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ABSTRACT 

The interfacing of the gaseous and the condensed phases of matter as effected by 
interphase and cluster studies on the behavior of key reactions involving slow electrons either 
as reacting initial particles or as products of the reactions themselves is discussed. Emphasis 
is placed on the measurement of both the cross sections and the energetics involved. although 
most of the available information to date is on the latter. The discussion is selectively 
focussed on electron scattering (especially the role of negative ion states in gases, clusters. 
and dense matter), ionization, electron attachment and photodetachment. The dominant role 
of the electric polarization of the medium is emphasized. 

INTRODUCTION 

Interphase and Cluster Studies 

The interfacing of the gaseous and the condensed phases of matter requires 
multidisciplinary and systematic investigations as to how the microscopic and the 
macroscopic properties of materials and the elementary processes involving electrons. 
photons, ions. and neutral particles change as one makes the transition from a low pressure 
gas (isolated-particle behavior) to the condensed phase. There have been two complementary 
approaches in this endeavor: (i) a. In the former 
approach, a given reaction (or property) is studied as a function of the density and the nature 
of the medium in which it occurs from the low-pressure gas to the liquid or the solid. 
Actually, traditionally such studies begin at either end of the density range: from the liquid 
(solid) density to progressively lower densities and from a low density gas (binary collisions) 
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*Normally the term cluster 1s used to descnbe finite aggregates of 2 to lo* partlcle~ (atoms or molecules). 

to progressively higher densities (multiple scattering regime), and to the condensed phase. 
Both bridge the density gap between low pressure gases and condensed matter (e.g., see 
Refs. 1-5 and references therein). In the latter approach. the properties and reactions of a 
given species (atom or molecule) are studied as a function of its size (increased gradually 
by clustering), clustei shape and cluster composition. A unique feature of clusters is that 
they alIow studies of the transition from large finite clusters to the buk and thus 
determination of the minimum cluster size beyond which the cluster properties no longer 
vary with size but are essentially similar to those of a macroscopic sample of the material 
(e.g.. see Ref. 6 (and references cited therein) and Refs. 7-12). 

Why Slow Electrons? 

Slow electrons are abundant and reactive species in all phases of matterI3. They are 
generated in gaseous and condensed matter by a multiplicity of mechanisms: energy transfer 
from highenergy particles to atoms and molecules: absorption of light by neutrals or 
negative ions: collisions of excited and unexcited atoms, negative ions with neutrais. 
electrons with neutrals or ions: injection from surfaces. They lose their energy and slow- 
down in matter in elastic and a multiplicity of inelastic  collision^'^. They interact before 
they are thermalized (i.e., during their slowing down) and also after they have reached 
thermal equilibrium or steady-state conditions (when an applied electric field E is 
superimposed on the medium). This distinction is significant since the interactions of slow 
electrons in a dense medium depend on the "state" of the electron itself. 

For a low-pressure gas, the electrons are normally free and the collision (interaction) 
mean free path 1 is much longer than the electron de-Broglie wavelength. In a dense medium 
(high pressure gas. liquid or solid) I is smaller than the deBrog1ie waveiength and as the 
medilim density increases the electrons become localized or delocalized into conduction 
bands. In the former case, their mobilities are low and their kinetic energies are thermal and 
in the latter case their mobilities are high and their kinetic energies (under an applied electric 
field) can exceed considerably thermal energies3. 

The reactions of slow electrons in dense matter often differ greatly from those in a low- 
pressure gas. They are unique in that they help us unravel the structure of atoms and 
molecules. probe the structural and dynamic& changes with the density and the nature of 
matter, and quantify the energetics and dynamics of basic reactions in matter. 

This Lecture 

In this lecture we discuss the behavior of key reactions-as studied by interphase and 
cluster researches--involving slow electrons either as reacting initial particles or as products 
of the interactions themselves. We emphasize measurement of both cross sections and 
energetics, although most of the available information to date is on the latter. We selectively 
focus on electron scattering (especially the role of negative ion states in gases,  cluster^, and 
dense matter), ionization, electron attachment and photodetachment and emphasize the 
dominant role of the electric poiarization of the medium on the reaction energetics. The 
comparison between the gaseous and the liquid phase measurements is restricted to dielectric 



liquids with conduction bands' where the excess electrons are quasi-free--not localized as, 
say, in polar media--and the connection between the electron behavior in the two phases is 
more apparent. Finally, the general nature of this lecture unavoidabiy touches on aspects of 
the theme oi  this meeting that will be covered by subsequent lecturers. We hope that it will 
enhance the value of and the anticipation for these upcoming and in-depth lectures. 

