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The Chemistry of Gaseous Ions ' UCRL-13748
Bruce H. Mahan'
Department of Chemlotry, Unlv rSity of California and

Inorganic Materials Research Division of the
Lawrence Radiation Laboratory, Berkeley

As}we all know, the stoichiometry, energetics, equilibrium
constant, and net rate of a feaetion, whilelextremely'uSeful

to us, still do not constitute a completevdescription of a
chemical process.  Motlvated by varioﬁs needs and intereSts,

we are always asking'ggﬁ chemical reactions occur, and regard-
less of the detail of the description given, we are rarely
satisfied with it. It is the job of the chemical kineticist

To supply these descriptions_ih various detail, and in some
cases to reduce the phenomena of chemical reaction to &

proolem in molecular phy31cu. Here 1 shall recount our efforts.
to,elucidate the chemistry of gaseous ions through investi-

gations of the energetics, rates, mechanisms, and molecular

dynamics of their reactions.

It is well known that gaseous ions can be proauced by
the impact of energetlc electrons and ph'otons on molecules.
In aadltlon, however, 1one and electrons can be produced oy
¢hemical'reaction_between particles.of low kinetic energy.

" A particularly simple example, and one which we investigated

a few years ago is the_photosensitized ionization, of gaseous

alkali metals.l If cesium is photo excited to one of its

i .
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electronic states with principal quantum number edqual to

8 or greater, the following occurs

Cs (62) + hv — Cs  (np)

Cs*(np) + Cs —*ng + e na8 (1)
Cs*(np) +Cs = CsT 4+ Cs” ‘'n > 12 (2)

The energy of phoﬁon is insufficienf‘to ionizc the cesium
atom, But the extra energy necessary for ibnization can be
supplied either by the bond'energy of‘Cs; as in reaction (l),: ;
or by the electron affinity of‘Cs_as in reaction (2). From a
knowledge of the ionization energy of Cs, and the energy‘of'
the photon neéded to initiate reaction (1), it is possible
to deduce-a lower limit for the bond energy of ng. We did
‘this for Cs), Rby, and K}, and found that the one electron
'bonds in these molecules are at least 30 to 50% stronger than .
the correSpdndihg two electron bonds in_CsZ,_RbZ, and K, .
The same thing has been found for the lithium and sodium
Systems by other workers who uséd»different techniques. This
apparen%ly abnormal situation seems to be an électrgn corre-
lation effect. The bonds are so weak (~1 eV) that extra bond
energy one might éxpect to dérive from two.electrons is more
than cancelled by electron-electron repulsion.

In a similar manner, one méy deduce that the 1owér limits
of the atomic electron affinities for Cs and Rb are 0.1.9
'and~O:20 eV,.respectively. ‘There are no other megsurements
with which our Qalues for Cs and Rb, respectively, can be

compared, but these results are quite similar in magnitude to
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the electron affinities which have been calculated for Li,

Na, and K by apparently reiiable techniques.

Ton Mobility
AN AN

When gaseous ions are subjected to an electric field
they are'accelerated. Iif éqllisions between the ions and
surroﬁnding neutrals occur, the individual ion velocities do
not increase indefinitely, but instead fluctuate a%out a meah
or drift velocity which characterizes the progress of the
group of ions through the gas. .The drift velocity pef unit
field strength is called the ion mobility, and the value of
the mobllity is a measure of the effTectiveness of ion—molecule.

py

out

(@]

collisions in inhibiting ion transport. The nice thing a

on-

e

the ion mobility x is that it is directly related to the
molecule interaction potentiél; which in the simples£ casevis
determined principally by the polarizability a of the neutfal
molecule. The low temperature, low field strength limiting

relagtion is

Cx = 35.9/(@@)1/2 cmz/volt sec _ -

where B is the ion-neutral reduced mass in amu, and o is in
atomic units. The relation is simple because the ion-molecule

collisions which occur most frequently and which dominate the
o

mobility are grazing collisions in which the ion and neutrals
. . . e y . i s

pass at a distance of 8-10 A. At these internuclear separations

the ion-molecule interaction potential is closely represented

by the ion-induced dipolé term V = - ae2/2r4;7Where e 1s the
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fundasmental charge, and r is the separation. By measuring
o , + L+ . . e L
the mobilities of Cs;, 1in Cs, and Rb, in Rb, we found the

