

photons having the same energy. If one wants to make a spectro

scopic analogy, it would be essentially Raman ultraviolet spectre-

scopy, in the sense that the incident electron loses only part 

of its initial energy. Similarly, in a Raman interaction the 

incident photon also loses only part of its energy. 

BURTON: Are we talking now of a time range of approximately 

l0-16 sec? 

KUPPERMANN: Right. The energy of the photon absorbed in an ordinary 

(not Raman) optical absorption spectrum is not the energy of the 

incident electron but it is the energy loss of that electron, 

i.e., it is the excitation energy of the molecule. The exchange 

processes that we are speaking about have non-negligible cross 

sections only when the energy of the electron is smaller than 

~ 50 eV. At energies above 50 eV, the cross sections· for such 

exchange processes are very small compared to the cross sections 

for the direct processes. Thus, it is not ~ppropriate to invoke 

triplet states when considering the impact with gaseous water 

of electrons with energies above 50 ev. The next question which 



might occur is: What are the characteristics of the electronic 

energy levels of the water molecules which are produced?" When 
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one goes to the liquid, those same levels definitely have pertinence 

because we have agreed on the empirical fact that the absorption 

spectra of the vapor and the liquid are similar except for 

differences in extinction coefficient. 

ALLEN: I don't necessarily agree. 

KUPPE~UlliN: Well, the same states do exist so that states that 

occur in the vapor must have significance for the liquid. You 

might say that there are additional states and that those for 

isolated molecules do not furnish the whole picture. But you 

cannot make the statement that a state that exists in the gas 

is not relevant for the liquid. 

ALLEN: I thought we would discuss this liquid question later. 

KUPPERMANN: Okay. I am just saying that the electronically excited 

states in the vapor will have relevance for the liquid. They 

will not be the only ones but we will discuss the point later 

on. What are the states that can be excited? What does the optical 

absorption spectrum look like? (See Figure 22) There is a strong 

absorption maximizing at around, if I remember correctly, 7.6 

eV, and another one at around 10.5 eV and then we have the ionization 

continuum. In the low-energy electron-impactspectrurn of water, 

one sees in addition a little blip peaking at about 5 eV (see 

Figure 23) corresponding presumably to one or more low-lying optically

forbidden states of water. We have investigated the angular dependence 

of the corresponding differential cross section and present indications 

are that a low-lying triplet state may be involved. This. is, 



158 

0.30 

0.20 

IONIZATION 

0 ~~~~~~~~~~r---r---~--~-
ti 10 IS 20 25 40 45 

E, ev 

Figure 22. Optical spectrum of water. 

however, not yet final. 

BURTO~: May I say for the purpose of record that Platzman will 

have the slide available to view and the exact numbers will appear 

in the final version. (Inserted as Figure 22.) 

KUPPERMANN: so, there exist electronically excited states of 

gaseous water as low as 4.5 to 5 eV. Electronic excitation 

processes in the vapor phase occur in the time it takes for the 

incident electron to zoom by the water molecule and these times 

are ~f the order of l0-16 sec. These, as I envisage it, are 

processes which are relevant to the liquid, but are not the only 

such processes. And now, I think it is a good time for me to 

stop. 
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Figure 23. Electron impact spectrum of isolated water molecule. 

BURTON: I would like to ask Bob [Platzman] to comment. 

PLATZMAN: I thought that I talked about the same things several 

days ago but it seems not to have had a lasting effect. Comment 

one: the word steam has a very definite meaning according to 
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the English dictionary and it is different from the one that seems 

to be in the process of being adopted at this meeting. Comment 

two: I doubt if Kuppermann, working for a year, could reach a 

statement with which I would disagree more strongly than the first 

one there, that the effect of fast electrons is equivalent to 

that in Raman spectroscopy. That's horribly wrong& 

KUPPERMANN: In the sense in which I used it, it is exactly accurate. 

PLATZMAN: Well, you have at least to concede then that we disagree 

extremely strongly. In Raman spectroscopy the nature of the 

transitions is very different from transitions induced either 
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by ultraviolet l~ght or by the impact of swiftly moving charged 

particles. Now, as to the spectrum, --

BURTON: Aron [Kuppermann] is inclined to be a little more 

picturesque than you are. You are a little more rigorous, 

KUPPERMANN: I specifically stated the nature of the analogy. 

What I consider it to be is that in Raman spectroscopy the incident 

photon dnP.R not depo~it all of·itE energy in the molecule, ju~l 

a portion of it. That's exactly what happens with the incident 

electrons. It is only in'that sense that I am establishing an 

analogy. There is no analogy whatsoever in the details of the 

interaction processes and the transition probabilities, or anything 

else other than this one I mentioned and that's all that I had 

in mind. 

PLATZ~~N: Figure 23 is the tail end of the spectrum that I showed 

on a slide a few days ago -- just the very beginning. It is like 

looking at the tail of an elephant. Most of it is not yet drawn. 

(See Figure 22) The first transition (see the spectrum in Figure 

22), the one that Kerry [Thomas] mentioned, is strong in a c:P.rt;:~in 

sense if you are accustomed to very weak transitions. But 

on an absolute scale, it is a very weak transition and the absorption 

coefficient goes up much higher at shorter wavelengths. I have 

tried to make that clear in several of my publications but I guess 

I don't have what it takes to get to the public. Now, the 

interesting thing for me is the 5 eV transition. I have heard 

Kuppermann talk about this at other meetings but I h~ve been told 

subsequently by other people that he has retracted these observations, 
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which I presume are his own, and that they were due to an artifact. 

Now they appear to be back again. I would be very grateful for 

a little more information as to the current status of that transition. 

KUPPERMANN: I'll be delighted to give you information about 

it. In the last year or so in collaboration with Sandor Trajmar 

at the Jet Propulsion Laboratory, we have been studying water 

in a high-resolution variable-angle electron scattering spectrometer. 

In it (see Figure 24) electrons are generated at a hot filament. 

They then go through a spherical electrostatic analyzer, a target 

of gaseous water vapor, another energy analyzer, and on to a 

detector. The scattering angle (the angle formed between the 

incident and the scattered beams), can be varied between 0° and 

80°. With this instrument, we have unequivocally detected the 

presence of this absorption at 5 eV, with incident monochromatic 

beam energies having been varied from~ 9 eV to ~ 50 eV. The 

highest energy at which we did detailed studies of this transition 

was around 25 eV. It is present in every single spectrum we take 

in the 9 - 25 eV range and the method for identification of it 

as a triplet or a singlet state is based on the angular distribution 

of the transition intensity compared to that for optically allowed 

transitions. 

When one makes studies of this type for systems which are 

well understood, these angular distributions show a behavior 

characteristic of the type of transition involved. For example, 

the first four peaks in the helium spectrum correspond to 
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Figure 24. Schematic of low-energy electron impact experiment. 

235 1 transitions (see Figure 25) to a state (at 19.8 eV), 2 s, 

23P and 21P states (at 20.1, 21, and 22.2 eV) respectively. The 

first three are optically forbidden, the first and third being 

spin-forbidden and the first and second being symmetry-forbidden. 

If one plots the ratio of the intensities of the 23P to the 21P 

transitions as a function of scattering angle with a vertical 

logarithmic scale as shown in Figure 26, this ratio increases 

by about two to three orders of magnitude in going from zero degrees 

to about 80°. The reason for this increase is that the optically 

allowed 21P transition, which is due to long-range ~oulombic forces, 

has an angular distribution which is sharply peaked in the forward 

direction whereas the spin-forbidden 23P exchange process, being 

associated to the shorter range exchange forces, has a much less 

forwarq pe~k character. This behavior has been verified for many 

known triplet states in small molecules. 

The ratio of the intensity of the low-lyin~ 5 eV transition 
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Figure 25. Low-energy electron impact spectrum of He showing 

the four lowest energy transitions. 
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in water to that of the optically allowed one at 7.6 eV as a function 

of the scattering angle shows the behavior characteristic of a 

triplet transition, for an incident electron energy of 25 eV. 

However, when one makes a similar study at around 12 eV energy, 

this ratio does not show this characteristic behavior. Right 

now we are investigating whether this is due to an anomaly in 

the behavior of the 5 eV transition or to one in the optically 

allowed reference transition at 7.6 eV. We have completed gathering 

the data but not analyzed it. For this reason, I am not yet prepared 

to make a statement as to whether this is definitely a triplet 

state but I am prepared to make the statement that a low-lying 

.. optically forbidden state in water at about 5 eV does indeed 

.. 
\), 
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Figure 26. Relative intensities for triplet to singlet excitations. 

exist and may turn out to be a triplet state. 

PLATZMAN: With increasing excitation energy, does the current 

rise and then fall before it rises for the known transition, as 

you have drawn· it? (See Figure 23) 

KUPPERMANN: Yes, it actually falls a little to the right of the 

maximum, not sharply. In the electron trap studies of Schultz 

which measure the total cross sections at threshold, a similar 

feature is observed, which however, does not fall off after a 

maximum. I can say that in our case the intensity does apparently 

fall a little before going back up but it does not fall all the 

way down to zero. And that's the presen.t state as of last week. 
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BURTON: You see, Bob [Platzman], there are other people whose 

work is not read by everybody. 

KUPPERMANN: This is not yet published. The gathering of the 

data has been lasting for a year. 

PLATZMAN: Is this the same observation you made many years ago? 

KUPPERMANN: No, it is a completely independent observation. The 

one I made many years ago had to do with a retardation potential 

apparatus that has nothing to do with the one used now. 
~ 

PLATZMAN: And, that was later found to be wrong? 

KUPPERMANN: The one mentioned eight years ago was later found 

to be non-reproducible. It was never published, but only mentioned 

as a preliminary result at a meeting. The present one has been 

found to be highly reproducible over a period of over a year in 

an apparatus that has been thoroughly tested out. 

ALLEN: I think a critical problem here is resemblance or non-

resemblance of the absorption spectra:in the low-pressure gas 

phase and condensed phases of matter in general, and water in 

particular. And, I am aware of very little data on this subject. 

I am sure that many of you here know more about this than I do. 

I'll just say what little I know about it which Dr. Platzman, 

I am sure, is very familiar with too~ And the rest of you. In 

the first place, it is quite obvious that there is a vast difference 

in the absorption spectrum of gaseous mercury and liquid mercury. 

When atoms come together to form metals, there is a great general 

increase in absorption and opacity over wide wavelengths. Now, 

coming to non-polar materials, we have a slide I showed on Monday 

~. 

I 

:' 
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afternoon, as an example, on the scattering of electrons through 

foils. A plastic foil showed a cross section for scattering of 

electrons of a few hundred volts. This is illustrated in Figure 27. 

There was a peak at about 20 V and no structure. Of course, the 

resolution of the work wasn • t too good. But ·there is no structure 

appearing. Now Dr. Platzman, in his lecture the following day, 

showed spectral curves for gaseous molecules which had various 

shapes but they all peaked somewhat to the left of 20 v. Now, 

metals, metal foils in general, all show a maximum in the neighborhood 

of 20 v. It was my impression that all of this was interpreted 

by saying that the primary event in these condensed materials 

is a collective excitation of electrons in the system. If this 

is the case, it is quite different from the absorption in isolated 

molecules, where one expects a rather different distribution of 

fates to result ultimately from this absorption. In the case 

of water, I don't know of any work on the absorption spectrum 

of liquid water at wavelengths shorter than say 180 or 170 nrn. 

It is my impression that the extinction gets so high that it is 

not too practicable to determine it. aowever~ there may bP. wnrk 

on reflection of which I haven't become aware. Now, .if anybody 

knows anything about this, I would like to hear what is actually 

known in a factual way. 

PLATZMAN: First, could someone help me out? What is Formvar? 

ALLEN: I don't know; the electron scattering illustrated on Figure 

27 was done on Hylar. 
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Figure 27. Probability of energy loss of electrons of a few 

thousand electron-volts energy in traversing a 

thin film of plastic (Mylar) (solid curve) and 

for gaseous molecules (dashed curve). 

PLATZMAN: I thought you said Formvar in your lecture on Monday. 

If there is much oxygen in it, that makes a difference: the peak 

is shifted to a higher energy. 

ALLEN: Oh, I'm sure there is oxygen in it. 

PLATZMAN: Well, the first comment would be this. The character-

istic energy-loss spectrum of a solid, that is, the excitation 
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spectrum for a fast charged particle, shows a huge shift for those 

substances that have either free electrons, or weakly bound 

electrons, or small band gaps in the case of semiconductors. 
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The criterion for a large shift is whether the plasma frequency, 

that is, the characteristic frequency of oscillation of the electrons 

in the material if they were completely free, is much greater 

than, or is comparable to, the binding frequencies of the electrons 

in the molecules. In the case of semicoriductors a.nd metals, the 

plasma frequency is larger and corresponds to the ~ 18 eV loss 

that you mentioned, whereas the binding frequency is very small. 

So that what you said is quite right, but not germane. In the 

case of molecular liquids or solids, the binding energies of the 

electrons are very large, as I have shown Tuesday, and for them 

the plasma frequency is comparable. 

Quantitatively the criterion for a change between the dispersed 

or dilute state of the material and the condensed phase is whether 

a factor that depends on the density of oscillator strength, with 

respect to both space and to energy, is large or not. Now, it 

so happens that materials in which radiation chemists and biologists 

are interested, are composed of light atoms, and are remarkably 

low in density. Hence, this factor, with one important exception, 

is always small. Therefore, theoretically, we are confident that 

the shift will be ve·ry small. The one. exception is the case in 

which there is substantial oscillator strength concentrated in 

lines. Oscillator strength is not significantly concentrated 

in lines in normal molecules. There are infinite numbers of lines 

but they have such small oscillator strength that they don't matter. 

The important exception is in aromatic materials where there will 

be striking effects. in condensed phases·, as is well-known. 
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In the case of water, in particular, there are measurements 

in the vacuum ultraviolet. You are quite right in saying that, 

because of the strong absorption in this region, one cannot readily 

measure extinction coefficients but one can use reflection methods. 

This has been done and the changes are slight. The calculations 

from the complete oscillator distribution that I showed you Tuesday 

reveal that the changes in the liquid will be small. The reason 

is not hard to see. Water is composed in the condensed phases 

of little blobs which are oxygen atoms having hydrogen atoms stuck 

around them. These blobs have some electrical attraction for 

each other and stick together a little, but in a very minor way. 

The high frequencies of oscillation occur largely inside the oxygen 

atoms and are not strongly influenced by the surroundings. I hope 

that this rather primitive picture will be of help. 

~lOLA: If one has a single excitation process and a single 

relaxation process, then it seems to me that it makes no difference 

whether you study water in the gas or liquid phase. However, 

when you have several kinds of excitations and several relaxation 

processes which are occurring very fast and simultaneously as 

the data of Hunt indicates, then it makes a big difference whether 

you are in the gas phase where the molecules are further apart, 

or in the liquid phase where the mol~cules are closer together. 

The difference is in the competition·: between these processes. 

