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FOREWORD

ApvaNces 1IN CuemMisTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are refereed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Papers published
in Apvances 1IN CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may em-
brace both types of presentation.
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PREFACE

Well before 1900, conductivity measurements on flames and on gases
subjected to electric discharges or exposed to high energy radiation
led researchers to conclude that ions were formed in such systems. As
early as 1905 Langevin considered the interaction between an ion and a
neutral molecule in the gas phase and formulated an expression for ion-
molecule collision processes. In 1912 J. J. Thomson observed ions of
molecular weight 3 when hydrogen was introduced into his cathode tube
apparatus. This result was explained in 1925, when Hogness and Lunn
demonstrated that H;* is formed in the reaction H,+ + H, — H;* 4 H.
A rate constant for this reaction was theoretically derived by Eyring,
Hirschtelder, and Taylor in 1936. It was not until 20 years later, how-
ever, that this particular rate constant was determined experimentally.
In fact, experimental determinations of ion-molecule reaction rates be-
gan only in 1952 with the investigations of Tal’roze, closely followed by
the work of Stevenson (1955), Hamill (1956), and Lampe, Field, and
Franklin (1957).

The rapid growth of free radical kinetics, starting in the 1930’s, stands
in sharp contrast to the slow development of ion-molecule reaction kinet-
ics, a difference which can only partly be explained by insufficient develop-
ment of experimental mass spectrometry in the first half of this century.
A more important retarding factor was probably the fact that the impor-
tance of chemical reactions between ions and neutral molecules in many
systems was not suspected. Lind realized as early as 1912 that ions
formed by high energy radiation are responsible for chemical transforma-
tions, but rather than invoking specific chemical reactions, he suggested
that the products observed were formed by neutralization of a cluster
consisting of the primary ion surrounded by neutral molecules. Indeed,
ion-molecule reactions were only inferred in interpreting radiolytic sys-
tems after it was demonstrated by mass spectrometry in the 1950’s that
such reactions can occur with high cross-sections. Moreover, only in the
last three or four years has radiation chemistry been exploited as a means,
complementary to mass spectrometry, of investigating ion-molecule reac-
tions through an approach similar to that long used in kinetic studies of
free radical reactions. Some of the papers presented at this symposium
are concerned with studies of ion-molecule reactions by analyzing the
neutral products.

However, because the mass spectrometer remains the most useful
and for many systems the only possible tool for studying ion-molecule
reactions, most of the papers describe mass spectrometric investigations.
Present day mass spectrometry has acquired great versatility through the
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development of many sophisticated variations on the basic instrument
of early investigators. In tandem mass spectrometers, for example, two
mass spectrometers are coupled; the first produces ions of known identity
and energy which are introduced into a reaction chamber of the second
instrument which subsequently analyzes product ions. The wide ap-
plicability of this type of instrumentation, in several diverse forms, to
ion-molecule reaction studies is illustrated at this symposium. Other
papers demonstrate the feasability of studying ion-molecule reactions at
elevated pressures in the mass spectrometer; the usefulness of the pulsed
source technique for studying reactions of thermal ions is also explored.
The kinetics of reactions of thermal ions are of course directly applicable
and of interest to high energy radiation systems. In one paper, interest-
ing analytical applications of ion-molecule reactions occurring in a mass
spectrometer are considered. Since 1958 the mass spectrometer has also
been used to identify the ions formed in flames; successful attempts to
derive cross-sections of ion-molecule reactions occurring in flames as well
as in electrical discharges are described in this volume.

Much of the interest of this symposium centers on the effect of the
kinetic energy of the reacting ion on the reaction cross-section. A de-
tailed examination of the effect of energy variations is essential to the
development of a comprehensive theory for the kinetics of ion-molecule
reactions.

The sophistication of the concepts being considered by this sym-
posium points up the impressive advances which have been made in
recent years in the understanding of ion-molecule reactions. Unfor-
tunately, this knowledge is confined to that fraction of the scientific
population which reads the current literature of mass spectrometry or
radiation chemistry since writers of textbooks on kinetics have not yet
discovered ion-molecule reaction kinetics as an area worthy of more than
cursory mention. It ishoped that this symposium will help in some small
way to remedy that situation.

Washington, D.C. PIERRE J. AUsLoos
June 1966

viii
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Charge Exchange and Ion-Molecule
Reactions Observed in Double
Mass Spectrometers

EINAR LINDHOLM
The Royal Institute of Technology, Stockholm 70, Sweden

Double mass spectrometers of different types have been used to
investigate charge exchange and ion-molecule reactions. The
recombination energies of positive ions with lifetimes of the
order of 105 sec. are tabulated. Transfer of translational
energy in charge exchange can be important, but for some
applications one ought to try to avoid observing collisions
in which such transfer has taken place. Selection rules are
valid for charge exchange processes in distant collisions in con-
trast to the case with impact of slow electrons. Ion-molecule
reactions take place during the collisions but can also be studied
by increasing the pressure in the collision chamber.

In a double mass spectrometer several types of ion-molecule reactions

can be observed: (a) charge exchange, A* + B - A + B+, often
followed by dissociation of B+; (b) transfer of part of A+ or B (e.g.,
proton transfer or hydride ion transfer) during the collisions; (c) reactions
at increased pressure in the collision chamber.

Two main types of experimental equipment which can be dis-
tinguished are: (a) the perpendicular type in which in the collision
chamber the incident positive ions and the product ions move in paths
perpendicular to each other; (b) the longitudinal type in which the
paths are parallel.

The perpendicular type has been used in Stockholm (1-27), (Figure
1), Moscow (28-32), San Diego (33-35), Birmingham (36-39), Stras-
bourg (40), and in Baltimore (41-45), (Figure 2). The longitudinal
type has been used in Chicago (46-50), (Figure 3), San Diego (51), and
in Gainesville (52). Recently, in Gainesville (53) and San Diego (54)
the angular distributions of the products have been completely de-
termined.

Table I gives a compilation of the molecules other than monoatomic
gases that have been investigated in these machines.

1
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2 ION-MOLECULE REACTIONS IN THE GAS PHASE
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Figure 1. Double mass spectrometer of perpendicular
type used in Stockholm (3, 26)

The ions A move in mass spectrometer A in a vertical plane
and then cross the collision chamber. The reaction products
(the ions B) are extracted from the collision chamber at right
angles to the direction of the ion beam A and are analyzed by
mass spectrometer B, which is placed in a horizontal plane.
It therefore discriminates against secondary ions which have
acquired appreciable downward momentum from the ions A.
To avoid surface charges, all surfaces have been coated with
colloidal graphite in alcohol (7). Radii of mass spectrom-
eter: 18 and 25 cm., respectively

Recombination Energies of Some Positive Ions

In charge exchange collisions the cross-section depends upon the
energetics of the reaction. To compute the energy defect, the initial
and final states of the colliding particles must be specified. This can
be done easily for the bombarded neutral molecule, which usually can
be assumed to be in the ground state before the collision, but not for the
incident ion which is often in one of its metastable states.

It seemed practical to assign to the ion definite recombination
energies (3) corresponding to transitions from the ground state or the
metastable states of the ion to the ground state or higher states of the
atom (or molecule). A preliminary table of recombination energies
(RE) was given earlier (8).

Here an ion state must be considered metastable if its lifetime is of
;he same order as the time between the formation of the ion and the
collision. For the experiments on which Table II is based the ions are
produced in a mass spectrometer in which this time is about 10— sec.
Thus, a table of such recombination energies can be valuable in studying
ions in gases, although in such cases the corresponding time may be
shorter and the number of recombination energies larger. Inthe up-
per atmosphere the time may be longer and the number of recombin-
ation energies smaller.

In our experiments the ions have been produced by electron impact
with 100-e.v. electrons.
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Figure2. Double mass spectrometer of perpendicular type used in Baltimore

(45). Radius of mass spectrometer A is only 1 cm. which makes possible

work at very low velocities of the iogs A (Journal of the American Chemical
ociety)



Published on January 1, 1967 on http://pubs.acs.org | doi: 10.1021/ba-1966-0058.ch001

4 ION-MOLECULE REACTIONS IN THE GAS PHASE

1in.

~

p n
\ gy ==

- \ ;\i' C
T AT |
L =%

Figure 3. Double mass spectrometer of longitudinal type used in Chicago
“7)

e

x—\J

Radius of mass spectrometer A is only 2.5 cm so that very low velocities of the ions (A)

can be used. In the collision chamber, k, reaction products (ions B) are formed from

the gas by charge exchange or ion-molecule reactions. All ions move in the same

direction in the collision chamber and are accelerated by special electrostatic lenses;

hence, they all reach the slit r of mass spectrometer B (not shown) independently of

their initial velocities in the collision chamber. The discrimination in mass spectrom-
eter B can therefore be considered negligible

Table I. Molecules Investigated in Double Mass Spectrometers®

Reactions at

Also Charge  Particle  Increased
Molecule Deuterated Ions Exchange Transfer  Pressure

H, 18 2

H,*, N,+ 52) 52)

. Hp* (47)

D, Art, N+ (47)
i Kr+ 50)

N.+ 37)

N, + (54)

Ar+ 53)

0, 6 (18) (18)

H+ (35)
He+ (34)

N+ Of N+ (61) (61)
N. 17 C))
14 @
He™* (34)
Net, Ar+ (49)

D, * (47)

(O 51) 51
CO 16 (%)

17 2
He*, Net, Ar+* 48)
H.0 17 3
6 17) 17

H.S 17 3)
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Table I. Continued

Reactions at

Also Charge  Particle Increased
Molecule  Deuterated Ions Exchange Transfer Pressure
N.O 16 3
Kr+ (49)
Kr+, Ar+ (50)
CO, 14 (3)
4 (16) (16)
NH,; 15 (3)
4 (29)
5 42)
C.H, 29 9 (€} 9
(6)
7 22)
Ar+ (50)
CH, 17 (3)
23) 18 (23) 23) 23)
He*, Ne*, Ar+ (14) (19)
10 21
13 (29)
7 (36) (38)
5 (44)
CH;Cl 6 (14) (14)
CH.I 3 (14) (19)
CCl, 4 (45)
CCLF Net, F+ 18)
C.H, (19) 29 (19) (19)
11 (20)
(40)
Xet, NH;*+ (29)
et (30) (31)
Xe+* (50) )
CH;OH 43 27 27)
(10) 7 (10) !
5 7
CH;NH., 19 (13) 13)
6 17)
C.Hg (24) 35 (24) (24)
6 (40)
Xet+, NH; * 29)
C.H;I (25) 11 (25)
C.H,OH 36 (26)
4 27)
C:H; 43 (12) (12)
(6) (6)
(25) 23 (25)
Xet, NH;* (29)
C;H/1 (25) 11 (25)
iso-C;H,1 (25) 11 (25)
C;H-OH 40 (11) (11)
C.H, 41 (1) 0))]
(CH;).CO 8 (29)
B:H, 5 43)

% Monatomic gases are not included. Column 1 gives the gas in the collision chamber. If deuter-
ated compounds were also used, this is marked in the second column by the reference number. Column
3 gives the incident ions or the number of different incident ions. A reference number in the fourth
column shows that only charge exchange or dissociation after charge exchange has been measured.
A reference number in the last two columns shows that either transfer of part of the ion or molecule
or reactions at increased pressure has been observed.
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Table II. Recombination Energies of Positive Ions in e.v.

H+: 13.60
He*: 24.58

B+ from BF;:
252 1S: 8.30

2p *P°: 12.92, 9.35, and 6.98

C * from COS, CO,, CO, CBrF;, CBr,F,,

or CCLF:
2p ?P°: 11.26, 10.00, 8.58
2p? ‘P: 16.58, 12.40

N+ from N,O, NH;: (N, may give N, *2)

2p? 3P: 14.54, 12.16, 10.97
2p? 1D: 14.06, 12.87
2p?1S: 15.03

2p388%: 20.34

O+*:
2p? 4S0: 13.62
2p3 D% 16.94, 14.98
2p? 2P 18.64, 16.67, 14.45
3s’’’ 6S0: 34.88

F + from CBrF;, SFs, or other
compounds:
2pt 3P: 17.42
2p41D: 20.01
2p*1S: 22.98
3s 5S%: 26.60

Net: 21.56 and 21.66
Sit from SiF,:
3p P°: 8.15, 7.36, 6.24
3p? 4P: 13.47, 9.35

P+ from POCI; (64):
3p? 3P: 10.48, 9.05, 8.14
3p? 1D: 10.15,9.24
3p21S: 10.81
3p3 580 16.14

S+ from H,S, COS, SFs:
3p® 4S°: 10.36
3p® :D°: 12.20, 11.05
3p? 2P0 13.40, 12.25, 10.65
3d *F: 15.64

Cl+ from CCLF:
3p* 3P: 13.13, 13.01, 12.90
3pt D: 14.45, 14.34
3p*1S: 16.47, 16.36
3d °D: 15.66, 15.21
Art+:
3p5 2P03/2: 15.76
3p5 2P% ,: 15.94
High states: 18-20.
Br+ from CBr.F,:

4p* 3P: 12.32, 12.23, ~ 11.80, 11.39
4p* 1D: 13.25, 12.80

Usually too low to be of interest for
charge exchange
Abundant

60%
40%

90%
0%
10%
Low abundance

From COS
From CO From CO, and N,O
30% 60% Inter-
30%* 30%¢° medi-
40%¢° 10%° ate
0% 0%

60%

Not yet observed

Too low to be of interest
Abundant

Low but not negligible abundance

40%
60%
0%
0%

80%
20%
0%
0%

66% Statistical weight
33% Statistical weight
1% (60)

80%
20%

4p+ 1S: 15.32, 14.87 (estimated energy) 0%

Kr+:
4ps 2P%,: 14.00
4p5 2Pol/g.' 14.67
High states: 16-18

66% Statistical weight
33% Statistical weight
19, (60)
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Table II. Continued

I+ from I,:
5p4 3P: 11.33, 11.25, 10.45, 10.40,

10.32, 9.52 Abundant
5p41D: 12.15, 11.22 Abundant
5p*1S: 14.49, 13.56 0%
6s 5S°; 13.73, 12.96, 12.84 Not yet observed
Xet:
5pb 2P%,,: 12.13 66% Statistical weight
5pb 2PY : 13.44 33% Statistical weight
High states: 12.5-16.5 1% (60)
Hg*:
6s 2S: 10.43 50%
6s 2D5/: 14.83 45%
6s 2D;2: 16.70 5%
Doubly charged ions (26, 27):
He *2:

He*2 — 1s: too high RE to be of interest for charge exchange
— 2s or 2p: about 11.0-12.5
Ne *+2:
2s22p* — 2s2p®: too high RE to be of interest
— 2s2p* 3x: about 10.5-12.0
Ar+2;
3s23pt — 3s23p®: about 24 (Predominating)
— 3s23pt nx: about 9 (Usually too low to be of interest)
3s23p* 3P — 3s3pb: about 11.5-12.5. (Observed)
1D — about 13-14. (Abundance unknown)
1S — about 15.5-16.5. (Abundance unknown)
Kr+2:
4s5?4p4 — 45?4 p5: about 21 (Predominating)
— 4s24p* nx: about 9 (Usually too low to be of interest)
4s?4p* 3P — 4s4pt: about 10 (Abundance unknown)
1D — about 11 (Abundance unknown)
1S — about 13 (Observed)
Xe *2:
5s25p4 — 5s25ps: about 18-20 (Predominating)
— 5s25p* nx: about 9 (Usually too low to be of interest)
5s25p* 3P — bsbps: about 9 (Abundance unknown)
D - about 10 (Abundance unknown)
1S — about 12.5 (Observed)
Hg+2
5d10 1S — 5d!° (1S) 6s 2S: about 17
— 5d°® 6s2 2Dy, or 2Dy/: about 11-12
Molecular Ions:
H.*: (a) 16.4-17.4, (b) 13-14, (c) about 11
CH,* from CH,:
10.4 or lower to 10.9
CH;* from CH,:
9.0 or 9.5 to 10.5
CH,*: 9.0 or 9.5 to 12.0

OH *+ from H,O:
12.7

H,O+: 124
Csz +: 11.4
CzH;; + from CzH4:
much lower than 10.5
C;H;*: somewhat lower than 10.5
N,*+: 15.3
CO*: 14.0
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Table II. Continued
C;Hg*: perhaps 9.0 or 9.5 to 11.0

O+t X I, > X 32,7: 11.2-12.3 60%
— 1a,or 12,1 9.7-11.3
a‘l,: 14.0 and 17.0 40%

CH;0H *: 10.9 or lower to 12.0

SH *+ from H,S:
10.5-12.0

H.S+: 10.5, certainly below 11.0

N,O+: 12.7

CO.*: 13.8

COS*: 11.2, perhaps range between 10.0 and 11.5

CS;*: range mainly below 10.0 (Mass spectrum in (II) erroneous)
CsHs +: 9.2

CsH;N * (pyridine): 9.3

¢ Uncertain

The recombination should be governed by the same selection rules
as spectroscopic transitions. Let us consider the recombination of an
oxygen ion 2s? 2p® *S°. When one p electron is added to the S ion we
expect to obtain one of the states 5P and 3P. However, if the 2s® 2p*
state of the atom is obtained, it can only exist in the states 3P, 'D, or S.
Thus the recombination can only give 2s% 2p* 3P. Sometimes the selec-
tion rules are not strictly valid. In this case, however, no transitions
2s? 2p® 4S° nx — 2s2 2p* 1D or 'S have been observed by the spectros-
copists (567) which shows that in this case the selection rules are strictly
valid.

The selection rules obviously break down if the charge exchange
takes place at very small distances between the colliding particles.

If the recombination leaves the atom in a high atomic state, the
recombination energy will be so low that charge exchange cannot take
place. Such recombination energies are not included in Table II.

In Table II the state of the ion and the recombination energies in
electron volts (computed from (65)) are given. Some very uncertain in-
formation is included in the right hand column as to the relative abun-
dances of the metastable states of the ions when produced by electron im-
pact with 100-e.v. electrons from the indicated compounds.

Table IT must be used with care in anomalous cases in which the
transition probability for ionization of the molecule is very low in some
energy ranges (e.g., acetylene, benzene, methylamine). In such cases
higher RE’s, not included in the table and normally of small importance,
may be responsible for the charge exchange processes although with
small cross-sections (cf. 9, 13).

Transfer of Translational Energy in Charge Exchange

If charge exchange occurs when the incident positive ion passes
the neutral gas molecule with a certain velocity, transfer of translational
energy will usually take [place. This transfer of translational energy
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is especially important in nonresonant cases and is responsible for
the fact that the cross-sections are different from zero in these cases.
The relative importance of the transfer varies with the velocity, and
when the velocity is small, the translational energy is also small so that
the transfer is of minor importance.

In different applications the transfer of translational energy is of
different interest. If the results of the investigations are to be applied
to ordinary radiation chemistry in the gas phase, the velocities of all
particles correspond to gas kinetic energies; therefore, it is necessary
to perform the experiments in such a manner that no transfer of transla-
tional energy takes place. On the other hand, if the results are to be
applied to a system with high velocities—e g., in the upper atmosphere—
it is necessary to perform the experiments in such a manner, that the
products are observed even if a large part of the cross-section is caused
by the fact that transfer of translational energy has occurred in the
collision. For the first kind of investigations the perpendicular type
apparatus is suitable, but for the second kind of experiments the longi-
tudinal type apparatus must be used.

Another aspect of the transfer of translational energy is concerned
with investigating the energetics of the reaction. If it is possible to
construct an apparatus in which only such processes are observed in
which no or a very small transfer of translational energy takes place,
the results of the measurements can be interpreted immediately since
only such reactions will be observed for which IP = RE. On the other
hand, if the apparatus allows such processes to be observed in which a
large transfer of translational energy can take place, then the cross-
sections will be large even if this condition is not satisfied; in order to
determine the energetics it is necessary to decrease the velocity of the
incident ion to obtain vanishing cross-sections (48, 49, 50). These two
types of apparatus correspond approximately to the perpendicular and
longitudinal types, respectively.

If no transfer of translational energy occurs, then the charge ex-
change process probably takes place when the distance between the ion
and the molecule is large. This means, however, that the ion and the
molecule can be considered as isolated from each other, and therefore,
the recombination process of the ion and the ionization process of the
molecule must obey the spectroscopic transition laws. On the other
hand, if a large transfer of translational energy takes place, then the
process probably takes place when the distance is small, and possibly
then all selection rules break down.

The importance of the transfer of translational energy has been
stressed by several authors (31, 48, 49, 50). The problem will be dis-
cussed below especially with regard to the difference in the results ob-
tained in the perpendicular type apparatus in Stockholm and the longi-
tudinal type apparatus in Chicago.

Giese and Maier (48) investigated the reaction: Ne* 4+ CO =
Ne + C+ + O. This reaction had been investigated earlier by Gustafs-
son and Lindholm (2) down to a kinetic energy of 25 e.v., and they had
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found that the cross-sections increase with decreasing velocities of the
incident ions. Giese and Maier were now able to show that the cross-
section decreases to zero when kinetic energies lower 5 e.v. are used.
This shows that to obtain reliable results in a perpendicular apparatus
it is necessary to perform measurements down to a kinetic energy of a
few e.v. This has been done in all later investigations in Stockholm
(1, 6, 8-25, 27) and in all work in Baltimore (41, 42, 43, 44, 45).

Recently, Maier (50) thoroughly investigated the charge exchange
between Ar+ and C,H,. His mass spectra are compared in Table III
with partly unpublished measurements by Lindholm, Szabo, and Wil-
menius (9). The processes giving C;H+ and CH+ are endothermic by
0.8 and 5.0 e.v., respectively. According to Lindholm et al. the intensi-
ties of these ions increase only slowly with increasing velocity of the
incident ions. Therefore it must be possible in this case to extrapolate
the mass spectra down to zero velocity and to interpret the extrapolated
mass spectrum by assuming that the influence of the kinetic energy of
the incident ion can be neglected.