. e s - e 03 ‘KS _
polarizabilities of Cs and Rb to be 53 A~ and 40 A, respec-
tively. These enormous polarizabilities are in agreement with
results of recent measurements by a totally different technigue.
They reflect the very large volume occupied with high proba—
bility by the valence electron in these atoms. Other more
complicated potential functions can be tested by ion mobility
measurements, and we can expect to see much more of tnis work

in the immediate future.

o £

"3

02

When a fast beam of ions impinges on a slow moving ta

Q)
ct

beam of the parent neutrals, so-called rescnant .charge exchange

occurs with little momentum exchange:

Cs+ (fast) + Cs (slow) — Cs (fast) + Cs' (slow)

The effectiveness of this charge exchange process can be
. : !
measured by the attenuation of the ion beam, which follows

the Beer's Law expression
I=TI, exp (- no 2)

where I and Io are the final and initial ion projectile beam

currents, and n and £ are respectively the concentration of

&

atoms in, and the thickness of, the neutral beam. The propor-

tionality constant o is the cross section for the charge transfer.

process, and is a function of the relative energy of the col-

lidinge particles. If the measured value of o is multiplied by
Wb 1 3

L
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2/7 and the square root taken, the result is a distance wnich

is in a broad sense the distance to which the particles must

approach in order for the probability of electron transfer in

a collision to become equal to one-half. We have fggnd that
this effective electron transfer distancé is 12 K,iggé 9 k
for the CS+-083 Rb+—Rb, and K+-K systems, respectively,‘ét
lS-eV relative energy . In generai, thése distances increase
with decreasing'relative:enérgy.

The cross section for this resonantrchafge transfer pro-
cess may be expressed fdirly rigorbusly in terms of the dif-
ference in energy between the bonding and antibonding states
of the molecule ion. Thus we were able with our measured
cross sections to test the accuracy of.certqin approximate
methods for célculating the.bonding—antibonding energy differ—'
ence for large internuclear distance. ‘The simple LCAO metrod
Tails at 1arge internuciear.separations, but_wheﬁ the proper
approach is used, even with nodeless atomic wave functions,

good agreement between experimental and calculated cross

sections is obtained.

Ton-Neutral Associations
It is well known, of course, that ions in solution are
often strongly attached to solvent molecules. Something of

the nature of this solvation can be learned from gas phase
studies. By photolonizing ammonia-helium mixtures at total
pressures of from 1 to 10 torr and sampling the ions with a

mass spectrometer, it 1s possible to measure the equilidbrium

constants of the reactions
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-
+ NH, = NH,

L
NH 3 A

")

n-1 NHS)n

where n ranges from 2 to 4. We have found,4 as had Kevarle®
in earlier work; that thevequilibriUm constant for adding u
the fifth ammonia 1s smaller by a factor of 1000 than the
equilibriumAconstantsbfor adding the fourth ammonia molecule.

- Similarly, we have been able to show that aftef two dimetﬁyl
amine molecules have added to the olmethyl ammonium ion, the
equlllbrlum constant for further solvatlon reactlons drops

by é factor of approx1mately 500 at ZQ C. Other of our

- studies with methyl and trimethyl amine have revealed analogous
: behavior which demonstrates thatvthe first solvation sphefe

is completed when the maximum possible numbef of hydrogén

bonds between nitrogen atoms have formed. The temperatufé
dependence Qf the equilibrium'Cdnstants indicate that the bond
or association energy in the first coordination sphere 1is
about 15 kcal, and about S5 kcal in the second sphere. Bs
studies of -this type are perfected, accurateisingle ion thermo-

dynamic quantities will be forthcoming. L T

What happens to the electrons in an lonized gas? If ; .
(Vonly weak electric flelds are applled they fairly rapidly. .
come to thermal equilibrium with the surrounding gas, and
undergo neutfaliéation and attaghment reactions. If the ion
concentrafion is fairly high, above 107»ions/cc, then ion- o

electron’ dissociative recombination occurs. An example is:
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e” + NOT W + 0 k=41 x 107 ce/ion sec

which i1s an important reaction in the upper atmosphere.