The lack of difference between the spectra of water in the gas 

and in the liquid, so far as it can be observed, is not relevant 

simply because the spectra are broad and you can have hidden shifts 
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that you don't see. These shifts can be as large as 1000 cm-l 

In another example, going from mononucleotides to DNA, one does 

not see a shift. You see no change in the absorption spectrum, 

just a change in extinction coefficient. Howeyer, the interaction 

between neighboring bases is of the order of 800 wave numbers. 

An interaction of this magnitude can lead to migration or 

delocalization of energy which are indeed very fast, 1013 or 1014 

hops per second if other factors are favorable. 

I<UPPERMANN: ~le were talking about events occurring in l0-16 seconds. 

Are you willing to extend your remarks and say that these differ.ences 

will manifest themselves on the lo- 16 sec time scale of primary 

processes? 

LAMOLA: No, these differences will not lead to changes in 

processes which occur in the l0-16 sec time s·cale. 

KUPPERMANN: Nell, that's all that has been remarked up to now. 

LAMOLA: Professor Platzman said it was irrelevant to the radiation 

chemistry of water whether you consider the gas ph_ase or liquid 

phase. 

PLATZMAN: No- to the primary processes. It-is very relevant 

to ultimate effects. 

LAMOLA: I see. 

WILLIAMS: I'd like to know more about the nature of these electronic 

states with the one and two asterisks. Can one say something 

about the shapes of the orbitals? Can one say something about 

molecular geometry? I know of Walsh's papers but I am sure some 

discussion, at this point, of processes such as those we were 

involved with yesterday, (such as H
2
0** giving H

2 
and 0) is very 



relevant. I think we need to know a little bit more about this. 

SCHWARZ: I'd like to point out an observation which has come 

.up at several meetings but, to the best of my knowledge, has never 

appeared in print. The number of hydrogen atoms that you see 

in the liquid phase in water radiolysis is considerably smaller 

than the number of hydrogen atoms you see in the gas phase of 

water radiolysis. The photochemistry of water has been studied 
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at three wavelengths. The quantum yields are about 0.4 at 184.0 nm, 

0.7 at 147 nm and about 1 at 127 nm. This is the work of Stein, 

et al. This covers the two first absorption peaks of the previous 

illustration. (Figure 22). If these states are formed in lo-16 

sec in the radiation chemistry of water, they will dissociate 

to give hydrogen atoms because, at least in photochemistry, they 

do dissociate to give hydrogen atoms. We observe a radiation 

yield G = 0.6 for hydrogen atoms. If you believe, and some of 

us do, that there is some validity to the diffusion model of water 

radiolysis, some hydrogen molecules are formed initially, others 

are formed during the life of the spur by reaction of the electrons 

with hydrogen atoms. Now, if you don't believe the diffusion 

model, you come to the conclusion that the yield observed at later 

times, 0.6, represents the initial yield. So, whether you believe 

the model or not, the radiati.on yield is about 0.6. The diffusion 

model does not include geminate recombination, and that may be 

the reason why the quantum yield is 0.6 and 0.7, so that 0.6 might 

actually represent an initial yield as high as 1.2, which is the 

highest yield which we can find. In gas phase radiolysis, it 
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seems, the ~value for hydrogen atoms is 4. So there is a 

discrepancy of a factor of 4 in hydrogen atoms. Could this 

difference possibly arise i~ tne initial l0-16 sec? I find it 

very difficult to account for it later on. 

PLATZMAN: I would like to conunent on Lamolil' o remarks about. the 

effect of the state of pondensation on deposition of energy in 

DNA. I can comment on that, and at the same time, make a comment 

on water. It is a very con~on mistake, and I think a grave one, 

to regard such experiments ~s being typical for ionizing radiation 

action. On the contrary, the energy deposited in the lowest excita-

tion bands of water ~s relevant but it is very small and is sub-

merged under the much greater number of excitations and ionizations 

of higher energy. The same mu$t be true in all biological materials, 

irrespective of their nature •. Ony often thinks that since the 

near ultraviolet is experimentally acce$sible, the .experiments 

one does there are going to Le or very greilt v~lue in interp:rP.t:.ing 

the actions of ionizing radiation. The contrary is true. I think 

the lowest energy band, which is strong in a certain sense, but 

is absolutely weak, contribu.tes a feW percent of the primary 

events. It is what happens at the other end of the spectrum that 

is really important. 

BURTON: I think that is a very important statement. 

MAGEE: This is certainly true and I have emphasized it as often 

as I could but there seems to be some low states which accumulate 

as a result of the cascading of higher states. Initially excited 

states convert to other states. Inevitably this is degradation 
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and low states will accumulate. People talk about the yields, 

G values, which are very substantial for one or two low states. 

They have not been directly excited by fast particles. They are 

formed in other ways. 

BURTON: Are we still talking about the very short time scales? 

MAGEE: This would be on the early time scale, not lo-16 sec 

but may -13 -12 be 10 or 10 sec. 

LAMOLA: The only reason I brought up the spectrum of DNA is that 

it is an example where you see no spectral changes yet there can 

be a significant interaction. Of course, I did not mean to make 

a one to one analogy between photochemistry and radiation chemistry. 

SWALLOW: Dr. Kuppermann mentioned the exchange interactions 

between low-energy electrons and water molecules and I have two 

questions in this area. In principle, if you have an exchange 

reaction, would you expect only triplet states to be formed, or 

triplet states and singlet states both? The second question is, 

can Professor Platzman indicate how important these are likely 

to be and would one expect that 50% of the excited water molecules 

are formed from these low-energy excitations by exchange processes, 

or 10% or 1% or 0.1%? Can one guess how important they are in 

radiolysis of water? 

KUPPERMANN: Concerning the first question, in exchange processes 

from singlet states both singlet and triplet states are formed. 

There is no selective production of triplet excitation from singlet 

states just because exchange occurs. For example, if you look 

at the excitation from the ground 11 s to the excited 21P state 
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in helium by incident electrons whose energy is around 30 eV, 

there are significant contributions of both direct and exchange 

interactions. The relative contributions of these two types of 

interaction depend markedly on the energy of the incident electron 

and, as that energy increases significantly .above threshold, the 

direct process predominates. In the gamma radiolysis situation, 

there is a whole distribution function of electron impact energies, 

with a large fraction of the electrons whose energy is 50 eV or 

greater. Under these conditions formation of triplet states by 

electron impact is not important unless one is looking at a process 

which could occur only via a triplet state; for those, the triplet 

states are essential. But, in general, I would de-emphasize triplet 

states in radiolysis. But one has to be very cautious, since 

they can be formed by electron-ion recombination processes and 

by intersystem crossing. 

SWALLOW: De-emphasize to the extent of saying they are less than 

10% of the total states, or less than 1%, or what? or less than 

0.0001%? 

KUPPERMANN: It is very difficult to put a figure down. It depends. 

PLATZMAN: For water, I would put the upper limit as less than 

a percent, and discretion forbids me to say what I think the lower 

limit is. But this is not generally true. If there is a pure 

triplet state, well separated from the lowest allowed transition, 

then the yield can be higher, depending on what the separation 

is. So this is not a general conclusion. There is no general 

conclusion. 
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BURTON: When you say water, were you refe·rring to water vapor, 

water liquid, or water in general? 

PLATZMAN: Water in general. Now, in addition to what Kuppermann 

said, there is another factor that he did not mention that deter

mines the relative amounts of singlet and triplet that are formed. 

That is a mixing of singlet and triplet states, which is absent 

only in the case we were given !or illustration, namely helium. 

But water has a nucleus in it with a rather high electric charge 

and this tends to mix the states a bit, as is shown by the atom 

iso-electronic with water, namely neon, in which the singlets 

and triplets are no longer distinct from each other. This tends 
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to change the picture very, very much. It becomes a very important 

factor. 

MAGEE: I would say, if you are thinking about formation of triplet 

states, that most of the triplet states would be formed (and I 

think that this is probably true in all cases) from the inter

conversion processes. You can forget the direct excitation. 

Recombination, yes. Direct excitation: as a rule of thumb, forget 

that altogether. 

KUPPERMANN: A remark that should be added is that considering 

what happens to these states subsequent to their formation there 

should be an enormous difference between the isolated molecules 

and the condensed phase in which intermolecular interactions are 

important. And that's where one reaches the stage in which it 

is very hard to predict a priori what the result of the competition 

between the several possible processes will be. One has a whole 
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distribution of dif'ferent electronic excited states with different 

orbitals and different geometries.· To answer a· ·bit what Williams 

was asking, there are states for which· the equilibrium· geometry . 

is linear, those for which it is.angular, states in which all 

sorts of different electrons from different orbitals have been 

excited in forming the excited s·tates, superexci ted states, and 

ions. The subsequent fate of these states depends very strongly 

on the competitive channels, 'and here the intermolecular inter

actions of the order of a thousand wave numbers can be significant 

and do have a bearing. I personally would not know how to predict 

in detail what would go on. 
!'• 

BURTON: Remember, we are concerned with time. ·These processes 

that you were talking about can occur in l0-16 sec. Do they make 

a significant contribution to the ultimate radiation chemistry 

of water or, are there other processes that make contributions? 

KUPPERMANN: If these·processes hadn't taken place, there·wouldn't 

be any radiation chemistry of water. 

LAMOLA: Before going on ·to the time evolution of these states, 

I would like to ask Dr. Kuppermann or Dr. Platzman what might 

be the relative numbers of excited states ai?-d ·ionizations initially 

produced as a function of the e·nergy of the incident electrons. 

KUPPERMANN: Platzman has answered that question in his plenary '' 

lecture. 

LAMOLA: Is it just from the difference between the shaded·area 

of your slide and the total extinction coefficient? (Figures 14 

and 21) •· 
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PLATZMAN: As I tried to emphasize the other day, one of the 

principal obscurities is the physicochemical stage, namely, what 

happens to the primary products immediately after their formation. 

We know there is abundant formation of superexcited states in 

the isolated molecules and also in condensed water, and the 
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competition between the formation of electrically charged fragments 

and neutral fragments definitely can be altered by the surroundings. 

Little is known about this. Initially, as I showed, there is 

not a great deal of ionization, even in the vapor. It occurs 

via this intermediate state and and therefore is subject to external 

influence. 

BURTON: I want to get something clarified. Is it correct that 

the phenomena we are now talking about (which occur at a time 

of the order of lo-16 sec) are not the phenomena which are being 

observed even at the very earliest times? Is this correct? 

PLATZMAN: Right. 

ALLEN: I still would like to talk about l0-16 sec and ask 

Dr. Platzman another question. He answered my question. He said 

that it was known that the absorption spectra of water vapor and 

condensed water in the range of interest, which is beyond the 

ordinary ultraviolet studies, are very similar. Now I would like 

to ask him about the nature of the excited states produced in 

the absorption. We know, for example, that in the mono-atomic 

liquids, liquids like xenon and helium, there are excimers. These 

are simply excited states that involve more than one molecule 

of a substance. Now, I would suppose, or at least I have assumed, 
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that these would be formed directly in the absorption - that it 

is not a question of one atom being excited and then associating 

with a neighboring atom. May I ask you then what the evidence 

is in regard to this point? 

BURTON: At this point we may require reference to a large amount 

of material in the literature. I think that if Dr. Platzman can 

issue a dictum and say, "Yes this is so. There is plenty of inform-

ation in the literature on the subject," it would bEa a good idea 

to proceed on the basis of such a simple statement. Then we could 

move along instead of getting involved in details of the evidence. 

PLATZMAN: I am not'licensed to issue dicta. F.xcimer formation 

is a topic that I find annoying because people seem to think it 

is something new. The formation of diatomic excited noble gas 

atoms, for example, has been known for a half-century. There 

was a book about it, now 40 years old. It is not a primary process. 

It is just that an excited noble gas atom is strongly attracted 

to an ordinary atom and can form a multitude of molecular elec-

tronic states. 
II 

FORSTER: I don't know that I understand about excimers but 

certainly some molecular movement is necessary for their formation. 

Therefore, it cannot occur directly so it has to wait until the 

molecules are able to move. So, this would be against dirF.lct 

formation. 

NIELSEN: I think, in the sense Dr. Allen meant the question, 

there was no nuclear movement involved and just the interaction 

could be very fast. You could excite directly to a state that 



might involve a charge transfer between neighboring·molecules 

in the condensed phase. This is the way we interpret the uv 

absorption of hydrogen atoms in water. 

10. The Earliest Experimental Effects 

Observed in Water. 

BURTON: I gather that we have now explored the fact that the 

phP.nomena which occur in l0-16 sec are not the phenomena which 

b · t b · l0-13 sec. Th t · th' th t we eg~n o o serve ~n ere are cer a~n ~ngs a 
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happen in the interval and, at the moment, we don't even know 

whether we ary penetrating into a time of about l0-13 sec. However, 

we are making other observations. Our first observation is 

at 10 picoseconds. Is there anybody who wants to develop this 

theme. 

LAMOLA: What I would like to see done now is to start with the 

time scale where there are some observations and write down the 

hard facts that are known. And, then begin to ask questions of 

ourselves as what possible models can be fitted and then discuss 

these models and try to determine whether experiments can be done 

to separate one model from another. 'Perhaps we can discard some 

models from information which is already available. I think this 

is the purpose of this discussion. 

KUPPERMANN: I would like to summarize the situation. The earliest 

observations in water are the experiments of Hunt. Those are easy 

to summarize because they are recent and not much data has been 
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produced. Some of them are already hard facts and some are being· 

developed. They both were summarized by Dr. Johns when he spoke 

for Dr. Hunt the other day but I will put down what my understand-

ing of the situation is. Hunt has studied acid solutions and 

acid plus electron scavenger solutions. All of these studies 

have been made with a time resolution of about 10 picoseconds. 

There are two important aspects of his experimental curves, viz. 

the rise time aspect and the dF.>GRY aspect. (Soc Figure 20a) Th8 

curves represent the time variation of the amount of solvated 

electrons upon bombarding the solution with a pulse of electrons 

about 10 psec wide. The risP. time is of the order of about 20 

picoseconds. There are processes which may be occurring during 

that rise time or preceding it. That is the very fast aspect 

of his experiments and the earliest that he is speaking about 

experimentally. The decay time, which is about 330 picoseconds, 

is slower than th~ rise time by an order of magnitude. So we 

have -11 essentially observations in two time scales, the 10 sec 

time scale a~d thP. l0-10 sec time cc~lc. 