DIRECT AND INDIRECT ELECTRON COLLISIONS 

Slow electrons lose their energy and slow down in matter in elastic and (a multiplicity 
of )  ineiastic collisions. Such collisions are either direcr or indirect (Fig. 1). In a direct - 
glancing - collision the electron is scattered at a distance from the target, the duration of the 
collision is short, and the cross section for the coilision--whether elastic or inelastic--is 
appreciable over a broad range of incident electron energies. In contrast, in indirect 
coilisions the electron is temporarily captured by the target forming a transient anion whose 
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Figure 1. Schematic pictures depicting direct and indirect elecmn-molecule collisions; M" indicates a 
m s i e n t  negative ion with excess energy denoted by the asterisk. 

%ese are dense media whose V, < 0 eV; V, is the energy of the excess elecmn at the bottom Of the 
conduction band. It is defined as V, = W,- W,, where W, and W, are. respecuvely. rhe work functions Of 
a metal immersed in the dense medium and in vacuum. 



lifetime can vary from - 10'' to > lo'' s (Refs. 13-15). Such collisions are resonant, i.e., they 
occur over a limited energy range--where empty orbitals exist for electrons to enter into and 
be temporarily retained. Subsequent to its formation the transient anion M *  is destructed by 
autodetachment (i.e., indirect elastic or inelastic electron scattering) or by "permanent" 
negative ion formation: fragment anions by dissociation and parent anions by stabilization. 
These processes are of general occurrence in nature. An example of an indirect collision 
leading only to elastic and inelastic scattering is shown in Fig. 2 for N2 (no permanent N< 
or K ions are formed since the electron affinities of N, and N are negative). The 
pronounced peak in the momentum transfer cross section om and in the total vibrational cross 
section at - 2.3 e\/--pointed to by the arrows in Fig. 2-4s due. respectively, to the elastic and 
the inelastic scattering of electrons via the decay of the transient anion Ni '  formed by the 
temporary capture by Nz molecules of - 2.3 eV electrons. Examples of the formation of 
"permanent" fragment negative ions via indirect (resonant) collisions are shown in fig. 3. 
Clearly, these negative ion resonances occur abundantly in the energy range below - 20 eV 
and their cross sections increase as their energy positions are lowered. 
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Figure 2. Cross sections for various electron scattering processes in N3 as a function of electron energy 
(see the text) (based on Fig. 51 of Ref. 14. Vol. 2 p .  194). 
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Figure 3. Dissociative electron attachment cross sections as a function of electron energy for a number Of 
molecules (from Ref. 14, Vol. 1, p. 559). 

Indirect collisions forming transient anions occur in condensed matter as well, but as we 
shall see their "isolated species" properties, energetics, and effects on other processes 
involving slow electrons are modified in dense matter by the nature and the density of the 
medium in which they occur. We shall try to understand some of these changes by 
considering knowledge from selected investigations on condensed phase and clusters. 

ELECTRON SCA"J3UNG 

In Table 1 are listed examples of the effects of phase on various electron energy loss 
processes and cross sections (see also Refs. 16,17). Let us illustrate some of these by 
examining the effect of phase on the differential oscillator strength distribution fie) of water 
shown in Fig. 4. Clearly one sees a general loss of structure and a shift of A&) to higher 
energies in going from the vapor to the condensed phase. Interestingly, the main difference 
is between the vapor and the condensed matter and not between the various forms (liquid, 
hexagonal ice, amorphous ice) of the latter. These phase effects seem to diminish with 
excitation energy. Important as this information is, it is still largely indire~t '~"~and limited. 
It should be noted in this connection that total inelastic cross sections estimated" for slow 
(1-20 eV) electron scattering in amorphous ice compare in magnitude (they are. actually, 
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Table 1. Examples of Condensed Phase Effects on the Oscillator Strength Specmm 

Shift of oscillator strength to higher energies (occurs over wide ranges of excitation energy) 

Excitation of special modes of motion (plasmons in metals and excitons in molecular and 
ionic crystals; occur at specific energies) 

bw?nolecular vibrations (vibrational and translational phonons) 

High Rydberg states (normally absent) 

Negative Ion Resonances (exist as in single molecules but perturbed by the medium, e.g., 
their symmetries, lifetimes, selection rules, energetics) 

Ejected electrons undergo further interactions 

Scattering affected by correlation (medium structure) effects, nuclearlelecuonic excitation 
mode coupling, screening of interaction potential 

Dissociation processes influenced by fast radiationless transitions and changes in energetics 

ELECTRON ENERGY (rVI 

Figure 4. Differential oscillator suenpth distribution, AE). of warer vapor (A). liquid water (B). hexagonai 
ice (C), and amorphous ice (D) (Refs. 18 and 19). 



slightly larger) and general trend with gas phase data (see discussion in Ref. 20); this 
conclusion, however, requres further scrutiny. 