We were able some years ago to make one of the first crude

‘measurements of the rate  onstant of this reaction, which

we see is about 103 times larger than even the rate constants
of "fast" reactidﬁs,between neutral molecules which préceed_
at "every_coliision."f_More recent and refined work of Gunton
and Shaw, Weller and Biondi,}and others has provided
precise values of this rate constant over an extended
temperature'range.

The reason dissociativé recombination rates can be so
large is indicated in Fig. 1. Reaction corresponds to

"switching" from a state of the free electron plus molecular

ion to abdissociative state of the neutral molecule. This

can occur when the "free" electron approaches to within
several angstroms, let us say 5 A, of the ion. The collision
cross section for this approach is large--of the order of

25 T A° multiplied byvez/rolﬂL the ratio of the Coulomb

potential energy at 5 R to the thermal energy kT.”VThfsAlatter

factor is of order 100, so the reaction cross section is

approximately 8 X 103 Kzl

It is more common, however, for slow electrons to undergo

" attachment to electronegative species. The possibilities are

nicely illustrated by
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- " ¥ M : .
e” + 8¥g — (srg) > SFg (32)
— SFg + F . (3b)

_ [
= SFg + F | (3c)

"

Process 3a is called electron capture, and the attachment
v ) _

energy must be removed by the inert third molecule M,' just
as in atom recombination. The processes 3b and 3c are

examples .of dissociative attachment reactions. They are in

effectvatom absﬁraction reactions by the simplest of free
radicéls,the electron. Many analogous reactions are now
‘known. | '

By measuring the time dependent electrical conducﬁivity
of an ionized gas at microwave_frequencies it is possible»to
follow electron concentration variations. Using this technique,
we founds that the rate constant for the Qverall disappearance

7

“of electrons was 3.1 X 10 ' cc/sec, again a very fast reacticn.

As a matter of fact, for low energy particles there is a

fairly well defined quantum mechanical limit to the size of

a rate constant which is imposed by the De Broglie wavelength,
and this reaction is very nearly as fast as the limit allows.

Other attachment reactions are not as fast, but nevertheless

~relatively small amounts of electronegative gases will: convert:
thermal electrons to negati&e ions very rapidly. : e

" Ion Recombination
LAV AV AV VI VoV aVaVaVaVaVaV eV aV eV a v

Given a collection of positive and negative gaseous Llons,

by what means and how fast do they recombine, or neutralize
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each other?. We have been able to show( that there are parallel

bimolecular and termolecular neutralization processes. For

example,
NO" + NO, = neutrals (NOT, N, O, Noz) (4)
o ' _ . 3 ' ) -
| | - NOT + NO; = (wo' NOj) (5)
(No© NO7)" + M = NO' NO; + M = neutrals  (s)

In reaction 4, two lons come close enough so that the electron
can be transferred back to the positive ion to form an

electronically excited neutral. The rate constants that we

- 7

have measured for sﬁchvreéctions are 1argé (~2 X 107 'cc/ion
secL and. show that-électron transfer can occur wnen the ions
‘approach to within 10«20‘ﬁ_of~each Qﬁher. This rather large
electron transfér distance is entirely consistent with the
idea that electron transfer occurs when_the-Couiomb potential
energy of the ions becomes equal to the energy of the neutrals
when one of them is in a highly excited electronic state.
The iérge'characteristic radius for electron motion in these
states (r = 0.53 n? by the Bohr formula) is what makes the
transition matrix element large‘éven at large distances.
Recently, measurements of some bimolecular ion neutrali- -
zation rates have been made by Aberth and Peterson at Stanford
| w‘ - | Research Institute by using mergéred beams of dons. Although

the systems are different, their resulis are generally con-

sistent with our own.
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I rapid bimoiecular neutralization can occuf, how

can the hlgher order termolecular process contrnbuue signiti-
cantly to ion recomblnatlon° The answer lies in the extreme
range of the Coulomb potential. Even wheh ions are sepafated
by approximately 100 R and electron trénsfer cannot occur,
the ions are still ihterscting with an attractive Coulomb
potential energy which is of the order of kT or gregter. Con-
sequently, éollisions With neutrals can remove some of the
relative energy:of an‘ion pair, and cause them to beccame
‘weakly bound. Eventually the bound pair will come close
enough to undergo electron transfer. The number of lon-ion

collisions that bring ions close enough to become bound by
a third body encounter is much'greater.than‘the number that
~allow direct electron transfer. Conseduently, the "three-
body" process described by reac ions 5 and 6 contributes to
the recomblnatlon rate, and is the domlnant patinh &s soon as
the gas pressure.is greater than-lO torr at room temperature.