~he information contained in the maximum of the hydrated 

electron absorption peak occurring at about 20 psec is very 

important as regards events occurring in a time scale of 10-ll sec 

or shorter. The portion of the curve beyond this maximum is for 

th d t d . f · · the l0-10 sec t' e un ers an ~ng o processes occurr~ng ~n ~me 

scale. The experiments with acid solutions show a decay which 

is first order and which occurs with a characteristic time which 

is compatible with the value of the product of the concentration 

J 
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a) 

20p sec 330 p sec 

b) 

Figure 28. Hydrated electron absorption in the picosecond time 

range as observed by Hunt for (a) acid solutions and 

(b) acid solutions with varying concentrations of 

acetone added • 

181 
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of the acid times the rate constant of solvated electrons with 

acid, within a factor of two. This aspect of these experiments 

is reasonably well understood. Essentially, one would expect 

this exponential first-order decay whether it occurs homogeneously 

or inhomogeneously, as I will soon explain. There may be slight 

evidence for the existence of spurs in the variation of the 

resulting e - + H+ rate constant with acid concentration. Disaq 

regarding this point, however, thi~ is a reasonably well undP.r.~tond 

portion of the process. 

BURTON: Does anybody know, does Dr. Johns know, whether the decay 

curve here agrees with that found for the specific rate of th~ 

reaction? 

KUPPERMANN: Well, there is a difference. Four-molar acid gives 

1.0 x 1010 M-l sec-l for k(e- + H+). It is the same whether 
- aq 

he uses hydrochloric or perchloric acid. When the acid concen-

tration is decreased to 0.5 M, the rate constant rises to 

1.8 X 1010 M-l sec-1 • From ord1.'nary pulse rad1.'olys1.'s work the , 
rate constant rises to 2.3 x 1010 M-l sec-l at about 10-3 M acid. 

The experiments in solutions of acid plus an electron 

scavenger seem to be telling us something about what is occurring 

in the 10-ll sec time scale or earlier. Let me summarize the 

information on Dr. Hunt's experiments that was given to us the 

day before yesterday by Dr. Johns. If the acid concentration 

is maintained at 0.25 M and if the acetone concentration is made 

to vary, the hydrated electron rise and decay curves are illustrated 

in Figure 28b. The question is, what is the interpretation of 
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these results. The interpretation that we have heard Dr. Hunt 

give via Dr. Johns is that, since the maximum peak height decreases 

with increasing acetone concentration, the acetone must be interfer-

ing with the process leading to the formation of solvated electrons. 

As a consequence, the solvation time has to be less than about 

10-ll sec. A puzzling feature of these solvated electron rise 

and decay curves is the following. The first-order time constant 

for decay after the maximum seems to be approximately independent 

of the acetone concentration. Since 'acetone does react effectively 

with solvated electrons this is difficult to understand. 

BURTON: You say each one of these curves exhibits the same half-

life. Therefore, even though these solvated electrons might react 

with acetone - that's not the reaction that is responsible for 

these curves. 

KUPPERMANN: First of all, it is known by independent experiments 

that solvated electrons do react with acetone in neutral solutions 

with a rate constant of about 0.6 x 1010 M-l sec-l which means 

that the decaying part of these curves is apparently in disagreement 
I 

with that knowledge. Because of that time.constant, the decay 

time of each one of these curves should be inversely proportional 

to the acetone concentration and should be significant. 

SCHWARZ: Not inversely proportional .because you do have the 

0.25 M acid there. 

KUPPERMANN: Yes. You're right. The 0.25 M acid is equivalent 

to about 0.75 M acetone and this should be added to the actual 

acetone concentration before checking the inverse proportionality 
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mentioned above. Since this has not yet been done, one must not 

yet be too worried. But if an inconsistency with the microsecond 

pulse radiolysis rate constant data is indeed found, this may 

affect also the interpretation of what occurs in the lo-11 sec 

time scale. Whatever explanation one gives has to account for 

both time scales; otherwise one is in trouble. Additional accurate 

data from Dr. Hunt on the decay times of the acid plus scavenger 

curves would be extremely useful in clearing up this point. This, 

I think, summarizes all the information that is available. 

BURTON: I would like to ask you a question now to clarify things. 

At the moment, you are saying that there is a reaction which 

occurs between acetone and what is normally thought to be the 

predecessor of the solvated electron, in a time which is short 

compared with 10-ll sec and which indicates that this is a high 

specific rate process. 

KUPPERMANN: Right. 

THOMAS: The acetone data is really confusing me. We have done 

some work on liquid acetone. The positive ion of acetone, for 

example, has a strong absorption in this region and there is some 

evidence that the negative ion has an absorption too. But we 

really don't have to bother about acetone. What about the other 

solutes? Do they show the same effect? That is, as you add more 

of the other solute, does the half-life of the absorption attributed 

to the hydrated electron decrease? 

JOHNS: I can't answer the problems simply because Hunt has put 

his major emphasis on the decrease of the peak (see Figure 28b) 
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with various scavengers. There is some extra information that 

the logarithm of the peak decreases linearly with concentration. 

This decrease is not simply related to either the charge on the 

species or the rate constant for the attack of the solvated electron 

on the scavenger as determined by others at longer times. So 

the main emphasis of Hunt's paper is on the reduction in this 

peak and he hasn't said anything about the rate constant for the 

disappearance of the solvated electron by scavengers. Much of 

the inference here is obtained by looking at a graph and saying 

the rate doesn't change much with scavenger concentration. I 

agree with you, it doesn't seem to change much. 

BURTON: As a matter fact, I don't think there is any inconsistency 

bet\oleen what you said and what everybody is inferring. 

JOHNS: . Yes, except that I want you to realize that this peak 

goes down with other scavengers but not in the presence of acid. 

Acid is the exception, not the rule. 

BURTON: This is an extraordinarily important point that you are 

making here, that there is a process which is occurring in a time 

h t . . 'th lo-11 h' h . 1 h s or 1.n compar1.son Wl. sec w l.C seems to 1.nvo ve t e 

predecessor of the solvated electron. 

KUPPERMANN: There is an additional point to finish the summary. 

Let's assume that the predecessor of the solvated electron is 

a non-solvated electron, e-. We are saying that the reactions 

of e with acetone, or nitrite, or cadmium ion, or the other species 

Dr. Hunt has studied are fast but that the reaction e- + H+ is 

slow on a time scale of 10-ll sec or less • 
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LAMOLA: I just want to ask the audience - does this make sense? 

It would seem to me that perhaps we shouldn't write e- then. 

BURTON: It was very carefully said that he writes e- but that 

he doesn't claim that it is e-. 

LAMOLA: Now, I am asking specifically. Can we write e or should 

we discount e based on the fact that aqueous acid is not reacting 

with it, whereas acetone and many other species do. 

HF.NT7.: I think ;it is true that the question of whether this 

precursor is e or~ superexcited state is an op~n'question and 

it undoubtedly is one of the most important things to be resolved 

in the future. There are some other facts that bear on this. 

Bill Hamill has insisted that it is e-. He calls it the dry elec-

tron. He gets at this by some very-high-concentration scavenging 

experiments and the suppression of the molecular hydrogen yield 

of water. The correlation between effectiveness of the scavenger 

in suppressing the molecular hydrogen yield and effectiveness 

of that scavenger in picking up electrons in an alkane glass at 

77°K is fa:i.rly good. In the alkane glass, the scavenger concentra

tions are as low as 10- 3 M. Therefore, if you talk about a super

excited state, it has to be able to travel all this distance in 

the alkane glass as compared to the distances involved here, at 

~ 1 M in aqueous solution, taking the same species in both cases. 

I think this one fact must be taken into consideration 1 at least 

if Bill Hamill's results are correct. Of course, we are on a 

different observational time scale but I think that is beside 

the point. If e- is a superexcited state, it is collapsing on 



.. a scavenger and that scavenger is present at 10-3 M • 

COMMENT FROM AUDIENCE: It must involve a longer time scale than 

we are looking at in these experiments. 

HENTZ: In Bill Hamill's work in the alkane glasses, scavenger 

concentrations are 10-3 M. Here, in Hunt's work, they are 1 M. 

These concentration differences, it seems to me, imply a time 

scale difference in the collapsing of the state on the scavenger 

or in the picking up of the dry electron by the scavenger. I 
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don't know the unswer but I think that we need some additional 

facts and that they must be considered. I am just trying to point 

out other facts that bear on the question of whether we are dealing 

with a "dry electron," as Bill Hamill wants to call it, which 

can move with high mobility and rather long distances to a scavenger, 

or whether we are dealing with a superexcited state which migrates 

to the scavenger, or a collective excitation which collapses on 

the scavenger. 

WILLIAMS: Might it not be experimentally desirable to identify 

the product of this reaction? For example, in the case of acetone, 

is the radical anion formed by electron capture or is it perhaps 

a triplet state of acetone? Would this be possible in these kinds 

of experiments? 

BURTON: That question can be answered next time. I think these 

questions are much too important to drop. Although I am going 

to call on Adams tomorrow morning, I think perhaps I'll reserve 

the first half hour for quick presentations of ideas or conclusions 

at which you people have arrived. This is what we are going to 

do tomorrow. Thank you very much. 
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Friday, March 13, 1970 

BURTON: At the close of yesterday's session, immediately after 

Williams' remarks, there was a whole sea of hands up. However, 

we simply had to stop. I have asked Allen to start the discussion 

today because he was the first one thus 'shut off. 

ALLEN: It was stated that the half-time for decay in the presence 

of 0.25 M acid is independent of the acetone concentration. Of 

course, the total amount of solvated electrons seen decreased 

with the decreasing acetone concentration. Now; Dr. Johns has 

tracings of the original oscilloscope curves. Without copying 

these off on graph paper and analyzing them, it is very difficult 

to say just what the half-time is but, in looking at them, I 

certainly got the impressibn that the half-time decreased as the 

acetone concentration went up. This is contrary to what had been 

said before and this absorption was behaving in every respect 

like a standard solvated electron. That's all. 

SCHULER: I noted that the reported rate constant of the electron 

+ hydrogen ion reaction decreased by about a factor of two in 

going to the very high concentration. At the highest eoncentra-

tion, which is, I believe, 4 ~, the half-time would be something 

like 20 picoseconds. My question is this: is there any possibility 

of an instrumental effect that would contribute a constant of 
I 

this magnitude to the study which would then also, of course, 

reappear as a constant in the acetone work? 

BURTON: Was that a decrease or an increase? 

SCHULER: It was a decrease in the rate constant. Let's say at 
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4 M the rate constant reported was 1 x 1010 M-l sec-l which would 

mean a half-period of about 20 picoseconds. If this constant 

reappears also in the acetone work it would also contribute to 

the apparent effect. 

BURTON: This phenomenon is reminescent of the kind that Klaus 

Schmidt reported regarding the specific rate of the reaction 

between hydrogen ion and hydroxyl ion at the very beginning of 

the process after irradiation of water. 

SCHWARZ: It is a little bit hard to say whether there is an 

instrumental problem. However, the reaction should have a large 

ionic-strength dependence and the observed effect is in the right 

direction. The rate constant for the reaction under steady-state 
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conditions does change by roughly a factor of two with ionic strength. 
""-

Furthermor~, if you say there should be a spur effect it would 

also change the. rate constants in the same direction. So, it 

is roughly what one would expect to see. 

SCHULER: Then, there should be no contribution from the acetone 

at all. 

SCHWARZ: The time resolution of the experiment, I believe, is 

essentially calculated theoretically. 

ADAMS: My con~ent is exactly the same. 

KUPPERMANN: I think that Dr. Allen is righ~. From the data 

contained in the Figure in Hunt's paper it is-hard to make a definite 

statement as to whether the solutions of acetone in 0.25 M acid 

are or are not showing the decay with time which one would expect 

them to show. A simple inspection of that Figure leads me to 
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the conclusion that the effect that one does see seems to be smaller 

than would be expected. Since this is a question of fact and 

not subject to discussion, I think we should wait until the facts 

are available in more detail before really drawing a series of 

conclusions about them. In other words, we don't really know 

for sure the facts about the rate of decay in solutions of acetone 

in 0.25 H acid. 

BURTON: This is precisely the conclusion I reached wi.Lhout this 

profound explanation. 

ADAMS: Not me! I think the point is that you ~ explain it if 

there is little effect of nr.~tone on the half-life. It is possible 

to explain this off by saying there is an equilibrium between 

the electrons and the negative ions of acetone and the observed 

rate of decay is due to protonation of this negative ion. That's 

all we need to say because we do know that in the case of acetone 

we get these stable negative ions and that they do have an absorption 

in this region. 

BURTON: I think the data are in a preliminary form that has not 

yet been completely analyzed. Let's wait until all the information 

is in before we become too profound about it. I judge there is 

going to be no more discussion on this point, in which case I 

would like to call on Adams. I refer to t.hA point I raised at 

the conclusion of the session the day before yesterday. The question 

I asked at that time was: "Does this discussion of times of the 

order of lo-14 and l0-13 sec have any significance from the point 

of view of the problems of the radiation biologists?" 
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11. Biological Implications 

of Early Time Events 

ADAMS: Yes, because the implications of the processes that are 

taking place in this time period and the concepts that have emerged 

this week in our discussions, tell us what to look for, what to 

expect, and help in the interpretation of the biological response. 

One particular question is that of energy and charge migrations 

in biological molecules and I would like to see some discussion 

on that. I would like to outline what the nature of the problem 

really is. One should not forget that often a cell is killed 

by some few hundred rads of radiation. This is generally but 

not always true. There are resistent cells and very sensitive 

ones. Certainly many kinds of mammalian cells, .which are more 

sensitive than bacteria, are killed by doses of .that order of 

magnitude. How does this relate to the evidence that DNA itself 

is a major target for radiation damage? We should remember that 

there are not many DNA molecules in a cell but that there are 

many thousands of enzymes of different types. Thus contrary to 

the case for DNA, there is a multiplicity in most biochemical 

components of the cell. That is one piece of circumstantial evidence 

that radiation damage to DNA is important. Perhaps then, we 

should also discuss what evidence there actually is that DNA is 

a target for radiation damage, and then think about the mechanisms 

by which DNA might be damaged. I would like to ask Lamola to 

elaborate on what he said earlier concerning the relevance of 
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energy transfer data from biological molecules irradiated at low 

temperatures in the solid state. Another thing that we should 

discuss is the question of how relevant is water radiolysis inside 

the cell, how relevant are hydrated electrons. Does the high 

concentration of biochemicals inside the cell mean that electrons 

can react before they are hydrated provided the local environment 

is right and that the hydrated electrons just don't contribute 

to damage in biological systems? I personally know of no evidence 

that indicates that hydrated electrons are involved. There is 

no correlation at all between cellular radiological biological 

phenomena and hydrated-electron rate constants. Another point 

in relation to this is that the arbitrary classification of effects 

in a biological system into direct and indirect processes is, 

I think, now rather naive. There are so many reactions that can 

take place following simple scavenging of the hydrated electron 

by the different types of molecules which are bound to be present 

inside the cell: bound, unbound, semi-solid matrices, and solutions, 

etc. One example is simple thermal-electron transfer between 

molecules where the hydrated electron reacts directly with a 

molecule which may not be particularly important but is then 

transferred to another molecule which is. There are many examples 

of electron-transfer processes between molecules of biological 

importance in solution as well as in the solid state. 