Table ITI. Relative Secondary Ion Currents as Percentages of the
Total Secondary Ion Current for Art + C,H, — Products

Secondary Kinetic Energy of the Incident Ion, e.v.
Ion Author® 4 10 15 30 50 100 900
C.H,+ LSW 93 84 74 71 74
M 96 61 52 51 54
C.H* LSW 7 14 24 27 21
M 4 39 48 31 27
C,* LSW — 1 1 2
M — — 0.3 3 0.6
CH+ LSW — 0.3 1 1.5 2
M — — 0.3 13 14
C+ LSW — 0.1 0.3 0.7 1
M — — — 2 3

¢ L.SW = Lindholm, Szabo, and Wilmenius (9), M = Maier (50).

The intensities of the same fragment ions as measured by Maier
increase rapidly from the threshold and attain such high values at even
moderate velocities that the mass spectrum has no similarity with the
extrapolated zero velocity mass spectrum. Evidently utmost care is
necessary in interpreting the mass spectra in this case, and Maier
stresses that already at moderate velocities the total energy given to the
target molecule by ion impact may well be greater than the recom-
bination energy of the incident ion; hence, endothermic reactions can be
observed with fairly large cross-sections.

Maier (50) also investigated the charge exchange between Xe™
and C,H,. These reactions were studied previously by Tal’roze et al.
(29, 30, 31, 32) in a perpendicular type apparatus in which the geometry
seems to result in a smaller discrimination in the second mass spec-
trometer than in the Stockholm apparatus. Finally, the same reactions
were observed in Stockholm by Szabo (19) during a detailed investiga-
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tion of the charge exchange mass spectra of ethylene. All mass spectra
have been collected in Table IV.
The reaction that gives CH,*:

Xet + C2H4 = Xe + CH2+ + CHz

is endothermic by 5.0 e.v. Despite this, Maier and Tal’roze observed
fairly large relative intensities of this fragment, and both concluded
that the kinetic energy of the incident ion is important in determining
the species of the secondary ions produced in the reaction. On the
other hand, the CH, * intensity observed by Szabo is small and decreases
smoothly towards zero with decreasing velocity. In this case also it
must be possible to extrapolate Szabo’s mass spectra to zero velocity
and to interpret them by neglecting the kinetic energy of the incident
ion.

The lower intensity of CH,+ observed by Szabo must be attributed
to the larger discrimination in the Stockholm apparatus, and this ex-
planation corresponds well to the higher intensities observed by Maier
than by Tal’roze, as already pointed out by Maier (50).

In connection with their measurements, Giese and Maier (48, 49, 50)
pointed out that only at extremely low velocity of the incident ion can
its kinetic energy be neglected. Of course, this is true, but it is also
evident from the discussion above that by using a perpendicular type
apparatus of appropriate construction it is possible to avoid observing
most of the products from those collisions in which transfer of transla-
tion energy has occurred to an appreciable extent. If the measure-
ments are performed down to very low velocities of the incident ions,
it is usually possible to extrapolate the results back to zero velocity and
to interpret them by neglecting the kinetic energy of the incident ions.
Then, the interpretation may be founded upon the assumption that the
energy absorbed by the target molecule equals the recombination energy
of the incident ion.

Table IV. Relative Secondary Ion Currents as Percentages of the
Total Secondary Ion Current for Xe* + C,H; — Products

Secondary Kinetic Energy of the Incident Ion, ev. o
Ion Authore 3 10 30 40 60 80 100 300 900
C.H,+ S 60 60 58 57 57 57 57 59 60
T 53 47 46 42
M 75 59 50 51 48 46 45
C.H;+ S 9 9 12 12 13 13 13 13 13
T 18 22 23 22
M 7 12 17 16 16 15.3 15
C.H,* S 31 31 31 31 30 30 29 27 26
T 29 30 29 28
M 20 29 33 33 30 28.4 27
CH,+* S 0O 0 o0 o 0.16 0.22 0.36 0.36 0.46
T 0.1 0.8 2.2 3.4
M 0O 0 O 0.44 5.8 10 12
CH+* S 0O 0 0 o 0 0 0.01 0.02 0.05
T Not mentioned by Tal’roze
M 0 0 0 0.022 0.12 0.29 0.71

¢S = Szabo (19), T' = Tal’roze (31), M = Maier (50).
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Selection Rules in Ionization by Charge Exchange

If a charge exchange process, At 4+~ B — A + B+, occurs when the
distance between the two particles is large, we expect that no transfer of
translational energy takes place in the reaction and that the same selec-
tion rules govern the ionization as in spectroscopic transitions. This
means that if the molecule B is in a singlet state before the ionization,
the ion B+ will be formed in a doublet state after ionization of one elec-
tron without rearrangements of any other electrons, at least for small
molecules. »

Processes of this type can be expected to predominate when using
a perpendicular type apparatus; in fact, it has been possible recently
to observe the validity of selection rules when ionizing CO. and H,O
by charge exchange (16, 17).

In the electron impact mass spectrum of CQO,, O+ ions are formed
with an appearance potential (AP) 19.1 e.v. according to the process:

CO, +19.1ev. - CO (X 1Z) + O+ (%S) + e

In a potential energy diagram this dissociation limit must be connected
with CO,* in a quartet state according to the Wigner-Witmer correla-
tion rules. Since the quartet states of CO,* should have a compara-
tively high energy, the potential energy curve must be repulsive. Fur-
ther, it will be impossible to reach such a state by simply ionizing one of
the CO, electrons since simultaneous excitation of another electron is
necessary to obtain a quartet state. We therefore expect that when the
mass spectrum of CO, is studied by charge exchange, at least in a per-
pendicular type apparatus, the dissociation limit at 19.1 e.v. cannot be
reached and the AP of O+ must correspond to the next higher limit at
22.4 e.v. according to the process:

CO,; + 224 ev. - CO,* - CO (X '2) + O+ (*D)

In agreement with this expectation Sjogren (16) found that when bom-
barding CO, with Ne+ ions (RE 21.6 e.v.) of low velocity and at low
pressure, vanishing fractions of O+ ions were obtained. This result
indicates that when using electron or photon impact, O+ (4S) is formed
at 19.1 e.v. after preionizing a highly excited triplet state of neutral CO..

In the electron impact mass spectrum of H,O, OH * ions are formed
with AP 17.9 e.v. according to the process:

H.O +179ev. - OH+ (3Z-) + H 4+ e

Fiquet-Fayard (59) has shown that this dissociation limit correlates
with a repulsive quartet state of H;O+. Since such a state cannot be
reached by simple ionization of one of the H,O electrons, we expect
that when the mass spectrum of H,O is studied by charge exchange the
dissociation products at 17.9 e.v. cannot be obtained. Therefore, the
AP of OH * will correspond to the formation of OH + in an excited state
at some higher energy. In agreement with this expectation Sjogren (17)
obtained no OH * ions when bombarding with an ion with RE between
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18 and 20 e.v. (Xe*?2) of low velocity although bombardment with Ne*
(RE 21.6 e.v.) gave only OH+. (The dissociation limit above correlates
also with the 2B, state, but since this is the ground state of H,O *, formed
by ionization of a nonbonding electron, no dissociation will take place
via this state.)

Our finding that selection rules govern the ionization by means of
charge exchange is interesting since other recent investigations seem to
show that no selection rules are valid.

Lipeles, Novick, and Tolk (63) bombarded Ar gas with He* ions
and observed the spectral line at 4764 A. The charge exchange reaction
is therefore:

He* 4+ Ar — He + Ar+* (3s? 3p* 4p)
followed by
Ar+ (352 3pt4p) — Ar+* (3s?3p*4s) + hf

The ionization of the argon atom means that one electron has been
ionized, and another has been excited. This unusual process can be
explained by assuming that the charge exchange process occurs when
the distance between He and Ar is small. This assumption is necessary
since the charge exchange process is strongly endothermic (RE 24.6 e.v.,
IP 35 e.v.). It is well known that all selection rules break down when
the molecule in question is near another molecule. Further, the prob-
ably considerable initial kinetic energy of the Ar** ion causes no diffi-
culties with spectroscopic observation. The hypothesis that such
charge exchange reactions take place when the distance between the
atoms is small is finally supported by the cross-section curve that has a
high narrow maximum at low kinetic energy of He *.

The discussion thus far indicates that the selection rules should be
more valid for observations in a longitudinal type apparatus than in a
perpendicular type apparatus.

In this connection it seems to be appropriate to point out that the
spectroscopic selection rules do not seem to be valid in excitation by
means of electron impact with slow electrons. In this case, exchange of
the electrons is possible, and then the selection rules break down. This
means that especially in appearance potential measurements no selec-
tion rules are valid, and therefore charge exchange and electron impact
may give different appearance potentials. On the other hand, when
using high energy electrons, scattered by small angles, only optically
allowed transitions can be observed. The difference between slow and
fast electrons is illustrated by recent work on electron impact excitation
at low velocities (66, 56), at 70 e.v. (58), at 300 e.v. (62), at 25 k.e.v.
(55), and in the range 13-50 e.v. (61).

We conclude, that the ionization processes by charge exchange in a
perpendicular type apparatus or using electron impact at high energy
are substantially similar, and therefore it is possible to calculate the
electron impact mass spectrum from charge exchange observations by
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integrating the intensities in the breakdown graph of the molecule
1, 11, 12, 13, 19, 23, 24, 26, 27).

Ion-Molecule Reactions

Ion-molecule reactions can be investigated in a double mass spec-
trometer in two ways: (a) In the collision between the incident ion
and the gas molecule, transfer of part of one of these structures can
take place. The pressure in the collision chamber must be low; (b) The
pressure in the collision chamber is increased. The slow incident ions
ionize the gas molecules by charge exchange. Then ion-molecule reac-
tions take place between the ionized gas molecules or their fragment ions
and other gas molecules.

The major problem in method (a) is that in ion-molecule inter-
change, considerable momentum in the direction of travel of the incident
ion is imparted to both final products. Hence, in a perpendicular type
apparatus only transfer of low weight particles can be observed at all
and only at very low velocities of the incident ions (1, 9, 10, 11, 12, 13,
19, 20, 23, 27). Cross-sections cannot be measured. The value of
these investigations is that some ion-molecule reactions—e.g., proton
transfer and hydride ion transfer—can be identified. The energetics
and the competition between charge exchange and ion-molecule reac-
tions can be discussed, and by using partially deuterated compounds,
one can obtain a detailed picture of the reaction.

In a longitudinal type apparatus the initial velocities of the products
are less important, and it is no longer necessary to restrict the observa-
tions to transfer of low weight particles (see Table I). It is also possible
to determine cross-sections accurately.

Method (b) corresponds to the usual method of investigating
ion-molecule reactions in a high pressure mass spectrometer although
charge exchange with slow ions is used instead of electron impact. After
preliminary work (9, 23), the method was fully developed by Szabo
(20, 21, 22).

In the first investigation (20), ethylene in the collision chamber was
bombarded with positive ions, and the intensities of the fragment ions,
obtained after the charge exchange, were recorded. The mass spectra
were thus not normalized. At low pressure only ‘“‘primary’’ ions were
observed that were formed from ethylene in the charge exchange, but at
higher pressures also ‘‘secondary” and ‘“‘tertiary’’ ions were obtained
as a result of ion-molecule reactions between the primary ions and the
ethylene molecules in the collision chamber.

In Figure 4 the logarithm of the observed ion intensities was plotted
as a function of the logarithm of the pressure in the collision chamber.
As the intensity of a product ion of a certain order increases propor-
tionally to the same power of the pressure, the curves in the diagram
corresponding to primary, secondary, and tertiary ions are represented
by straight lines of slopes equal to 1, 2, and 3, respectively. Measure-
ments were performed with 11 incident ions with different recombina-
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tion energies.

Figure 5.

Charge Exchange 15

The energy absorbed by the molecule was known in each
case so that the results could be plotted as a function of this energy in

Figure 5 shows that at low absorbed energy C,H,* is primary and
C,H;+* and C,H,™* are secondary ions, but at higher energy C.H;* and

Ion intensity
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Figure 4. Logarithmic ion intensity-pressure graph
of ethylene obtained by bombarding with H,S+ of low

kinetic energy

From the slopes it follows that CoH,* is primary; C.H;T,
C.H;*, C:H,*, and C,Hs* are secondary; C:H;*, C.H;™,
C:;H;+, CiHs*, and C Hs™* are tertiary; CsHo* and C:H:%

are quaternary ions
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C.H,* are primary and C,H,* is a secondary ion. It is difficult to ob-
serve such secondary ions in an electron impact mass spectrometer since
they are hidden behind the primary ions. The reaction paths can often
be determined directly from the unambiguous information in Figure 5.
An important result is that the fragment ion C.,H,* seems to be formed
in an excited state above 20 e.v. This explains the form of the break-
down graph of ethylene (Figure 6), in which the C,H,* curve has a
second maximum above this energy.

10 12 1% 16 18 20 22 24 26 eV
1 1 1 1 1 L 1 - 1 1 1 L 1 1 1 1
—CHL
w CoH3
c + +%
2 Csz C,H2 and CoH;
el C,H*
£ G
@ CH3
CH*
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C.H7
C.H2 _
C.H:
w C.H;
2 CLH;
g C.H}
] + —
£ Cl
n CHs
C,H:! and /or CoH:*
C;H3 CoH3
CoH3
CsHg S
2 CsH; -
T —CHi C.H;
S —_CGHE
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Pl —CaHs CHs _ _ _ CiHs
C3H3
| = s
§_§ CsH7 CsHj
[¢]
° 12 ' 1% ' 1% | 18 ' 20 @ 22 = 2% = 26ey

Figure 5. The nature of the product ions from ethylene as a function of the
energy absorbed by the molecule during the charge exchange (20). (A dotted
line has been used where the mode of formation is uncertain)



Published on January 1, 1967 on http://pubs.acs.org | doi: 10.1021/ba-1966-0058.ch001

1. LINDHOLM Charge Exchange 17

+

Hjs"cos‘ X& N,0'  Fragment 28
l L ﬁ‘ Fragment 27

1009 Fragment 26
80
60
40-
| Fragment 13
204 / /Fragmem 26
/O(/
10 12 16 16 18 20 22 24 26
40
Fragment 25
Fragment 14 °
20
o
cl T T T T T T T T T T T T T T T T
10 12 1% 16 18 20 22 24 26 ev

Figure 6. Mass spectrum of C.H, as a function of energy (e.v.) (19)

A similar investigation of methane (21) has shown that between 15.5
and about 20 e.v. the fragment ion CH,* is formed in the ground state,
but above 20 e.v. in an excited state that can cause ion-molecule reactions
of different kind.
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The Reaction Ot 4~ N, — NO* 4+ N

CLAYTON F. GIESE

University of Minnesota, Minneapolis, Minn. 55455

The cross-section for the reaction, Ot + N, - NO* + N, as
a function of the ion energy, has a maximum of about4 X 10~1®
sq. cm. at 10 e.v. and falls off for higher or lower ion energies.
The low energy fall-off of the cross-section explains the persis-
tence of O *ions in the ionosphere but is a puzzling and unex-
pected result. Some very tentative reasons for this fall-off are
suggested.

he reaction O+ 4+ N, - NO*+ + N has until recently presented a
great problem in understanding the ionosphere. Since the ques-
tion has been adequately reviewed (6, 19), I will briefly sketch the na-
ture of the problem. A theory (9, 13) for ion-molecule reaction cross-
sections based on a classical trajectory governed by the classical elec-
trostatic potential between an ion and a polarizable neutral gives a
cross-section for intimate collisions varying as the reciprocal of ion
velocity. Assuming that this reaction, which is highly exothermic
(1.1 e.v. or 25 kcal./mole), proceeds whenever the reactants interact
strongly, one expects a reaction cross-section which increases at low
energies as E~1/2, giving a rate constant which is large and independent
of temperature. Using this predicted reaction rate or some earlier
measured rates, one could calculate the time of removal of O+ ions after
sundown—i.e., after they are no longer produced by photoionization.
Estimates differ according to just which N, concentration is used, but
the O+ ions on this basis should disappear in about 1 hour; instead,
they persist all night. This puzzling disagreement has motivated a
number of studies of the reaction O+ + N, - NO+* + N. This report
describes one such study.

Measurement

The apparatus used, as described previously (7), has modifications
as described by Maier (16). A description also appears in this volume
(15). A mass spectrometer of special design with 2-inch round poles,
using 90° deflection with 1-inch magnetic radius, provides momentum-
selected beams of low energy ions. These ions proceed at full energy

20
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or with moderate retardation into a differentially pumped reaction cham-
ber. Emerging ions, either unreacted primary ions or secondary ions
formed in reactions, pass into a second mass spectrometer of fairly
standard design, a 60° sector field instrument with 12-inch magnetic
radius.

A cross-section for a given reaction is determined from the formula:

I A,
oE) - 1 (A—) K.K, &

where I; is the current of secondary ions, I, the current of primary ions,
n the number of target molecules per cc. determined by measuring
the pressure of the target gas, I is the effective length of the reaction
chamber. A, is the area under a curve representing secondary ion
intensity vs. a sweep voltage which deflects the ion beam across the en-
trance slit of the 12-inch mass spectrometer. This curve is normalized
to unit intensity at its maximum. A, is a similar quantity for the pri-
mary ions, and the ratio corrects the cross-section for the bias caused
by the fact that the primary and secondary ions differ in their sharp-
ness of focus. K, is the ratio of multiplier gain for primary ions to
the gain for secondary ions. K, corrects for the fraction of secondary
ions formed but not detected because they fail to emerge from the reac-
tion chamber. The energy of the primary ions, E, is determined by a
retardation technique (7).

For this reaction K, is 1.09, and A;/A, is readily measured, but the
correction K, presents a real problem. Calculating this factor requires
some assumption about the angular distribution of the product ions.
Previous measurements of exothermic cross-sections (7) used a factor of
K, calculated by assuming isotropy of the product angular distribution
in the barycentric system. Measurement of endothermic cross-sections
using a different reaction chamber (Figure 1 of Ref. 16) have been cor-
rected by assuming that the secondary ion is highly forward-directed as
it will be for an endothermic process near threshold. For these the
factor K, is taken to be unity. The chamber used in this measurement is
that described by Maier (16). Thus, the ‘“pressure-length correction
factor” of 2.09, essentially a factor which corrects for the pressure drop
in the reaction zone compared with the pressure measured at a tap on
the side, should apply. The shape of ¢(E) vs. E for this reaction is like
that for the endothermic reactions of Maier (I6), and until the angular
distribution of NO *+ has been measured, K, is assumed to equal 1.

It is difficult to produce low energy beams of O * ions. All oxygen-
containing gases seem to degrade the performance of a low energy ion
source. Further, O, is a poor source of low energy O+ ions because a
substantial fraction of the ions is formed with appreciable kinetic energy
(10). The best source gas proved to be carbon dioxide, which was used
for most of the measurements.

An additional difficulty, especially noticeable when the product ion,
NO* in this case, has a stable neutral counterpart is the presence of
background ions. The vacuum pump used in this experiment, a titanium
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sputter pump, produced a background of NO * ions which were particu-
larly bothersome at low energies where intensities of real secondaries
were low. Future attempts to study the reaction will use a mercury
diffusion pump.

Results

The results obtained for the cross-section of the reaction O+ -+
N, - NO* + N are shown in Figure 1. The scatter of experimental
points shows the measuring difficulties, particularly the problem of
correcting for background NO * jons. Numbers of the points included
in Figure 1 are thought to be low but could not be discarded with
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Measured cross-section for the reaction O+ -+

N, - NO+ 4+ N, compared with a theory (7)

based on classical trajectories subject to an ion-

induced dipole potential. The assumptions in-

volved in calculating the measured cross-sections
are noted in the text

confidence. The most probable curve of o (E) vs. E would skirt the
upper points shown. The ionizing electron energy was varied from
near threshold for O *+ formation, to 15 e.v. above threshold without any
noticeable effect. Therefore, there was no evidence for any importance
of excited states of O+, but this conclusion is weak because the combina-
tion of low electron energy and ion energy presents great experimental
difficulties owing to the low intensities.
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It is essential to remember the assumption that K, = 1. Iftheactual
angular distribution of NO * ions in the laboratory system is widespread,
the true cross-section could be larger than the values of Figure 1 by a
factor of 2 or 3. Determining the angular distribution of NO+* ions
from this reaction is a most important area for future work. Measure-
ment of angular distributions from ion reactions has just begun (1, 22).

The curve marked ‘‘ion-dipole” is based on the classical cross-section
corresponding to trajectories which lead to intimate encounters (9, 13).
The measured cross-sections differ more dramatically from the predictions
of this theory than previously measured cross-sections for exothermic
reactions (7). The fast fall-off of the cross-section at high energy is
quite close to the theoretical prediction (E %) (2) based on the assump-
tion of a direct, impulsive collision and calculation of the probability
that two particles out of three will stick together. The meaning of this
is not clear, however, since neither the relative masses of the particles
nor the energy is consistent with this theoretical assumption. This be-
havior is, however, probably understandable in terms of competition
of different exit channels on the basis of available phase space (24).

Turner et al. (23) have measured the cross-section for this reac-
tion with a cross-beam apparatus using ion energies down to 4 e.v.
These results are given in Table I. The agreement with the present
results is gratifying in view of the uncertainties discussed above.

Table I. Measured Cross-Section for the Reaction,-
Ot + N, - NO* + N

Ion Energy Cross-Section
e.v. 10718 sq. cm.
4 2.4
8 4
10 4.4
15 5
20 3.8
25 1.2

¢ "Purner et al. state that these cross-sections have an uncertainty of a factor of ca. 2 or 3 (23).