Our study of this “tefmolecular" ion recombination

process taught us that even though third order, itiis”not
termolecular'at all! Instead of undergoing Just one COlllSlOﬂ

Wlbh a neutral to produce a permanently bound sbaue, an ion

pair experiences many collisions in which small amounts of

energy are removed from and added to them in a random fashion.

The result is a collision induced "diffusion" of the ion

pair in energy space which leads the ions eventually to a

8,

permanently bound state. It is 1likely that this Lanv T _body

deactivation actually occurs in many other recombination
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processes that are thought to be termolecular.
Ton-molecule Reactions

Now we turn to the matter of metathetical ion-molecule
reactions. .There is alfeady a vast chemistry here, and it
is rapidly becoming more extensive. Because of the devices
readily available to focus, mass- and energy-select and
detect ions, these reaétions are éxcellent for detailed studies

of reaction dynamics. As examples, we have extensively

investigated the reactions

1.40 x 1077 ce/sec

Arf.+ D2 - ArD+ + D k =
. (7)
Ny +D, = N,D' +D | k = 1.8 X 107° co/sec

(8) .

The rate constants of these reactions are large at thermal
energies, and in pretty good agreement with the collision
rate calculated using the ion-induced dipolevpotential. On
£his basis, the‘reacﬁions appear to be very similar. - However,
use of molecular beam techniques'to study the'reactions over
a wide energy range shows that'whilebin some respeéts the
similarities persist, in other respects the reactions are
‘totally and unexpeCtédly different.

| In.order to see the basis of these ion beam experiments,

consider Fig. 2, which shows what the trajectories of a pro- .

1}

cot

(e

jectile ion would look like if it were scattered from a tar

~molecule fixed in space. The important thing to note 1is

T
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that grazing.collisiohs whiéh_sample only the weak part of
the intermolecular potential produce small deflections
("forward scattering") of the projectile, while'more hearly head
on collisions give small distances of closest appréach, stfong_
interactions and'large_deflections of the projectile ("backward
'scattéring")}

This connection between scattefing angle and type of
collision persisté even 1in reactive collisions so long as the
interaction time between projectile and target is short

elo’ll and ot;erslz’l3

compared to a rotétional'peribd. W
have found that both reactions (7) and (8), as well as other
exothermic hydrogen abstraction réactions, proceed by this
short lifetime or "direct intéracﬁion" mechanism. However,
for the more complex.reaction

CHf + CH, = CoHI +H,
Z. Hermann aﬁd R. Wolfgang‘found clear evidence that "sticky"
-éoilisions occur in which the collision complex lasts seVerai
rotatipnal periéds. In such.caées the»correlationubqﬁween
scattering angle and ﬁype of'0011iéion is 1argelyniosf;'
Figure 3)shows some of our experimental regults for the
Af+;D2 reactidn; This is a'contour map of the intensity of
ArD+ plotted aé a function of its speed relative to the centef
of mass of the Ar+-D2 system, and the angle thfough which the
product has been scattered:relative to the original direction
ofvihe Ar+ projectile. The very high intensity peak near

. . ‘. . X . N
zero scattering angle shows that most of the ArD is formed
- ; [ [&] N
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in grazing collisions in which little or no impulse is
imparted to the freed D atom. This remarkable type of process.

1s called spectator stripping, since the freed D atom appesrs

W]