To summarize: are the processes in the range l0- 16 to lo-12 sec 

i~portant? Yes. Of course, they must be important but, at the 

moment, there is no feasible experiment to demonstrate that this • I I 
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is so. However, let us not forget that if we can design an experi

ment to show that radiation chemical processes are involved and 

then separate these from all the subsequent non-radiation chemical 

events which take place, that is progress. One doesn't progress 

very far but the progress is unequivocal. Having established 

that a biological phenomenon involves a radiation chemical process, 

then one can go on from there. I indicated a few examples yesterday 

[in a plenary lecture] of how one can do this using fast response 

technique!';. 

BURTON: I have noticed that you have addressed a question to 

Lamola. 

ADAMS: Yes. The question concerns the competition between charge 

neutralization and charge separation. In principle, if these 

two processes are in competition, charges may combine or they 

may separate. Neutralization l:ends to be harmless so the nature 

of the system influences the efficiency of the energy deposition 

with regard to irreversible damage. In a biological molecule like 

DNA there is evidence that energy can be localized in distant 

electron or energy traps. Long distance migration of energy must 

take place in molecules like DNA. How relevant is data from low

temperature model systems? 

LAMOLA: In the few days I have been here, I have become an 

Argentine; so this is very early in the morning for me. I think 

you have made a valid statement and it is a point that we have 

been going through day after day here. If you are worried about 

the chemical yield, that is, if you are worried about efficiencies 
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of chemical processes, and not the rate then it should be 

remembered that the efficiency comes from a competition between 

various processes which lead to chemistry or which lead to non-

chemLcal reaction. 

BURTON: What we are concerned with here, you know, is very early 

times. 

LAMOLA: Well, the branching between chemical and non-chemical 

pathways can occur at various times and in various stages. I 

am not prepared to discuss delocalization of superexcited states 

or ionized states. I can tell you what we understand to be the 

best explanation for what goes on in DNA when excited into its 

first absorption band, which lies at about 5 eV. Perhaps I should 

start even belqw that at about 3.5 eV in the triplet· level. The 

phosphorescence from DNA comes only from the thymine and is 

consistent with energy transfer. That is, triplets might be 

produced in all the bases but are transferred to thymine which 

has the lowest triplet state energy. 

ADAMS: This is under what physical conditions? 

LAMOLA: All the emission experiments were carried out at 77°K 

in a qlass. 

ADAMS: There is then one example of difference between photo-

chemical data and radiation chemical data: Fielden's, for 

instance. The solid state luminescence spectrum from DNA contains 

components from different bases. Thymine is predominant but there 

are other components in the emission. 
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LAMOLA: Emission from dry DNA in the solid state excited with 

light is also often a mixture. Under those conditions, we hardly 

have native DNA. In addition to observations of the phosphorescence, 

there have been experiments done on the quenching of this 

phosphorescence. One can have various quenchers which bind to 

the DNA: these can be paramagnetic metal ions which bind to the 

phosphate groups on the outside of the DNA and dye.molecules which 

intercalate between bases of DNA. To sum these experiments up 

very briefly, one quencher of either type for every ten phosphate 

groups (i.e.; one quencher for every ten bases) quenches the 

phosphorescence completely. The quenching step is short-range 

so that this result indicates that the ~ange of triplet delocaliza-

tion is about ten bases or five base pairs. The most significant 

observation after that is that the un-quenched phosphorescence 

(residual phosphorescence) has the same lifetime as the phosphor~ 

escence in the absence of quencher. Thus, you are quenching the 

intensity but not the lifetime. This is consistent with the 

picture that you have regions in which the triplet excitation 

is delocalized, but that the triplet excit~tion cannot get from 

one of these regions to another. If you have a quencher in one 

region, it quenches the excitation fast in comparison to the lifetime 

of the phosphorescence. If there is no quencher in the region, 

there is no quenching at all. Consequently, a triplet in this 

region, phosphoresces with its normal lifetime. (See Figure 29) 

VOLTZ: I just wanted to ask - what is the distance between your 

elements? 
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I I 
Figure 29. DNA molecule illustrating regions of delocalized 

triplet excitation subject to the action of a quencher. 

LAMOLA: 3.4 A. They lie in a sandwich arrangement. 
II 

FORSTER: Wouldn't quenching the singlet state lead to the same 

results? 

LAMOLA: Yes. However, it is observed that the fluorescence is 

not quenched by these quenchers. Well, it turns out that a simple-

minded theoretical analysis (Lamola and Eisinger) can rationalize 

these data very nicely. On the basis of calculations of Sommer 

and Jortner and of Stuart Rice, and also on the basis of some 

experiments, we have taken the exchange interaction between two 

neighboring bases on the same strand in DNA to be about 10 wave 

numbers. From considerations of overlap of the £-orbitals and 

assuming that the hydrosen bonding does not add anything new, 

we take the exchange interaction between hydrogen-bonded bases 

to. be of the order of one wave number. Then we apply the golden 

rule which says the energy transfer rate (kt) is given by the 

expression 
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kt = 
2 
h 

where J is the spectral overlap, p is the density of states, and 

S is the electronic interaction energy. Because we have spectra, 

we can get a good ide~ 9f the spectral overlap integrals and we 

take for p, 100/wave number. We calculate a transfer rate of 

something like 109 sec-l for transfer between similar neighboring 

bases. 

Table II 

Calculated triplet energy transfer rates for neighboring 

bases in DNA. X signifies transfer rates much greater 

than 1 sec-1 ; y signifies rates much less than 1 -1 sec . 
D/A T A G c 

T X X y y 

A X X X X 

G X X X X 

c X X X X 

In Table II D is donor and A is acceptor, T is thymine, 

A is adenine, G is guanine, and c is cyt<;>sine. We know the energy 

levels for all the triplet states and we simply reduced this rate 

by the Boltzman factor for the uphill transfers. The downhill 

transfers are going to be even faster than 109 -1 Noting sec . 
these facts, you find that three out of the sixteen possibilities 

(transfers from the triplet of thymine to guanine and to cytosine 

and transfer from adenine to cytosine) the transfer rate is slow 

compared with one second, the lifetime of the triplet. For the 
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other thirteen cases, the calculated transfer rate is very fast 

compared to the lifetime. Now, if we are wrong by a factor of 

10 on the interaction energy, it adds only one more to the category 

that can't go or, alternatively eliminates one. This statement 

applies to neighboring bases on the same strand. For transfer 

between ~drogen-bonded bases, it turned out that there is only 

one case where a transfer across the hydrogen bond would be faster 

than transfer along the same strand. That is the situation where 

you would have an adenine surrounded by either cytosine or 

guanine. Then tranfer would be preferentially to the thymine 

across the hydrogen bond. But if that transfer occurs, the thymine 

is going to have a G or C as neighbors. Thus, that is just a 

trap so that we can simply ignore transfers across hydrogen bonds. 

We see that· the problem reduces to a consideration of just a 

single strand; because of the differences in transfer rates it 

is not a kinetic problem. It reduces simply to considerations 

of the distribution of the bases. So let's take a DNA which has 

equal numbers of thymine, adenine, guanine and cytosine (it so 

happens that this is the DNA for which thesP. quenching experimcnes 

were done) and assume a random distribution of bases. Then the 

probability £(~) that we can make exactly ~ jumps will be given 

by the expressio·n 

( ) (13)n 3 
p n - lb · 16 

where 13/16 is the probability that a .. jump is possible, and 

13/16 is the probability that the next·jump will be impossible. 

J 



199 

One then calculates the average value of n, which turns out to 

be 5, and if we are wrong by a factor of 10 in the exchange 

interaction the result is reduced to 3 or goes up to 8. So, even 

if we are extremely sloppy in the calculation of the transfer 

rate, the range goes only from 3 base pairs to 8 base pairs and 

this model also predicts that the unquenched phosphorescence will 

have the normal lifetime. So we feel we have a reasonable under-

standing of triplet delocalization; that is, about 5 base pairs 

is the range and there are absolute barriers between the ranges. 

Now, if you go up to room temperature, the transfer rates go up 

because the Boltzman factor becomes a little better but the triplet 

lifetime goes down much faster than the transfer rate goes up. 

So, if anything, the range should be a bit shorter at room 

temperature. The picture is certainly clear and we have some 

theoretical justification that there is no long range delocalization 

of triplet excitation. 

Now we turn to singlet excitation transfer. We have measured 

the phosphorescence from DNA having various AT vs. GC contents. 

From analysis of such data (which can be found in one of our papers 

and in a review by Gueron and Shulman) we can argue that there 

is no significant transfer of singlet excitation between vibration-

ally relaxed AT and GC base pairs. This is not because the transfer 
II 

rates are slow. For the Forster mechanism, you can calculate 

the transfer rates from spectral data. Taking this as the lower 

limit of the rate, you calculate that you should be able to get 

transfer over a few base pairs. However, such·transfer is not 
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observed and this simply means that there are some processes which 

are faster than transfer and which thus preclude transfer. Such 

processes might be the following. 

It is well known that both poly-C and poly-G show strong 

phosphorescence and fluorescence. But if you make the double

stranded polynucleotide, poly-G-poly-C, everything is quenched. 

Quenching is occurring at a single l.evel. This is due to some 

effect of the hydrogen bonding. Perhaps protons are transferred 

in the excited state. Another process which occurs in DNA, is 

exciplex formation between two neighboring bases on the same strand. 

After one is excited, you have a slight pulling together with 

a neighbor to form an exciplex. This is then a trap. Exciplex 

formation is very fast compared with fluorescence lifetimes. Thus, 

exciplex formation and quenching in GC pairs are possible processes 

which compete favorably with energy transfer. However, a detailed 

analysis of data by Gueron reveals that there could be rather 

significant singlet transfer before vibrational relaxation. Now, 

this is the sort of thing that Voltz was talking about except 

that he was referring to higher-lying exci~P.n states. I am referring 

here to higher-lying vibrational levels of the first excited state. 

The main reason why the calculated after-relaxation energy 

transfer rates are relatively slow is that there is very poor 

spectral overlap because all these levels are fairly close together. 

Essentially, there is overlap only of zero-zero bands. However, 

if you could start at a high vibrational level, then you could 

have much better spectral overlap. The calculated transfer rates, 
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assuming that the donor is in a higher vibrational level, turn 

13 -1 out to be of the order of 10 sec • Transfer could very well 

compete with vibrational deactivation. And so we suggest that 

pre-relaxation transfer can occur in DNA. An analysis of the 

data I told you about is consistent with this view and we have 

the following picture. 

AT base pairs and GC base pairs have the same extinction 

coefficients so you would expect light to be absorbed equally 

well by AT pairs and GC pairs. After this initial excitation, 

there could be delocalization by pre-relaxation transfer until 

the excitation becomes localized on AT and GC base pairs. The 

ratio of probabilities for localization on AT vs. GC is 1 to 4. 

The excitation on GC base pairs is very quickly quenched. Excitation 

on the AT base pairs can lead to formation of exciplet and triplet 

states. This is the picture for exciting into the lowest absorption 

band of DNA. I would expect that the possibilities for energy 

migration might be even better for excitations to higher-lying 

states. 

ADAMS: The experimental fact is that in biological systems 

ionizations in DNA must occur at a separation of at least several 

hundred angstroms. The damage is modifiable by electron traps 

bound into the DNA structurally or locked in the environment. 

The concentrations of materials like oxygen or some of the other 

sensitizing agents are often small and therefore their distribution 

is very sparse. So, if as you say, energy migration in a DNA 

molecule is unlikely to traverse more than five or six bases, 
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then it may not be relevant. What I want to know is, how far 

can thermal electrons migrate in DNA? It seems to me that electron 

traps do influence the overall energy deposition in the DNA. 

Migration must operate therefore over considerably longer distances 

than what you appear to indicate might be possible for excitation 

transfer. 

LAMOLA: I think we could get a pretty good idea of excitation 

transfer rates, electron transfer rates and hole transfer rates. 

The problem in understanding both photochemistry and radiation 

chemistry is that we do not know how to calculate the rates of 

the competing processes: the relaxation processes, such as internal 

conversion, chemical processes, etc. The range of excitation 

or electron migration depends upon the ratio of these rates. 

VOLTZ: We have found that in polystyrene there is no migration 

of singlet energy and we have in fact a very rapid trapping by 

excimer formation. This result supports your point of view. From 

kinetic arguments we know that this trapping process occurs in 

less than 10-ll sec in polystyrene between neighboring monomer 

molecules. This is excimer formation between neighboring chromosomes. 

FUNABASHI: I have a question concerning the method of calculation 

of the transfer rate. You [Lamola] use a certain calculation 

for the transfer rates in similar molecules and found the transfer 

-1 -1 
integral to be 10 em or 1 em • Anyway,this is fine. This is 

" the so-called resonance transfer by a weak interaction in Forster 

terminology. What about dissimilar molecules? If I am not mistaken 

you multiplied by the Boltzman factor. This is rather crucial. 



LAMOLA: We are assuming that the exchange interaction is similar 

for all pairs of neighboring bases and we assume that the density 

of states is similar and the only thing that we have changed from 

one set of bases to another is the spectral overlap. ·For uphill 

transfer we assumed the spectral overlap falls off by the Boltzman 

factor from the value for similar donor and acceptor~ 

FUNABASHI: The relative population, for instance of TT to AA, is 

probably fairly accurately given by the Boltzman distribution. 

But, if your concern is the rate constant of transfer between TT 

and TG, then I don't think the ratio is given by the Boltzman 

distribution proper. I think you could be drastically wrong. 

LAMOLA: Well, let me say there is experimental evidence for this 

kind of picture from many sets of experiments on energy transfer 
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in solution, of course for those acceptors which lie lower in 

energy. The transfer rate is similar for all of the downhill cases 

and it is simply the diffusion-controlled rate. But when the donor 

triplet lies lower than the acceptor, you get, of course, a fall

off in rate. Now the slope of the plot of log transfer rate vs. 

energy differences is given exactly by 1/kT. (See Figure 30) All 

this is saying is that if you have a donor which lies lower than the 

acceptor, there is no transfer at very low temperatures. However, 

if you can populate either vibrational levels of the donor excited 

state or vibrational levels of the acceptor ground state, then 

you would have sufficient energy to transfer. This is how the 

Boltzman business comes in. It is as if it were transferring from 

hot bands. 
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JOHNS: We have some evidence of energy transfer from the other 

point of view. If you take a long polymer of uracil and put 

radiation into it, you get dimers such as we talked about yesterday. 

(See Figure 31) The dimers are formed at random in the polymer. 

They tend to come in clusters so that once you get one dimer 

formed there is a bigger probability of forming a dimer next to 

it than there is anywhere eise ih the chain. This shows that if a 

photon is absorbed more or iess at random it must transfer its 

energy. We never looked into the mechanism. This was four 

years ago. You do end up with iots of clusters of photo products 

i::lml I think. this may be relevant from the point of view of the 

end product. 

ALLEN: I am under the impression that this work on fluorescence 

was done with a dry preparation, free of protein. It was found, 

however, that hydrogen bonding to another strand killed this. 

Isn't it tru:e that, in the natural state, protein (surrounded 

by water) would tend to be much more hydrogen bonded than in 

these experiments? 