Paulson (18), using a single mass spectrometer in which the ions
are produced and react in a single chamber, has studied the reaction
O+ 4+ N; - NO+ 4+ N. From the averaged cross-section, at different
ion repeller voltages, one can extract a cross-section at definite ion ener-
gies (I14). The results for this reaction are qualitatively like those in
Figure 1 but with a larger maximum cross-section (17.5 X 107! sq. cm)
occurring at an energy of 7 e.v. and more sharply peaked at this energy.
Comparing this type of experiment with a cross-beam experiment is
difficult since it depends on knowing the exact potential distribution in
the ion source. However, the fact that Paulson finds a low energy drop-
off in the cross-section is important because while a low energy backward-
directed product could escape detection in a cross-beam experiment, it
would not escape detection in an experiment with an ion chamber having
a drawout field.
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A low energy drop-off in the cross-section is also consistent with
recent afterglow measurements of the apparent rate constant (4), 3 X
1012 cc. sec. ™!, which is well below the predicted (9, 13) ion-dipole rate,
9.7 X 101 cc. sec. !

Earlier measurements using a variety of techniques are summarized
by Paulson (19) and Ferguson et al. (6). There seems to be no doubt
now about the fall-off of the cross-section at low energies. This “win-
dow”” for low energy O * ions explains their persistance in the ionosphere,
but it remains a theoretical puzzle.

Further Discussion

The high energy behavior of the cross-section for this reaction—
i.e., its rapid fall-off—can be explained by assuming that different
exit channels compete on the basis of available phase space (24). The
low energy behavior presents a greater mystery. Further possible
reasons for this behavior are discussed below.

Consider first the states of the reactants and the products:

0*(*S) + Ny('z) — NO*('Z) + N(*5) 2)

There does not seem to be any selection rule such as conservation of
spin or orbital angular momentum which this reaction does not satisfy.
It is also not clear that overall spin conservation, for example, is neces-
sary in efficient reactions (5, 16, 17, 20). Further, recent results (21)
seem to show a greatly enhanced (20 times) reaction rate when the N,
is in an excited vibrational state (vibrational temperature 4000 °K. or
about 0.3 e.v.). This suggests the presence of an activation energy or
barrier. A barrier of 0.3 e.v. is consistent with the low energy variation
of the measured cross-section in Figure 1.

The possibility of a barrier which inhibits a reaction in spite of the
attractive ion-dipole potential suggests that one should make even crude
attempts to guess the properties of the potential hypersurface for ion
reactions. Even a simple model for the long range behavior of the po-
tential between neutrals (the ‘harpoon model”’) appears promising as
a means to understand alkali beam reactions (11). The possibility of
resonance interaction either to aid or hinder reactions of ions with neu-
trals has been suggested (8). The effect of possible resonance interaction
on cross-sections of ion-molecule reactions has been calculated (25).
The resonance interaction would be relatively unimportant for Reaction
2 because the ionization potential for O (13.61 e.v.) is so different from
that for N, (15.56 e.v.). A case in which this resonance interaction
should be strong and attractive is Reaction 3:

0+(1S) + CO('2) — 0:*(2r) + CO('Z) (3)

because the ionization potential of CO, (13.79 e.v.) is just slightly greater
than that of O. This reaction is fast (5, 20) despite the fact that it does
not conserve spin.



Published on January 1, 1967 on http://pubs.acs.org | doi: 10.1021/ba-1966-0058.ch002

2. GIESE O+t + N; - NO+ + N 25

The behavior of the potential between ion and neutral at closer range,
where molecular binding begins, may be decisive in determining whether
or not a reaction will be fast. In particular, if the ion and neutral can
combine to form the ground electronic state or a low lying state of that
molecular ion which is the intermediate state, then they may follow
an adiabatic potential curve which is strongly attractive. Of course,
these intermediate states are almost always species about which nothing
is known. Reaction 2 is unusual in that there is information about
N,O+ (3). Suppose the reaction is written as follows:

0+(*S) + Ny('2) - N,O+(>r) - NO* + N (4)

At sufficient distance, it may be valid to regard the '= molecule as acting
like a 'S atom. Then, the Wigner-Witmer correlation rule (I12) on
spin says that the intermediate in this case cannot be formed from
the reactants, nor can the other known (3) state of N,O*, 2=. The
potential between the reactants may well be repulsive for distances
down to some value where a crossing occurs with an attractive potential
curve, this attractive curve connecting asymptotically with energy levels
of the reactants in states of proper symmetry. This situation would
produce a barrier to reaction. Seemingly, the barrier is low, and the
reaction proceeds at moderate ion energies (Figure 1) or when the N,
molecules are vibrationally excited (21). By contrast, consider Reaction
5:

N+(P) 4+ NO(%r) — N,O*(?r) — NO*(12) + N(“S) (5)

Here the reactants can combine to form the ground state of the supposed
intermediate. Since the ionization potentials of N (14.54 e.v.) and
NO (9.25 e.v.) are very different, any resonance force of the type sug-
gested by Giese (8) will be repulsive but weak. Thus, there should be no
barrier to reaction (7), and it is known to be fast at low ion energies (23).

Whether or not O+(2D) ions undergo fast reaction with N, at low
energies is of great interest since they satisfy both rules. Unfortunately,
the experimental evidence is not decisive. The resonance potential
(8) in this case would be repulsive but weak since the ionization po-
tential of O to this state, 16.94 e.v., is considerably greater than that
of N,, 15.56 e.v. The resonance potential may be strong enough to
inhibit reaction of O *(2D) ions at low energies.

These ideas are speculative only and cannot be considered con-
clusive until other cases are tested. Unfortunately, information on
states of polyatomic ions is meager. Two ions which have been studied
are CO,* and CS,*, both of which have 2r ground states and 2= excited
states. It would be interesting to look for ion-neutral reactions having
these ions as possible intermediates.

Another possible reaction intermediate is NO,*. This is isoelec-
tronic with CQO,, and one might guess its ground state to be 2. We
then have

0+(1S) + NO(r) — NO,*(iZ) — NO+ + O (6)
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Here the combination of the reactants to form the intermediate violates
both the spin rule and the orbital angular momentum rule. This reaction
appears to be slow at low ion energy (23). Consider Reaction 7:

N+(3P) + 0,(32) - NO,+('2) - NO+ + O. )

The spin rule is satisfied, but the orbital angular momentum rule is
not. The reaction is apparently fast at low ion energies (4); hence, if
there is an important selection rule in the combination of reactants,
it is seemingly the spin rule. Conservation of spin in combining re-
actants is probably more likely than conservation of orbital angular
momentum, since the latter will be more strongly coupled to collision
angular momentum.

In conclusion, it is suggested that a spin combination rule may be
an important criterion in determining whether or not reactants may follow
an adiabatic, potential curve corresponding to a low lying state of an
intermediate. This, in turn, may determine whether or not there will
be strong attraction or weak, or even a barrier preventing fast reaction
at low energy.
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Some Negative Ion Reactions
in Simple Gases

J. F. PAULSON

Air Force Cambridge Research Laboratories, Office of Aerospace Research,
Bedford, Mass.

Reactions of D~ with D,O and of O~ with O,, N,O, and NO.
have been studied with a magnetic sector mass spectrometer.
Competition between electron transfer and ion-atom inter-
change has been observed in the production of O.~ by reaction
of O~ with O., an endothermic reaction. The negative ion of
the reacting neutral molecule is formed in 0., N,O, and NO,
but not in D;0O. Rate constants have been estimated as a func-
tion of repeller potential.

Although low energy, positive ion-neutral collision reactions have
been studied extensively during recent years, little is known of the
reactions of even the simplest negative ions. This gap in our knowledge
is caused largely by the relatively low negative ion currents available from
conventional electron bombardment ion sources, reflecting the low two-
body electron attachment cross-sections of most gases.

Nevertheless, in weakly ionized gases with predominantly thermal
electrons, the loss of electrons by three-body attachment becomes an
important process relative to molecular ion-electron recombination at
pressures even below 1 torr. Charge transfer and ion-atom interchange
reactions of these primary negative ions lead to the creation of different
negative (and neutral) species, which, together with the primary negative
ions, are ultimately destroyed by such processes as ion-ion recombination
and associative detachment. The importance of negative ions in sys-
tems of chemical interest is most easily assessed if prior knowledge of
the rates of these several reactions is available. This paper describes re-
cent studies of the charge transfer and ion-atom interchange reactions of
D - and O~ ions with some simple molecules of interest, particularly in
the chemistry of the lower ionosphere.

Experimental

The reactions were studied with a 6-inch 60°-sector mass spectrom-
eter. The ion source is of the Nier type (11), machined from a block of

28
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stainless steel and equipped with narrow electron entrance and ion exit
slits so that relatively high source pressures can be maintained. The
electron beam, produced by an emission regulated rhenium filament,
enters the source through a 1.17 X 0.15 mm. slit, and except for some of
the experiments involving D -~ ions, is collimated by a 200-gauss mag-
netic field. The beam passes midway between the repeller plate and the
ion exit slit and impinges on a trap maintained at the source potential.
The electron current measured with a positive bias on the trap is 1 X
107 A. The repeller forms one side of the source chamber and is 4.0 mm
from the exit slit. Gas enters the source behind the repeller plate and
must collide many times with the walls before reaching the region of the
electron beam. The source block is maintained at 200° =+ 10°C. Ions
exit from the source through a 7.15 X 0.114-mm. slit and are accelerated
by a potential of 3500 volts. The ion-accelerating region is evacuated
with a 2-inch mercury diffusion pumping system which maintains this
region at a pressure two orders of magnitude below that in the source
chamber itself. The analyzer is evacuated with a 6-inch mercury diffu-
sion pumping system, maintaining a pressure below 1 X 10~ torr when
the pressure in the source is as high as 0.2 torr. Ion currents are meas-
ured with an electron multiplier whose gain has been calibrated with
the aid of a Faraday cup for all species reported here except N,O —, for
which the gain is assumed to be the same as for NO, .

Pressure in the source is measured with a micromanometer con-
nected to the gas inlet line following a variable leak. The microma-
nometer has been calibrated against molecular number densities in the
source determined by collecting on the repeller all positive ions produced
in each of several gases of known ionization cross-section (I14) with an
electron beam of known energy and intensity. These calibrations agree
to within 12% with pressure measurements made by connecting the
micromanometer directly into the source chamber itself.

The mass spectrometer is equipped with an XY recorder and a motor-
driven potentiometer on the ionizing voltage control, giving continuous
traces of ion current as a function of electron energy. Continuous traces
are also obtained for ion current as a function of pressure. For the stud-
ies described here, in which low electron energies were used, we had to
adjust the nominal ionizing voltage as the repeller potential was varied
so that the desired electron energy could be maintained. Calibration
curves obtained by observing the shift in the optimum nominal electron
energy for production of O~ from CO, and in the half-width (full width at
half maximum) of that peak are shown in Figures 1 and 2. The electron
energy scale has been normalized at a repeller potential of 1 volt to the
electron energy, (8.2 e.v.), which Schulz (18) found to be optimum for
CO, using a quasi-monochromatic electron beam. The normalization
involved increasing the nominal electron energy, read on a differential
voltmeter, by 0.2 e.v. The optimum electron energy for production
of the O~ peak, whose onset was found by Schulz (18) to be 3.85 = 0.1
e.v., is then 4.3 e.v. compared with Schulz’s value of 4.4 e.v. and with
4.3 e.v. obtained by Rapp and Briglia (13). The difference in optimum
nominal electron energies for the two processes by which O - is formed in
CO, is independent of repeller potential (Figure 1). The half-width
increases from 1.6 e.v. at 1 volt to 3.4 e.v. at 16 volts repeller potential.
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Figure 2. Half-width of the O~ peak from CO, maximizing at
an electron energy of 8.2 e.v., at different repeller potentials

Electron energies reported here are those obtained from the nominal
values after correction with calibration curves shown in Figure 1.

Results

In this work the reacting negative ions were produced with electrons

of low energy leading to resonance capture processes, rather than at higher
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energies where secondary electron capture and ion pair production occur.
This method has the advantage that one ion species can be produced and
its reactions studied largely to the exclusion of other processes possibly
leading to the same product ion. In order to obtain easily measurable
ion currents, however, it was necessary to use electron energies above
the capture threshold—a procedure which results in the products of the
dissociative resonance capture process having kinetic energies above
that of the ambient gas. We assume that there is no spatial anisotropy
in the velocity distributions of these products. Initially then, negative
ions produced at any point in the electron beam have velocity vectors
whose envelope is a sphere. If the repeller potential is sufficiently high,
ions initially directed away from the plane of the exit slit are decelerated,
their trajectories reversed, and finally accelerated toward the plane of
the slit. The ion residence time and path length in the source may be
estimated if one assumes that the ion exit slit is infinitely thin and that
the only ions collected are those whose initial motion is directed per-
pendicular to or away from the plane of the slit. The average residence
time, 7, for these ions is:

1/2
-l [@ @E, + v,>] &)
V.lLe
and the average path length, \ is:
d
A = 2 , 2
2V, 2E; + V,) (2)

In Equations 1 and 2, d is the distance from repeller to exit slit, V, is the
repeller potential, E, is the initial ion kinetic energy, and m /e is the mass-
to-charge ratio of the ion. Exact expressions for r and \ for all the pri-
mary ions collected cannot be derived without information on the collec-
tion efficiencies for ions produced in the various regions of the source
chamber, information not available for the type of source used here.
Although data were taken over a range of repeller potentials, uncertain-
ties in average residence times and in mass discrimination effects are more
serious at low than at high V,, and rate constants are therefore more
reliable under the latter condition. At repeller potentials high compared
with the initial kinetic energy of the reacting ions, Equation 1 reduces
to the usual expression for residence time of an initially thermal ion in a
uniform electric field.

Discussion

D~ + D;0. Figure 3 shows the ion currents of D=, O~, and OD~
observed in D,0 as a function of electron energy. Neither D,O~ nor
H,O ~ was observed. The close similarity between the curves shown for
D - and OD - suggests that the exothermic reaction

D- + D,O —->OD- 4+ D, 3)
occurs. This reaction has been suggested by Muschlitz (10). The re-
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sults of varying the pressure of D,0 are shown in Figure 4, where the
currents of D ~ and of OD ~ vary with the first and second power, respec-
tively, of pressure. The current of O —, not shown, varied linearly with
pressure. The electron energy used to produce the D ~ ions, whose varia-
tion with pressure is shown in Figure 4, was 6.4 e.v.—i.e., the optimum
energy shown in Figure 3. The initial kinetic energy with which these
D - ions are produced may be estimated from values of the electron affi-
nity of D — (assumed to be the same as that of H~ (12)) and the bond dis-
sociation energy of D,O (assumed to be the same as that of H.O (8))
since, from conservation of energy and momentum:

E;=@1-p[E - D - A)] 4)

In Equation 4 E; is the kinetic energy of the fragment ion; 8 = m;/M,
where m;, is the mass of the fragment ion, and M, is the mass of the target
molecule; E, is the electron energy; D is the bond dissociation energy;
and A is the electron affinity. Applying Equation 4 to the present case
gives a value of E; = 1.9 e.v. The residence time from Equation 1 is
2.14 X 1077 sec. at 10V,. Rate constants for Reaction 3 derived from
the relation:

(il + iz)nof

(6)
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Figure 3. Ion currents of D—, O—, and

OD ~ from D:0 as functions of electron

energy. The curves are traced from XY

recordings and do not show relative in-
tensities
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. are shown in Table I.

reactant neutral species.

33

In Equation 5, i; and i, are the ion currents of
reactant and product ions, respectively, and n, is the number density of

Although mass discrimination effects are

particularly troublesome for such low mass ions as D~ and may lead to
erroneously large rate constants, it appears that Reaction 3 is very rapid,
occurring essentially at every collision.

Table I.

Rate Constants
k (cc. molecule—1! sec.—1) X 10"

Repeller
Potential
4 454
5 466
6 463
7 468
8 457
9 433
10 380
11 375
12 364
13
14

COIPTA WO o
O 00T O W O Loy

Reaction Reaction

14 18 22
3.4 0.20 103 1.8
3.6 0.23 119 2.0
3.7 0.24 130 2.0
3.5 0.27 128 2.1
3.7 0.34 130 2.3
3.6 0.44 122 2.4
3.6 0.55 119 2.7
3.5 0.63 131 2.9
3.6 0.74 143 3.3

Reaction Reaction Reaction Reaction
2
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O~ 4+ 0,. The reaction:
0-4+0,—-0,-+0 (6)

was suggested by Burch and Geballe (2) to explain their data from a
pulsed Townsend discharge in oxygen. Although Reaction 6 is endo-
thermic by about 1 e.v., the production of O, was observed in this work
even at low repeller potentials probably because of the excess kinetic
energy of O~ ions produced by dissociative electron attachment to O,
at electron energies above threshold. Figure 5 shows the data on O — and
O, ion currents with varying electron energy. The curves maximize at
electron energies differing by about 1 e.v., reflecting the fact that Re-

ION CURRENTS (arb. units)

(o] 5 10 15
ELECTRON ENERGY (ev,CORRECTED)
Figure 5. Ion currents of O~ and O,~

from O, as functions of electron energy.
Traced from XY recordings

action 6 is endothermic and that O~ ions in the high energy end of the
distribution react much more rapidly than those with lower kinetic energy.

The possibility that O,~ might be formed by the three-body attachment
process

e+ 0, +0, -0, + 0,

as suggested by Muschlitz (10) rather than by Reaction 6, cannot be
unequivocally eliminated since the same second power dependence of O,~
ion current upon sample pressure (Figure 6) would be observed in either
case. However, it is extremely improbable that the optimum electron
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energy for the three-body attachment process would be as high as shown
in Figure 5—i.e., 6.9 e.v.

The initial kinetic energy of O~ ions produced by dissociative at-
tachment in O, at an electron energy of 6.9 e.v. may be determined from
Equation 4 to be 1.64 e.v. using values of 1.465 e.v. (1) for A(O) and 5.09
e.v. (7) for D(O—O0). The residence time for O~ ions calculated from
Equation 1 is 6.0 X 107 sec. at 10 volts repeller potential. Rate
constants for Reaction 6 determined from data at varying V, are shown
in Table I and are seen to increase sharply with increasing repeller poten-
tial, as expected for an endothermic process.

100 [~

o ®
o O
|

]
N Wb
o O ©o
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N o d o @®O
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I L 11 | T |
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02

Figure 6. Ion currents of O- and O,~
from O, as functions of O, number den-
sity, using an electron energy of 6.9 e.v.

Reaction 6 might conceivably proceed through either an ion-atom
interchange mechanism (Reaction 7) or a charge transfer mechanism
(Reaction 8),

Q- 4 18O, — 16O 180~ 4 180 )
60— 4 80, — 10 B8O~ 4 10 (8)

Using an equimolar sample mixture of *O, and ®0,, together with a small
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amount of ¥Q 80 impurity, the following set of reactions contributing
to the ion-atom interchange mechanism must be considered:

160 — -+ 1602 — 1602— + 160
180 — 4+ 180: —_ 1302— + 180
150 — + 1802 — 16Q 1BQ - + 180
180~ + 180, — 180 80~ + 10
160 — + 160 180 — 160 180 — -+ 160
160 — —+ 160 8O — 1602— -+ 180
B8O~ 4 180 180 — 16O 18Q - 4 180
B8O~ 4 160 80 — 18Q,~ + 160

The following set contribute to the charge transfer mechanism:

160 — + 1802 — 1802— 4+ 160
160 — -+ 1602 — 1602-— -+ 160
180 — + 1602 — 1602— -+ 180
180 — —+ 12302 —_ ]802— -+ 180
160 — + 160Q180) — 160180 — + 160
18O - + 160180 — 160180 — -+ 180

Realizing that the last four reactions of the ion-atom interchange mech-
anism listed each have only one-half the statistical probability of occurring
as do the first four and assuming no isotope effect on the rate constants,
we can write the following set of rate equations:

di. ) . 1. . 1,. : 1

—;%‘ = kiienss + Rilisns + §kmen34 + 2 kyivgnss + Rolionss + Rolisnias (9)
diz . 1. . ;
dt = kilns + é kiligns + Rolins + Ridisna (10)
di . 1, . - 1
dlt36 = kilgnae 4 2 kiiisnss + Ratienas + kalisnas an

In Equations 9, 10, and 11, i, is the number density of the ionic species
of m/e = j, and ns,, na, and ns are the number densities of 10,, 100,
and 0, respectively, in the ion source. The rate constants are £k,
and k. for the ion-atom interchange and charge transfer mechanisms,
respectively.

Assuming equal collection efficiencies for all ionic species, we found
experimentally that i =~ i5, 32 =~ ng, and ng = 4.3 X 1072 ny, in the
sample mixture. Realizing thatatt = 0, i3y = i3 = i3 = 0, and that the
consumption of reactant ions is negligible, we can write from Equation 9,

% _ 2,043 kingyr + 0.086 kungr 12)
1213
and from Equation 10

2 1.0215 kst + 2knger 13)

Lis
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For simplicity the residence times, 7, of 0~ and of ®O~ are assumed
to be equal here. With Equations 12 and 13 it is now possible to deter-
mine the rate constants %, and k. at different V,. The results are shown
in Table II and agree fairly well with the rate constants obtained using
ordinary oxygen. The ratios of the rate constants for the two mechan-
isms are constant in the range of repeller potentials from 7 to 12 volts.

Table II. Rate Constantss for O~ 4+ 0, - 0.~ + O

Repeller Potential, V,
4 5 6 7 8 9 10 11 12

Ion-Atom Interchange 0.7 0.9 1.2 1.5 1.8 9 2.
Charge Transfer 2.5 3.1 3.9 4.4 5.1 5 5.