Let us now look at a system, namely xenon, for which scattering cross sections for slow 
electrons are well-known in the g a ~ * ~ * ' ~ * ~ '  and electron drift velocities as a function of the 
density, N, reduced electric field E, EM, have been measured in the low pressure ga~ '~. '~" ,  
the high pressure gas'", the liquid2", and the solid2Y. From the liquid phase eleczron 
transport data Sakai et 
a cross section for elastic enerw loss (energy transfer to acoustic phonons which is 
independent of the liquid structure) 

deduced two types of scattering cross sections, namely, 

and a cross section for -r which depends on the liquid structure 
through the structure factor S(K) 

where c(&,0) is the differential scattering cross section, 0 is the scattering angle and E is the 
electron energy. These are compared with the low-pressure gas momentum transfer cross 
section crm in Fig. 5. Both IS,(&) and q(&) exhibit a displaced and shallower (relative to the 
low pressure gas) Ramsauer-Townsend minimum and are much lower in magnitude than 
G,(E) especially at low E. As E increases, S(K) + 1 and the gas and liquid cross sections 
converge. A quantitative determination of the scattering cross section in the liquid is still 
lacking although the lowering of its magnitude in the condensed phase clearly is due to the 
screening of the scattering potential by the medium. 

The indicated changes in the energy dependence and the magnitude of the scattering 
cross section in going from the low-pressure gas to the liquid explain nicely the much higher 
drift velocities, w, of slow electrons in gaseous compared to !&gj xenon (Fig. 6). At a 
fixed EM the w ( W  of slow electrons in solid xenon are about twice those in 
xenonz2. While this is consistent with the lower values of the total electron scattering cross 
section in solid xenon (a,) deduced by Bader et al." (Fig. 7). the behavior of 0, (Fig. 7) is 
different at high energy from that of a, or a, (Fig. 5 )  in the liquid, probably indicating 
different scattering processes. 

A behavior similar to that in xenon h a s  been reportedz6 for the w ( W  of room 
temperature liquids with conduction bands [eg. see, Fig. SI4. 

'See Stephens" for a possible relationship between the mobilities of thermal electrons in different pentane 
isomers and their respective structure functions. 
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Figure 5. Cross sections b,(d and Q , W  for liquid xenon and ~ ~ ( 8 )  for gaseous xenon (see the text and 
Refs. 3 and 24). 

Figure 6. Electron drift velocity w as a function of E/N for liquidz3 and gaseous" Xe at the indicated 
tempratures. 
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Figure 7. Cornpanson of the total electron scattering cross section for gaseous. a ,  Xe and for solid. 0,. Xe 
(17 K deposition on Ft.) plotted as a function of the eiecvon energy (note that the zero energy in the solid 
is shifted by the V, value of the solid) (from Ref. 25). 
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Figure 8. w vs E/N for gaseous and liquid teuamethyisilme (T - 300 K) (based on Ref. 26). 



The cross sections in Fiss. 5 and 7 are due to direct electron scattering. In condensed 
matter--as in low pressure gases--indirect scattering of slow electrons occurs abundantly. It 
matufests itself through a strong enhancement in the scattering cross section over limited 
energy regions where the negative ion states (NISs) are located. A prototypical example is 
shown in Fig. 9 for solid films of N2. The cross section function for excitation of the N, 
molecule in solid N, films in the first (v = 1) vibrational level via its lowest, N;* ('ll,), 
negative ion state has--as in the isolated-molecule case--distinct structure which originates 
from the vibrational levels of the transient N;. C2nJ state. The position of the fust peak in 
Fig. 9 (first broken vertical l i e )  lies - 0.7 eV lower than the corresponding position in the 
low pressure gas (first solid vertical line in Fig. 9). This lowering of the energy position of 
the N;* ('n,) state is a general characteristic of the changes in the energetics of the NISs of 
atoms and molecules embedded in dense matter and is due to the polarization of the medium 
which surrounds the temporanly localized electron on the molecule. The cross Section 
functions for excitation of Nz in the v = 2. 3. etc. levels exhibit similar behavior". 
Interestingly, however, while in the solid--as in the isolated molecule--the vibrational 
excitation increased by - 2 orders of magnitude in the region of the resonance. Sanche et &.I6 
observed no such enhancement in the elastic scattering channel in the N2 solid film. This 
is in sharp contrast to the gas where indirect &@,$& electron scattering is profoundly 
enhanced. The fonnatiqIl of the NIS in the condensed phase--as in gases-is localized in 
space and is dominated by the short-range forces. For this reason in the solid-as in the gas- 
the formation of a MS leads to m o l e c u l a r  changes that enhance excitation of individual 
vibrational leveis of the molecular constituents. The &ay of the NIS in the condensed 
phase, however. should differ from that in the gas because it is affected by the medium due 
to polarization. The w o l e c u l a r  changes lead to continuous accoustic excitations 
(phonons) which in essence replace the (low pressure) elastic scattering. This process is very 
probable due to the large number of such low frequency vibrations (see Refs. 2.16.17.28. and 
29). It, thus, seems that the formation of negative ion stales in dense matter enhances 
m o l e c u l a r  vibrational excitation and &gpnolecular excitation of phonon modes of the 
lattice. A theoretical understanding of slow electron interactions in condensed matter in a 
manner analogous to gases, is. however, still lacking. 