LAMOLA: Our experiments are done on native DNA in a·- water

containing glass. The experiments which have been described by 

Adams were done in the dry state. We have tended to stay away 

from the dry state because there is denaturization. · 

ADAMS: Fielden has used various kinds,'of preparation. He extracted 

DNA from bacteria grown in the presence of bromouridine and used 

it as a microcrystalline material. He sees the effect. 
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Figure 30. Logarithm of transfer rate as a function of the 

energy difference between the donor and acceptor 

levels. 

LAMOLA: I'd like to make two comments on Johns' comment. First 

of all, in homopolynucleotides, (~, poly-A) the experimental 

evidence is that triplet excitation is quite delocalized. The 

range is about 100 bases and is limited by something which we 

don't understand. Perhaps there is some kink in the molecule 

which occurs approximately once every 100 base pairs. With 
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reference to the kind of chemical evidence that Harold [Johns] pu~s 

up for energy transfer, the trouble is that photochemistry is 

complicated. Besides needing precursor states and having to have 

precursor states in the right place to get the photochemistry, 

the photochemistry is extremely sensitive to all kinds of other things, 
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Figure 31. Dimer formation in uracil polynucleotides leading to 

clusters.of phOto-products. 

like conformation. It may simply be that the photo-products in 

poly-U are piling up becaus~ otiC~ you put th~ first on~ in, you 

get some region around the first product wtiich ha~ a different 

conformation and it is easier to put further ~hoto-products in 

there. 

JOHNS: This po·int that Lamo·la. j'ust made is very nicely pointed 

out by other experimentS. I'f you t'ake poly-A + U (see Figure 31) 

complex and put radiation into it, you· get no hydrates formed in 

the poly-U until you get a dirner made first. Then the· chain breaks 

out as illustrated·. At leCt.st this· is a simple picture of what 

might happen. Then, you can get a hydrate formed' in the next 

position, whereas you can't get it formed at all in the structure 

where you have complete hydrogen bonding, which is just another 

illustration of what Lamola has said. 
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THOMAS: Instead of taking model molecules, we might take model 

bugs. From this point of view, the work of Larry Powers, I think, 

would be applicable here, especially because he can treat these 

bugs in many different ways (in a chemical sense). I was wondering 

if Gerald [Adams] could tell us something about this work, perhaps 

from the point of view of whether wet or dry electrons are of 

some significance in biological effects. 

ADAMS: I am aware of some recent results of Powers which are not 

yet published but they very soon will be and I am sure he would 

not mind my mentioning them. I find Powers' work interesting for 

this reason. He, as well as Tallentire, uses a bacterial spore which 

one can irradiate dry or wet and it still retains its biological 

activity. What has been done is to investigate the effects of 

various dose modifying agents (such as oxygen, nitric oxide and H
2
s) 

at various stages of hydration down to about 10-S torr. The effects 

he finds are these. Biological dose-modification phenomena-positive 

or negative, sensitization by oxygen, or protection by alcohol, 

glycerol and SH-containing compounds, take place under both sets 

of conditions although the magnitudes of the effects depend upon 

the state of hydration. In the wet system the effects are larger. 

He and Tallentire can quantitate the amount of different types 

of damage. Powers has looked at the effects of electron scavengers, 

particularly nitrous oxide which sensitizes by converting the 

electron t hydroxyl radicals. In the presence of OH scavengers 

like ethanol, protection occurs. (See Figure 32) One slight 
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Figure 32. Spore survival as affected by various additives. 

objection to this system is that a large dose is required in this 

system. It is a relatively clean kind of experiment and it does 

indicate that a biological response can be modified by N2o and 

by ethanol indicating that OH radicals are involved. The point 

I am emphasizing though is that water radiolysis does not produce 

all the damage. There is still damage in dry spores. 

HENTZ: Do I understand this correctly1 Such an effect might 

suggest that in the dry material, an electron moves out and may 

come back to give an excited state; however, it may be trapped. 

And then there is also the possibility that after trapping it 

does not produce a reactive radical but, as in alkane glasses, 

may hop back over a period of time so you may get a small fraction 

l 



of radicals from all electrons produced. When you put water in 

this system, the electron may be thermalized in the water where 

it can react with some impurity or solute which does not yield 

a radical capable of abstraction. If you put N
2
o in the system 

the electron is stopped in the water and is picked up by the N
2
o 

and now the 0- or OH radical produced can abstract like -

ADAMS: That is the explanation. 

HENTZ: .In other words, this would suggest that wet electrons 

are more effective than dry electrons in the overall effect~ 

ADAMS: It is a bit ambiguous; it may mean that they don't do 

anything at all but when they are converted into OH radicals, 

then they may cause damage. Of course, the oxygen effect itself 

may involve several different unrelated phenomena. 

HAROLD M. SWARTZ: (not H.A. Schwarz) I just want to clear 

up one point which may not be obvious to the non-biologists. It 

is that when you take a bacterial cell down to 10-S torr you still 

have considerable water left in it. Do you have an idea, Ged 

[Adams], how much water there is? 

ADAMS: They have tried to estimate this by direct weighing. The 

residual water is less than 1% but it is a heterogeneous system. 

One doesn't know where the water is. Most of it, for instance, 

may be bound into nucleoprotein and may play a very insignificant 

role. 

FUNABASHI: I would like again to raise the question of the 

definitions of the dry and the wet electrons. It is annoying 

to me to use the terms without defining them. I think I have 

209 
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a fairly good idea of what a wet electron is. It probably means 

the solvated electron, but what is a dry electron? Plea.se, let 

somebody define it. 

FREEMAN: So far as I can tell from the way Hamill uses the term 

"dry electron," it is just a quasi-free electron - a term the 

physicists have been using for a few decades. Quasi-free electron 

was discussed on Tuesday morning. It is one that is not in a 

vacuum, one that moves in the molecular medium with mean free 

paths of at least several molecular diameters. 

BUR'l'ON: The statement by Freeman appears to involve a matter 

of language, as well as possibly personal preferences or 

prejudices. I think that Dr. Funabashi has something in mind. 

Is that right? 

FUNABASHI: Yes, I already said it at least twice in this con-

ference. In my understanding, if long range dielectric interaction 

of an electron (by that I mean the dielectric constant that was 

discussed by Mozumder two days ago) is important, thP.n thP. trans-

ition from delocalized electrons (i.e., fast-moving electrons

let us imagine electrons with kinetic energy of about 10 eV) to 

localized states is a continuous phenomenon. It is a spontaneous 

phenomenon. There is no state in between. It is a non-stationary 

state. It is a continuous change. If, on the other hand, short-

range interaction be essentially localization of the electron, 

then the transition from the moving state to the localized state 

is not spontaneous. You go over to another stable configuration 

where the delocalized state exists. 

l 



HENTZ: When we talk about things, we have to have a language 

and, of course, it is necessary that we understand the words we 

are using. We can't, everytime we say wet and dry, spend an hour 

in theoretical development to try to explain the meanings. But 

I do agree with Paul [Funabashi] that we must at least be clear 

in our minds as to what we are talking about. I think the term 

quasi-free was not original with Gordon. I don't want to take 

any credit away from him, but Joshua Jortner and Stuart Rice's 

people used the word quasi-free for the electron in liquid argon 

which must be described by quantum mechanics. I'm using words 

I don't really understand thoroughly but I think we have a feeling 

for what they mean. Now, it seems to me that a dry electron, 
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as used by Hamill and some other people, is essentially an electron 

like that in liquid argon. It is a crude statement but the electron 

has not produced dipolar polarization. It has produced the electronic 

relaxation. I think that is the sense in which Hamill uses dry 

electrons because he equates dry electrons with the mobile electron 

in an alkane glass. Before such an electron is trapped it behaves 

essentially as an electron that has simply produced the optical 

polarization. Now, I hope I am interpreting Hamill's view correctly. 

I am not positive of this. 

FREEMAN: Bob [Hentz] is right of course. I didn't start the 

term. I'm flattered, indeed, if the reason that people object 

to the term is simply the thought that I started it. 

(Laughter.) 
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But the use of the word quasi-free goes back to times long before 

Rice and Jortner. It has been used by people in England:, back in 

the nineteen-thirties. I searched for other terms because I don't 

like "quasi., anymore than anybody else. It sounds a bit arrogant. 

The only physicist whom I could find who uses such concepts, namely 

Mott, used a different term. He uses· the term "nearly free" electrons. 

JOHNS: This is an interesting discussion but we are getting a 

long way away from what Dr. Adams meant by dry and wet systems. 

We have got to think of terms which apply to where all this happens. 

Now I am sure that Larry Powers, when talking about the systems, 

is thinking of a system where you do something and if there is 

no water there, how could you get a solvated electron. So there 

really are three ideas. There is the solvated electron, that 

everybody I think understands about, but there might be a precursor 

to this solvated electron and then there might be something that 

is very diffe·rent if it is in a dry system where there is no water. 

BURTON: Let me intrude. There is a difference between a solvated 

electron and a hydrated electron. One may talk about the possibility 

of having a hydrated electron when there is no water, but there 

could be solvated electrons even without water. Now, is this 

what this discussion is about? 

JOHNS: I don't know either. 

FREEMAN: Maybe we can get away from some of this difficulty between 

solids and liquids, etc. by talking about localized states of 

electrons and non-localized states of electrons. Then, in solids, 
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states. 
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SCHULER: Isn't it possible to have localized states without having 

a solvated state? 

FREEMAN: Yes. 

HOWARD-FLANDERS: Ged Adams raised the question and then he has 

returned to the question of radiation damage in cells and its 

modifications and conditions studied by Powers, etc. At some 

point, perhaps, we want to take a closer look at this and see 

what we do know about how important this is. During experiments 

on dose-modifying factors in cells, one learns something about 

intermediate reactions but really awfully little about what is 

significant and whether it is nucleic acid that is really involved. 

These experiments appeal to radiation chemists because you can 

do the same class of experiments: you can work at low temperatures, 

you can use radicals, scavengers, etc., and what you see is 

the radiation chemistry which goes on inside the cell as radiation 

damage is being caused in whatever molecules are important. There 

are general biological reasons for supposing that these certainly 

include DNA. There is a classical question that is posed and 

that has been discussed over the years: in radiation biology and 

radiation chemistry how important is 1 damage to DNA and, are there 

not other damages that are as important or more important? How 

does one obtain the experimental answer to this kind of question? 

In a way, this is a perennial question. It is exactly like 

the question which carne first, the hen or the egg? and it is very 
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clear that you can't have a hen unless it grew out of an egg. 

And where is it going to come from if it didn't come out of a 

hen. Well, the only resolution to this question that I know of 

is to say that the hen is merely a device for propagating the 

DNA, the egg. The DNA is the driving force, it has to generate 

alternately the hen and the egg to replicate itself. We don't 

really get an insight from seeing that question until we know 

a lot about the molecular biology of these processes and similarly, 

I am not certain that we are going to get an insight into biological 

reactions to radiation until we ~nderstand some fP.w p~ocesses 

in substantial detail. 

At this point, I think we want to look at radiation damage 

in DNA and try to pursue it in full molecular detail as long as 

we can - the nature of the damage in DNA and the biological con

sequences of these damages. Certain facts have emerged. Of course, 

the damages are still rather poorly understood. We cannot list 

all the radiation products which form with x rays. We can look 

at the products formed with uv much better and know that the class 

of products that predominates is the pyrimidine dimers. In certain 

circumstances pyrimidine dimers can be introduced into DNA, as a 

practically pure product. These have been investigated by Lamola 

and his colleagues using sen~itization whereby one can study bio

logical effects under conditions in which only one product is 

made. You can obtain an exact response,. and one can then understand 

relatively fully the effects of these products. s·e.ruti has now 
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discovered that in a single strand of RNA bacteriophage that one 

obtains on1y the cytosine hydrates as the principal·radiation 

product with the formation of dimers being somehow seriously blocked 

by the fact that RNA is irradiated within the phage structure. 
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So there is now an opportunity to study the effects of these cytosine 

hydrates biologically in some detail. 

BURTON: I am a little puzzled; we mustn't forget what the purpose 

of this session is and that we are concerned with the recognition 

of the very earliest processes that are significant. Now, does 

what you say bear on this question of the time scale of the very 

earliest processes? 

HOWARD-FLANDERS: If this is a meeting about radiation chemistry 

and radiation biology, about primary effects, the primary effects 

are the formation of products in the cell at the earliest time 

at which the cell can begin to act on them and these are, as far 

as we know, the radiation products in nucleic acids. 

BURTON: What is the time scale now in which you are speaking? 

We would like to know this time you are thinking of. 

HOWARD-FLANDERS: Yes. I would put the division at somewhere 

between 10-3 and 10-l sec as the earliest time in which there 

can be a biological response to a photo product; i.e., the speed 

of enzymatic reactions. For example, in DNA replication, the 

number of bases being inserted in DNA per second (the ground point) 

is of the order of 10 3 or 104 per second, in which case you can 

get in principle a photo product, and this can affect replication. 
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The earliest time at which you can do a complete experiment of 

course, is much longer. But I think there is a distinc.tion at 

about 10-3 sec within which all the radiation chemistry processes 

have occurred and following which, in prin.ciple, the biological 

changes, the biological processes would occQr. If you can bear 

with me one moment to go on a little farther with x irradiation, -

BURTON: We must break and resume. The recording tape is running 

out. There is one point that has come out that I think it is 

very important. Apparently, there is a tremendous gap between 

some of the things which some of the radiation biologists conceive 

as "oarly proccooco" and what another group of radiation biologisLs 

(who are way down the line in our present terms) consider as 

"the earliest processes." Ged Adams is shaking his head "No." 

And there are other people who are raisipg their J;lands. After 

we resume I will give Howard-Flanders the opportunity to continue. 

HOWARD-FLANDERS: If we are coming to the primary effect~ from 

the biologists' point of view, then I certainly think that this 

must be defined in terms of the products that are formed (to a 

good approximation) in DNA - and I think that we do not really 

know what the second approximation is very well. The reasons 

for thinking that radiation products in DNA are important are 

several. 

BURTON: I think that you can take it fo.r granted that the people 

here will agree that the products formed in DNA are important. 

l 
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HOWARD-FLANDERS: Right. But I expect one doesn't want to take 

it as a myth and there is some evidence for it. To ask the question 

formally whether radiation products in DNA are everything, one 

would have to do the following experiment. Irradiate cells, take 

out the old DNA that has radiation products in it, put in new 

DNA with no radiation products and then see how well the cell 

survives. Now, technically, it is difficult to do this experiment 

and it has not been done successfully. An alternative is to take 

cells, heavily irradiate them, and then study their capacity for 

supporting phage growth. In taking an appropriate phage for this, 

which is phage T2 , you find that cells, such as bacteria exposed 

to a half a megarad, function reasonably well as a host for phage 

synthesis. All of the principal biological machinery needed for 

the translation of the genes and synthesis of proteins and nucleic 

acids are intact and phage is produced. And, this shows that 

the processes, other than things that have to do with products 

in DNA, are at least reasonably resistant to radiation. There 

is a question as to what contribution from radiation chemists 

would be particularly useful to radiation biologists. And, this, 

of course, is a knowledge of the products formed in DNA, how these 

are generated, how they can be modified by particular treatments, 

so that biologists then have systems in which they can see the 

effects of particular products generated or enhanced by some radiation 

chemistry technique. One such technique would be the use of a 

sensitizi~g agent, if there are radiation conditions in which 

radiation products in DNA can be very materially altered. Then, 
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if these can be characterized, there is a good chance of measuring 

these, following what has happened and following the way in which 

cells respond to these damages, and trying to repair them, and 

promote their survival. And, I think that any contributions which 

come from radiation chemistry in this area will be very productive. 