% Rate constants given as: % (cc. molecule ~! sec.~1) X 1011

1. 1 2.2 2.2
5. 9 6.4 6.6

O~ + N;0. The high pressure negative ion mass spectrum of N,O
contains peaks at m/e 16, 30, 32, 44, and 46 in addition, of course, to
the corresponding isotope peaks. The currents of m /e 16 and m/e 30 as
functions of electron energy are shown in Figure 7. The data show only
a small shoulder instead of a well defined peak in the current of O~ at
electron energies below 1 e.v., as obtained by Schulz (18) and by Curran
and Fox (5) using a quasi-monochromatic electron beam. The electron
current falls away rapidly in our source at energies below 1 e.v., and we
have not attempted to correct the data for this effect.

ION CURRENTS (arb. units)

0 S 10 15
ELECTRON ENERGY (ev,CORRECTED)

Figure 7. Ion currents of O~ and NO~-
from N,O as functions of electron
energy. Traced from XY recordings
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The dependence of the currents of m/e 16 and m/e 30 upon sample
pressure, using an electron energy of 2.3 e.v., is shown in Figure 8. The
linear variation of m/e 16 and the quadratic variation of m/e 30 with
pressure, together with the results shown in Figure 7, indicate the oc-
currence of Reaction 14.

O~ + N,O - NO- + NO (14)

Reaction 14 is 1.0 e.v. exothermic. Using equation 4, with E, = 2.3
ewv., D(IN;—O) = 1.68 e.v. (8), and A(O) = 1.465 e.v. (I), the initial
kinetic energy of the O — ions is calculated as 1.34 e.v. However, Schulz
(19) has shown that the kinetic energy of O — ions from N.O is independent.
of electron energy in the range 1.5-3 e.v. and has the value 0.65 e.v.
This unusual behavior is ascribed (19) to increasing vibrational excita-
tion of the N, fragment with increasing electron energy. Such behavior
is possible in principle whenever an atomic ion is produced from a tri-
atomic or larger parent.

Using a value of E; = 0.65 e.v. (19), rate constants for Reaction 14
have been calculated and are shown in Table I.

A sample of *NBNO was used to investigate whether Reaction 14
proceeds through a dissociative charge transfer mechanism involving an

100 |-
80 |- P
60 -
oO
40 -
330—
S 20} NO~
4
S
:glo—
= °C
e S
< -
o 4r 0
z 3
(=]
2_
| 11 1 [ |
.6.8|l4 2 34368|0
10~ anao(cm.")

Figure 8. Ion currents of O~ and NO~
from N,O as functions of N.O number den-
sity, using an electron energy of 2.3 e.v.
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unstable intermediate (Reaction 15) or by abstraction of N by O~
(Reaction 16).

0~ + H4N5NO — (O“NB5NO)- — 4NO- + 5NO and
5NO- + “NO (15)
O~ + “N5NO — ¥NO- + 5NO (16)

The ratio of negative ion currents, is /i3, was found to be 0.80 =+ 0.05.
Although production of ®NO ~ might occur partly by abstraction of the
N rather than the “N as shown in Reaction 16, this mechanism appears
less probable than that indicated. We tentatively conclude that Reac-
tion 15 predominates.

Reaction 14 has been proposed by others workers (3, 15) to account
for the NO -~ observed in N,O. It has also been suggested (15) that NO -~
is formed in low abundance by dissociative attachment in N,O at an
electron energy of 25 e.v. Using values of A(NO) = 0.9 e.v. (6) and
D(N—NO) = 4.72 e.v. (8) the minimum electron energy for this process
is 4.07 e.v. In the experiments described here, a nominal electron energy
of 2.9 e.v. was used. Although the energy spread is sufficiently large
that some NO ~ might be formed by the dissociative attachment reaction,
our data do not indicate a process linear with pressure, producing NO ~
at 2.9 e.v. in the pressure range investigated.

As mentioned above, negative ion currents at m/e 32, 44, and 46
were observed. The current at m/e 32 varied with the second power of
the sample pressure and showed the same dependence upon electron
energy as the m/e 16 current. The reaction:

O— +N20—>02_ +N2 (17)

which has been suggested by Burtt and Henis (3), is exothermic by 2.4
e.v. The ion current ratio 73 /i;s increased rapidly with increasing re-
peller potential. The rate constants obtained in this work for Reaction 6
permit one to estimate the impurity level of O, required to produce the
observed ion current of O,~. The result is that an O, impurity level of
1% would be sufficient. The observed O, impurity level in the positive
ion spectrum is 0.8%. Therefore, the O;~ observed here probably arises
from Reaction 6 rather than Reaction 17.

The ion currents at m/e 44 and 46 were also directly related to the
current at m/e 16 in their dependence upon electron energy. In a sample
of UNBNO these peaks shifted to m/e 45 and m/e 47, respectively, and
are therefore ascribed to N,O~- and NO,~. An approximately second-
power pressure dependence of the ion current of N.O~ was observed
both in samples of N,O alone and in an equimolar mixture of N,O and
0,, and Reaction 18 is therefore suggested.

0O- 4+ N,O-—-NO-+0 18)

Rate constants for this process are given in Table I. The electron affinity
of N,O is unknown. However the results indicate that the reaction is
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endothermic, and therefore the affinity of the state produced is less than
that of O .

The origin of the NO,~ observed is uncertain. Reaction 19, pro-
posed by Burtt and Henis (3), is calculated to be exothermic by at least
0.5 e.v., assuming the electron affinity of NO, is >3.8 e.v. (4).

O_ +N20—>N02~ +N (19)

Our data give a rate constant of 4 X 10 ~!3 cc. molecule ~! sec., ~! assuming
the production of NO,~ solely by this reaction. However, one must
consider the probability that NO,, present as a minor impurity or pro-
duced by pyrolysis or N,O of or near the hot filament, would react by
Reaction 20.

O_ +N02—>N02_ +0 (20)

Using a rate constant for the latter reaction of 1 X 10~? cc. molecule !
sec. ! (see below), it is estimated that the NO,~ current observed could
be explained by an NO, impurity level of 0.2%.

In an equimolar mixture of “N¥N®Q and 0, run at an electron
energy of 5.9 e.v.—i.e., the optimum energy for production of O~ from
0,, the negative ion current ratio, iis/i1, was found to be 4.06. The
predominant negative ion above m/e 44 in this sample was m/e 45,
LN BN Q0 -, indicating that Reaction 18 proceeds principally through a
charge transfer mechanism. Ions observed at higher m/e are of am-
biguous composition and do not permit elucidation of the origin of the
NO,~ observed. The positive ion spectrum showed no isotope exchange
occurring in the sample mixture.

O~ + NO.. Production of NO,~ by Reaction 20

0_ + N02 - NOZ_ + O (20)

has been observed previously (4, 7), and its cross-section was estimated
(7) to be 2.9 times larger than that of the positive ion-molecule reac-
tion

HO+ + H,0 - H,O+ + OH (21)

at a repeller field of 4 volts cm.~! Although the rate constant and energy
dependence of Reaction 21 are the subjects of some question (16, 17, 20),
the calculated rate constant for Reaction 20 is approximately 1 X 10~°
cc. molecule-! sec.~! at low ion energies on the basis of these earlier
results.

Figure 9 shows the ion currents of O-, NO-, O,~ and NO,™ as
functions of electron energy observed in a sample of NO, at a number
density of 3 X 104 cc.~.. 'The ion currents of both m/e 16 and m/e 30
varied linearly with sample pressure when the respective optimum elec-
tron energies shown in Figure 9 were used. The ion current of O, ~, using
the lower of the two optimum electron energies shown in Figure 9 (i.e.,
2.2 e.v.) varied as the second power of the sample pressure whereas that
at 5.2 e.v. varied linearly with pressure. The ion current of NO,™ at an
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electron energy of 2.2 e.v. varied as the square of the sample pres-
sure. These results are consistent with Reactions 20, 22, and 23.

O- 4+ NO; - 0, + NO (22)
e + NO, - O,- + N (23)

The O, impurity level was well below that required to produce the ob-
served O.~ by Reaction 6. Using Equation 4 and the values D(INO—O)
= 3.11 e.v. (8) and A(O) = 1.465 e.v. (I), the kinetic energy of O~
ions produced from NO, at an electron energy of 2.2 e.v. is 0.36 e.v.
Rate constants for Reactions 20 and 22 calculated from the data at
varying repeller potentials are shown in Table I. Attempts to elucidate
the mechanisms of these reactions by using a sample of NO, and 0,
were unsuccessful because isotope exchange occurred in the sample reser-
voir. With increasing repeller potential there is increasing electron
energy band width and therefore increasing overlap between the O,~

L
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-
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-
4
w
14
14
2
o
2
e
o 5 10 15

ELECTRON ENERGY (eV, CORRECTED)

Figure 9. Ion currents of O—, NO-,

0,~, and NO.~ from NO, as func-

tions of electron energy. Traced from
XY recordings

peaks produced by Reactions 22 and 23. The data for Reaction 22 (Ta-
ble I) have not been corrected for this effect. Corrections based on the
variation of half-widths of peaks with varying repeller potential, shown
in Figure 2, indicate that the estimated rate constants for Reaction 22
are independent of repeller potential.
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The production of NO,~ by charge transfer from either SF;~ or
SF;—, previously observed by Curran (4), has been confirmed during this
work. The attachment cross-section curves for SFy;— and for SF;—
closely overlapped in the low energy range, and it was impossible to de-
termine whether SF;— or SF; ~ was the reacting ion.

Conclusion

The work described here is preliminary in the sense that the rate
constants obtained are averages over a wide range of interaction ener-
gies and may not apply to ions having well defined kinetic energies. The
assumption of isotropic spatial distributions of the reactant and product
ions may lead to seriously erroneous rate constants at low repeller poten-
tials but becomes unnecessary at high repeller potentials. Similarly,
the expression used to estimate ion residence times becomes more accurate
at high repeller potentials. Finally, a high field strength ensures that
anisotropic reactive scattering effects are minimized. Unfortunately,
the width of the reactant ion kinetic energy distribution increases with
increasing field strength, and defocusing of the ion beam also occurs,
leading to decreased signal levels. However, except for Reaction 6,
known to be endothermic, and Reaction 18, the rate constants obtained
here show only a weak dependence upon repeller potential, the effect
observed most probably being caused largely by a slowly varying ion
collection efficiency. Nevertheless, it is clear that definitive tests of the
dependence of these rate constants upon kinetic energy can only be car-
ried out using ion beam techniques in which angular distributions of the
products are measured.
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Vibrational Relaxation of Molecular Ions

H. SHIN

University of Nevada, Reno, Nev.

The vibrational relaxation of simple molecular ions M+ in
the M +-M collision (where M = O,, N,, and CO) is studied
using the method of distorted waves with the interaction poten-
tial constructed from the inverse power and the polarization
energy. For M-M collisions the calculated values of the col-
lision number required to de-excite a quantum of vibrational
energy are consistently smaller than the observed data by a factor
of 5 over a wide temperature range. For M +-M collisions,
the vibrational relaxation times of M+ (%) are estimated from
300° to 3000°K. In both N,and CO, T+’s are smaller than 7’s
by 1-2 orders of magnitude whereas in O, 7 is smaller than
less than 1 order of magnitude except at low temperatures.

In studying ion-molecule reactions it is important to know the details
of energy transfer between translational and internal motions of the
collision partners. In the charge transfer process (e.g., O, + O, —
O, + O.*), which is often a glancing one and occurs at comparatively
large impact parameters except at high energies, in ion-neutral collisions
in aftergrows, or in the ionosphere process (e.g., N+ 4+ O, — NO+ +
NO), the molecular ions are probably found in vibrationally excited states
(4,11,19,31,32). Since the states of both the reactant and product involve
molecular ions, the collisional characteristics can be markedly different
from reactions involving neutral molecules, owing to the enormous electric
field near the ions. Since the fate of the ions and hence the overall
process will depend upon the vibrational state of the molecular ions, it is
important to evaluate the vibrational relaxation times or the number of
collisions required for the molecular ions to return to the Boltzmann dis-
tribution for the given gas temperature. For example, in an electrical
discharge in helium gas, the molecular ion He, * may be formed in a vibra-
tionally excited state, and the rate of dissociative recombination of
He,* + e — He + He may depend on the vibrational state. Similarly,
since O, has an appreciably small internuclear distance (1.123 A.)
compared with O, (1.207 A.), the ionization of O, will probably lead to a
vibrationally excited molecular ion.
In recent years measurements of cross-sections for ion-molecule
collisions have become one of the active fields in physics and chemistry,

44
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and continued efforts have led to ingenious experimental techniques.
In spite of the concentrated effort in this area, relatively few theoretical
studies deal with estimating the vibrational transition probabilities,
relaxation times, or collision numbers for excited molecular ions (29,31).
To gain a thorough insight into ion-molecule reactions, these collision
quantities must be estimated from relevant interaction parameters.
Our study deals with this aspect, extending our previous work (29) on
the effect of the polarization energy on ion-molecule collisions to calculate
the vibrational collision numbers of simple molecular ions and to esti-
mate their vibrational relaxation times.

Vibrational Transition Probability

The main difference between a molecule-molecule (M-M) collision
and an ion-molecule (M *-M) collision is the presence of a polarization
force in the latter system owing to the attraction between the static
charge on M+ and the dipole moment induced on M. For a large
intermolecular separation, the polarization energy is known as

ae?

Up(r) = — o (1)
where « is the angle-average polarization of M, e is the electronic charge,
and r is the distance between centers of mass of the collision partners.
The polarization energy can significantly increase the depth of the poten-
tial well between an ion and a molecule so that the relative kinetic energy
is increased. Obviously, such a deep potential well will modify the slope
of the repulsive part of the potential on which the probability of energy
transfer depends. At present, however, the short range value of the
polarization energy is not known; therefore, it is difficult to analyze the
role of polarization forces in ion-molecule inelastic collisions, and this
prevents us from evaluating the vibrational transition probabilities and
related quantities with accuracy.

When Equation 1 is introduced into a typical intermolecular inter-
action energy potential such as a Morse type or an inverse power type,
as a Lennard-Jones (LJ) potential, the resulting potential energy curve
appears strongly repulsive with a deep attractive well at a close separa-
tion so that it may be used to describe M +-M collisions. Therefore, we
express the intermolecular interaction by introducing Equation 1 into an
inverse power potential. The short range exponential potentials rep-
resent inelastic collisions well because strong repulsive terms give better
insight into the collision than do inverse power potentials. However, as
shown below the results of the inverse power potential can be reduced
easily to those of the exponential potentials. The assumed form of the
potential for this study is

o -al(Y (-
r r 2rt

where U;,(¢) = 0, and D is the depth of the potential well of the 12-6 func-
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tion. Although the inverse power function or the Lennard-Jones (LdJ)
12-6 function is known to be inadequate for ‘‘close-in” inelastic collisions,
it is the potential used most often for inelastic collisions in a thermal
energy range because the perturbation integral for this potential is easy to
evaluate (6,23,30). As discussed below this method evaluates the per-
turbation integral of the method of distorted waves essentially by con-
sidering only the collision partners close to each other where the repulsive
interaction potential varies rapidly.
We consider a general inverse power potential function of the form

C
un= ¥y = ®)
i=m,n,p...
For the present 12-6-4 potential we then have C,, = 4D¢'2, C¢ = —4Dod?,
and C; = —cae?/2. The WKB evaluation of the perturbation integral

of the method of distorted waves results in the (temperature) average
transition probability in the form (29):

S 5 1\ 3m+2
P = p 472 mhCr?/? J 2mmu € ‘/2i })% ’x_,,,
Me? 2+3m\m+2 VC. 1 kT

9 4+ 3 r<l+1)r<1m‘+—2
Xexp _(___WL)M_ Z m =
1

2 +m/ET i=n,p... 1 3
i2 I‘ — —
<m + 2
, (L + r<1 — 5
X< Ci>xm@/m+ Z ( m ) m m 2 _
ilm . —
Coiin) kT 255 |\2 + 3m F(g N )r(l i +1>
m m

1 3
_+§

2 2 4 3m F(%z+l>r<1,—n2i+g)
G

m

where
p = mg/(m4 + mp), if we express M by AB
u = reduced mass of the collision partners
¢ = magnitude of the change in the oscillator’s energy owing to the

transition, h» (v is the frequency of the oscillator)
= “effective” reduced mass of the oscillator and

=
|
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(L +2) \am e [frm
T3 T OE€

Xm = 1
F(— + 1) mh
m

For the 12-6-4 potential, this reduces to:

D1/7#13/7€5/7 o 12/7 X 1/2 X
P =1612p2( —— — = —2.714 =
P ( M ) (h) (kT) e"p[ kT T

\/_—x

1.346

ae x!
+ 0.254 <D1“ 4) S 0362 + 2—1551] 5)

with

- [r(w/m) V2mu (4D)”12”€kT:|12/19

T'(Y/12) )

The time constant 7, appearing in the simplest frequency equation
for the velocity and absorption of sound, is related to the transition
probabilities for vibrational exchanges by 1/7 = P, — P,;, where P, is
the probability of collisional excitation, and P; is the probability of
collisional de-excitation per molecule per second. Dividing P; by the
number of collisions which one molecule undergoes per second gives the
transition probability per collision P, given by Equation 4 or 5. The
reciprocal of this quantity is the number of collisions Z required to de-
excite a quantum of vibrational energy ¢ = hv. This number can be
explicitly calculated from Equation 4 since Z = 1/P, and it can be experi-
mentally derived from the measured relaxation times.

Since there are no experimental values of Z for M +-M collisions
available at present, we first calculate Z for the M-M collisions for N,
CO, and O, whose experimental values are well established (7,21).
After establishing the usefulness of this approach for the M-M collisions,
we then calculate the collision numbers for the M +-M systems, Z +.

Molecule-Molecule Collisions

For numerical illustrations we use the potential parameters (9,14)
and vibrational frequencies (12) given in Table I.

In Figures 1-3 the calculated values of Z for M-M and for M +-M
are shown as (log Z vs. T—7/¥) for M = N,, O,, and CO, respectively.
We will first discuss the M-M collisions.

From 500° to 760 °K. the impact tube method of Huber and Kan-
trowitz (15) used nitrogen containing 0.05% water vapor. Their work
on the relaxation of N; in water yields P(N, — H,0)/P(N, — N;) = 1100
at 560°K., and their data are smaller than the calculated values by a
factor of 4. The values of Lukasik and Young (17) are obtained from
the resonance method between 770° and 1190 °K. using the sample con-
taining <0.005% water. Their values at 1020° and 1186 °K. agree well

A CT S. Editorial Library
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Table I. Potential Parameters and Vibrational Frequencies
M+t - M a (A) D/k (°K.) a (A3 v (cm.™Y) vt (em.™Y)
M = 0. 3.433 113 1.60 1580.36 1876.4
CO 3.590 110 1.95 2170.21 2214.24
N, 3.681 91.5 1.76 2359.61 2207.19
H,0 2.824 230.9 1.48 1595
CO. 3.996 190 2.65 672.2
CH, 3.882 137 2.56 1306
o 4_000.
10
7l
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10°¢
A
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Figure 1. Calculated collision number Z as a function of T~/

for the N,-N, and N.

2 *-N; systems.

Experimental data are:

o Ref. 3; + Ref.5; X Ref.10; A Ref. 15; © Ref. 17; @ Ref. 24
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Figure 2. Calculated collision number Z as a function of T ~7/1
for the 0,-O, and O.*-O, systems. Experimental data are:
X Ref 3; © Ref. 16; O Ref. 21

with our calculated values. Other experimental values (references are
given in Figure 1) using relatively pure nitrogen at higher temperatures
are about five times the calculated values. Blackman’s results (3) are
obtained using the sample containing water of less than one part in 10°.
Since these experiments were carried out with considerably pure nitrogen,
the error of our calculation may be considered real. Figure 1 shows that
the experimental data of Blackman (3) and of Gaydon and co-workers
(5,10) are consistently larger than our calculations by a factor of 5.
The calculated values of Z by introducing this factor are also plotted in
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Figure 1. In N.-N., however, no accurate data at lower temperatures
are available; hence, a realistic comparison does not seem possible.

An extensive study by Blackman (3) and a recent study by Millikan
and White (21) on the vibrational relaxation of O, are shown in Figure 2.
The impurity of Blackman’s sample varied from 1-5%, but the bulk
impurity was nitrogen. Blackman’s data at lower temperatures are
significantly different from Millikan and White’s values. The latters’
data have the same temperature dependence as Equation 5 over the

o 3000 , 1500 1000 T 600 400

107 }

05 06 08 T--% 10 12

Figure 8. Calculated collision number Z as a function of T —7/1
or the CO-CO and CO+-CO systems. Experimental data are:
© Ref. 10; O Ref. 21; X Ref. 34
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entire temperature range studied, and they are larger than the calculated
values by a factor of 5. Blackman’s data at higher temperatures follow
the same temperature dependence. The value of Knoetzel and Knoetzel
(16) at 288°K. is about one-half of the calculated value. The latter
experimental value is obtained by extrapolating the measured absorption
maxima to zero concentration of additive polar molecules such as H,O
and NH; to obtain the relaxation times for pure O.; hence, it may be
considered inaccurate.

The temperature dependence of Z for CO is very similar to the above
two systems (Figure 3). Experimental data of Millikan and White and
of Gaydon and Hurle (10) at temperatures above 1000°K. are again
larger than our values by a factor of 5. Windsor, Davidson, and Taylor
(34) obtained a larger Z value than the ones above.

Ion-Molecule Collisions

The above study shows that Equation 5 is satisfactory in predicting
the T dependence of Z and can also be used to calculate Z and vibra-
tional relaxation times of diatomic molecules if we introduce a factor of 5.
Based on this success and the hope that the essential part of M*+-M
collisions can be represented by the strong attractive term, Equation 1,
and the strong repulsive energy which occurs at small r, we calculate
Z* for N,t+, O,*, and CO+* (Figures 1-3). Note that the polarization
energy given by Equation 1 is significantly larger than the attractive
term of the 12-6 function. The collision numbers for the molecular
ions are generally much smaller than those for the molecules. Figure4isa
plot of theratio Z* = Z/Z+.