The electrons that have been slowed down via the NISs cause (see later) profound 
changes in the observed electron attachment properties of molecules in dense matter and in 
clusters. 
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Figure 9. Relative cross section for indirect scattering of slow electrons via the N; (TIg) negative ion 
State of N2 in solid N2 film leaving N2 excited in the v = 1 vibrational level. Note that the position of the 
ftrst peak in the cross section function for the solid lies - 0.7 eV lower than for the comsponding gas (Sec 
the text)  (based on Fig. 13b in Ref. 16). 

IONIZATION IN DENSE MATTER AND IN CLUSTERS 

Electron Impact Ionization 

Inspite of its basic and applied significance, there appears to be no direct measurement 
of the electron impact ionization cross section as a function of the electron energy a,(&) for 
any system. There is, however, some limited information on the effective ionization cross 
section of H2 in H2 clusters as a function of the cluster size (Fig. 10) which indicates that the 
ts,(&) for closely packed and interacting H2 molecules is smaller than that for the isolated 
H, molecules30. There exists, also, some indirect information on media with V, c 0 eV such 
as xenon. For this medium the electron impact ionization coefficient a(uN) does not scale 
with the density N in going from the gas to the liquid3'. In Table 2 are compared: the total 
electron yield G, (e,y,x) for electrons, y-rays and x-rays: the energy to produce an elecuon- 
ion pair for p particles, We; and the ionization threshold energy for the low pressure gas, 
E. and the liquid, I,. The lowering of W, (increase in G,) for the liquid can be attributed 
to the lowering of I in the liquid compared to the gas (see below). Due to the lower I,, 
electronic states that would have led to inelastic scattering in the gas lead to ionization in the 
liquid. 
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Figure 10. Effective elecuon impact ionization cross section of cluster beams of H. as a function of the 
mean cluster size N for 500 eV. The solid point shows the value. 6,. of the cross section for uncondenscd 
H. at the same electron energy3'. 

Table 2. Comparison of G, (e.y,x). W, and I for gaseous and liquid xenon' 

Liauid 

6.4 

-16 

-9.0 

m 
4.6 (electrondl00 eV) 

21.9 (eV/i.p.) 

12.13 eV 

'See the text and Ref. 1. 

Single and Mu1 tiphoton Ionization of Molecules in Fluids 

Here again absolute cross section measurements are scarced. However, many studies on 
pure liquids and solutions quantified the effect of the medium on the energetics of the 
reaction 
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where F stands for the fluid medium in which the molecule M is embedded and the reaction 
takes place. If we neglect the small broadening of the valence electron levels in the fluid 
due 10 condensation, for liquids [F = L) the measurements showed'23233 that 

1, = I, + v, + P' (4) 

In Eq. (4). F+ is the polarization energy of the positive ion M,+ and is normally represented 
by the Born expression 

1 p + = - -  e2  [I - --I 
2R 

where R is the effective radius of the positive ion cavity and E,* is the optical dielectric 
constant of the medium. For a number of organic molecules in nonpolar liquids3, I, - (= 
V, + Er) - -1 to -3 eV and <R> - 2.7 A. A major uncertainty in the determination of P+ 
remains the lack of accurate knowledge of R. 

The validity of (4) can indeed be seen from measurements (see kef. 34, Table 3) of IL 
of a certain molecule (azulene) in a number of dielectric liquids with different V, values. 
Since in this case we are dealing with the same positive ion, P may be regarded as constant 
for these nonpolar liquids and, hence, the I, should correlate with the V, of the iiquids. 
Indeed, the linear dependence of I, on V, implied under such conditions by Eq. (4) is 
exhibited by the measurements in Table 3 (see Fig. 11 1. 

Table 3: I, and for Azuiene in Dielectric Liquids With Various V, Valued' 

Liquid m 
Tetramethyltin (TMT)' 5.33 

Tetramethylsilane (TMS)' 5.45 

2,2,4.4-Tetramethylpentane (TMP)' 5.70 

n-Pentane (n-Pt)' 6.12 

n-Tridecane 6.28 

IGfw 

1.42 

w 
-0.75 

-0.55 

-0.36 

4.01 

4.21 

'Abbreviations used in Fig. 11. 

