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'TIhe Chemistry of Gaseous Ions UCRL-18748 

Bruc e H. Mahan' 

Department of Chemistry, University of California and 
Inorganic Materials Reseatch Division of the 

Lawrence Radiation Laboratory, Berkeley 

As we all knOlv, the stoichiometry, energetics J equilibrj:un: 

constant, and net rate of a reaction, whj.le extremely use:;:~ul 

to us, still do not constitute a complete description of a 

6hemical process.' Motivated by various needs and interests, 

we are ahvays asking how 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 in various detail, and in so~e 

cases to reduce the phenomena of chemical reaction to a 

problem in molecular physics. Here I shall recount our efforts 

to elucidate the chemistry of gaseous iorts through investi-

gations of the energetics, rates, mechanisms, and molecular 

dynamics of their reactions. 

Photochemical Ionization 
~~'" 

.J. _ -,.. • 

. /, " 

It is well known that gaseous ions can be produced by 

the impact of ~nergetic electrons and p~otons on molecules. 
~ 

In addition, however, ions and electrons can be produced by 

~hemical' reaction between particles of low kinetic energy. 

A particularly simple example, and one which Heinves'c,iga ted 

a few years ago is the photosertsitized ionization,of gaseous 

. 1 I alkali metaJ.s. f cesium is photo-excited to one of its 
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electronic states with principal quantum nUIllber equal to 

8 or greater, the follm-dng occurs 

(62 ) * (np) Cs + hv -+ Cs 

* + (1) Cs (np) + Cs -+ CS2 
.;.1- e n > 8 -

* --.. Cs + - (2 ) Cs (np) + Cs + Cs n > 12 

The energy of photon is insuff~cient to ion~ze the cesium 

atom, but the extra energy necessary for lonization can be 

supplied either by the bond energy of Cs; as in reaction (1), 

or by the electron affinity of'Cs as in reaction (2). From a 

kn0i11edge of the ionization energy of Cs, and the energy of 

the photon needed to inltlate reaction (1), it is possible 

-I-to deduce 'a lower limit for the bond ene,rgy of Cs2 . We dld 

th O .t:> C + Rb+ , K+ d f ' th .L th 1 t 1S .Lor. s2'· 2' ana 2' an· ouna - at- e one e ec -ron 

bonds in these molecules are at least 30 to 50% strong~r than 

the corresponding two electron bonds in Cs2 , Rb2 , and K2 . 

The same thing has been found for the lithium and sodium 

systems by other workers who used dlfferent techniques. This 

apparent~y abnormal situation seems to be an electron corre

lation effect. The bonds are so weak (~l eV) that extra bond 

energy one might expect to derive from two electrons is more 

than cancelled by electron-electron repulsion. 

In a similar manner; one may deduce that the lower limits 

of the atomic electron affinities for Cs and Rb are 0.19 

andO~20 eV, respectively. There are no other me~surements 

with which our values for Cs and Rb, respectively, can be 

compared, but these results are qulte sirtlilar in magnitude -GO 

• 
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the electron affinities which have been calculated for Li, 

Na, and K by apparently reliable techniques. 

Hhen gaseous ions .are subjected to an electric field 

they are accel~rated. If collisions between th~ ions and 

surrounding neutrals occur, the individual ion velocities do 

not increase indefinitely, but instead fluctuate about a mean 

or drift velocity which characterizes the progress of the 

group of ions through the gas ... !Jlhe drift velocity per unit 

field strength is called the ion mobility, and the value of 

the mobility is a measure of the effectiveness of ion-molecule 

collisions in inhibiting·ion transport. The nice thing about 

the ion mobili~y K is that it is directly related to the iOD-

molecule interaction potential, which in the simplest case is 

determined principally by the polarizability Cf, of the neutral 

molecule. The low temperature, 1m'! field strength limiting 

relation is 

.. -.. , .-

where ~ is the ion-neutral reduced mass in amu, and Cf, is in 

atomic units. The relation is simple because the ion--molecule 

collisions vlhich occur most frequently and which domiriate the 
c' 

mobility are grazing collisions in which the ion and neutrals 
• 0 

pass at a dlst~nce of 8-10 A. At these internuclear separations 

the· ion-molecule interaction potential is closely represented 

b; the ion-induced dipole term V = - Cf,e2/2r4; where e is the 
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fund8.mcntal charge, ,and r is thesepara tion. By me&,:>urlng 

"-' b· J ." . f C + ~ne rno l~lGleS 0' s2 in Cs, 

pol,3,rizabili ties of Cs and Rb 

d R' +. R' f." t 1 ' an O2 lno, we iOUnQ l8 

03 3 
to be 53 A and 40 X , respec-

tively. These enormous polarizabilities are in agreernent with ~ 

results of recent measurements by a totally different technique. 

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 this work 

in the immediate future. 