The collision numbers for N, *-N, are smaller than those for N,-N,
by 2 orders of magnitude at lower temperatures; for example, at 300 °K.
Z* = 434, and at 1000°K. it is 15. On the other hand, in O,+-O, the
ratio is significantly smaller: 20.6 and 1.6 at 300° and 1000 °K., respec-
tively. The variation of Z* for CO+ with temperature lies between
these two cases. The small Z* values for O, compared with other ions
can be easily understood in terms of its electron configuration. In O,
there are six bonding electrons (two po, and four pr, electrons) and two
anti-bonding electrons (pr,) whereas in O,* one of the anti-bonding
electrons is removed. Therefore, the number of anti-bonding electrons is
decreased by 1, and the vibrational energy quantum is increased from
0, to O;* by 294.04 cm.~! On the other hand, N, has six bonding elec-
trons whereas N, * has five bonding electrons; therefore, bond weakening
occurs when N, is converted to N,*. The vibrational energy quantum is
decreased by 152.42 cm.~! The species CO and CO* are isoelectronic
to N; and N *, respectively, but the bond strengthening process increases
the vibrational energy quantum only by 44.03 cm.—! From the difference
between the collision numbers for O, and O, *, we note that the effect of
the polarization term in the exponent is seriously counteracted by the
large leading term which resulted from the repulsive part of U(r). In
N+ and CO* both polarization energy and the bond weakening effect,
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however, facilitate the relaxation of the excited ions compared with the
neutrals. Even at a temperature as high as 3000°K. N,* still relaxes
faster than N, by a factor of 3.8. The corresponding factors for carbon
monoxide and oxygen are 2.1 and 1.1.

If we assume that the same discrepancy between theory and experi-
ment in M-M enters in M *-M, we can estimate the vibrational relaxation
times for the molecular ions. Table II shows the estimated vibrational
relaxation times 7+ at various temperatures. The values are shorter
than those for the neutrals by factors given in Figure 4.

We may also apply the above expressions to polyatomic molecular
ions. However, the effective reduced mass M of the oscillator in Equa-
tion 5 is a function of the definition of normal coordinate, and it is diffi-

5X 102
102 |
%

V4
o |

I

0 4 8 12 6 20 24 28
Tx100

Figure 4. . Calculated values of the reduced collision number Z* as
a function of temperature for N, *t-N,, O,%-0,, and CO+-CO
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Table II. Estimated Values of the Relaxation Times® r*

T, °K. N.* — N, 0+ — O, co+ — CO
300 7.93(—2)a 5.53(—3) 1.49(—2)
400 2.89(—2) 8.68(—4) 6.82(—3)
600 7.20(—3) 2.70(—4) 1.65(—3)
800 1.42(—3) 1.95(—4) 5.33(—4)

1000 5.32(—4) 4.60(—5) 2.21(—4)
1500 8.82(—5) 1.06(—5) 2.16(—5)
3000 5.74(—6) 5.26(—17) 3.31(—6)

¢ Numbers in parentheses denote the exponent of 10 -e.g., 7.93(—2) = 7.93 X 102
Values given in seconds for 1 atm. pressure.

cult to evaluate. In asimple oscillator roughly half the molecule vibrates
with respect to the other half; hence, M may be approximated as one-
fourth the molecular mass. When the molecule is composed of very
dissimilar atoms or radicals, this approximation can give an erroneous
value for M. The evaluation of p suffers a similar difficulty. In poly-
atomic molecules there are many vibrational modes, and most often the
lowest vibration is degenerated. In addition, the collision between M +
and M may not be linear so that introducing a “‘steric’’ factor becomes
considerably more complex. This study suffers from these difficulties
which are common to most formal theories. In calculating Z Herzfeld
(13) introduced a “‘steric” factor of 3 for direct de-excitation of longitu-
dinal vibrations, 3/, for direct de-excitation of doubly degenerate bending
vibrations, and 2j/3 for complex de-excitations, where j is an undeter-
mined parameter.
From Equation 5 we obtain the ratio Z* as

R T [_ 2714x (1 — 5) | 1.346VDx*(1 = V) |
82.815 kT kT
2 +1/3 +
254 (22 _) X foa- a] 6
025 <D1/3a4> wr Tart Y] ©

where § = —% This is equal to the ratio of the corresponding relaxation
14

times. When 6 ~ 1, such as in CO +-CO, the ratio reduces to

2 +1/3
Z* ~ exp [0.254 (—"‘e ) X ] 7

Dti3gt) RT

If the removal of an electron does not significantly change the bond
strength, Equation 7 can be used to estimate the importance of polariza-
tion energy. Figure 5 is plot of Equation 7 for H,O +, CH,*, and CO,*.
Since we do not know accurate values of the vibrational frequency of the
ions, this ratio gives the Z*-T variation only qualitatively, but it may
lead to a correct temperature dependence of Z+. Table III presents
estimated relaxation times for H,O+, CH;*, and CO.* based on the ob-
served data and the ratio Z*. The water molecule has a significantly
large a/o* compared with the others. In general, the effect of polariza-



Published on January 1, 1967 on http://pubs.acs.org | doi: 10.1021/ba-1966-0058.ch004

54 ION-MOLECULE REACTIONS IN THE GAS PHASE

TXxI10C

Figure5. Calculated values of the reduced collision number Z* as
a function of temperature for H,O+-H,0, CO,*-CO,, and CH,*-
C

H,

tion energy on the relaxation process is largely controlled by the com-
peting effect of « and o.

We will now compare the numerical results obtained from our study
with those obtained by other methods. Assuming a Morse potential
Takayanagi (31) calculated Z* ~ 10 at 300 °K. for O.* whereas we ob-
tained 20.8. Takayanagi introduced a constant polarization energy
evaluated at a distance in the most important region of the interaction,
which he assumed as 7 a.u.; therefore, he modified the depth of the po-
tential well of the Morse potential only by adding this constant factor.
The exponential range parameter is assumed as ¢ ~ ¢/17 at 300 °K.
Our study shows a = ¢/15.4 which is obtained by comparing the vibra-
tion transition probability per collision for the Morse and the LJ(12-6)
potential at the most probable distance of the vibrational transitions.
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Table III. Estimated Values of the Relaxation Times*

T, °K. H.,O* — H,0 CO:+ — CO;, CH,* — CH,
300 3.0(—11) 1.2(=T) 1.7(=T7)
400 1.0(—10) 1.9(—7) 1.5(—8)
600 4.3(—10) 2.3(=7) 2.3(—8)
800 4.5(—10) 3.9(—8)

1000 1.4(-8)

¢ We estimated 7+ from widely scattered experimental data for M — M (p. 90, 97, 100 of Ref. 7).
In addition, 7+ for CO:* and CH:F are estimated from the experimental data of different sources. All
values are in seconds for 1 atm. pressure.

Steric Factor

In Equation 5 we note that a steric factor which considers the effect
of nonlinear collisions on energy transfer is not introduced. In several
previous studies on M-M collisions, the exponential interactions were
used (1, 9, 22, 27, 28). Insuch systems, the exponential range parameter
a, which occurs when the interaction potential is represented by U(r) =
A exp (—r/a), is commonly chosen by fitting the exponential function
to LJ potential functions obtained from transport property measurements.
If the fitted parameters are used, the transition probabilities are generally
of the correct order of magnitude, but the slope of the curve in the prob-
ability vs. temperature (log P vs. T~1/3) plot is often poor. On the other
hand, if a is chosen to reproduce the experimentally observed temperature
dependence, the probabilities are generally found to be an order of mag-
nitude too large. This has been explained in terms of a “steric”’ factor
of the order !/, which seems too small for simple diatomic molecules
(18, 20). However, these studies have not considered the important
role of the correction terms resulting from the attractive forces between
the collision partners. These terms, as shown in Equation 5, are 1.346
(Dx)*2/kT and 0.362 D/ET for M-M collisions. The first term can
affect seriously the over-all value of the transition probability at low
temperatures particularly for polar molecules—i.e., the log P vs. T~/3
plot will not yield a straight line; therefore, the fitting procedure can give
an erroneously small value for a. Schwartz and Herzfeld (28) have
calculated the transition probability for the most favorable orientation
and then multiplied by !/; to account for the less favorable possibilities.
However, if a steric factor must be used, this introduces a somewhat
nebulous feature into the theory since it is usually difficult to evaluate.
Of course, we do not expect exact agreement between theory and ex-
periment. As Figures 1-3 show, our calculation seems to give the cor-
rect temperature dependence and results in Z consistently smaller than
“accurate” experimental data by a factor of 5. Therefore, if the dis-
crepancy between theory and experiment is solely caused by the so-
called steric factor, this study suggests that it should be approximately 5.

Over-All Interaction Energy

Another important aspect of our study is that assuming the over-all
interaction energy V(x,r) between the ion and the molecule as a function
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of r — px, Equation 5 is obtained where x is the displacement of the oscil-
lator from its equilibrium position. With this assumption V(x,r) is ex-
panded as

Vix,r) = V(O,r) + 2(0V/or)z=0 + - .- (8)

where V(0,r) = U(r). Neglecting the higher order terms and thereby
assuming that the amplitude of vibration is small compared with the
range of the potential, we considered that the perturbation of the os-
cillator energy levels and wave functions varies by x-(0V/dr);—,. How-
ever, when V(x,r) # V(r — px) or when the higher order terms are not
small, we may have to use the over-all interaction energy of the form
V(x,r) = B-V(x)-U(r), where V(x) may now be assumed by the ex-
ponential form exp (x/b), and B is a constant. Then the ratio of P for
this interaction energy to Equation 5 can be calculated as

r* f i (x)V(x)pr(x)dx ’

f= )

12 f T ex)xer(x)d

where ¢;(x) and ¢,(x) are the wave functions of the unperturbed initial
and final states of the oscillator and r* is the most probable distance for
the energy transfer introduced in obtaining Equation 5; it is

v <&f_t ‘/2_D ,,ﬁ)”’
€ b

For i = 0 and f = 1, the integrals in Equation 9 are (20, 26)

© h h?
f_m ei(X)V(x)osr(x)dx = b(2Me)' exp <462Me>

@ )
f_m ei(x)xpp(x)dx = bEMo:
so that
r* 2 fLZ
_ (T 10
f <12b) exp <2b2Me) (10

For N,-N; we obtain r* = 2.215 A.; by assuming b = 0.2 A. we obtain
n/(2Me)1/2b = 0.16. Therefore, f = 0.99. Similar calculation gives
f = 0.95 for 0,-0,, so that here the assumption that V(x,r) = V(r — px)
may be considered as a satisfactory treatment.

Transition Probability for Large m

We may also obtain the transition probability for U(r) with very
large m. As m — o, the interaction potential approaches the ‘“hard-
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core” limiting form. To obtain this, we consider the inverse (m — 6)
function; then in Equation 3, the constants are

6
= m m m—6 mo_ m
Cn (m —6) <6> Do Cq
6
(e
m — 6/ \6

The transition probability for this potential is, from Equation 4,

—

P - 472hm(Co™)¥2p? I 2Tmu € ‘/—2z 1)%:‘—:-22 Xm 11)
Me? 24+3m\m +2 VCo™ 1 kT
1 2 5
(oD o
« exp| — (2 + 3m> Xm <m 3 m/) Ci xn

BT 6 /7 36
l+§>r<1_2)0 o kT
m 2 m

2 +m/)kT
GopD oo
m m
4 X +

4/m 4
)r(l _g) Cimgt kT
m

1 3 11 12
r(=+1)r( —= 2y
3m — E) (m + ) (2 m) < Cti )2 Xmm _l_ _6
4m r(l + §> r<1 - 1—1> Colttot
m 2 m

kT 2kRT
Therefore, when we assume m is very large (m >> 12), with the aid of the
matching expression (30) between the exponential range parameter a and
the LJ parameter o,

S EON T
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we obtain
16p% |r <7rua)2 !
P~ T —=— X (12)
M N3\ 7% kT
3x’ ’ D ae
Xexp[ T T +2a4kT+M‘]
where

( #raekT)2/3
\Fl

In the limit m — «, the interaction potential behaves as

Ur) = o r<o

6 2
_ 4D (") _ el (”)" s (13)
r 201

As Figure 6 shows, the repulsive part is significantly removed from the
potential given by Equation 2. Although the leading term 3x’/kT can
be fit identical to 2.714x/kT of Equation 5 through the matching relation,
the sum of D/kT and ae?/2 o*kT is quite small compared with that of
the second, third, and fourth terms in the exponent of Equation 5.

The attractive energies 4D (o /r)® and ae?/2 rt have two important
effects on the vibrational energy transfer: (a) they ‘‘speed up’ the
approaching collision partners so that the kinetic energy of the relative
motion is increased, and (b) they modify the slope of the repulsive part
of the interaction potential on which the transition probability depends.
By letting m — «, we have completely ignored the second effect while
we have over-emphasized the first. Note that Equation 12 is identical
to an expression we could obtain when the interaction potential is as-
sumed as U(r) = A [exp (—r/a)] — (ae?/2¢%) — D. Similarly, if we
assume a modified Morse potential of the form

I

U(r) = Dlexp (—r/a) — 2 exp (—r/2a)] — ae?/2q",
then

" 3y’ 4V Dy 16D ae? ¢
- A — X <) 14
exp< k¥ e T aewr T 2wt T or) MY
where A is the same pre-exponential factor given in Equation 12. The
polarization energy results in ae?/2¢*kT in the exponent, but this is small
compared with that in Equation 5. The above analysis would suggest
that if we consider the intermolecular potential

U(r)

@ r<rt

— 4D <5>6 _ o <i’>‘l > (15)
r 204 \r
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Figure 6. Various potential energy curves for the interaction

between 0,*-0.:A = U(r) given by Equation 13; B = the

inverse (12-6) power potential shown for comparison; C = U(r)

given by Equation 15; D = U(r) given by Equation 2. The

most probable distance r* and the potential at this distance U(r*)
are also shown
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where r° is the radius of the hard-core of the M *-M collision—i.e., the
root of U(r’) = 0 = 4D[(a/r")'* — (o/r")%] — «e?/2r°% then the
transition probability is identical to Equation 14, but now o is replaced
by r’ and a is calculated from the matching relation with r°. For di-
atomic and simple polyatomic molecules 0.91 > r’/¢ > 0.83 or ae?/2r°*kT
is larger than ae?/20%kT by a factor of 1.46 to 2.07. Table IV shows the
values of the polarization term in the exponent for the potentials given by
Equations 2, 13, and 15 for O,*. When the depth of the potential
well D is small compared with k2T, the potential assumed by Equation 15
may adequately describe the M +-M collision process. Since the ‘“‘hard-
core”’ limiting potentials ignore the effect of attractive energies on the
slope of the repulsive part of U(r), they generally give smaller P values
compared with the analytical expression given by Equation 5. Taka-
yanagi’s result obtained by assuming the polarization energy ae?/2R.* with
R, ~ 7 a.u. seriously underestimates the importance of the energy.

Table IV. Calculated Values of the Polarization Energy Term
in the Exponent of P

ae? \ /3 ae? ae?
T, °K. 0.25¢ (D”%" KT 3o BT Zrot BT
300 5.357 3.206 5.996
400 4268 2.405 4,498
600 3,098 1.603 2,998
800 2.469 1.202 2.248
1000 2.070 0.962 1.799
1500 1.503 0.641 1.198
3000 0.869 0,320 0.598

As shown in Figure 6 the most probable distance for the vibrational
transition is r* = 2.223 A. for 0,*-0,, and the potential energy at this
distance is U(r*) = 1.06 X 10-1! ergs. This distance is significantly
small compared with 7. To justify using the inverse power potentials
for the repulsive part of U(r), we first note that the potential at the most
probable distance for the vibrational transitions is much larger than the
average kinetic energy of the relative motion. For example, in O, *-O,
U@r*)/kT = 25.6 even at 3000 °K.; this implies that the incident waves
which reach this region control the over-all energy transfer process.
The incident particles with sufficiently high collision velocities will reach
this region, but it is also possible that the incident waves can reach this
region by the potential barrier penetration—i.e., the quantum nature of
the translational motion is essential in the problem. At high collision
velocities the ordinary perturbation methods (such as this one) fails
because the probability becomes too large, and exchange of more than
one quantum in a single collision becomes increasingly probable. Yet our
approach shows that the collision process is essentially controlled by the
partners reached at such close proximity. According to the argument of
Rapp and Sharp (25), if energetic collisions must control the over-all
process, we should have obtained transition probabilities not much dif-
ferent from unity. However, we obtained the probabilities << 1 even
when we evaluated the perturbation integral at r = r*. If we consider
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the energetic incident particles, then it represents the energetic ‘“tail”’
portion of the Boltzmann distribution; hence, it is difficult to understand
why so few energetic collisions can play such a dominating role. It is
then possible to state that this ‘“‘close-in” region is reached by less ener-
getic waves by the potential barrier penetration. We do not know
quantitatively the precise form of U(r) in close proximity, and as far as
this aspect is concerned it seems that for now we cannot hope to have
any radically improved form. When the repulsive part of the potential
function is relatively ‘‘soft,” most of the incident waves reach the most
probable region for energy transfer by the barrier penetration. It is then
no longer surprising that the ““soft” inverse (12) power potential can still
give reasonable results, and the potential barrier penetration is a neces-
sary consequence because at the most probable distance the relative
velocity is zero; hence, despite the large masses, the motion is essentially
quantum mechanical (large effective wavelength) (2, 33).

Conclusions

This study has made no substantial improvement in the original
theory of distorted waves. By evaluating the vibrational transition
probability explicitly for the inverse (12-6-4) power potential, however,
we were able to study some interesting aspects of the ion-molecule col-
lisions. We summarize them here.

Calculated collision numbers give the ‘‘correct’” temperature de-
pendence for simple molecules at ordinary temperatures. It appears that
the essential discrepancy between theory and experiment is a factor of 5.
We interpret this success as strong evidence that the inverse power
potentials are appropriate for describing ‘“‘close-in’’ collisions when the
perturbation integral is evaluated at the most probable distance for the
transition r*. The incident waves reach this region by penetrating the
potential barrier. The vibrational relaxation times of the excited N,*
and CO * are larger than the neutral molecules by 1-2 orders of magnitude
while the time constant for O, * is larger than that for O, by less than 1
order of magnitude.

It is physically realistic to introduce a ‘‘steric”’ factor larger than
unity, but to do so can be fairly arbitrary. In our study, the calculated Z
values are consistently smaller than the observed data by a factor of 5;
therefore, if a “‘steric” factor is introduced, it could best be assumed as 5.

The over-all interaction energy V(x,r) between M+ and M (or
between M and M) may be satisfactorily assumed by U(r) — x- 3V /dr)z=o
in the present systems. This is shown by comparing the present formulas
with the results for a more realistic energy V(x,r) = BV(x)U(r).

The “hard-core” limiting forms of U(r) do not lead to physically
acceptable results. We conclude that this is caused by a complete
neglect of the effect of the attractive forces on the slope of the repulsive
part in U(r). If the interaction energy is assumed as the sum of a Morse
exponential function and the polarization energy evaluated at r = r°, the
resulting transition probabilities appear useful for analyzing ion-molecule
collisions.
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Stripping Effects in Ion-Molecule Reactions

A. HENGLEIN

Hahn-Meitner-Institut fiir Kernforschung Berlin, Sektor Strahlenchemie,
Berlin, West Germany

Certain ion-molecule reactions of the types XH+ + XH —
X 4+ XH,* and X,* + H, - XH* + H occur as “strip-
ping”’ or “pick-up” processes at high ion energies while an
intermediate inelastic collision complex is formed at low
energies. These conclusions are drawn from simple dis-
crimination experiments and measuring the velocity spectra of
ion-molecule reactions. The transition from the stripping
model to the inelastic complex model can sometimes be detected
by studying isotope effects. At very high primary ion energies,
deviations occur since the product ion is even more forward-
scattered than expected. The stripping and elastic reactive
collision models allow reactions to occur with relatively high
cross-sections at rather high ion energies (>50 e.v.).

The polarization theory predicts a cross-section for collisions:

e [a\V? 2o M\ V2
=27 —\|— = 7e a
UC "V, <u> i ( rE ) :
which leads to a very close approach between an incident ion and a neutral
molecule (¢ = polarizibility of the molecule; u = reduced mass; e,

M, and V, = charge, mass, and velocity of the ion; E = kinetic energy
of the ion). The cross-section of a chemical reaction between the collid-
ing ion and the molecule may be written as:

g = n-0¢ (2)

where 7 is a frequency factor (generally smaller than unity). The re-
action Ar+ + H, - ArH+ + H is an example for » = 1.0 since the meas-
ured reaction cross-section agreed with the collision cross-section calcu-
lated from Equation 1 (I16). The validity of Equation 1 has often been
checked by measuring the ratio i;/i, (currents of secondary and primary
ion) as a function of the repeller field strength in conventional mass
spectrometers. Proportionality between ¢ and E ~'/? has occasionally
been observed, such as for the reaction between Ar* and H, mentioned

63



Published on January 1, 1967 on http://pubs.acs.org | doi: 10.1021/ba-1966-0058.ch005

64 ION-MOLECULE REACTIONS IN THE GAS PHASE

above. Deviations from the square root dependence can be expected if
n is not constant but depends on E. Boelrijk and Hamill emphasized
that Equation 1 can only be applied if o, exceeds the gas kinetic cross-
section ¢, (4). The electrical interaction between the ion and the induced
dipole of the molecule can practically be neglected above a critical energy
E, of the ion where ¢, becomes equal to ¢,. Generally, E, is smaller
than 1.0 e.v. Only in a few cases, where M /u is rather large, can Equa-
tion 1 still be used to describe the reaction at energies of a few e.v.
Several authors have recently measured cross-sections of ion-molecule
reactions at higher ion energies and discussed their results with respect to
the polarization theory. However, these discussions seem meaningless
since one cannot discuss deviations from a theory which a priori is not
applicable in this energy range.