Following what happened in the study of photobiology, it is clear 

that very substantial progress was made, once a major product 

was identified and quantitated and its fate was followed. And 

this permitted the discovery of a whole series of photo processes 

and greatly elucidated the response to radiation. Now with x 

irradiation, the situation has not yet reached this far, but the 

reason is that we don't know enough about the products formed 

in DNA. One of the things which I think we could ce'rtainly use-

fully discuss here are ways of learning further abo~t the products 

formed in DNA, characterizing them, and modifying them in ways 

which might conceivably affect the biological response. I am sure 

that if devices are generated by radiation chemists .that permit 

us to have ne~ products, that biologists will not be slow to take 

advantaqe of these and follow through their fate on the effects 

of biological survival. 

ADAMS: Just before the intermission, when you were making a 

-3 -1 -3 statement about 10 to 10 sec, then Burton said that 10 was 

still a long, long way away from the very early processes which 

we are talking about. I think that the confusion arises just 

simply here. This period is a convenient point of discrimination 

only between a radiation chemical process and a biological process. 
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Now, a biochemical process would take place between thermally 

stable intact molecules, usually with some activation energy; 

such a process takes place over seconds or minutes. There are 

experimental techniques which are available to show that radiation 

effects in biological systems occur inside of that time range. 

To establish that the phenomenon or part of a phenomenon is a 

radiation chemical process is the first thing to do, and that 

is the point that Paul [Howard-Flanders] was making. Once you 

have established that, then you can make your models and simplify 

your system. So I think that it is relevant to talk about the 

overall response such as he did, and to use the experimental tech-

niques which are available, such as fast time resolution techniques, 

to break it down. The time range there is poor, I agree, at 10- 3 

-4 or 10 , but that is enough. When you know that you are dealing 

with irradiation chemical phenomenon, then you can start making 

the models and simplifying the system. 

BURTON: I am not a biologist myself and most of the biology that 

I know, I learned in my sophomore year in high school, but the 

situation in radiation biology is not too greatly different from 

the situation in radiation chemistry. It is only very recently 

that the most important thing that one could do in radiation chemistry 

was to measure G values. We were measuring things far down the 

line and slowly, in an effort to understand what was going on, 

it became apparent that we had better work in the millisecond 

region. Then we'began to do pulse radiolysis in the microsecond 

region. Now we work (not too uncommonly) in the nanosecond region, 
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and Hunt's efforts promise us that there will be work soon in 

the 10 picosecond or maybe the picosecond region. We hear things 

from Bell Telephone Laboratories that are already taking us into 

the picosecond region. This is the curious thing: while the 

radiation chemists become slowly what might be called radiation 

physicists, very rapidly the radiation biologist has become not 

merely a radiation biochemist, he has been leading the field and 

he is really a radiation physical biochemist. It is interesting 

that the biologists are the ones, people working in the biological 

institutes are the ones, leading us into the very fastest work 

that is going on at the present time. It is interesting and it 

is refreshing to know that this is going on. 

JOHNS: I think that we have aa problem here as to what we should 

talk about. I am in a biological institute and I know that this 

is a tremendous field all of its own. I think that Paul Howard

Flanders point~d out the problem, where, as far as I can see, 

ionizing radiation is concerned. We don't know what the original 

damage is that gives rise to the important products that give 

rise to the radiation biology. But I think that the radiation 

chemist has to keep investigating what he can investigate and 

I think that John Hunt's work is a good illustration of this. 

He finds something that apparently prevents an electron from 

becoming solvated. He believes that this precursor, this dry 

electron as he has called it, is relevant in biology because in 

a biological system, the proteins are in high concentration and 

this is a point that he is making. So ~ really think we ought 

l 



.. to get back to talking about some· radiation chemistry again. This 

whole field of biology needs a conference all of its own. 

GROSSMAN: I would just like to point out a problem here, namely, 

that to the biochemist and certainly to the biologist there is 
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a sense of timelessness with respect to the effects of the impinging 

damage. The biochemist and the biologist are concerned about 

the expression of the events that have already occurred as a function 

of the irradiation. And, this brings up, I think, an extremely 

important point as far as the biochemist is concerned: namely, 

what is really the target within the cell to account for the expressions 

which one can observe in a cellular system. This is extremely 

complicated. One sees both death to the cell as a function of 

both the photochemistry and the radia~ion chemistry and one sees 

a series of mutational events which again represent an expression 

probably at the DNA level. 

BURTON: We cannot go into such long-time matters because that 

is not the function of this meeting. I would not permit people 

to discuss G values of polymerization processes here and I cannot 

permit anything which is taking us into the long-time region. 

Now, if you want to go into the short time direction, we would 

welcome what you have to say. 

GROSSMAN: It is obviously again not an expression of time as 

a function of radiation; it is obviously a post-irradiation problem 

that faces the entire biological area. 

BURTON: Okay4 We are not in the entire biological area. We 

have limits on this conference. We have things that we are attempting 
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to accomplish and I simply cannot permit this di.scussion if you 

are going to take it in that direction. 

ADAMS: It is not entirely fair to say that what a biologist 

looks at may take a day or a year, therefore, ti1at information 

does not have any relation to an early effect. It does, and ~fter 

all, we are talking about a biological effect, not an effect in 

a biological model. Ahd, if anybody has a statement to make con

cerning a biological end point which is recognizable in radiation 

chemical terms at the early stage level, then I think it is very 

relevant. 

12. The Nomenclature of Electrons 

BURTON: Let; s get back to' one li tfle thin·g which i have heard 

again and again here in thi~ conference and ~bicih ~~s been bothe~

ing me. That is, the hydrated electron, or generally the solvated 

electron, in contrast with the dry electron. Now, in my innocence, 

I think I understand the term "electron." An "electron" is a 

certain thing·that has defined properties that vary under certain 

conditions that have been fairly well described and I am beqinning 

to think that our problem is that the "solvated electron" has 

proven to be a very unfortunate term in this sense. Nobody speaks 

of an electron associated with an OH radical as be~ng a solvated 

electron; that is called a hydroxide ion and it is a chemical 

entity. I think, from the same point of view, that any solvated 

electron is a chemical entity and that it possesses the properties 

t 
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of this particular entity. Is there any reason why it is necessary 

to contrast the behavior of "an" electron in a certain environment -· 
(with certain temperature or energy properties), on the one hand, 

with a charged chemical entity of which an extra electron is a 

chemical part, on the other hand? Is there any need for doing 

this? 

SCHWARZ: We are getting back to nomenclature and at this point, 

I will take issue with the definition that Bob Hentz gave of the 

dry electron. The actual terms that are used to describe this 

are somewhat unfortunate. It is not that obvious what the proper 

terms are. My understanding of Bill Hamill's concept of the dry 

electron is that it is an operational definition. To him, a dry 

electron is an electron as it behaves in saturated hydrocarbons 

say, of the straight-chain variety. The electron that we see 

in water we call a hydrated electron and there must be a distinction 

between these two because they have radically different. properties. 

Some of them are similar but there are other properties that are 

radically different. In terms of describing this any other way, 

you would have to go on and on and w~ don't know enough. 

BURTON: When you use the dry electron term in the sense of a 

dry electron in a·hydrocarbon, are you referring to an electron 
c 

which is trapped? 

SCHWARZ: I do not know. What I am referring to is the electron 

as it behaves in a saturated straight-chain hydrocarbon or some-

thing approaching a straight-chain hydrocarbon. I would like 

to go on and make one further comment. The phrase "quasi-free 
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electron" has come up and, as I understand the quasi-free electron, 

it is an electron as it behaves in liquid argon. It seems that 

several hydrocarbons behave similarly, but then again we do know 

that quantitatively there are quite large differences between 

the electron in argon and the electron in straight-chair:'l hydro

carbons and it seems to me that to try to describe all of these 

with one term, makes life very difficult. And I think that this 

is where the nomenclature comes in and I think that the lack of 

prec.ision results from the fact that we don't know what they are 

and the best that we can do is to describe them operationally. 

SCHULER: Isn.' t the question of "dry" or "solvated'' merely a 

question as to whether the electron is assoc;:iated with a permanent 

dipole or not? 

FREEMAN: In any developing thing, you start off with fuzzy ideas 

and you have to use fuzzy words to describe the~ and I think that 

dry electron falls into that category. There is a whole spectrum 

of beh~vior of electrons in non-polar liquids going from an extreme 

in argon through to something like in normal hexane. There is 

a spectrum of behavior, and what t~rm should be used? You hav~ 

a quasi-free particle in argon, and it seems to me that you have 

a localized particle in ~-hexane, and you have localized electrons 

in water and alcohols. 

HENTZ: I don't want to rebut Harold [Schwarz]. I think that 

it is a question of how ideas orginate and, being at the Radiation 

Laboratory, I know how· Bill's [Hamill] ideas originated. He actually 

postulated the dry electron on the assumption that, in an alkane 
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glass, a mobile electron is either trapped or reacts with a scavenger. 

Now, he argued, if you kick an electron out of a water molecule, 

in that very short period before any dipolar relaxation can occur, 

one must see only the electronic polarization or the optical 

dielectric constant. He said, therefore, I ought to be able to 

find this dry electron in water by going to high enough scavenger 

concentrations to catch it while it still behaves like an electron 

in an alkane glass. This is sort of historical development; 

Hamill thinks that he has found the dry electron and Hunt thinks 

that he has found it. Now, I would agree with Harold [Schwarz], 

though, that basically, the operational definition is the best. 

A dry or wet electron has nothing to do with these models. 

Basically, what we see is an electron that behaves in water as 

it does in alkane glass at 77°K. The presently available information 

is still, I think, in a very sensitive state - both in regard to 

Bill's [Hamill] experiments and perhaps Hunt's, - although they 

are much firmer, I think, than Bill's. 

NIELSEN: I think that at one extreme, we understand the electron 

in a vacuum and in another extreme we can understand the electron 

in something like liquid ammonia, whether it is in a very short 

time scale or in a very long time scale. Hence, it is a question 

of relaxation times. Suppose that you put an electron in a perfect 

lattice and you polarize this lattice. Then it might be just 

like a polaron or it might eventually be like what we see as a 

trapped electron in ice. In ice the situation is extreme because 

the relaxation times are so long that you have to expect that the 
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formation of the trapped electron doesn't take place quite as 

fast as in water. So, I suppose that the dry electron, as the 

term has been used here by Dr. Hentz, refers to the case when 

the electron is associated only with polarization at optical 

frequencies. As time goes on, depending on what lattice you .have, 

or what glass you have, you might talk about more solvated

electrons [or "more-solvated electrons"] and there will be many 

stages and many species, depending upon what relaxation times 

you have in the system that you are working with. I don't think 

that there is any clear-cut definition as to what a dry or solvated 

electron is; it depends upon the system you have. 

PLATZr1AN: Admitting that I am on the defensive, since, if I am 

not mistaken, I invented the term "hydrated electron," I find 

this discussion ridiculous. These questions are perfectly clear 

and have.been elaborated repeatedly in the literature. There is 

a great difference between the hydrated electron and one that 

is not hydrated. We know in detail what the difference is. Now 

I have taken Hamill's talk about dry electrons (he is not the 

only one to use this particular term; Hart discussed it before 

Hamill, and I have done it a little myself, and so, too, have 

many other people) as referring to an electron which is not bound 

by long-range polarization. I have always considered "dry electron" 

as somewhat of a jocular term, which does not mean that it is bad, 

but I cannot understand what this discussion is all about. The 

difference between a hydrated electron and an electron bound to 

an OH radical·is immense and I thought it was well known. •• 
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BURTON: But you can ascribe definite chemical properties to the 

solvated electron, can't you? 

PLATZMAN: There is a book about it that Pikaev has just written. 

FREEMAN: I would like to ask Bob Hentz what the evidence is that 

the dry electron has properties similar to an electron trapped 

in an alkane glass. It is not clear how the electron behaves 

in an alkane glass. 

HENTZ: I hope I did not say that the dry electron behaves like 

an electron trapped in an alkane glass. It behaves like a mobile 

electron in an alkane glass before it is trapped or reacts with 

a scavenger. Now the evidence would take a lot of time and I 

don't think it is worth going into here in detail but I can just 
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state it in a couple of minutes. (1) Hamill has studied the effect 

of a lot of different scavengers on the suppression of the so

called molecular yield, ~(H2 ) = 0.45 in water, at concentrations 

in the range 0.1 M up to maybe 3M. He finds their relative effec

tiveness in suppression of the molecular yield. Now, when I say 

11 he finds,u there may be some question of agreement as to what 

he finds but I am stating what he says he finds. Hamill finds 

that effectiveness in suppression of the molecular yield correlates 

well with the effectiveness of these same scavengers in scavenging 

the mobile electron in alkane glasses at 77°K. Now, John Hunt 

has done the same thing in study of suppression by scavengers 

of the hydrated electron spectrum after a 10 picosecond pulse. 

Again, he finds a fair correlation with Hamill's results, although 

I don't know how good it is, which implies a fair correlation 
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with the scavenging efficiencies in an alkane glass, Now, whether 4111 
these correlations will stand up or not, I don't know! They' r·e 

still not too good but the fact is that the correlation with absolute 

specific rates of hydrated electron scavenging is certainly miserabl~, 

so a different species is certainly invo~ved. But that is the 

sort of evidence. It is the only evidence available that I am 

aware of. 

FREEMAN: Then why do.esn 't he simply use the term "non-localized 

electron", because sur.ely that is what he is talkinq about. 

BURTON: You are talking ~bout what Hamill lik~s to ~o ano what 

somebody else likes to do. What we want to unperstano is what 

is meant. 

WILLIAMS: I would like to ask Professor .Platzman ;if h~ could 

enlarge on the difference between localized polarons and ~mall 

polarons and large polarons which are used very much by physicists 

in discussing transport ip semiconducto~s. I read ~ review articl~ 

in Solid State Ph~ics recently, which I couldn't understand I 

must admit, and this review was all concerned about polarons. 

But there was actually no mention in this whole art.iclc; or it 

was dismissed perhaps in two lines, of the type of polaron with 

which we are familiar in radiation chemistry. 