When'a fast beam of ions impinges on a slow moving target 

beam of the parent neutrals J so-called r'esonant ,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 = Io exp (- n cr 2) 

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

currents,and nand l are respectively the concentration of 

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

tionality constant cr is the cross section for the Charge transfer 

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

lidinG particles. If the measured value of ~ i~ multiplied by 
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2/71 and the square root taken, the result is a distance vrhic~h 

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 found that 
» ,. 'J 

i.- j/ r,; 

this effective electron transfer distance is 12 K,~and 9 K . \ 

++ + for the Cs -Cs~ Rb -Rb, and K -K systems, respectively, at 

15 eV relative energy. In general, these distances increase 

with decreasing relative energy. 

The cross section for this resonant charge transfer pro-

c'ess may be expressed fairly rigorously in terms of the dif-

ference in energy bet\~een the bonding and antibondinc states 

of the molecule ion. Thus we were able with our measured 

cross sections to test th~ accuracy of certain approximate 

~ethods for calculating the bonding-antibonding energy differ-

ence for large internuclear distance. The simple LCAO method 

~ails at large internuclear separations, but when the proper 

approach is used, even with nodeless atomic wave functions, 

good agreement between experimental a.nd calculated CTOSS 

sections is obtained. ,"_. 
" .. 

Ion-Neutral Associations 
~1"'\,.;"\J1"\.;"'\,.t'V'\./"'v"V"\".."'\./'VV"-/'\.I~1\./'v 

.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 photoionizing ammonia-helium mixtures at total 

pressures of from 1 to 10 torr and sampling the ions i'li.th a 

mass spectrometer, it is possible to ~easure the equilibrium 

constants of the reactions 
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4-
= NH ~ (NH.,,) 

':r .:.> n 

where n ranges from 2 to 4. We have found}4 as had Kebarle 5 

in earlier work} that the equilibriu.'11 constant for adding 

the fifth ammonia is smaller by a factor of 1000 than the 

equilibriuIn constants for adding the fourth ammonia molecule. 

Similarly} we have been able to show that after two dimethyl 

amine molecules have added to the dimethyl- ammonium ion} the 

equilibrium constant for further solvation reactions drops 

by a factor of approximately 500 at 20°C. Other of our 

studies with methyl and trimethyl amine have revealed analogous 

behavior which demonstrates that the first solvation sphere 

is completed when the maximum possible numb~r of hydrogen 

bonds between nitrogen atoms have formed. The temperature 

dependence of the equilibrium constants indicate that the bond 

or aSsociation energy in the first coordination sphere is 

about 15 kcal} and about 5 kcal in the second sphere. As 

studies of this type are perfected} accurate single ion thenuo-

dynamic quantities will be forthcoming. 

Reactions of Electrons 
~l"'\...o""V'Vt"'\...JI"Vl""v'V~""V""\..I 

What happens to the electrons in an ionized gas? If 

only weak electric fields are applied} they fairly rapidly 

come to thermal equilibrium "lith the surrounding gas} and 

undergo neutralization and attachment reactions. If the ion 

concentration is fairly high} above 107 ions/cc} then ion-

electrod dissociative recombination occurs. An example is-

.. 

C", 

• 
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. - + e -I- NO -+- N -I- 0 k = 4.1 x 10- 7 cC/ion 

~hich is an important reaction in the uppe~ 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" reactions between neutral molecules which proceed 

at "every collision." 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 dissociative 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 a dissociative st~te of the neutral molecule. This 

can occur when the "free" electron approaches to within 

several angstroms, let us say 5 1\, of the ion. The collision 

cross section for this approach is large--of the order of 

25 Tr 1\2 multiplied by. e2 /r 0 kT, the ratio of the Coulomb 

potential energy at 5 A to the thermal energy kT. This latter 

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

approximately 8 x 103 A2! 

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

attachment to electronegative species. The possibilities aTe 

nicely illustrated by 

sec 
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(3a) 

. (3b) 

(3C) 

Process 3a is called electron capture, and the attacfL'Ylcnt 

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 

effect atom abstraction reactions by the simplest of free 

radicals,the electron. Many analogous reactions are now 

known. 

By measurIng the time dependent electrical cO:'1ducti vi ty 

of an ionized gas at microwave frequencies it is possible to 

follow electron concentration variations. Using this tcchnique~ 

we found 6 that the rate constant for the overall disappearance 

. of electrons was 3.1 x 10-7 cc/sec, again a very fast reaction. 

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

fairly vlell 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 negative ions very rapidly. 