Similarly, for a fluid of number density N the ionization threshold. IJN), of a molecule 
(atom) embedded in the fluid has been found (e.g., Refs. 35.36) to be related to its isolated- 
molecule value, IG, by 
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Figure 11. 1, vs V,, for the azulene molecule, M. ionized by two photon absorption (2 hu + M, -+ M,' + 
e 3  in a number of nonpolar liquids (Ref. 34; see Table 3). 

Le.. by the N-dependence of P" and V,; the N-dependence of P" is dominated by the N- 
dependence of E- while the N-dependence of V, is more complicated. The V (I9 has been 
calculated in a few cases using the Springett, Jonner, and Cohen (SJC) In Fig. 
12 is plotted the IF of the molecule TMPD (N,N,N,N-tetramethyl-p-phenylenediamine) in 
ethane as a function of the ethane density p(W0 from the dilute gas to the liquid. The effect 
of increasing medium density on I, is a continuous gradual decrease and a smooth transition 
to the liquid. The solid lines represent the dependence of I, on N for the indicated values 
of the "hard core" radius as predicted by the SJC model. 

From the experimental investigations to date it appears that the energetics of ionization 
in dense matter are modified from their values in dilute gases by the charge induced medium 
polarization energies. The energetics of the process for nonpolar fluids is reasonably well 
understood and needs to the extended to polar media. 

Photoionization Energetics in Clusters 

Many studies have been devoted recently to this topic and subsequent lectures will deal 
with the subject in more detail. Here we merely lay down a few aspects of the energetics 
of the process as a background for the other lectures and, also, to integrate our discussion 
on the kind of knowledge obtained by the two complementary approaches we mentioned in 
the Introduction. Let us first refer to Fig. 13 which shows schematically6 the dependence 
on the cluster size of a cluster property x(n); n is the number of the cluster constitutents. For 
small n, x(n) exhibits specific cluster size effects (e.g., shell closure effects). For large n. 
JorntneP expressed x(n) as 



5.4 
f 

8 6.8 
0 

w E 5.1 

3 5.4 

6 2  - ~ I N l T l X A ? E  a 295 K 
0 323 K 

6.0 - x 333 I[ 
A 353 K 
@373IC 
393 K 

-3SC model 
n 413 x 

u N 5.0 - 

{*1.50 

(Q4.40 A 

4.6 
0 2 4 0 8 10 12 14 16 18 20 

DENSITY.P W J  

Figure 12. Ionization threshold of TMPD (N,N~ET-ietramethyl-pphenylenyienediine) in ethane as a 
function of the ethane density from a dilute gas to the liquid at the indicated temperatures. The data poinu 

arc measuremenrs made in liquid ethane at 295 K. The solid lines represent the dependence of I, on N 
for the indicated values of the "hard con" radius <a> as prniicted by the Springeu-Jortner-Cohen (SJC) 
mode13s? 

An) = x(-) + Q 

namely, in terms of the corresponding bulk value x(-) and a correction tern AnB (0 S PS 
1) which accounts for the modification of the bulk value in the cluster due to the "excluded 
volume" outside of it. Expressing Eq. (7) in terms of the cluster radius R, (taken equal to 
RonL" where R, is the effective single particle radius determined from the molecular (atomic) 
volume using the bulk medium density) we have 

This "cluster-size equation" attempts to provide a quantitative description of the "smooth" 
cluster size dependence of x(n) for large clusters and i t  jnterpolates to the corresponding bulk 
value x(m) in much the same way as Eqs. (4) and (6) we have discussed earlier. 

Let us apply (7) and (8) to the case of the ionization potential I(n) of clusters. We can 
Write 

where I, is the ionization potential of the isolated species A, P*(-) is the bulk polarization 
energy and C(RJ is the correction for the finite cluster size (Le.. the long-range electrostatic 
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Figure 13. Schematic representation of the cluster size dependence of a cluster propeny x(n) on h e  
number, n, of the cluster constituenu (from Ref. 6; see the text). 

interaction of the generated charge with the "excluded region"). If we use for C(RJ the 
classical electrostatic expression which gives the energy required to remove an electron from 
a uniformly conducting sphere having the same dimensions as the cluster, namely, 

C(Rc) = (e2/2Rc)(1 - l/e,J = (e2/2R3 (1 - l / ~ ~ ) n - ~  

we have 

In Eq. (1  l), I(-) = I, + P* (-> is the bulk photoelectric threshold for molecular clusters, the 
top of the bulk valence energy for semiconductor clusters, or the bulk metal work function 
for metallic clusters. 