PLATZMAN: The reason for the latter is that solid state physicists 

are chiefly interested in polarons in atomic crystals, in which 

there is no dipolar ·contribution to the polarization, .so they 

just haven't gotten around to studying the systems that most interest 

chemists. As to the distinction between large and small polarons, 

there are books written about this. J 
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13. The Nature of Solvated Electrons 

MAGEE: Since Professor Platzman feels that the hydrated electron 

is so well understood, I would like to know more about this species, 

its structure and the origin of its absorption spectrum. Do you 

feel it is well understood and, if so, is there any place we can 

go and read about this? You know that I am not unfamiliar with 

the literature. 

PLATZMAN: Well, that is a tongue-in-cheek question, of course. 

It is also a vague question because I would have to know what 

Mr. Magee means by well understood. Most of us would feel that 

the molecule H2o is well understood; yet there are countless.details 

among its properties of which we have no grasp whatsoever. We 

don't know much about many of the excited states and there are 

even nurnerous things that we don't know about the ground state. 

So, by "well understood," I mean that we have a good basis for 

understanding the properties of the ground state of the hydrated 

electron, including the nature of its optical absorption. We 

certainly don't understand it completely. There are many aspects 

that we don't understand but that does not mean that we don't 
, 

understand the main characteristics of the hydrated electron. 

Of course, we do. And, you do, too. 

BURTON: Bob [Platzman], maybe I'm wrong about this, but I got 

the impression historic~lly that you predicted the nature of the 

solvated electron or the spectrum largely on the basis of the 

comparison with the solvated electron in ammonia. Is that correct, 

or am I incorrect on that? 
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PL.ATZMAN: I don't understand. What do you mean by largely on 

the basis of"? 

BURTON: You indicated that it would have a certain form and you 

should look in a certain place and I had the impression that you 

made this suggestion on the basis of our knowledge of the spectrum 

of the solvated electron in ammonia. 

PLATZMAN: You seem to imply that that is a weakness? 

BURTON: Yes, I do. 

PLATZl1AN: But the point is· that some of the important aspects 

of the spectrum depend on the dielectric properties. They depend, 

for example, on the reciprocal of the static dielectric constant, 

which is not very different in liquid ammonia and in water. The 

short-range characteristics in the spirit of what Magee said, 

are less well understood. But I showed that that wouldn't make 

much difference in the nature of the absorption spectrum, and 

this turns out to.be true. The spectra are in the same spectral 

region. But I would like to re-emphasize that we still don't 

understand the shape of the absorption spectrum, which is asymmetrical. 

BURTON; We now know thinqs physically about the solvated electrons 

in water and we have known many more things physicaliy about the 

solvated electron in ammonia and we really know what it is like. 

PLATZMAN: And, they are very similar indeed. 

BURTON: I don't get that impression. 

PLATZMAN: But it again depends on what you mean by .similar. 

BURTON: For example, the volume occupied by the solvated electron 
' 

in ammonia. It is quite different from the volume occupied by 
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.. the solvated electron in water. 

PLATZMAN: The electron leads to a volume expansion in both and 

for very· much the same reason. 

BURTON: Where do you get that statement for water? 

PLATZMAN: Well, I don't know if it has been measured experimentally 

but it must be true anyway. (General laughter) 

BURTON: There have been experiments done, Bob [Platzman]. Magee 

has asked you some questions just now, would you like to finish 

answering them. 

PLATZMAN: I would be delighted. Are you satisfied, John [Magee]? 

MAGEE: Well, the question was not entirely tongue-in-cheek but 

I knew that you couldn't give a full answer. 

FREEMAN: Is the difference in the absorption maxima of the solvated 

electron in water, and say, methanol and ammonia understood? 

Is that shift understood? 

PLATZMAN: I don't. remember. 

THOMAS: I just want to reply quickly to what Gordon [Freeman] 

said. There is a paper by Dorfman which has correlated the maxima 

of the solvated electron in several liquids, water, etc., with 

the standard type of theories for solvation, and they agree as 

well as you would expect --

(Groans from the audience) 

HENTZ: I simply want to answer Kerry [Thomas]. The correlation 

was frightful. The dielectric constant of water is about 80, 

the absorption maximum is at 720 nm; the dielectric constant 

of ammonia is about 16 or 17, its maximum is at 1500 or 1600 nm; 
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methanol has a dielectric .constant of something like 33, the 

absorption maximum is somewhere around 580 nm or. so. That's a 

horrible correlation. There are more. Ethylene. glycol'· etc. 

but I won't go on. 

KEVAN: I agree with Bob Hent?.. I don't think that the sirnple 

theory involving only long-range polarization predicts the absorp

tion, the position of the absorption spectra, in these various 

media. I also don't think that it is too well understood that 

the long-range polariza.tion interaction is the dominant or the 

most important interaction that accounts for the absorption spectrum 

of the solvated electron. one can use that to explain with adjust

able parameters where it occurs.. One can use only short-range 

interaction to explain where it occurs. And, I don't think that 

it is well understood what is. most important or what the picture 

actually is. 

WEBER: Refe·rring to Dr. Hunt's paper, I would like to ask a couple 

of questions with the authority vested i:n me. by being cornplete.ly 

innocent on the si'ul.J j e ct '· as I have never had anything to do with 

the solvated electron. I wou1d like to make comment:: on what one 

would judge to be l:ht:! prog,ressive decrease in the production of 

hydrated electrons, on looking at Dr. Hunt's curve, on the addition 

of acetone. It struck me at first sight that this might have 

something to do with the structure of water being broken up by 

the acetone. One might be looking at some kind of Franck-Condon 

phenomenona. But there are places there in the s.tructure of water 

that are particularly sui ted for the lo,calization of the electron 



and, if you break the structur~ by the addition· of acetone, then 

there will be less localization. And, I would like to ask, if 

experiments have been done with ions that break the structure 

of water, like thiocyanate for example, and what the results are 

in the production of solvated electrons. 

KUPPERMANN: To the best of my knowledge, Hunt has done experi

ments in which, instead of acetone, cadmium ions and nitrate ions 

have been used. He has artificially added 3 M sodium ions and 

what he has found is that the spectrum of the hydrated electron as 

measured at 10 picoseconds is the same in all these cases. It 

is the complete absorption spectrum which coincides. Certainly 
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the effect of these different ions and of acetone on these media 

would be expected to be quite different. Because the concentration 

is very high, these ions or molecules would be expected to interact 

strongly with. the solvated electron and change its absorption 

spectrum if they were able to disrupt the medium that significantly. 

So, it seems that this observation will counter your suggestion. 

BURTON: Am I to understand that Hunt measured the spectrum of 

the solvated electron at 10 picoseconds? He actually observed 

the absorption spectrum? 

KUPPERMANN: Yes, it was shown at this meeting --

SWARTZ: [not Schwarz] One point there, he observed the shape 

of the absorption spectrum but not the extinction coefficient. 

WEBER: Dr. Kuppermann, wouldn't that be expected if there were 

a kind of Franck-Condon effect there? That is, that all these 

compounds would just decrease the numbers that you will always 

get the same spectrum, but only the yield would be different? 
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KUPPERMANN:· I don't really think so, because the main point that 

I am trying to make is that if the added solute i~ capable of 

disrupting the structure of water, I have the impression that 

it should also interact strongly with the hydrated electron and 

change its spectrum. 

PLATZMAN:. A brief comment on Kevan's remarks because I think ---
they may be misleading in a way that he did not intend. An 

electron in any material will interact with all the molecules 

of the material; with those close to it and with those far away. 

This is not an arbitrary assumption. It is a necessity. In the 

case of the hydrated electron, there will be some contribution 

to the binding energy from short-range interaction, (that is, 

the molecules "inside" the "hydrated electron", and those close 

to it) and also from those far away. And, incidentally, as well 

as from those in between. We don't know in detail the p~ecise 

relative contributions of these, but all of them must be there. 

I am sure you didn't mean to give the impression that we could 

sort of take a vote on whether it is one or the othe~. Both of 

them must contribute without question. I think that, for example, 

the model that was published recently in which there were only 

short-range interactions must be wrong, just as one which completely 

ignores short-range interactions must be wrong. The long-range 

interaction is much easier to take into account theoretically 

but that doesn't mean that it is the only one there. 

JOHNS: I would like to clarify one point by reading a paragraph 

from Hunt's paper to put it in the record. 



.. Two trivial explanations for. this reduction of 

the initial e - absorption signal have been rejected. aq 

(1) This effect is not an artifact of the time 

response of the picosecond pulse radiolysis system. 

It is not observed when H + is the electron scavenger aq 

and satisfactory agreement has been obtained between 

the mathematical formulation of the system time 

response and observed system performance. Moreover, 

in a 1 M HClo4 , 0.5 ~ acetone solution the observed 

peak height corresponds to that observed for 0.5 M 

acetone, while the decay rate is approximately·equal 

to the sum of the individual decay rates for 1 M 

HClo4 and 0.5 M acetone. 

(2) Another possibility is that the addition of 

high concentrations of scavenger molecules (other than 

H +) alters the solvent structure sufficiently either aq 

to reduce the number of electrons which may become 

solvated (for example in pre-existing traps) or to 

change the nature of the s·olvation shell and hence 

the spectrum of the solvated electron. The former 

possibility is ruled out by an experiment described 

in the preceding paper. The addition of a high 

concentration of a non-reactive ion (3 ~ Na+ in the 

form of NaCl04 ) neither alters the yield of e aq nor 

changes the rate of the reaction e + H + 
aq aq • The 
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latter possibility is eliminated by the finding that 

the spectrum of e in a 2 M solution of acetone agrees aq 

with the spectrum of the aqueous electron observed at 

microsecond times. 

Johns continues: Now, the slide that I showed on Monday showed 

that result and I believe. that the data compared with Keene's 

data for the solvated electron. 

BURTON: If the spectra as you say in pure acetone and pure 

water are the same, does that mean that the solvated electron 

interacts the same way with acetone and water as it does with 

water? 

KUPPERMANN: No, only 2 M acetone. 

BURTON: Even at 2 H acetone, two acetones are pretty close. 

PLATZMAN: I think I can give a homely illustration of what I 

mean when I say that we understand the hydrated electron quite 

adequately,.although far from perfectly. Most of us would agree 

that when we talk about hydrogen atoms in water, we know what 

we are talking about; but, if the Scandinavian experiments on 

the alleged absorption spectrum of the hydrogen atom are correct, 

then we really know less about H than we do about hydrated electrons. 

Yet water, under the influence of ionizing radiation, is commonly 

considered to break up to give, in part, hydrogen a·toms, some 

of which form hydrogen molecules. It seems to me that I have 

heard that many times, and most people would think that is fairly 

well established. 



.. NIELSEN: Well, in answer to that remark, I would say that the 

hydrogen atoms in water are nearly as mysterious as the solvated 

electron and I think that the absorption spectrum can be explained 

by a perturbation on the excited state of water, as well as a 

perturbation on the ground state of water. And the basis for 
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that is ESR experiments, very fast pulse ESR at Argonne; Dr. Smaller 

indicates that the hydrogen-atom spectrum is very near·ly the same 

as in the gas phase. Thus~ you have a huge nuclear splitting 

and we can rationalize the observed uv spectrum of the hydrogen 

atoms in aqueous solutions as a partial charge transfer from excited 

singlet water to the hydrogen atom, which falls in line with a 

similar absorption in the case of OH radicals, and, by the way, 

also by the hydrated electron. 

SCHULER: I want to take just a few minutes to mention a phenomenon 

of which many of you are probably not aware and which has some 

potential for giving information on what is happening when the 

bond is broken to form radicals as we see them in our ESR experi

ments. This phenomenon is the nuclear polarization that results 

when radicals are produced. The phenomenon was first observed 

by Fessenden and myself in 1961 and reported in our 1963 paper. 

The spectrum of concern is that of hydrogen atoms produced in 

liquid methane and consists of two lines which are separated by 

about 507 Gauss. (In confirmation of the comment Dr. Nielsen just 

made, the same type of spectrum o·f hydrogen atoms is observed 

in aqueous solution so that there is no question that at least 

some of the hydrogen atoms in solution are identical with those 



238 

in the vapor phase or in a hydrocarbon.) However, '-'pertinent to 

the point that I wanted to make here is, that the lines of the 

hydrogen atom spectrum, as have been observed in liquid methane, 

are not a normal type of spectrum. Namely, instead of seeing 

two lines of the same intensity separated by ~ 500 Gauss,what 

one sees is two lines separated by the right distance but where 

the low field line is emitting rather than absorbing. Now, unfor-

tunately, at the time we observed this phenomenon the explanation 

was not at all apparent nor was the over-all importance to the 

sorts of things that have been discussed this week apparent to 
I 

us. The whole situation lay fallow for about five years until 

the nuclear magnetic resonance people re-discovered it in 1967. 

It turns out that, in many ot the reactions for which radicals 

are intermediate, one sees in the long term {that is for minutes) 

nuclear magnetic resonance spectra of which some lines are emitting 

rather than absorbing. And, this results from the nuclear polt=~r-

ization that occurs during some stage of the reactions of radicals. 

The phenomenon was again re-discovered in electron spin resonance 

by Smaller and, as it turns out, has been in the last year or 

so observed in much profusion in various types of experiments 

such as those we do at somewhat longer times. Similar results 

are also observed in chemical experiments where rad~cals are produced 

and observed very shortly after they are formed. Now, the reason 

that this phenomenon is important is that the polarization that 

one sees, namely the emission of certain lines and the enhanced 

absorption of other lines, reflects what is going on as the bonds 



~ 

239 

are broken to produce the radical. If you have a bond that is 

being ruptured, you start initially with a singlet state as the 

radicals pull apart as shown in Figure 33, but in order to get 

this polarization, one has to mix in triplet states as the radicals 

are coming apart. And, the polarization that one observes pre

sumably describes the result of the nuclear and electronic spin 

interaction as the bond is dissociating. If the bond were just 

to dissociate, very abruptly, one would not see any mixing of 

the electron and nuclear spin states. The absorption here is 

due to the nuclear interactions, so that one has to polarize the 

nuclei, and as a result you see information on the intermediate 

electronic spin states as the radical is coming apart. This infor~ · ~~ 

mation is retained in ESR to times of the order of microseconds. 

When we understand the phenomenon (it is not at all understood 

at this point) it presumably will give us a considerable amount 

of information on the details of the separation of bonds as the 

bonds are broken and the ultimate radicals are produced. As I 

mentioned earlier, this type of phenomenon is observed by Smaller 

and also by us in the ESR spectrum of hydrogen atoms produced 

in aqueous solution. Now it is also observed in many radicals 

that are produced and observed on the very short time scale. One 

is confronted with the relaxation of this initial emission; in 

time this emission will go to the normal level as indicated in 

Figure 34. The relaxation time for hydrogen atoms in aqueous 

solution or acid solution is of the order of 30 microseconds. 
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Figure 33. ESR spectrum of H atom at short times. 

But presumably, the information that is available is the information 

that was generated at a much earlier time when the actual radicals 

were formed. 