Ion Recombination 
'V"v'V"-'~ 

Given a collection of positive ~nd negative gaseous ions, 

by what means and hOi'l fast do they recombine, or neutTalizc 

',: 
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each other? We have been able to s~0~7 that ~here are parallel 

bimolecular and termolecular neutralization processes. For 

In reaction 4~ two ions 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 

have measured for s~~ reactions are large (~2 x 10-7 cC/ion 

sec1 and. show that electron transfer can occur when the ions 

approach to within 10-20 X of each other. This rathe~ large 

electron transfer distance is entirely consistent with the 

idea that electron transfer occurs when the Coulomb potential 

energ.y of the ions becomes equal to the energy of the neutrals 

when one of them is in a highly excited electronic state. 

The large characteristic radius for electron motion. in t~ese 

states (r = 0.53 n2 by the Bohr fonnula) is what makes the 

transition matrix element large even at la~ge distances. 

Recently~ measurements of some bimolecular ion neutrali-

zatioYl rates have been made by Aberth and Peterson at Stanford 

Research Institute by using mergered beams of ions. Although 

the systems are different, thei~ results are generally con-

sistent wj.th our 0\'111. 
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If, rapid bimolecular neutralization can occur, how 

can the higher order termolecular process contribute • • -C\. slgnl.ll-· 

cantly to ion recombination? The answer lies in the extreme 

range of the Coulomb potential. Even when ions are separated 

by approximately 100 K and electron transfer cannot occur, 

the ions are still interacting Viithan attractive Coulomb 

potential energy which is of the order of kT or greater. Con-

sequently, bollisions with neutrals can remove some of the 

relative energy of an ion pair, and cause them to become 

weakly bound. Eventually the'bound pair will come close 

enough to undergo electron transfer. The number of ion-ion 

collisions that bring ions close enough to become bound by 

a third body encounter is much greater ·than the nUc'Tlber that 

.alloH direct electron transfer. Consequently, the llthree-

body" process described by reactiol1s 5 and 6 contributes to 

the recombination rate, and is the dominant path as soon as 

the gas pressure is greater than 10 torr at room temperature. 

Our study of this "termolecular" ion recombination 

process taught us that even though third order, it·~s·not 

termolecularat all! Instead of undergoing just one collision 

with a neutrai to produce a permanently bound state, 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 \'lhich leads the ions eventu:111y to a 

permanently bound state. B,9 It is likely that this many bodY 
-~'----"-

dCQctivation actually'occui.'S in many othel' TeCOTlibination 
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processes that are thought to be termolecular. 

Ion-molecule Reactions 
~""V"'\./'\...rvv~~l"V'"\Jt"V'"\..I 

Now we turn to the matter of metathetical ion-molecule 

reactions .. There is already 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 reactions are excellent for detailed studies 

of reaction dynamics. As examples, we have extensively 

investigated the reactions 

-+ ArD+ + D k .- 1.40 x 10- 9 ccl sec 
(7) 

-+ N D+ + D 
2 

k = 1.8 x· 10- 9 ccl 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 dipole potential. On 

this basis, the reactions appear to be very similar. -- Hm..,rever, 

use of molecular beam techniques to study the reactions over 

a wide energy range shows that while in some respects the 

similarities persist, in other respects the reactions are 

totally and unexpectedly different. 

In order to see the basis of these ion beam experim~nts} 

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

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

molecule fixed in space. The important thing to note is 
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that grazing collisions which sample only the weak part of 

the intermolecular potential produce small deflections 

(11 forward scatteringl1
) of the projectile, while more t1early head 

on collisions give small distances of closest approach, strong 

interactions and large deflections of the projectile (llbackward 

. scatteringl1
). 

This connection between scattering angle and type of 

collision persists even in reactive collisions so long as the 

interaction time between projectile and target is short 

compared to a rotational period. 10 11 12 13 We ' and others ' 

have found that both reactions Vr) and (8), as well as other 

exothermic hydrogen abstraction reactions, proceed by this 

short lifetime or "direct interactionll mechanism. Ho\<rever, 

for the more complex reaction 

Z. Hermann and R. Wolfgang found clear evidence that "sticky" 

collisions occur in which the collision complex lasts several 

rotational periods. rri such cases the correlation between 
. . 

.... 

scattering angle and type of collision is largely lost. 

Figure 3 shows some of our experimental results for the 

Ar+-D2 reaction. This is a contour map of the intensity of 
+ . 

ArD plotted as a function of its speed relative to the center 

of mass of the Ar + -D2 system, and the angle through v-rhich the 

product has been scattered relative to the original direction 

of the Ar+ projectile. The very high intensity peak near 
.. + 

zero scattering angle shows that most of the ArD is for:;.cd 
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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 

is called spectator stripping, since the freed D atom appes,rs 

merely to stand and watch while its partner is stripped away. 

Figure 3 does show, however, that there ~s a detectable 

amount of scattering of products through angles as large as 

Thus, head-on collisions also give the ArD+ 

product, but in low intensity because head-on collisions 

occur much more rarely than grazing collisions. It appears 

then that if there is a long ~ange interaction that permits 

atom transfer in grazing collisions to occur with high proba-

bility, forward scattering will dominate, and the reaction 

cross section and rate constant will be large. 