The validity of Eq. (1 1) is illustrated in Fig. 14 for the rare gas and mercury clusters . 
The results of Rademann et aL8 for mercury clusters show in addition the gradual transition 
from van der Waals-type to metallic properties: on the basis of their data in Fig. 14 this 
transition occurs in the cluster size range of - 70 atoms. In cluster energetics as in interphase 
studies energetics a major uncertainty in applying relations such as Eqs. (41, (5). and (11) 
is the proper knowledge of R. 

8 
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Figure 14. Ionization potential (in eV) vs n"" for Ar. Kr. Xe. and Hg clusters (from Ref. 8) (see the a t ) .  

ELECTRON ATTACHMENT 

Subsequent lectures will-most assuredly-discuss the effect of the state and the nature 
of the medium on the attachment of slow electrons to molecules. We, also, elaborated on 
interphase studies of electron attachment and the relevance of electron attachment processes 
in gases to those in the condensed phase eariier (e& Refs. 1-3). We shall. thus. be brief. 
In Fig. 15, the rate constant for the dissociative electron attachment reaction 

e + N,O - N,O-' - 0- + N, (12) 

as measured in gaseous argon, (k&, and in liquid argon, (kJL, is plotted as a function of 
respective values of the mean electron energy, <E>, in gaseous argon and <u, in liquid 
argon. In spite of the large uncertainty in the comparison of (&IG (w,) with (%IL 
(<e,) in Fig. 15 shows three rather distinct features: (i) the dissociative attachment 
resonant reaction (12) occurs in liquid argon as it occurs in the argon buffer gas, (3 the 
position of the dissociative attachment resonance shifts to lower energy as a result of the 
polarization of the medium around the transient NzO', and (iii) the rate constant for the 
reaction is higher in the liquid than in the gas lar,oely because of the lowering of the energy 
of the negative ion state. 
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Figure 15. Electron auachment race constant for N,O in gase~us ((Ud and liquid (WJ argon plotred as 
a function of the respective. coG and <oL. mean electron energies (the data for liquid argon are from 
Ref. 38). 

Studies of electron attachment to molecules in clusters and in solid films generally 
showed similar changes: the perturbation from the isolated-molecule case of the formation 
of the transient anion and its decay channels by the medium. Thus, as is shown in Fig. 16a, 
the negative ion resonance that produces 0 from 0, and peaks at - 6.7 eV in the gas exists 
in solid films of mixtures of O2 in Ar. but it is shifted to lower energies by - 0.7 eV. 
Additionaily, the yield of 0- from O2 from the solid shows (Fig. 16a)--in .contrast to the 
isolated O2 case--enhanced 0 production at - 8 and - 14 eV. These enhancements ("peaks") 
in the 0 yield have been attributed by Sanche and collaborators (e.g., see Ref. 16) to the 
transitions 



1 

i 

which are symmetry forbidden in the isolated molecule case. but become allowed in the solid 
because of the perturbation by the medium. Observation of 0 via dissociative elecuon 
attachment to O2 in 0, clusters as a function of cluster size showed similar evidence. This 
is indicated by the enhancement in the 0 yield around 8 and 14 eV in Fig. 16c with 
increasing stagnation pressure from 1 to 3.5 bar (the cluster size distribution increases with 
increasing stagnation pressure). 

From these rather limited studies it can be inferred that in going from the gaseous to the 
condensed phase additional negative ion states contribute to indirect energy loss and 
dissociative electron attachment processes. 
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Figure 16. a. 0 from O2 in O2 gas (upper c w e )  and 0,Jh (1110 mixture). solid film. 
b. Schematic potenual energy curves for 02(3Z;) (-1 and 0; ('nr In,. 5;. (-). 
c. Yield of 0 from O2 clusters at 1, 2, and 3.5 bar stagnation pressure normalized at the 

lowest maximum to the yield of 0 from O2 at low pressure (effusive -). (a and b from Ref. 16; c from 
39). 



Besides these changes, the proximity of collision parulers wirhin the condensed medium 
or the cluster will enhance the production of parent negative ions (e.g., 0;). Furhermore. 
the negative ion properties of single molecules or clusters with strong "zero" or "near-zero" 
nondissociative electron attachment resonances are strongiy iniluenced by inelastic electron 
scattering by the cluster constituents. This is beautifully illustrated in Fig. 17 where the 
production of (OJ; in OJNZ mixed clusters is strongly influenced by the inelastic electron 
scattering by Nz, especially by the inelastic electron scattering via the 2.3 eV negative ion 
resonance N;' ('n,). The yield of this ion exhibits a strong resonance at - 2.3 eV in the case 
of the O& clusters (Fig. 17b) which is absent in the homogeneous clusters of 0, (Fig. 17a). 
The profound effect of inelastic electron scattering (especially via NIRs) by the cluster 
constitutents on the intensity and energy dependence of the anions formed in clusters by the 
capture of "near-zero" energy electrons indicates that such processes can be employed to 
probe electronic and negative ion states of molecules in clusters. 
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Figure 17. Yield of (03; from (ti pure O2 clusters and (b) OJN2 clusters (OJN2 gas mixture ratio 1/10). 
The sragnation pressure was 4 bar . The pronounced additional resonance in (b) at - 2.3 eV is due 10 IhC 
formation of (03; by capture of electrons inelastically scattered to near-zero energy via the 2.3 eV N;' 
(2nJ resonance of N2. 