‘mereiy to stand andeatch,While its partner is stripped away.
Figure 3 does show, however, that there is a detectable
~amount of.scattering of prodﬁcts thfough‘anglés as large as
180°. - Thus, head-on collisions also give the ArDY
product, but in low intensity because head-on collisions
occur much.more>rafe1y than grazing collisions. It appears
then that if there is a long range interaction that permits
‘atom transfer in:grazing_collisions to.occur with high proba-
bility, forward scattering will_dominate,.and ﬁhe reaction
cross section and rate constént will be large. |
Besides intensity, there is another important difference
between products formed by head-on and gfazing collisions.
Measurement of the product kinetic energy and use of the
energy and momentum conservatlon laws shows that Aer formed
v by‘grazing coliisions isihighly excited internally——Very
nearly to its dissociation limit. _ThebArD+ formed.byfhead—on
_collisioné is also internally excited, but to a significantly
lesser degree--aboutlhalf of.its dissociation limit. Appar-
- ently the Sfrong interaction between all particles which océurs
in head;on éollisions allows ﬁhé incipient ArDT convert some
S of its internal energy to relative translational energy as
arpt and D start to leave the scene of the collision. We have

found the same difference in internal -excitation energy of
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the forward and back scattered products of the N;eDZ reaction.
Still another difference between grazing and head-on
collisions:is;revealed by isotope effécts. ~In the N;-HD
reaction,‘N2H+ isvfavored by factors as large as 20 in grazihgv-
cbllisions, but for head-on cbllisions, N2D+ is favored by
a factor as large as 2. As yet,'thefe is no complete, detailed
explanation fdr these isotobe effects.
It is helpful to examine the distribution of Ar+ scattered

by D, without reaction. A contour map of this nonreactive

2 [
scattering is shown in Fig. 4. The most remarkable feature

is the intensity at 1BQ°,Twhich represents Ar+ which has made

a head~oh collision wit-hi"D2 and failed to react. By comparing
Figs. 3 andv4 we gén see that'thé.numbers of reactive and non-
reactive collision are quite comparable. This Tinding '
refutes the idea so often applied to all exothermic ibnémolecule
Teactions, which is that reaétidn occurs "upon every close

collision." Even though the ArtoD, reaction is exothermic

v 2
“and has no.activation energy barrier,.violent head-on colli-
sions with very close approach of ArT and Dé give no reaction
in.a large number of cases.’ Actually, as the relative trans-
1ational énérgy is 1owered; a greater fraction of collisions
are reactive, which is contrary to one's intuifion, In the
Ng—Dzlsystem, howevér; we find the expected behavior: head-on
| LY .

collisions almost always lead to reaction regardless of the

- energy.
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Finally, I would like to point cut that while the
contributions that the study of gaseous ion phenoméena can

make to our understanding of intermolecular forces and reaction

dynamics are clear, the éventual application of this work

to synthetic_chemistryishouid not be ignored. Discharge tubes
and plasma jets have alréady been usedvto effect.desired
syntheses;_but in onlyﬁrathér'crude ways..iAs our understanding
of the generation, heutraiization, and reactions of ions
increases, it may be'possiblé té use discharges, afterilows,
and ion beams as special_toolsvfor the specific syntnesis of

new compounds.
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Figure 1.

Potential energy as a function of internuclear distance
for the diatomic molecule Mp, and its ion ME plus a free

- electron. Dissociative ion-electron recombination occurs

when the approach._of an electron causes a transfer of the
system from the stable ME curve to the dissociating state
of My.

2
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Figure 2. A few trajectories for high energy collisons between an Ar+ projectile and a fix He target.

Grazing collisions lead to small angle scattering, and head-on collisions to large angle
scattering of the projectile.
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g

o| Aty —~ArD? --D(5oobv;_
,| Peak Intensity = ZZOK | |~f-90
(Q -2.2eV)

' Q:LOeV~

+180°

Beam
Profile

10° cm/sec

1 : d
) '

Figure 3. A contour mapidf the intensity of ArD product from the Ar™, D, reaction

plotted in the center of mass coordinate system. The direction of the
" Ar" is taken to del;ne zero degrees. The quantity Q is the relative
klnetic energy of products minus that of reactants.
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Ar¥+ Dy Nonreactive - [*90° -
~ 50.0eV | —
4.55 Relative

Energy

\
_ o b o .
180 ‘; | -
rifz .
20% 8@_cm
Profile
- - )
i~ 1

10° cm/sec |

-90°

Figure 4. A contour map of the intensity of Ar+ scattered from D, plotted in the center
~of mass coordinate system.  The direction of the projectile beam defines the
zero of angle. The circle labelled Q = O corresponds to elastic scattering
of Ar* by D,. DNote that the intensity of nonreactive scattering at 180° is
greater than that of the corresponding reactive scattering shown in Fig. 3.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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