Besides intensity, there is another important difference 

between products formed by head-on and grazing collisions. 

Measurement of the product kinetic energy and use of the 

energy and momentum conservation laws ShOV1S that ArD+ formed 

by grazing collisions is highly excited internally--very 
+ ' 

nearly to its dissociation limit. The ArD formed ,by head-on 

collisions is also internally excited, but to a significantly 

lesser degree--about half of its dissociation limit. Appar-

ently the strong interaction between all particles which occurs 

in head-on collisions allows the incipient ArD+ convert SOlne 

of its internal energy to relative translational energy as 

ArD+ 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 scatt~red products of the N;~D2 reaction. 

Still another differenc~ between grazing and head-on 

collisions ,is revealed by isotope effects. In the N;-HD 

reaction,N2H+ is favored by factors AS large as 20 in grazing 

collisions, but fo~ head-on collisions, N2D+ is favored by 

a factor as large as 2. As yet,there is no complete, detailed 

explanation for these isotope effects. 

It is helpful to examine the distribution of Ar+ scattered 

by D2 ' 1,'I"i thout reaction. A contour map of this nonreactive 

scattering is shown in Fig. 4~ The most remarkable feature 

is the intensity at 1800 ,vlhich represents Ar+ which has made 

a head-on collision withD2 and failed to react., By comparing 

Figs. 3 and 4 we 9an see that the numbers of reactive and non

reactive collision are quite comparable. This finding 

refutes the idea so often applied to all exothermic ion-molecule 

reactions, which is that reaction occurs 11 upon eve1'Y close 

collision. 11 Even though the Ar + "-D2 reaction is exothermj.c 

and has no activation energy barrier,~violent head-on colli

sions \,li th very close approach of Ar + and D2 gi ve ~o r~action 

in a large number of cases.' Actually, as the relative trans--

lational energy is lowered, a greater fraction of collisions 

are reactive, ~'lhich is contrary to one' s intuition. In the 
_L 

N2-D2 system, however, we find the expected behavior: head-on 

collisions almost always lead to reaction regardless of the 

energy. 

\...i I 
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Finally, I would like to pOint out that while the 

contributions that the study of gaseous ion phenomena can 

make to our understanding of intermolecular forces and reaction 0 

dynamics are clear, the eventual application of this ~ork 

to synthetic chemistry should not be ignored. Discharge tubes 

and plasma jets have alr~ady been used to effect desired 

syntheses, but in only rather crude ways. As our -understanding 

of the generation, neutralization, and reactions of ions 

increases, it may be possible to use discharges, afterflows, 

and ion beams as special tools for the specific synthesis of 

new compounds. 
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, -e-"r -. 

fVl + fVl 
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Potential energy as a function of internuclear distance 
for the diatomic molecule M2, and its ion ~ plus a free 

. electron. Dissociative ion-electron recombination occurs 
when the approach_of an electron causes a transfer of the 
system from the stable ~ curve to the dissociating state 
of V-'2' 
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Figure 2. A f~N trajectories for high energy collisons between an Ar+ projectile and a fi~ He target. 
Grazing collisions lead to small angle scattering, and head-on collisions to large angle 
scattering of the projectile. 
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------------------------------~------------------------~~.---1 
+. -I.. - (50 0- V- \ Ar -:-D2 -ArD'+D . e J 

i; 
Peak Intensity =220K J+90 

JO ::-2.2 eV) 

± 1800 

<'----

105 ern /sec 

l-90 
I 

~, .. -... , 
/ "0° I \ 

. I 4iI I -----t:.'" 
I I 
\ I 

\ ''::'7' I -" ... / ---_ ... 200/0 
Bea rl1 

Profi Ie 

FiguTe 3. A contour map of th~ intensity of ArD+ product from the Ar+, D2 reaction 
plotted in the center of mass coordinate system. The direction of the 
Ar+ is taken to del'inezero degrees. The quantity Q is the relative 
kinetic energy of products minus that of reactants. 
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., 
Ar -r + ID2 Ndnreactive 

50.0oV 
4.55 Relative 

I Energy 

I 

I. 

-, , , 
\ 
I 
I 
J 

:~ 
!>' 

: 20% Beam 
I 

_/ Profi Ie 

105 cn1/seC 

Figure 4. A contour map of the intensity of Ar+ scattered from,D2 plotted in the center 
. of mass coordinate system.' The direction of the projectile bea.m defines the 

zero of angle. The circle labelled Q ~ 0 corresponds to elastic scattering 
of Ar+ by D2 . Note that the intensity of nonreactive scattering at 180 0 is 
greater than that of the corres~onding reactive scattering shovm in Fig. 3· 
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