PHOTODETACHMENT IN GASES, LIQUIDS. AND CLUSTERS 

The photodetachment of electrons from negative ions in low-pressure gases is well- 
understood and the relation of the photodetachment threshold E, to the electron affinity, EA. 
of the electron attaching species is well-established (e.$., see Ref. 13). Near threshold, the 
photodetachment cross section. opd, is predicted""' to vary as 

where B is a constant, E = hu is the photon energy, and k and I are the linear and angular 
momenta of the ejected electron. For atoms, A, the value of the E, for the process 

A - + h v - A + e  

is equal to the electron affinity EA(A) of A, which in turn, is equal to the "vertical 
detachment energy" (VDE). For molecules, M, the relation of E, for the process 

~ - + h v - M + e  

to the electron affinity, EA(M), of M and the VDE is compiicated'by possible differences 
in the srrucfufal parameters of M and M.  If we define the VDE for (17) as the minimum 
energy required to eject the electron from the negative ion in its ground electronic and 
molecular state without changing the internuclear separations, then the VDE is related to the 
EA and E, by 

Eth = W E  = E4 + AE, (18) 

Le., the VDE for (17) exceeds the EA by AE; the rnaznitude of AE depends on the relative 
positions of the potential energy curves (surfaces) of M and M-. 

The photodetachment of electrons from negative ions in dense gases, liquids and clusters 
has been studied--and the energetics of the process have been related to their gas-phase 
values--for only a limited number of cases (e.g., see Refs. 43-46). Even more limited seem 
to be the measurements of the photodetachment cross sections. Experimental studies are in 
progress at the author's laboratory to determine the photodetachment energetics and cross 
sections as a function of medium density from a low-pressure gas to the liquid. Establishing 
the energetics and the cross sections for photodetachment as a function of the nature and 
density of the medium is significant because it gives a direct measure of the stability of the 
anion in dense matter and because it provides a basic input for understanding electron 
transfer mechanisms in dense matter. 

In dense gases, liquids and clusters, the photodetachment process for molecular negative 
ions is complicated by the effect of the medium on E, and the potential energy curve 
(surface) of M .  Rewriting reaction (17) for, say, the liquid as 



Mi + hv - ML + eL 

and assuming that (EA), = (EA), + V,- P (Refs. 1,M) we have 

= (EA), + V, - P- + (AE), 

where V, and P- are the polarization energies of the electron and the negative ion in the 
medium, and (EA), and (EA), are the values of the electron affinity of M in the liquid and 
the gas phase. 

Among the few studies of photodetachment of negative ions in liquids is that on C6F; 
(Refs. 43,441. Let us. then, by way of example, refer to the method of Faidas et aL [44] 
which utilizes a two-laser photoconductivity technique suitable for photodetachment studies 
in dense fluids and the results they obtained on C,F; photodetachment in liquid TMS using 
this method. A schematic of their experimental arrangement and an outlay of the principle 
of their technique is shown in Fig. 18. A cell--with appropriate light windows and 
feedthroughs-contains the molecule (C,F,) under study disolved in the liquid (TMS) at an 
appropriate concentration. Two counter-propagating coaxial laser beams traverse the 
interaction voiume in the liquid cell with a time delay of - 5 ps. The first laser beam from 
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Figure 18. Schematics of the two laser photodetachment technique and an oscillognm of the conductivity 
signal (see the text and Ref. 44). 



an excimer laser (A. = 308 nm; f ihm = 15 ns) ionizes biphotonically the liquid and produces 
electrons which give rise to a fast signal (initial drop in Fig. 18b identified by 1 and the 
process nhu + X + X' + e). These electrons quickly (within e 1 ns) attach to C,F6 forming 
C,F; (process e + M + M- in Fig. 18b); the slow falling portion of the signal (indicated by 
M in Fig. 18b) after the initial steep fall is due to these slow-moving anions. At the preset 
time delay (- 5 p), the second laser pulse (tunable dye laser, fwhm = 0.6 ns) detaches the 
electron from C,F; (when hu > (E& and produces a second transient signal (step drop in 
Fig. 18b identified with 1 and hu + M' + M + e), followed by a slow drop when the 
detached electrons attach to C,F6 again forming slow moving c,F:. 