Collisions at low ion energies (where Equation 1 can be applied) lead
to a short-lived complex between the ion and the molecule—i.e., both
collision partners move with the same linear velocity in the direction of the
incident ion. The decay of the complex may be described by the theory
of unimolecular rate processes if its excess energy can fluctuate between
the various internal degrees of freedom. For example, the isotope effect
in the reaction of Ar+ with HD may be explained by the properties of

ArH+ + D 3a)
Ar+ + HD—»(ArHD)+/ (
TSSArD+ + H (3b)

the intermediate ArHD * complex. At low Ar+* ion energies, the in-
tensity ratio ArH+/ArD+* is a little smaller than 1.0 (12, 16). This
effect is expected because of the higher frequency factor for splitting off
an H atom and because of the higher ArD * bond strength owing to the
difference in the zero point energies of the ions ArH+ and ArD+. An
intermediate complex has also been postulated when it was observed
that the relative abundancies of the various secondary ions resulting from
different paths of decomposition of the complex agreed with the abun-
dancies of the fragments in the mass spectrum of the corresponding mole-
cule (1, 6).

Secondary ions resulting from the random decomposition of an ion-
molecule complex should have a distinct velocity spectrum—i.e. by meas-
uring the angular and energy distribution of a secondary ion one should be
able to recognize certain details of the collision mechanism. In most of
the conventional studies of ion-molecule reactions, the secondary ions
were strongly accelerated immediately after their formation. Velocity
spectra could therefore not be observed. This paper reviews a few
experiments which were carried out to determine the velocity spectra of
secondary ions. The energy of the primary ions was always much higher
than the energy E, mentioned above—i.e. the polarization theory cer-
tainly was not expected to describe the observed effects. In fact, the
measured velocity spectra indicated the occurrance of ‘‘stripping” and
“pick up’’ processes in which no complex in the sense mentioned above is
formed as an intermediate. These studies were confined to the higher
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energy range because of certain experimental difficulties. It would be
interesting to work with primary ion beams at energies below 1 e.v.
in order to study the kinematics of reactions which are properly described
by the polarization theory and to study the transition from the stripping
to the complex model.

Simple Discrimination Experiments

The secondary ion XH, * resulting from the stripping of a proton from
the incident ion XH * by a molecule XH has very little kinetic energy in

XH* + XH - X + XH,* 4)

the direction of the incident ion (Equation 4). In anideal stripping reac-
tion no momentum will be transferred between the heavy masses X of the
colliding particles. It can be shown readily that the kinetic energy of the
secondary ion will amount to:

m? m?

E,=E-—2" __ ~g™
M(m + M) M:

(%)
where E and M are the kinetic energy and mass of the primary ion, and
m is the mass of the transferred proton. However, if an intermediate
complex (X,H,)* is formed, the product ion XH,* will move with the
component of the kinetic energy in the direction of the primary ion
(Equation 6).
M M+m E
4

E, =E

L LS 6
2 M 2 M ©)

. 2 . 1 oL .
Since In‘;—z generally is much smaller than 7 the kinetic energies of the

product ions XH,* which are produced in a stripping process or via a
complex are quite different. The more energetic ions (resulting from com-
plex formation) can be prevented from entering the analyzing section of a
mass spectrometer if the ion source is operated according to the method
described by Cermak and Herman (5). The electron accelerating voltage
between the filament and the ionization chamber is kept below the ioniza-
tion potential of the gas. The electrons traverse the chamber without
causing any ionization and are then further accelerated by an electric
field between the ionization chamber and the electron trap. The primary
ions are mainly formed before the trap and are accelerated in the direction
opposite to the electron beam before entering the ionization chamber.
These primary ions are not able to pass the slit system of the mass spec-
trometer because of a kinetic energy component perpendicular to the
direction of analysis. However, secondary ions produced by collisions
with gas molecules in the chamber can be extracted if they are formed
with negligible amounts of kinetic energy. For example, secondary ions
can be detected this way when they are formed by charge transfer in
which the transfer of mass, and therefore of kinetic energy, is extremely
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small. The maximum kinetic energy component of a secondary ion in
the direction of the primary ion which will allow analysis amounted to
2.5 e.v. under our conditions. This figure could be calculated from the
geometry of the slit system (11).

Figure 1 shows the ion intensity vs. the voltage between the ionization
chamber and the electron trap, the voltage between filament and cham-
ber being held constant at 8 volts. The gas was methane, in which the
secondary ions CH;* and CH,* are formed by the following processes:

CH; + CH;* (H stripping) (7a)
— CH;* 4+ CH; (complex) (7b)
CH, + CH,* (charge transfer) (7c)

CH4+ + CH4 — 02H3+

Both ions appear at 5 volts between the chamber and trap, which cor-
responds to a total energy of the bombarding electrons of 5 + 8 = 13.0
e.v.—l.e., it corresponds to the appearance potential of CH,* from meth-
ane. The increase at higher energies of the curve for CH,™* is mainly
caused by the increase in formation of primary ions between the cham-
ber and trap. The curve of CH;* at first rises with increasing voltage.

2
3 2004
§ 200
g
Q
-2
N

100

g v

i
voltage —»

Figure 1. ‘‘Ionization efficiency curves” in the Cermak-

Herman operation of an ion source. Relative ion intensity
normalized at 40 volts for CH,* and CH;*. Voltage be-
tween filament and ionization chamber constant at 8 volts

However, a maximum is reached at about 15 volts, and a decrease is ob-
served at higher voltages. With increasing voltage, the kinetic energy
of the primary ions is also increased. The increase in primary ion current
apparently is counterbalanced and finally exceeded by the decrease in the
cross-section of the ion molecule reaction. In addition, discrimination of
CH;* ions which are formed via a complex becomes more effective. At
a potential of 20 volts between trap and chamber, most of the primary
ions have kinetic energies around 20 e.v., and a secondary CH;™* ion
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formed via a complex will have 20/4 = 5 e.v. (Equation 6) perpendicular
to the direction of flight through the mass spectrometer. Since CH;*ions
are still observed even at higher voltages, it was supposed that they are at
least partly formed in a stripping process.

Figure 1 also shows the results of experiments with deuterated meth-
ane. The curve for CD,* practically is identical with the CH,* curve.
However, the decrease in the intensity of CD;* at higher voltages is
more pronounced than the decrease for CH;* while nearly the same in-
tensities for both ions are observed at low voltages. If the protonated
molecule is formed via a complex, no significant isotope effect is expected.
In the case of stripping, however, strong isotope effects must occur since
the mass of the transferred particle appears in Equation 5. As described
in more detail below, the internal energy (and stability) of the product
ion strongly depends on the mass of the transferred particle. The ob-
served isotope effects in Figure 1 indicate the formation of a complex at
low primary ion energies and the occurrence of a stripping process at
higher energies (11).

Velocity Spectra

The experimental arrangement shown in Figure 2 has already been de-
scribed (9, 10). Primary ions such as Ar+, N, *, or CO * are produced by
electron impact in a conventional ion source and are accelerated by volt-
ages between 20 and 200 volts. The ion beam enters the collision cham-
ber which contains hydrogen or deuterium under a pressure of 1-2 u.
The product ions such as ArH +, N,H + or COH * as well as the unreacted
primary ions finally enter a Wien velocity filter (crossed electric and
magnetic fields) which allows ions of equal linear velocity to reach the
collector. Practically all secondary ions are collected since their deflec-
tions from the direction of the incident ions are small because of the large
difference in the masses of the collision partners. The velocity spectrum
of the reaction is obtained by scanning the electric field of the Wien filter,
automatically registering the ion intensity. Reaction cross-sections can

collision Hy,Dy Wien-filter
chamber 1

IK 2 3 4 X* ions XH* ions 5 jon collector

o

amplifier

l

- : :
B2 l

ion source l l McLeod l [ | voltage | | X¥-

\r/ supply recorder

diftusion pumps

Figure 2. Schematic presentation of the experimental
arrangement for the measurements of velocity spectra
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be obtained from the square areas of the bands produced in the spectra by
the unreacted primary ions and the product ions.
The velocity spectra of Reactions 8a and 8b are shown in Figure 3.

Ar+ + H, - ArH+* + H (8a)
Art + D, - ArD* + D (8b)

The ion intensity is plotted vs. the velocity in units of the velocity V,
of the incident ion. The large peak at V, is attributed to unreacted
primary ions. This band shows a tail towards lower velocities since

@
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Figure 3. Velocity spectra for the reactions
Art* 4+ H, - ArH* + H and Ar* 4+ D, —
ArD+ + D

some of the primary ions suffered unreactive collisions. The band of
the product ion appears on this background. Table I shows the experi-
mentally determined position of the center of the product ion band and
the positions calculated from the ‘stripping” and ‘‘complex’ model by
using Equations 9 and 10. (It should be noted that ‘‘stripping” is not
the correct term for reactions of the type X+ + H, — XH*+ + H in
which an H atom is picked up by the incident ion. By analogy to similar
processes in nuclear physics one should use the term ‘‘pick-up’ reactions.
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Table I. Experimental and Theoretical Positions of the Product
Ion Bands in the Velocity Spectra of Some Reactions

Position of the
Center of the

Product Ion Band ____ Theoretical Position

Reaction in Units of V,* Stripping Complex
Ar* + H, - ArH+* + H 0.979 0.9756 0.9524
Art 4+ D, - ArD* 4+ D 0.955 0.9524 0.9091
N,++ H, - N.H+ + H 0.968 0.9655 0.9333
N;*+ D, - N.D* 4+ D 0.939 0.9333 0.8750
CO*+ H, - COH+ + H 0.960 0.9655 0.9333
CO++4+ D, - COD* 4+ D 0.933 0.9333 0.8750

a Primary ion energy: 40 e.v.

The analytical treatment, however, is the same for both types of reactions

- since it does not matter whether the ion or the molecule is regarded as

reference system. We are therefore still using the term “stripping’ here
in a wider sense.)

According to the ideal stripping model, the incident X * ion collides
with a quasi-free H atom while the other H atom in the H, molecule
merely participates as ‘“idle spectator’ to the reaction. The conservation
of momentum in the system X +—H requires the secondary ion XH * to be
formed with the velocity:

M
V=V, —r
M+ m
in the direction of the primary ion. M and m are the masses of X + and of

the transferred H atom. If a complex XH,+ were formed, it would move
with the velocity:

9)

M
M + 2m

in the direction of the primary ion. Both dissociation products of the
complex have a velocity component of this size. They may have a
second component in different directions if the heat of reaction or the
internal energy of the complex more or less appear as kinetic energy of the
fragments. If the complex lives longer than one period of rotation, its
decay occurs isotropically in the center of mass system. The band of the
product ion would be symmetric and be centered at the velocity given by
Equation 10. A shorter-lived complex would probably produce an un-
symmetric band (which has never been observed).

Comparing the values in Table I shows that the bands of the product
ions are located as predicted from the ideal stripping model. We there-
fore conclude that this model is suitable to describe these ion-molecule re-
actions at higher energies. It seems from the excellent agreement in
Table I that no transfer of momentum to the spectator H atom occurs at
all. This would also mean that the product ion moves exactly in the
direction of the incoming ion. We found indeed that the divergence of
the secondary ion beam must be very small since very thin slits after the
collision chamber could be used in the apparatus described in Figure 2
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without loss of XH * intensity. On the other hand, the Wien filter has
no ideal properties because of magnetic stray fields etc.—i.e. the velocity
spectra are reliable only to a certain degree. Perhaps therefore the spec-
tator hydrogen atom is not completely ‘idle’> but receives a little mo-
mentum, although this effect cannot be remarkable. Certain deviations
from the ideal stripping model will be discussed below (see ‘‘band shifts’’).

The validity of the stripping model can also be checked by measuring
the velocity spectrum of the reactions X+ + HD — XH* 4+ D (and
XD+ + H). According to the stripping model, the bands of XH*+ and
XD+ should appear at the same positions as the bands of these ions,
when they are produced by the reactions X+ + H, and X+ 4 D,, re-
spectively (the mass of the spectative hydrogen atom should not matter at

energy of Art jon [ev] —»=

0 Art +H, 100
8 ) L I o I| L L L -
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7 -
[ ]
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Figure 4. Cross-sections as functions of the relative
kinetic energy for the reactions of Ar+* with H, and
D, (13)
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Figure 5. Cross-sections as functions of the
relative kinetic energy for the reactions of N,*
with H, and D, (14)

all). If the complex model is correct, XH+ and XD * should appear at
the same velocity since both ions would result from an intermediate
complex XHD +. 1In all cases the XH + and XD + bands were located in
the spectra as was expected from the stripping model (8).

Cross-Sections

The cross-sections of the various reactions observed are shown as
functions of the kinetic energies in the center of mass system and in the
laboratory system by Figures 4, 5, and 6. In all cases, the cross-sections
for reactions between X+ and H, or D,, respectively, are equal if one
compares them at the same relative kinetic energy. According to the
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stripping model, the relative kinetic energy has to be calculated for
X+ + H; according to:

E, = E M+ m (11)
H
for X+ 4+ D, according to:
R T a2
D

That is, if one compares the cross-sections at the same kinetic energy E of
the incident ion, the transfer of a H atom always occurs with a larger
cross-section than the transfer of a D atom. (The cross-sections at the
same relative kinetic energy are equal since the effective radial potential
in which the particles move during the collision is the same for H- and D-
atom transfer. The effective potential is the sum of the potentials
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Figure 6. Cross-sections as functions of the relative kinetic
energy for the reactions of CO™* with H, and D, (14)

caused by the forces between the colliding H atom and primary ion and
the centrifugal potential. If differences in the zero point energies are
neglected, the potentials between an H or a D atom bonded to another
hydrogen atom and the X + ion can be assumed to be equal. The cen-
trifugal potential has the same value at constant relative kinetic energy
and impact parameter.)

If stripping also occurs in reactions of X * ions with HD, then XH *,
and XD + should be formed with half the cross-sections as in the reactions
X+ 4+ H,and X+ + D,, respectively (at the same kinetic energy E of the
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Figure 7. Cross-sections per H or D atom,
respectively, as a function of the relative kinetic
energy (8)

incident ion). Furthermore, XH + and XD + should be formed with equal
cross-sections from X + + HD if one compares the formation of these ions
at the same relative kinetic energy. This means that E; must be calcu-
lated according to Equation 11 if one considers the formation of ArH T,
and Equation 12 must be used to calculate E, for XD * formation. In
other words, the cross-section per hydrogen atom for all reactions between
X + and H,, D, or HD must be equal at the same relative kinetic energy
calculated as mentioned above. Figure 7 shows the dependence of the
cross-section on E, for all reactions of Ar+ and N, ™ ions. The full lines
were taken from Figures 4 and 5, respectively. The points in the dia-
gram indicate the measured cross-sections for the reactions of Ar+ and
N,+ with HD. It can be seen that these points fit the curves as expected
from the stripping model.

Figure 8 presents the results on the various reactions of Ar+ with
H,, D; and HD in a different form. The intensity ratio ArH +/ArD * is
plotted as a function of the Ar+ ion energy. The dotted line gives the
results obtained by Klein and Friedman (12) for the reaction of Ar * with
HD. They found that the ratio ArH+/ArD *isa little smaller than unity
at low Ar* energy as expected from the complex model. With increasing
energy, the ArH*/ArD + ratio slightly increased. At higher energies,
this ratio is much higher than 1.0 and strongly increases above about 60
e.v. Theoretically (if the stripping model is ideally fulfilled), the ratio
should become infinite at the critical energy of 94 e.v. for the stripping
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of a D atom (see below). Koski and co-workers (2) have, in the mean-
time, published values of the ratio ArH+/ArD+ for the intermediate
range (between about 5 and 20 e.v.) which well fit into Figure 8.

The isotope effects shown by Figures 1 and 8 demonstrate the tran-
sition from the stripping or pick-up mechanism to the complex model for
different chemical reactions. As far as we know this is the first evidence
for such a transition. It may be emphasized again that this transition
should also be detected in the velocity spectra. Therefore, it would be
desirable to construct apparatuses which allow one to measure velocity
spectra at ion energies of about 1 e.v.

16
1wk solid line: ArH* from Ar* +H,
ArD* from Ar* +D,
" o: ArH*and ArD* from Ar* +HD
dotted line : data of Klein and Friedman
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Figure 8. The intensity ratio ArH*/ArD+* as a
function of the kinetic energy of the incident Ar+
ion (8)

The cross-sections at an ion energy of 20 e.v. amount to about 10 X
10-%sq. cm. The stripping model is already obeyed at this energy since
the product ion bands appear at the predicted positions in the velocity
spectra. Cross-sections of this size are comparable to the gas kinetic
collision cross-sections of the molecules or atoms involved. The time of a
collision is rather short at these high ion energies—i.e. of the order of the
time required for one vibration of an H atom in a loose chemical bond.
Therefore one can hardly expect that a reaction takes place at every
collision. The rather high reaction cross-sections are only understood if
most of the stripping processes occur in highly excentric collisions.
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Energy Considerations

The internal energy, U, of an ion which is formed in a stripping re-
action is equal to the sum of the relative kinetic energy (according to
Equation 11) plus the heat of the reaction W if W does not appear as

m
U=E w1 + W (13)
kinetic energy of the fragments (Equation 13). (W is rather small since
most of the reactions listed in Table I are nearly thermoneutral.) The
relative kinetic energy appears as vibrational or as rotational excitation of
the product ion depending on the eccentricity of the collision. Above a
critical energy E = E,;;. of the incident ion, U exceeds the dissociation
energy of the product ion:

_ (D - W) (M +m)

Ecu = (14)

m

The reaction cross-section should therefore become zero for E > E..
By taking D = 5.0 e.v. and W = 0.5 e.v. for the reactions listed in Table
11, the critical energies could be calculated (13,14).

Although the curve in Figure 4 is slightly tailing at higher energies,
zero cross-sections for the formation of ArH+ and ArD * may be extrap-
olated. At about 4 e.v. of relative kinetic energy practically no second-
ary ions are formed. This corresponds to 164 e.v. of E,,;. for ArH+ and
84 e.v. for ArD +. The theoretical values agree fairly well with the exper-
imental results in Table II.

Table II. Theoretical and Experimental Critical Energies for
Various Reactions

Critical Energy of
Incident Ion as

Calculated from Experimental
Reaction Equation 14 Critical Energy®
Art + H, - ArH+* + H 184 164
Art + D, - ArD+ + D 94 84
N.*+ H, - N.H* + H 131 108
Nt + D, - N.D* + D 68 60
CO*+ H, - COH++ H 131 120
CO*+ D, -COD* 4+ D 68 70

@ By extrapolation of the steep parts of the curves in Figures 4, 5, and 6 at lower energies.

In the curves in Figure 5 and 6, tailing is much more pronounced.
The critical energies obtained by extrapolating the steep parts of the
curves agree with the calculated E,;,. values (Table II). However,
secondary ions are still formed at relative kinetic energies of more than 5
e.v. Although in these ions more than one degree of vibrational freedom
is present, it is difficult to believe that N.H * and COH * can possess so
much internal energy without dissociating immediately. As discussed
below, deviations from the stripping model are also observed in the ve-
locity spectra of the reactions of N,* and CO+ when the relative kinetic
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energy is higher than a few e.v. These deviations in the spectra indicate
that the secondary ions carry less internal energy than anticipated from
Equation 13.

Band Shifts (Elastic Collisions with Atom Transfer)

The spectrum in Figure 3 should not change (with respect to the band
positions) with increasing energy of the incident ion as long as one is
operating in the range where the stripping mechanism is obeyed. How-
ever, we observed that the band of the product ion became a little more
narrow with increasing energy and was shifted to higher velocities.
Figure 9 shows the position of the band center as a function of the pri-
mary ion energy for the product ions of N, + and CO+. The dotted lines
give the positions of the bands which are expected from the ideal stripping
model (Table I). The shift is less pronounced for the bands of the ions
produced by the reaction of Ar + with H, and D, (13,14).
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Figure 9. Position of the center of the product ion band
as a function of the kinetic energy of the primary ion (14)

Since the secondary ions have more kinetic energy in the forward
direction than is expected from the stripping model, some of the energy
according to Equation 13 must appear not as internal but as kinetic
energy in directed form of the fragments—i.e. the product ion is prefer-
entially scattered into forward (in the center of mass system) while the
“spectator’” hydrogen atom (which is no longer ‘idle”’) moves in backward.
This seems to be the first case in which preferential scattering of the
product ion resulting from a chemical reaction has been observed. Pref-
erential elastic scattering in the forward direction is a well-known
phenomenon when fast-charged particles collide with molecules (Ruther-
ford scattering).
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When the product ion moved with a higher kinetic energy than pre-
dicted by the stripping model, the collision apparently was more elastic—
i.e., less kinetic energy of the incident ion was used for internal excitation
of the products. In an ideal “elastic collision with H transfer’” the
products carry no internal energy at all. If the secondary ion moves
forward and the H atom moves backwards, conservation of momentum
requires that the primary ion has a velocity:

m
Viaz ~ [1 - @ VE)] v, (15)

(if m « M and W is neglected). For example, if M = 28and m = 1or 2,
Vmer amounts to 0.979 V, and 0.958 V,, respectively. As seen from
Figure 9 these values are nearly reached in the cases of N.H* and N,D *,
respectively.