KUJ?PERNANN: I just want to ask a clarifying question. Is the 

phenomenon of nuclear polarization one that involves a change 

in the spin multiplicity? For example, if there is a spin one

half nucleus does it involve a flippin9 of the nuclear spin? 

SCHULER: It involves a non-Boltzman population of the nuclear 

spin levels in the resultant product. 

KUPPERMANN: It involves the change in that population? 

SCHULER: That's right. 

KUPPERMANN: So, it does involve some nuclei flipping? 

SCHULER: No - rather radicals with the appropriate nuclear states 

are involved in the dissociation. You must r~cognize, of course, 
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Figure 34. Time dependence of H atom signals. 

(a) High field line 

(b) Low field line 

that, in an ESR spectrum, the one radical will give only one line 

in the spectrum and what ona is looking at is the over-all 

ensemble of radicals. What you have here are certain radicals 

that are under-populated in the ground state and therefore, you 

get an enhanced absorption, and you have certain radicals that 

are over-populated in the upper state and therefore, you get an 

emission. 

KUPPERMANN: Are you able to give a physical picture of the 

physical forces that play a role, that give the spin flipping? 

SCHULER: r•m certainly not an expert on the details of this. 

Dr. Hans Fischer, at the University of Zurich, who discovered 

the nuclear magnetic resonance phenomenon has been very involved 

and is in the throes of trying to understand in detail the quantum 
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mechanical aspects of this intermediate system which is involved 

as the radicals come apart. 

KUPPERMANN: I'm not asking for the results of a fine theoretical 

calculation but a basic intuition. 

SCHULER: Well, you gave it yourself: that the radicals are 

intermediate electronic states which must involve a triplet state 

as the radical dissociates and, therefore, the nuclei become polar

ized, either over- or under-populated, depending upon what stat.e 

they would be in. 

KEVAN: I don't have a complete explanation. It involves the 

spin-orbit interaction partially, but I would like to point nnt 

that Gerhardt Closs at the University of Chicago believes Fischer's 

theory is completely wrong and has an alternative, improved view

point. 

SCHULER: Unfortunately I was not at the Houston ACS meeting but 

perhaps someone here sat in on that symposium and they might be 

able to comment.· I saw Fischer before the meeting and he believes 

that Closs is completely wrong. 

KEVAN: Yes, there are two points of view. 

BURTON: There are then two people who agree on one point: namely, 

that the other one is wrong. 

VOLTZ: I should like to make some comments concerning the inter

action of excitons and the possible implications on track effP.~t.s, 

and, track effects arising from interactions of very primary excited 

states~ shoit~lived excited states. Now I recall a result which 

is well known, that the collision of two singlet excitons, ~l' 

l 
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in anthracene crystals - this is work from Chicago - leads to 

a ground state plus some molecular state which yields an auto-

ionization or, competitively something which is a dissociation. 

This state, ~**·, is what we call a superexci ted state, as indicated 

in Figure 35. Now, let us turn to the excited states which are 

formed by ionizing particles, namely some [higher?] excited state 

5n' and let us look at the rate of producing the superexcited 

state; we can make a calculation of the rate. I recall that these 

states are connected with the ground stat.e by large oscillator 

strengths so you can calculate the rate constant. In this rate 

constant you have again a large oscillator strength, fol' from 

the ground state to the first [directly?] excited state, and 

which is the oscillator strength from [such a state] 5 -n 
to the superexcited state. The product of the oscillator 

strengths 0 divided by R6 corresponds to Fermi's golden rule 

and may be justified by more precise methods. You also have to 

introduce final state densities and it turns out that for reasonab] 

t ·t· h t h. h · are between 1014 and 1015 
quan 1 1es, you ave ra es w 1c aga1n 

Now, what can be the experimental consequences. First, 

the 5 states in aromatic systems are, by internal conversion, 
-n 

going down to the £
1 

states, which yield the light so this kind 

of process should lead to quenching. We explain ionization 

quenching in this way; we are also doing a formal analysis with 

which we can explain fairly well other results in the literature 

and results that we have obtained. On the other hand, if the· M** 

state here has some probability of decay by dissociation, yielding 
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Figure 35. Energy levels fo~ e~citons ~n anthracene crystals 

showing ground and first singlet states and an 

auto-iqnization level. 

hydrogen or something like that, and e~ch quenching process should 

be accompanied by some probability of protection. So we are 

coming to firm studies and we have compared the variation of 

luminescence y~eld with the production Qf hydrogen, ~s indicated 

in Figure 36, with Burns' results being complementary for ~(H~). 

Now, if one looks at the theoretica'l expressions in order to describe 

the probability of [formation of] such compounds, you have to 

consider the probabilities of finding exc~ted states [in] neighbor

ing [molecules] and this you must describe [for] the short-lived 

excited states by a Poisson distribution. That is, you have 

exponential terms that are corning in. That means, that these 
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Figure 36. Luminescence yield and n2 yield as a function of 

track density. 

curves vary much more steeply than [do those] for the diffusion 

of molecules. And, these curves are better interpreted. We have 

derived from these curves that there is a larger variation. Now, 

I would like again to emphasize why this process takes place. 
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You may have correlation in time and in space of two excited states 

which are interacting strongly again because you have here the 

oscillator strengths which are large; [This situation may be 

concluded,] by rather element~ry calculations, to [lead to] such 

effects. And I am asking the question, if this might not be relevant 

in other systems? 
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14. Closing Summary 

BURTON: Now·, we are reaching the end and I think it is a good 

idea at a time like this to sum up. After all, we come to this 

kind of meeting, not to establish our knowledge so much, as to 

ulscover our ignorance. And, of course, we are very, very ignorant 

about extremely early processes·. To me, the amazing thing is 

the rate of progress that has been made in this field in the last 

two years. I wonder if, among the theorists here (the imaginative 

ones here) there might be one or two or three who would like to 

say a few words about what ought to be done before there is another 

meeting of this kind. Is there anybody who would like to volunteer, 

for example, Dr. Platzman? You don't want to say anything? After 

all, have you no idea what you would like to know from an 

experimental point of view before we meet again? 

PLATZMAN: Things are fine. 

BURTON: Everything is fine, everything is known. And, Magee, 

do'you feel that everything is known? 

MAGEE: No. The main things that we don't know are theoretical. 

I would say that the experimentalists are making very good pro

gress and I am very much impressed with th~t. But, on the theoret

ical side, we don't know anywhere near enough about· an electronic 

state of the excess electron in liquids or glasses. I think that 

this is a very sad lack of knowledge. As you know, we talk about 

low LET irradiation in low molecular weight materials. There are 

traps for most of the charges produced by irradiation. Yield 

of free ions is actually fairly small. so the way we think of it, 



.. (this has been implicit in a lot of, things that have been said) 

is that we always talk about one charge and one electron around 

this charge. You have a Coulomb field with some kind of implied 

dielectric constant. In hydrocarbons we think of it as about 

2. This is a structureless medium. This could be a hydrogen 
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atom except that there is a dielectric material around it as indicated 

in Figure 37. You could have just exactly the same energy levels 

there as in the hydrogen atom with a continuum setting in some 

place. We talk about .. the electrons as if they have the mass of 

a free electron or you could have an effective mass, but there 

is a continuum of levels. 

Mozurnder and I use this kind of model and we talk about the 

escape of the electron. We talk about free-ion yields in hexane. 

We also have ions that are really free where we have mobili t.y 

discussions; in mobility, you are talking about the electrons 

that are really free. Now, we are already troubled in talking 

about the mobility of these electrons. We don't understand mobility. 

There is a level in which they can move. They are mobile and 

we are talking about long times, say milliseconds or microseconds. 

The electrons are moving somehow and they can be moving as if 

(you will excuse me) quasi-free - or they can be trapped in liquids. 

There are states below the level in which they can move. There 

may be shallow traps or there may be'. deeper traps, but in any 

case, they will be mobile as heavy particles in liquids. For 

a while, I thought they were all in this kind of state and that 

there was no such thing as a quasi-free electron even in the short 



Figure 37. Energ.y of an excess electron in a hydrocarbon showing Coulomb field 

and shallow and deep traps. 



time scale. They were all localized somehow on an impurity or 

in a naturally occurring trap. There is the problem of just what 

these states are like. And, of course, there is the absorption 

spectrum, which applies more to the electrons in the low energy 

region, where they are trapped in the field of an ion. 

So, now isn't this a good model? Well, it has troubled us 

for a year. It is not necessarily an adequate model, to say that 

you have just a structureless medium with a Coulomb field. 
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Think of it this way: the electrons are just like the electrons 

that are in all the molecules and they have to have a wave function 

which is antisymmetric with respect to all of these. There is 

just not any space left for the electron to move around in an 

average type of potential because, in a molecule, it has to remember 

that it must behave in a certain way. You can think of it, you 

can start off in various kinds of approximations such as the electron 

theories of Stuart Rice, in rare gases, and that type of thing. 

They start off by doing a Wigner-Seitz type of calculation for 

where they take a little sphere around each of the atoms and the 

electron is in the first accessible orbit in each of these little 

spheres. You would naturally get some kind of structure from the 

electronic states in these liquids. But, when you have molecules 

it is very difficult to imagine what these states are like. If 

you think of building up wave functions out of the unfilled orbitals 

which are appropriate to this problem, (such as the anti-bonding 

orbitals which occur in the molecules, if you start from this 

point of view) you see that these orbitals fill all of the space 
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and you might think that you have a good start at getting all 

of the low-energy states of the electrons. You find that you 

always come out with the superficial conclusion that you get a 

kind of band-structure, even in liquids, but you would not get 

the electrons free to move in a kind of continuum but that the 

lower region has a very definite structure. 

I don't have a great deal of conviction about what the structure 

is really. but I'm tronhled. I would· ou.y that, in my l.niud, there 

is a tremendous ambiguity as to what the whole.energy level structure 

is for an electron. We talk about an electron losing energy and 

goinq down to cert.nin ~nergy rQgions u.nd I am troubled L~~ause 

I don't even know what the energy states are. I don't even know 

where you measure the energy from. People have talked about an 

electron having so much kinetic energy. I don't believe that 

you can measure the kinetic energy without saying that there is 

an average potential. And all the rest is kinetic energy. Well, 

this is very brief and a little confused. I wasn't really ready 

to talk on this, but Bob Platzman wants to straighten us out. 

PLATZMAN: I wouldn't like my last remark to be misunoerstooo; 

I was replying to Professor Burton's question - is there anything 

that you theoreticians want to tell the experimentalists, - and 

I think that wo~ld be arrogant for I agree with Magee, they are 

far ahead of the theoreticians. 

BURTON: This is the time, I gues~ to break up for, strangely 

enough, it seems that in about four days of this kind of discussion, 

where some might consider us not to have been working hard (after 

• 



.. all we have all been sitting down and presumably relaxing) we 

seem to have gotten tired. There isn't the pep this morning or 
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at this stage of the morning that there was at this stage yesterday 

morning. And, perhaps this is the natural time for a conference 

like this to end. Now, it isn't quite ended. We require a summary 

of these proceedings to know just where we began and where we 

terminated. This summary is required not merely for us, but also 

for a great number of other people who have been attendin9 this 

meeting in an attempt to find out what it all meant for them. 

Dr. Hentz is going to speak at two o'clock this afternoon and 

I think we all ought to be there because this is the type of summing 

up that we all need, in order to know what the conference meant 

to us. 

The Conference thereupon terminated after review of some 

required administrative details. 
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.. Editorial S,ummary 

Conceptual Earli·est Events 

Early effects in radiation chemical processes can be located 

on a time scale from lo-16 sec to 10- 7 sec on the basis_of general 

arguments and basic knowledge of the processes. Events from lo-16 
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-11 . 
to 10 sec are currently in the domain of theoretical study only, 

as experimental techniques are not yet capable of resolving such 

events. 

Time scale 1-14, 106-107 

Ultraviolet spectra 112-114, 151-154, 157, 169-170 

Electron impact spectra 154-170 

Triplet production 173-175, 198 

Observed Earliest Events 

The earliest events which have been resolved experimentally 

-11 . occur later than 10 sec after energy deposition, although 

faster techniques can be foreseen. Even at these early times, 

processes which may be considered to be chemical, have already 

been completed. 

Picosecond pulse 
radiolysis 

Mode-locked laser 
experiments 

Thermalization of Electrons 

105, 179-190, 232-236 

9-10 

The· time and distance required for an electron to attain its 

long time (~sec) condition,~., solvated, hydrated, trapped, etc., 
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are the major concerns of early processes. Theoretical ideas and 

empirical studies of the relevant mechanisms have not yet converged, 

but s·everal model distributions of thermalization distances can 

be suggested. 

Dielectric relaxation 

Experimental distribution 
of therrnalization 
lengths 

Mechanism 

3, 84-108 

46-84 

4-7, 42-46, 92-93 

~ature of Solvated and Dry Electrons 

The nature and behavior of solvated and hydrated electrons 

have been the subject of many studies. This important species 

-11 may be formed as early as 10 sec after energy deposition or 

even earlier. A dry electron may be presumed to be a mobile or 

non-localized or pre-solvated stage of an excess electron in 

condensed media. 

Solvated electron 

Polarization 

Hobility 

Localization 

Dry electron 

Excess Electrons in Solids 

229 

95-96, 229-232 

17-43 

16-43, 108, 211-213 

105-187, 208-212, 223-228 

Although the same physical effects exist in solid and fluid 

phases, quantitative changes may result from drastic qualitative 

• 
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changes in observations. These effects are of greatest importance 

in the time scales involved. 

Time scale 13, 88-89, 101-102 

Electron traps 126-137, 143-144, 147-150 

Superexcited States 

It is known that superexcited states are produced within 

lo-16 sec of energy deposition; but few survive to 10-9 sec 

where they might be directly observed. Many effects can be 

explained either on the basis of superexcited states or on the 

basis of ionic mechanisms, making it difficult to ascertain the 

true importance of each. 

Internal conversion and 
quenching 

Energy migration and 
ionization 

Relative importance 

Nature of superexcited 
states 

Biological Systems 

G, 243 

242-245 

76-77, 177 

109-114, 243 

It is recognized that biological systems contain high concen-

trations of materials that can drastically alter even the earliest 

effects compared to chemically simple systems. The course of events 

from the time scale of early effects to the time scale of classical 

biology remains to be explored. 

Importance of early 
effects 108, 191-193 
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Excited states in DNA 193-206 

Biological effects 213-220 

Radicals in the Solid State 

Willard's experiments at low temperatures indicate that: 

(1) dissociative electron capture of methyl halide produces 

CH3 • radical which co-exists with the halide negative ion in the 

same cage, (2) half-life for the decay of the CH3 • radical 

increases greatly by perdeuteration of the matrix (3-MP) and 

(3) H atoms produced by photolysis of HI in c
6

H14 are .not 

trapped in the matrix. 

Radicals in a low 
temperature matrix 

H atoms 

ESR spectra and 
spin states 

115-126, 130-151 

123-126, 137-151, 237 

237-242 