The basis for determining the photodetachment cross section o,(E) as a function of the 
photon energy E can be seen by referring to Fig. 19. The first (excimer) laser pulse has an 
essentially flat intensity profile I&) for distances r e a where a is the radius of the cross 
sectional area of the interaction volume (Fig. 19a). This pulse generates electrons uniformly 
in the interaction volume with a density distribution n&) a I:(r). Under the experimental 
conditions employed by Faidas et ai. all these electrons were captured by C6F6 within 1 ns 
and the resultant negative ions C6F; were essentially stationary with an ion density 
distribution ni(r) = n,(r) a 1:(r) when the second (tunable dye) laser pulse anived - 5 p later. 
The intensity profile I&) of the dye laser pulse was Gaussian and lay well within a (Fig. 
19c). The density distribution, nd(r), of the photodetached electrons is 

Under the experimental conditions employed, n,(r) e< ni(r). the I&), ni(r), and I&) were 
virtually constant along the axis of the interaction volume, and . 

Thus, o,(E) can be determined from a measurement of the ratio N,fli of the total number 
of photodetached electrons, N,. to the total number of negative ions Ni, a measurement of 
the total number of photons in the dye laser pulse I, and a knowledge of a and the intensity 
profiles of the two laser beams. 

In Fig. 20 is shown the o,(E) for C,F; in TMS (T - 298 K) determined by this 
technique. The cross section o,(E) exhibits two well-defined maxima at 2.58 and 3.15 eV 
due presumably to excited negative ion states of C,F,'. The photodetachment threshold (E& 
was determined by fitting the experimental measurements near threshold to 

with n = 1/2(21+1). The best fit was obtained for n = 3/2 (Le., 1 = 1, see Eqs. (15) and (23)) 
and (E& = 1.51 eV. Using this value, Eq. (20). and literature values of (EA), Faidas et al. 
concluded that the electron affinity of C,F6 is lowered in liquid TMS by - 0.4 eV compared 
to its isolated-molecule value. 

Finally, photodetachment studies on a number of cluster negative ions aided considerably 
our understanding of the energetics of the process. Experimental studies on the vertical 
values of EA (photodetachment thresholds; e.&. see Refs. 45,461 revealed the existence of 
the expected (Fig. 13, and Refs. 6 and 11) specific size variations and the smooth (increase) 
transition to the bulk property as the cluster size is increased. This is clearly shown in Fig. 
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Figure 19. Schematics of the photodetachment technique illusrnting: (a) the laser interaction region. (b) 
the type of signal measured, and (c) the iaser intensity and negadve ion density profiles (see the text and 
Ref. 44). 
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Figure 20. The absolute photodetachment cross section u,(E) (right-hand side Y axis) of CJ; in 
tetramethylsilane as a function of the photon energy. E, and a linear least squares fit of 
si& Y axis) for E c 1.95 eV. The intercept with the X axis gives a threshold energy Eu, of 1.51 eV 
(Ref. 44). 
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21 where the measured EA values of C y  clusters are plotted as a function of cluster size". 
Odd copper clusters are seen to have substantially lower EA than adjacent even clusters and 
this continues at least through Cu,;. that the LUMO (lowest 
unoccuppied molecular orbital) of the even clusters would be expected to be strongly 
antibonding and the corresponding negative ion more weakly bound than if the electron were 
to be placed in the half-filled nonbinding HOMO of an odd cluster.' 

The elecuon affinity, EA(n), of the larger clusters would be predicted to increase as [e.g., 
see Ref. 6) 

It was pointed 

(24) Erl(n) = E4(Rc) = E4(-=) - a - ez 
RC 

where EA(-) is the bulk band energy and a = 112 for the polarization and a = 5/8 for the 
metal droplet model of negative metal clusters. The predictions of (24)--as in the case of (5). 
(10). and (20) we have seen earlier--depend on the accuracy of %. 
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Figure 21. Experimental electron affinities for Cu, compared with predictions of the classical spherical 
drop model 
R = nl" r, (---I and R = n'" r, + Ar (- ) with r, (half the avenge distance between the atoms in the buk) 
= 1.41 A and Ar (correction for orbitai overlap among bounded atoms) = 0.53 A (from Ref. 45). 

(Ref. 45); I (Ref. 47); -- and - predicted using Eq. (24) and a = 5/8. EA (-) = 4.65 eV, 

'An opposite alternation is exhibited by the ionization threshold energy I (Le.. Id < 4 3  (e.& see Ref. 11). 
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