A final mechanistic explanation for the occurrence of nearly elastic
collision with H transfer has not yet been found. In an ideal stripping
reaction, the distances between all atoms in the colliding particles must
change slowly enough during all phases of the collision to prevent the
spectator atom, being pushed away by a repulsive potential. At high
energies of the incident ion, the collision may occur in such a short time
that the equilibrium distances of the atoms in the whole complex cannot
be reached in each phase of the collision. A repulsive potential may now
be set up in the last phase and push the spectator atom backward.

Quantum Mechanical Effects

In the discussion of the internal energy U of an ion formed in an ideal
stripping process (Equation 13) the quantization of U was not considered.
With increasing energy E of the incident ion, the production XH * can be

formed in higher vibrational levels. If ¢ (n + ;;) denotes the energy of

the nth vibrational level, excitation of this level can first occur at the
primary ion energy:

E, = [e<n + %) - W] M+ m (16)

m

when it makes a central collision with the hydrogen atom to be trans-
ferred. In more eccentric collisions, part of the relative kinetic energy
should appear as rotational energy of the product ion—i.e. more kinetic
energy than given by Equation 16 is necessary to excite the nth vibra-
tional level. If the cross-section of the reaction shows a resonance effect
at the energies E, according to Equation 16 (which is the case in many
atom or nuclear excitation curves), small discontinuities may be expected
in the dependence of ¢ on E. The conditions under which the curves in
Figures 4, 5, and 6 were measured are far too rough to allow the detection
of small discontinuities.
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If a transition between the stripping mechanism and the model of
elastic collisions with atom transfer occurs, product ions in various vi-
brational levels may be formed at a given primary ion energy, the “‘spec-
tator’” hydrogen atom carrying away the rest of the internal energy
U—i.e., the velocity spectrum of the product ion will contain ions of low
internal but high kinetic energy in the forward direction as well as ions
of high vibrational energy and lower kinetic energy. If resonance for
the excitation of vibrational levels exists, the band of the product ion
should show a fine structure—i.e., peaks appearing at velocities which
differ corresponding to the energy difference e. The background of
scattered primary ions is now too high for one to detect any fine structure.

Limits and Application of the Stripping Model

Since the stripping model is suitable for understanding many fea-
tures of ion-molecule reactions of the type X+ + H, — XH+ + H at high
energies, the question may arise whether other types of ion-molecule reac-
tions are also described by this model. The ideal stripping situation in
which no momentum is transferred to the rest of a molecule or ion is prob-
ably very rare. On the other hand, one can hardly believe that complexes
are still formed at higher ion energies, in which all atoms of the colliding
particles move with the same velocity for a short time. In other words, it
is believed that all kinds of situations between stripping, inelastic complex
formation, and elastic collision with chemical reaction will be found. As
concluded above, stripping occurs in rather eccentric collisions. In a
head-on collision, momentum transfer to the rest of the molecule or ion is
much more probable. Stripping appears predominant in certain reactions
because of the high cross-sections for eccentric collisions—i.e., there
should always be a “background’ of rather central collisions which lead
to another velocity distribution. Whether stripping is really probable in
an eccentric collision is determined by the interaction potentials between
the ion and the transferred atom as well as the spectator rest of the mole-
cule. These potentials are different for various reactions and generally
not known. Therefore, it is not possible to predict the extent to which
ideal stripping may occur.

One of the interesting aspects of the stripping model (and of the elastic
reactive collision model) lies in the fact that chemical reactions may occur
with relatively high cross-sections at relative kinetic energies which are
far higher than the strengths of chemical bonds. This may be of interest
to nuclear recoil chemistry where it is generally assumed that hot atoms
do not form chemical bonds directly but must first be slowed down to
energies of a few e.v. It is also interesting to note that stripping has
recently been observed in molecular beam experiments on reactions of
alkali atoms with halides (such as K + Br, — KBr -+ Br) although these
reactions occur at room temperature (3, 7, 15).
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Isotope Effect in the Reaction of
HD* with Rare Gases

M. A. BERTA, B. Y. ELLIS, and W. S. KOSKI
The Johns Hopkins University, Baltimore, Md.

The isotope effects of reactions of HD * ions with He, Ne, Ar,
and Kr over an energy range from 3 to 20 e.v. are discussed.
The results are interpreted in terms of a stripping model for
ton-molecule reactions. The technique of wave vector analysis,
which has been successful in nuclear stripping reactions, is
used. The method is primarily classical, but it incorporates
the vibrational and rotational properties of molecule-ions
which may be important. Preliminary calculations indicate
that this model is relatively insensitive to the vibrational fac-
tors of the molecule-ion but depends strongly on rotational
parameters.

The reactions of rare gas ions with HD and the reactions of HD * ions

with rare gases have been studied by several investigators (12, 14,
15). Stevenson and Schissler studied ion-molecule reactions in a mix-
ture of Ar and HD in the ion source of a conventional mass spectrometer
where the average energy of the ions was slightly greater than thermal.
They found a value of 0.85 for the ratio ArH+/ArD+. More recently,
Klein and Friedman (7) studied this isotope effect in a mass spectrometer
where the bombarding ion energy could be varied from essentially zero
to 8 e.v. The polarization model for ion-molecule reactions was as-
sumed, and they were able to explain satisfactorily the observed isotope
effect which varied from Stevenson and Schissler’s value to a value some-
what greater than unity. As two-stage mass spectrometers were intro-
duced into the study of ion-molecule reactions, it became clear that the
polarization model was not applicable at higher bombarding ion energies
4, 5, 8, 9), and a stripping or spectator mechanism for ion-molecule re-
actions was proposed. This paper reports on the isotope effect in the
reactions of HD + with He, Ne, Ar, and Kr in the energy region of 2-20
e.v. Thisenergy range bridges the region in which the polarization model
may be expected to be applicable and the region where the stripping
mechanism begins to dominate the process.

80
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Results and Discussion

The apparatus and procedure used in this work have been described
in detail elsewhere (2, 16), and a schematic diagram of the equipment is
included in the article by Lindholm in this volume (10).

In studying ion-molecule reactions such as

Art + HD — ArH+ + D
— ArD+ + H

one finds that at low bombarding energies, the ratio of ArH */ArD * is not
greatly different from unity, and the isotope effects can be explained by
the usual vibrational factors that account for chemical isotope effects.
As one increases the bombarding energy, the ratio can attain a value much
higher than unity, and the effect cannot be accounted for by the same
factors that are important at low energies. This is illustrated in Figure
1, where ArH */ArD * is plotted for various Ar* ion energies (2). Note
that at 60 e.v. the ratio is about 4 and is rising with energy. This rapid
rise in the ratio can be apparently accounted for in the following way.
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Figure 1. The ratio of the cross-sections of ArH* to
ArD+ as a function of the energy of Ar~ in the reaction
Art + HD, (—-—-) Klein and Friedman (1)
(3)Henglein, Lacmann, and Knoll (5) and (®) this study

Consider the collision of Ar+ with HD. If one assumes that one of
the partners in the diatomic molecule does not participate in the collision
but merely acts as a spectator, then conservation of energy and momen-
tum permit the following equation for head-on collisions

p? p?
£ o= £ Ew 1
oM ~ 201 1 m) Q + Eu (1)

where p is the momentum of the bombarding ion and M is its mass, m is
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the mass of the struck atom, @ = heat of reaction, and E;,, is the energy

that goes into internal degrees of freedom. Rearranging and noting that
2

2p]Tl is the energy of the bombarding ion, E, we have

E Em — Q) @)

M+ m

m
If E;.: exceeds the dissociation energy, D, the molecule ion, Mm *, will
not form. In applying such consideration to the Ar* reaction with the
hydrogen molecule, Henglein et al. (5) find that the critical energies are
164 and 84 e.v. in the ArH+ and ArD * cases, respectively. It is clear,
therefore, that if the bombarding energy exceeds 84 e.v., one would ex-
pect no ArD + formation, and a high ArH+*/ArD + ratio would be ex-
pected; theoretically, an infinite value is possible. This interpretation
of the Ar+ + H, reaction seems to be supported by experimental evi-
dence. On the other hand, if one attempts to apply this simple ap-
proach to reactions of the type HD+ 4+ X, where X is a rare gas, Berta
et al. (2) have shown that the results do not conform experimentally to ex-
pectations. Their results are summarized in Figure 2.

3.5

3.0+

25

RATIO XH'/xD*

0.0 ! ] ] ] ] ] ! 1
0 2 5 8 10 12 15 18 20

PRIMARY ION ENERGY (ev)

Figure 2. The ratio of cross-sections for formation of XH+* to
XD as a function of the energy of HD * in the reaction HD * +
X, where X is He, Ne, Ar, and Kr

Applying Equation 2 to either the Kr or Ar reaction indicates that
one should not expect the formation of ArH + or KrH * at energies as high
as 20 e.v. In these reactions, product ions exist at much higher energies
than one expects from the spectator model, suggesting that the non-
colliding partner of the diatomic ion is not solely a spectator. It ap-
parently participates in the collision, carrying away some of the energy
which would normally go into internal degrees of freedom.
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Figure 3. Wave vector diagram for the reaction
X 4+ HD* — XI+* + J where I and J may be H
or D according to the isotopic product considered

Recent unpublished experiments by Rozett (13) indicate that in the
reaction Ar + HD * the isotopic ratio, ArH */ArD, continues to increase
as one proceeds from 20 to 30 e.v. bombarding energy. In addition (13),
work on the dissociative reactions such as HD+ + Ar - Ar + H+ + D
shows that the yield of D * increases rapidly as one exceeds 20 e.v. ion
energy whereas the increase of H *+ yield does not become evident until one
reaches roughly twice this energy. These observations appear to be
compatible qualitatively with the prediction of the stripping model.

In order to get better insight into the nature of the isotope effect in-
volved in these ion-molecule reactions, we are currently attempting to
treat stripping reactions by the technique of wave vector analysis which
has been successful in nuclear stripping reactions (11). The model is
primarily classical, but it incorporates the vibrational and rotational
properties of the molecule-ions which may be important. A brief de-
scription of the method follows.

Consider the wave vector diagram in Figure 3, where

k; = pi/h
and p; is the momentum of the jth species. The reaction is:
X + HD+ - XI+ 4+ J

where I and J may be H or D according to the isotopic product consid-
ered.
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Euu*’ = QuE/#?)1?
where

(Mup+) (Mx)
(Mup+ + Mx)

Mt =

the initial reduced mass, and E is the energy of the bombarding ion.
Conservation of energy requires:

1 2Q 1 1
2 - X B2 | —
k¥m+ [MHD+ + IMX] + 7 [MJ + Mxx*:l

where M; is the mass of the jth species, and @ is the heat of the reaction.
The wave vector of the product J is made up partly by the fraction of the

u ) Eup+ imparted to it. Since the wave vector

incident wave vector
upt

- - M; \ -
of J is given by kj;, the vector difference between k; and ( 7 J+> kup*
HD
must be supplied by the motion of J relative toI. Thus

Eup*

where

12
IK[ = [k.r2 +< M, )2 kup+? — ZIéMJ kuv* ks Coso]

Myp+ unt

The momentum of I relative to XI+ at the time of reaction can be found
by following a similar path of reasoning and is:

where

2

- . 1
|&| = I:kun+2 + <1‘J;IX+> ki — 2 134 kupt ks COS":'
X1 xrt

The probability that J has a wave vector K relative to I in HD * is given
by the momentum transform of the wave function for the vibrational
and rotational interactions in HD +. The probability that I is captured
by X with a wave vector £ is given by the momentum transform of the
wave function for the rotational and vibrational interactions in XTI +.

If Yo+ (K) and y¥xi+ (E) denote the Fourier transforms of the indi-
cated rotational and vibrational wave functions, the expression for the
differential cross-section is

x|t (B)|2 | gt (B) |2


file:///MhdV
file:///MxiV
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The expression for the ratio of cross-sections for the HeH + and HeD *
products complete with the constants of proportionality (3) is given
by:

OHent/THept =

I:(MHeH+MH> (MDMHeH+>]1/2 S | IPHeD*(X) | 2 | YHen" (E) | 2 sinf df
Mg+ Mp M+ My f[ Yup* (K') |2 [l//uen*' ) !2 sinf dg

where K’ and %’ indicate the HeD + product.

In order to evaluate the above expression, solutions were found for
the Schrodinger equation using the Morse potential for rotational quan-
tum number £ not equal to zero:

V() =D @1 — e 92 ¢ ({ + 1)i?/2ur,?

where D is the dissociation energy, r, is the equilibrium atomic distance of
the normal molecule, a is 0.1227 w,(u/D)"2, w, is the equilibrium vibra-
tional frequency, and u is reduced mass of the molecule. A constant
value of 0.77 was obtained for HeH */HeD * ratio in the reaction of He
with HD * ion in the v = 3 vibrational state and the £ = O rotational
state to form HeH * or HeD * in the ground states. The energy range
covered was 10-20 e.v. The data used in the calculations are given in
Table 1.

Table 1

HD~ HeH + HeD+*
D, e.v. 2.74¢ 1.931° 1.911¢
Masses 1,2 4,1 4,2
oy A. 1.060" 1.446° 1.446¢
we, M. 71 1990« 3378" 26214
we X, cm, ! 450.c 183¢ 110¢°

@ = —0.8e.v.

a Calculated from values for H:* in Ref. (6).

b Data from Anex (I).

cweXe = we2/4D.

d Isotopic substitution does not alter the force constant or the internuclear distance.

It is clear, after examining the He curve in Figure 2, that agreement
between theory and experiment appears to be good for this reaction in the
energy range studied. The calculations are being extended to the other
rare gases.
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Energy Transfer in Ion-Molecule Reactions

LEWIS FRIEDMAN
Brookhaven National Laboratory, Upton, N. Y. 11973

Experimental energy transfer processes are studied either by
investigating the velocity dependence of certain ion-molecule
reactions, the distribution of energy in reaction products, or
intramolecular isotope effects. Kinetic energy transfer is
observed in competitive dissociation reaction channels in
H D-rare gas reactions and the similar dissociation process in the
methane system yielding CH;*. In some cases the conjectured
mechanism, which requires unit reaction efficiency at every ion-
molecule collision fails because of the separation of reactant and
product potential energy surfaces near possible collision impact
parameters. The He *-O, system demonstrates the importance
of considering the nature of the interaction potential. Isotopic
studies with 3He and ‘*He show that complex formation in He *-
O; reactions provides a mechanism for transferring kinetic
energy to the neutral He product.

his discussion of ion-molecule reactions is limited to processes involv-

ing a chemical change which can be detected by mass analysis of reac-
tion products. Resonant charge transfer between ions and their parent
neutral molecules or energy transfer via inelastic collisions will not be
included. Emphasis is placed on experimental work done in the Chem-
istry Department of Brookhaven National Laboratory which has been
directed at testing a relatively simple ion-molecule reaction mechanism.
For ion-molecule energy transfer studies it is necessary to separate the
velocity dependence of the ion-molecule collision cross-section from the
velocity or kinetic energy dependence of the ion-molecule reaction cross-
section. The mechanism proposed by Gioumousis and Stevenson (G-
S) (8) is particularly attractive because the collision cross-section is
calculated directly from the Langevin (15) classical microscopic orbiting
cross-section. Gioumousis and Stevenson defined the experimentally
observed phenomenological cross-section @ as

I,

Q= W

where I, is the secondary or product ion current, and I, is the primary or
87
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reactant ion current observed at the mass spectrometer detector, n is
the concentration of neutral molecules, and [ is the reactant ion path
length in the ion source. (This definition applies only to low pressure
reactions where the ratio of I,/I, is less than 0.05—i.e., where there is a
trivial depletion of I, in the reaction.) Using a kinetic analysis and as-
suming that reaction takes place at every collision, Gioumousis and
Stevenson showed that for ions with a large kinetic energy with respect
to the energy of the neutral reactant molecule, @ is given by

eZa 1/2 2m1 —1/2
? ""”(77) (;m) 2

where e is the charge on the ion of mass m;, u the reduced mass of the
reacting system, « the polarizability of the molecule, and E is the electric
field in the mass spectrometer ion source. Stevenson and Schissler (23),
in a companion paper to Gioumousis and Stevenson’s theoretical study,
demonstrated that @’s obtained experimentally and from Equation 2
were in excellent agreement for the reaction of low energy D,* with D,
and from the standpoint of data usually obtained in kinetic studies in
good agreement for a number of ion molecule reactions in H,-rare gas
and H,-diatomic molecule systems. The Gioumouis and Stevenson model
is somewhat inadequate for higher velocity ions because of the approxi-
mation in the Langevin calculation which considers only the ion-induced
dipole interaction in the ion molecule potential energy function. Hamill
and co-workers (I, 14) attempted to account for deviations from the
G-S model in reactions of ions having kinetic energy in excess of a few
e.v. by including a term in the cross-section expression for hard sphere
ion-neutral impacts. This approach, while stimulating, was accepted
with reservations because alternative reaction channels, which were not
measured in the early experiments, could account for the observed devia-
tions from the theoretical model.

Interest at Brookhaven was stirred by the contrast between the
excellent agreement between theory and experiment for the D,+ + D,
reaction and the rather poor description provided for the H.-He and H,-Ne
systems. The H,-He system is particularly interesting because of the
relatively few particles involved in the reaction and its potential for ac-
curate theoretical treatment. The reactions of H,* or HD+* with He
will be among the first to be treated in terms of a theoretically computed
potential energy surface; comparison of experiment and theory in this
system is therefore of prime importance.

Elemental Systems

Some of the problems encountered in the mass spectrometric study
of ion-molecule reactions are illustrated in a review of the H,-He system
(25). If the spectrometer ion source is used as a reaction chamber, a
mixture of H, and He are subjected to electron impact ionization, and both
H,+ and He* are potential reactant ions. The initial problem is iden-
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tifying the reactant ions. Thermochemical considerations suggest that
Reaction 3:

Het + H, - HeH* + H 3)
is more probable than Reaction 4
H,* + He - HeH+* + H 4)

because the latter is endothermic with ground state H, * by approximately
1 e.v. while Reaction 3 is strongly exothermic (8.3 e.v.). Identifying the
reactant ion in this system is relatively straightforward because of the
marked difference in H,+ and He * ionization potentials and ionization
efficiency curves (Figure 1). The ionization efficiency curve of HeH *
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Figure 1. Normalized ionization efficiency curves for H,-He
mixtures

The ratio of HeH */H,* as a function of electron energy is plotted on the
same energy axis. Ion-accelerating voltage = 2500 volts; repeller poten-
tial = 3.12 volts; ionizing electron current = 10 pamp.
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or its dependence on ionizing electron energy follows that of H, * and falls
well below the He+ curve. The ratio of HeH +/H,+ shows less than a
5% drop for a 50% change in He * intensity; hence, only a small fraction
of the HeH* reaction can proceed via He* reactions. However, the
HeH + curve does not fall exactly on the H,+ data but is shifted upward
in the linear rise region by approximately 1 e.v. This shift in ionization
efficiency curves suggests that reaction of ground state H,* does not
occur and that only H,*, with approximately 1 e.v. of internal energy
produced in the electron impact ionization, reacts with He. For H,*
ions with less than a critical amount of kinetic energy, reaction of H,*
with less than 1.1 e.v. internal energy is not possible in the isolated colli-
sion in the spectrometer ion source.

After identifying the reactant ion, reaction cross-sections were
measured as a function of average reactant ion kinetic energy. @ experi-
mental is measured for given values of (eEl)~Y? in the spectrometer,
and experimental values of &

k = Qexp <e_El)1/2 (5)

Zm,

are determined. If the G-S model accurately describes the reaction, then
k measured at different values of repeller voltage (which gives different
values of E, the electric field gradient in the ion source) should be con-
stant. A plot of & vs. repeller voltage is given in Figure 2. The data
are presented in this way because % is identical to the thermal rate con-
stant of the reaction or the product of the velocity and the Langevin
velocity-dependent cross-section

E = 2r (‘%")”2 - go(g) ®)

where g is the reactant ion velocity, and ¢(g) = 7b,2 where b, is the impact
parameter calculated classically for an orbiting ion-molecule collision.
The decrease in k& as a function of repeller voltage above the maximum
in Figure 2 is almost a characteristic of reactions of hydrogen molecule
ions. The lower energy data which indicates a kinetic energy threshold
for the reaction is not observed in the H, * reactions with H, or as generally
as the fall-off of 2 with increasing ion energy.

The maximum value of %k is approximately 30% of the value com-
puted using theoretical rather than experimental values of the phenom-
enological cross-sections. If we assume that only H,* with sufficient
internal energy can react, then we must know the distribution of internal
energy states in H,+ to estimate the fraction of the theoretical cross-
section that should be observed in the experiment. (This assumption
is not meant to exclude very small cross-section reactions that may be
observed in which kinetic energy is transferred to internal energy in the
reactive collision. The cross-sections for reaction of internally excited
species are assumed to be an order of magnitude or more larger than
processes which require direct energy transfer.) The distribution of
vibrationally excited H,* produced by Franck-Condon electron impact
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Figure 2. Rate constant k; for production of
HEH* from H,-He mixtures plotted as a function
of repeller voltage

Values are computed from phenomenological cross-
sections using Equation 5.

Table I. Distribution of Excited H,+ Produced by Franck-Condon
Electron Impact Processes with 50-Volt Ionizing Electrons

14 % H2+
0 8.96
1 16.11
2 17.79
3 15.53
4 12.29
5 9.03
6 6.31
7 4.46
8 3.04
9 2.19
10 1.47
11 0.96
12 0.65
13 0.46
14 0.30
15 0.23
16 0.13
17 0.07
18 0.02

processes can be calculated (2) from the squares of the overlap of the
ground state anharmonic oscillator function for H, with the respective
vibrational wave functions for H,+. This calculation is made for electron
energies far exceeding the various excited ion threshold of H,* so that
excitation to a particular quantum state may be considered independent
of electron energy and determined primarily by the vibrational wave
function overlap. Results of this calculation are summarized in Table 1.
If the internal energy threshold for reaction of H,+ with He is 1.1 e.v.
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(the value computed from the heat of dissociation of HeH *, 1.68 e.v. (3)),
then reactions are permitted from states with quantum number 5 and
greater. These states comprise approximately 30% of the total H,*
produced by electron impact, in good agreement with the maximum value
observed and shown in Figure 2.

The evidence in Figure 2 for a kinetic energy threshold for reaction
of excited H,+ with He does not support the assumption of a kinetic
energy transfer process for the excitation of reactant H,* with » < 5 in
reactive collisions with He. If such processes were probable, a drastic
change in the maximum value of @ or £ might be expected. The transfer
of less than 0.5 e.v. of kinetic to internal energy would add quantum
states with » = 3 and 4 to the inventory of available H,* reactant and
increase the maximum value of & by a factor of 2.

Similar results have been obtained for the H,-Ne system (18) where
Reaction 7

H;* + Ne - NeH* + H @)
is endothermic with ground state H,+ by 0.6 e.v. and Reaction 8
Ne+ + H, - NeH* + H (8)

is exothermic by approximately 6 e.v. In this system, reactions proceed
with H,* in quantum states with » = 2, and cross-sections 75% of theo-
retical are observed if all the H,* measured is assumed to be eligible
reactant. A kinetic energy threshold and maximum is observed for the
plot of & vs. repeller voltage. Both the He-H.* and Ne-H, * systems were
found to be second-order processes at relatively low pressures in the mass
spectrometer ion source. However, in the neon systems at higher
pressures, a third-order process was found which was second order in neon
concentration and first order in hydrogen. The experimental data
showing the deviation from second-order processes is presented in Figure
3. The slight upward curvature in the pressure plot was not observed in
the lower pressure studies on H,* and He and contributes only a minor
fraction of the NeH + yield. However, it is possible to resolve the respec-
tive contributions of second- and third-order processes and determine the
excitation functions of the reactant ion in the third-order process. The
results of this study are summarized by the mechanism:

Ne* + H2 g Hz* + Ne (9)
HQ* g H2+/ + e (10)
H.* + Ne - NeH*' + H 11)

Ne* is metastable neon produced by electron impact. Ne* transfers its
excitation to hydrogen molecules. The hydrogen molecules participating
in these energy transfer collisions are produced in highly excited pre-
ionized states which ionize after a time lag sufficient to permit the initial
neon and hydrogen collision partners to separate. The hydrogen ion is
formed in the » = 5 or 6 quantum states and reacts with a second neon
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Figure 3. Plotof NeH*/Ne* as a function of Ne*
relative intensity at various repeller voltages

atom to give NeH +. The interesting aspect of this system is that the
plot % vs. repeller voltage for the formation of NeH *+ by third-order reac-
tions shows no kinetic energy threshold and a somewhat weaker fall-off
in k vs. increasing ion kinetic energy (Figure 4). Here the H,+ reacting
with Ne is excited by several quanta above the reaction energy threshold
in contrast to much of the reacting H.* in the second-order processes
with electron impact-produced H,+. These kinetic energy thresholds
violate the assumption that reaction occurs at every ion-molecule col-
lision and suggest that complexes which decompose to give reaction
products exclusively are limited to strongly exothermic reactions. In
the language of statistical rate theory, nonunit transmission coefficients
can be expected in thermoneutral or slightly exothermic decompositions
of the activated complex. Evidence from other ion-molecule processes
shows that many exothermic processes have unit transmission coeffi-
cients.
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Hz + Ne ——= NeH'*+H
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Figure 4. Plot of rate constant Kygn'+ formed in a
third-order process as a function of repeller voltage

Table II. Calculated and Observed Specific Rates of Ion-Molecule

Reactions
k X 10° cc./molecule-sec.

Reaction Systems Theory Experiment
H,-H, 2.05 2.02
HD-HD 1.67 1.67
D,-D, 1.45 1.44
H,-He 0.267 0.27
H.-Ne 0.81 0.77
HD-N, 1.49 1.47
HD-CO 1.49 1.34
HD-0, 1.48 1.26
HD-CO, 1.40 1.29
CH,-CH, 1.31 1.3

In spite of the limitations cited above in the low energy reactions of
H,*+ with He and Ne, the G-S model, which assumes reaction at every
collision, appears to be useful in studying elemental ion-molecule reac-
tions. The Langevin cross-sections set either an upper limit or good ap-
proximation to experimental cross-sections if all reaction channels are
considered and the reactant ions, including their energy states, are iden-
tified properly. Table II contains a summary of cross-sections measured
in this laboratory. The agreement between theory and experiment
in Table II constitutes a rather strong argument, but note that the model
applies only over a limited range of ion kinetic energies, and the data in
Table II are selected maximum values of experimental cross-sections
taken from relatively low kinetic energy experiments.
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Energy Dependence of Ion-Molecule Reactions

Intramolecular Isotope Effects. The data in Figure 2 clearly il-
lustrate the failure of the experimental results in following the predicted
velocity dependence of the Langevin cross-section. The remark has
been frequently made that in the reactions of complex ions with molecules,
hydrocarbon systems etc., experimental cross-sections correlate better
with an E-! than E-Y? dependence on reactant ion Kkinetic energy
(14, 24). This energy dependence of reaction presents a fundamental
problem with respect to the nature of the ion-molecule interaction po-
tential. So far no theory has been proposed which quantitatively pre-
dicts the E-! dependence, and under these circumstances interpreting the
experiment in these terms is questionable.

Intramolecular isotope effect studies on the systems HD*+ + He,
HD* + Ne, Art + HD, and Krt+ + HD (I12) suggest that the E-! de-
pendence of reaction cross-section at higher reactant ion kinetic energy
may be fortuitous. In these experiments the velocity dependence of
the ratio of XH +/XD * cross-sections was determined. The experimen-
tal results are presented in summary in Figures 5 and 6. The G-S
model makes no predictions concerning these competitive processes.
The masses of the respective ions and reduced masses of the respective
complex reacting systems are identical for both H and D product ions.
Consequently, the intramolecular isotope effect study illuminates those
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Figure 5. Ratio of isotopic product ions as a func-
tion of average reactant ion kinetic energy; He +
HD+ and Ne + HD+
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aspects of the reaction mechanism which operate after the initial orbiting
ion-molecule collision. There is one mechanism which operates in the
initial stage of the collision because of the displacement of center of charge
from center of mass in HD * or the corresponding displacement of center
of polarizability from center of mass if neutral HD reacts. If linear
collision complexes are formed and atom or ion transfer occurs in these
complexes—i.e., if a stripping mechanism dominates the ion-molecule
reaction process, then the ratio of cross-sections is given by:

oxH+ _ (Z’__—}-_Ar>2 (12)

OXD+ r — Ar

where r is the radius of the Langevin cross-section, and Ar is the shift of
center of charge from center of mass in HD * etc. The kinetic energy
dependence of the isotope effect in the stripping reaction comes in via the
energy dependence of r or the reaction cross-section. The isotope effect

I I I I I I I I
I = I/ —
xH* /V[ _
XD ¥ 1.0 I/Ij/
0.9 — ]
o Ar* +HD
o Kr¥ +HD
| ] | | | 1 |
O.BO 5
E, ¢ eV

Figure 6. Ratio of isotopic product ions as a function
of average reactant ion kinetic energy; Ar+ 4+ HD and
Kr+ 4+ HD

measured in the experiment must be corrected for all possible orientations
of HD * and X so that the calculated cross-section is reduced by approx-
imately a factor of 2 from the maximum value estimated for linear com-
plexes. This displacement isotope effect is minimal for low energy
(large cross-section) ion-molecule reactions. The XH*/XD * ratio is
always greater than unity and increases with increasing reactant ion
energy. There is a real upper limit for this isotope effect determined by
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the minimum value of r practically achieved in ion-molecule collisions
without the complete destruction of all product ions. In the range of
energies accessible in most mass spectrometer experiments, XH +/XD +
from the displacement isotope effect is less than 2.

Isotope effects which give .ratios of XH +/XD * less than unity are
perhaps more interesting from the standpoint of energy transfer in re-
active collisions. If a collision complex between an inert gas X and HD +

X

is formed with structure H D+, then there will be competitive
paths of unimolecular decomposition which in turn depend on the heat
of reaction and the magnitude of kinetic to internal energy transfer.
The experimental data for the rare gas systems were fitted by the solid
lines in Figures 5 and 6 by assuming that both displacement and uni-
molecular decomposition isotope effects operate in these reaction systems
and that 10% of the reactant ion kinetic energy is converted to internal
energy in the reactive collisions. This assumption may seem to run
counter to the argument put forth in the study of H,+-Heand H,+ + Ne
reactions that internal energy is required for a reactive collision. But
the conflict is eliminated if the distinction between energy transfer in a
reactive collision and the necessary condition of sufficient internal energy
for a reactive collision is recognized. (Energy transfer in a reactive
collision may take place by the direct excitation of vibration in an im-
pact of a relative high velocity ion with a molecule or the excitation of
rotational energy states in the orbiting ion-molecule collision, with rota-
tional energy relaxing into an equilibrium distribution of vibrational and
rotational excitation. This can happen in a potential well on the saddle
surface which defines the activated complex or in an impulsive collision
as the reactants traverse a convex saddle surface. The probability of the
reactive collision is determined by the approach of the reactants to the
saddle surface. The successful approach requires that the reactants have
sufficient energy to surmount the energy barrier determined by the ele-
vation of the saddle surface above the reactant valley. If more than this
energy is available as internal energy in the reactants then for all practical
purposes the approach is “down hill.”” If the conversion of kinetic to
internal energy is required, then the process is ‘“‘uphill”’ with a high
probability of reflection back onto the valley for many reaction systems.
Consequently, processes which require kinetic to internal energy trans-
fer in reactive collisions are expected to have much smaller cross-sec-
tions.) The assumption of kinetic energy transfer was required to ac-
count for the maxima in XH */XD + shown in Figure 5. These maxima
cannot be accounted for by the unimolecular decomposition or displace-
ment isotope effect. They were explained by considering the effect of
kinetic energy transfer on the probability of product ion decomposition.
Maxima were not observed in the Ar+-HD or Kr*-HD reactions where
the fraction of kinetic energy available for conversion into internal energy
is considerally smaller than for the He and Ne reactions. Two other
factors militate against the decomposition of ArH+ and KrH+. These
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reaction products are more strongly bound than HeH+ and NeH *, and
ArH+ and KrH+ are formed by reaction of atomic ions incapable of
vibrational excitation, i.e.—Ar* 4+ H,. This latter factor makes it pos-
sible to decompose approximately 15% of the HeH + formed with the
transfer of 0.38 e.v. from HD + kinetic energy. The zero point energy
difference between HeH+ and HeD * requires transfer of 0.43 e.v. to
decompose a similar amount of HeD *. The details of the analysis of the
product decomposition isotope effect which gives rise to maxima in the
XH+/XD * ratios as a function of HD * kinetic energy will not be re-
viewed here. The important point is that experimental evidence for the
decomposition of product ions has been found in the isotopic reactions,
and this evidence is found in those reaction systems where the Langevin
energy dependence of reaction cross-section is not found experimentally.
This correlation suggests that the failure in agreement between experi-
ment and theory arises primarily from the failure to include the products
of all reaction channels in the experimental data used to calculate the
experimental cross-sections. Thus, the observed fall-off in cross-section
with increasing ion kinetic energy for reactions of H,+ with H,, H, or Ne
is associated with the competitive or subsequent processes of product
decomposition aided by kinetic to internal energy transfer in these re-
actions.
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Figure 7. COH +/COD * ratio as a function of reactant
ion average translational energy in a CO-HD mixture

Accelerating voltage, 2500 volts and ionizing electron current,

10.5 uwamp. Closed circles are data taken at 95-.e.v. electron

energy with data at 200 e.v. given by the open circles. The smooth
curve is the calculated COH +/COD +* ratio.

Intramolecular isotope effects were studied in the systems N,-HD,
CO-HD, 0,-HD and CO.-HD (20). Product decomposition directly
associated with rupture of OH or OD bonds was not observed in these
reactions. Isotope effects in decomposition processes which gave OH *
or OD* from reactions of O,* with HD and COH+* or COD* from
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CO, +-HD reactions were not large enough to shed light on ion-molecule
reaction mechanisms. However, the correlation cited above related to
energy transfer and product decomposition did hold in these systems.
Only minor deviations were observed from the theoretical energy de-
pendence in these ion-molecule reaction cross-sections. Intramolecular
isotope effects for the more exothermic processes were almost completely
accounted for by the displacement isotope effect. Comparison of calcu-
lated and experimental ratios of ABH */ABD * for CO-HD reactions are
given in Figure 7. The N,H +/N,D + ratios produced in the least exo-
thermic reaction of the set studied were fitted, assuming that 5% of the
kinetic energy of N, *+ was converted to internal energy and that competi-
tive unimolecular decomposition and displacement isotope effect oc-
curred. The AB-HD reactions demonstrate the complexity in identi-
fying the energy distributions on reactant ions since both electronic
excited states and vibrational distributions must be considered in identi-
fying potential channels of reaction. The available photoionization
data and vibronic distributions computed from squares of overlap inte-
grals provide sufficient information to account for the observed reaction
cross-sections.

Energy Dependence of Cross-Sections

Reactions of Complex Ions. For reactions of systems containing
H; or HD the failure to observe an E-'? dependence of reaction cross-
section was probably the result of the failure to include all products of
ion-molecule reaction in the calculation of the experimental cross-sections.
For reactions of complex molecule ions where electron impact ionization
probably produces a distribution of vibrationally excited states, kinetic
energy transfer can readily open channels which yield products obscured
by primary ionization processes. In such cases an E-" dependence of
cross-section may be determined; frequently n = 1 has been found.

The methane system is an interesting example of this problem and is
probably typical of many hydrocarbon ion-molecule reactions. Figure 8
shows results obtained in several early investigations (4, 14, 24) of Re-
action 13.

CH4+ -|- CH4 - CH5+ + CHs (13)

This reaction was considered the only reaction channel because it is the
only known channel which is exothermic with ground state CH,* ions.
Reactions yielding C,H;* and C,H,;* have been observed and are the
least endothermic of the possible reactions of CH,* with CH,. How-
ever, ionization efficiency curves establish CH;+ rather than CH,* as the
reactant ion. Reaction 14:

CH,+* 4+ CH, - CH;* + CH; + H, (14)

requires approximately 1.4 e.v. and is difficult to detect because of the
rather large yields of CH;* produced directly from CH, in the electron
impact ionization.
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Figure 8. Review of data in the literature on the velocity
dependence of the reaction CH,+ + CH, — CH;* 4 CH,

Solid line gives values calculated for Langevin orbiting cross-sections.

T T T

48

eEl=1.3ewv.
o

ark -

eEl=2.6ewn

46 .

o eEl=I0lev.
45 - N

1 | 1

0 0.5 1.0 1.5
n

CONCENTRATION OF MOLECULES X 10713

MASS 16/ TOTAL ION CURRENT
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of methane in the mass spectrometer ion source for
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Recently, the CH,*CH, reaction has been investigated (9) by
measuring the CH,+ disappearance cross-section rather than CH;*
formation cross-sections. Results of this work are shown in Figure 9.
Two mechanisms cause a loss of CH,+ jons from the total ion yield in the
methane mass spectrum. There are loss processes in the ion source
which generate new ions, CH;*, and possibly other products. Other loss
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mechanisms are those which destroy CH,* in the mass spectrometer
analyzer tube, collision-induced dissociation processes (18), or resonant
charge transfer with thermal CH, molecules, etc. Tube and source
processes can be separated by studying the ion repeller or reactant ion
energy dependence of total loss processes while holding all other variables
constant. Data taken in this type of study are presented in Figure 10
along with a set of independently measured CH;* formation cross-sec-
tions. Extrapolating the plot of CH,*+ loss cross-section vs. (eEl)~'*
gives an intercept which measures the contribution of tube losses. Sub-
tracting this component yields loss cross-sections which are in excellent
agreement with the solid line in Figure 10, calculated from the Langevin
cross-section for the system CH,*-CH,.

The question of which channels account for the difference between the
observed CHj; *+ cross-section and the CH, * loss is illuminated by studying
the isotopic system CH,-CD,. When mixtures of CH, and CD, were
subjected to electron impact, a pressure dependent yield of CH,D*
was observed which established the reaction mechanism:

CH,* + CH, — CH;* + CH; (15)
N
CH,* + H.

Here again there is evidence that vibrationally excited CH.* can react
with some kinetic to internal energy transfer and produce ions which

T T
CH; + CH, SYSTEM
EXPERIMENTAL CHg+ FORMATION CROSS-
SECTION
— THEORETICAL REACTION CROSS-SECTION

EXPERIMENTAL TOTAL
100 - A DISAPPEARANCE CROSS-SECTION
OF CHJ

CROSS-SECTION Q(A?)

1 1
0.5 1.0 1.5 ev.”’2
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Figure 10. Comparison of the velocity dependence of the disappear-

ance cross-section of CH.*, formation cross-section of CH;*, and

Langevin orbiting collision cross-section, all as a function of recipro-
cal average kinetic energy of ions in the mass spectrometer source
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cannot be formed in isolated collisions of ground state molecule ions and
neutral molecules. If the ratio of the observed CH;* cross-section to the
theoretical value for reaction 15 is plotted as a function of energy (Figure
11), this ratio extrapolates back to a value close to unity for reaction of
thermal ions. The role of internal excitation in CH,* is demonstrated
in a similar plot for reactions produced from CH,*, ionized by impact of

T T T T T
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® ~|3.5 VOLTS ELECTRON ENERGY

CROSS-SECTION

(EXPERIMENTAL/THEORETICAL)

0.2 b

1 1 1 1 1
1.0 2.0 30 4.0 5.0
AVERAGE TRANSLATIONAL ENERGY-—eV.

Figure 11. Ratio of experimental values of formation
cross-section of CH;* to calculated Langevin cross-section
for collision of CH,* with CH, as a function of average
ion kinetic energy
Data taken for two different internal energy distributions in CH4*
produced by ionization with 13.5- and 80-volt ionizing electrons,
respectively.

13.5 e.v. electrons. In this case CH;* is produced close to the ionization
threshold, and more product CH;+ is observed in low kinetic energy ion-
molecule reactions. The similarity between reactions of H,* with He
giving eventually H+ + H and He and reactions of CH,* with CH,
can be noted. Both processes require kinetic to internal energy transfer
and vibrationally excited reactant ions. Both processes are accurately
described by the Giomousis-Stevenson model over most of the range of
reactant ion kinetic energy investigated.

Small Cross-Section Ion-Molecule Reactions

A necessary condition for jon-molecule reactions that has not been
considered thus far is that of continuity between reactant and product
potential energy surfaces. Many reactions of ions and molecules take
place with/a transition from one potential energy surface to another.
If no suitable crossings between the respective surfaces exist, then obvi-
ously orbiting ion-molecule collisions cannot produce chemical reac-



Published on January 1, 1967 on http://pubs.acs.org | doi: 10.1021/ba-1966-0058.ch007

7. FRIEDMAN Energy Transfer 103

tions. A case in point is the He+-H, system. Several experimental
studies (7, 10) report relatively small cross-sections for Reaction 16.

He+ + H, » H+ + H + He (16)

Since the observation made in study of the formation HeH * indicated
that this product was not formed by reaction of He * with H,, it had been
assumed that the exothermic heat of reaction of He+ ions with H, is
probably deposited in the product HeH * as internal energy, decomposing
the product into H* and He. This idea was cited by Light (16) in his
phase space theory of ion-molecule reactions to account for the failure to
observe HeH * from reactions with He* ions. The experimental diffi-
culty in the mass spectrometric investigation of this process is that H+
formed by electron impact tends to obscure the ion-molecule—produced

H+ so that a sensitive quantitative cross-section measurement is diffi-
cult.

o D* IN HD-Ne MIXTURE
x D' IN HD-He MIXTURE —
o D' IN HD

D+

NORMALIZED ION INTENSITY, ARBITRARY UNITS

o ] ] 1 1 1 L L1 ] I 1
5 10
NEGATIVE REPELLER VOLTAGE (VOLTS)

Figure 12. Negative repeller study on mixtures of HD
+ He and HD + Ne

The problems of distinguishing H+ produced from H. by electron
impact from the product of dissociative charge transfer reactions between
He*+ and H; can be studied by determining the kinetic energy distribution
in the product H* (6). The reaction He*+ 4 H, is exothermic by 6.5
e.v. if the products are atoms or atomic ions. If the reaction is studied
with HD substituted for H,, then the maximum kinetic energy that can
be deposited in the D * is approximately 2.16 e.v. On the other hand,
D + can be produced by electron impact with 5.5 e.v. kinetic energy. If
a retarding potential is applied at the repeller in the ion-source of a mass
spectrometer, then it is possible to obtain curves related to the kinetic
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energy distribution of D+ produced directly by electron impact on HD
and by dissociative charge transfer from He*+ reactions. Data showing
the experimentally observed distributions measured this way are shown
in Figure 12. First we determined the D+ ion yield as a function of re-
tarding voltage; then we added He to the ion source and redetermined
the D + distribution, normalizing the D + distributions to the same rela-
tive ion intensity well above 2.16 e.v. Since the relative yield of D *
from HD by electron impact is of the order of 1% of the total ion yield,
this technique should sensitively reflect an increment in D* produced
by relatively low energy He*-HD reactions. The superposition of the
D+ kinetic energy distributions measured with and without He in the
spectrometer ion source allows one to set an upper limit of 0.6 sq. A.
for the He*-H, dissociative charge transfer cross-section. This limit is
less than 1% of the microscopic Langevin orbiting cross-section. Figure
12 also shows a small reaction cross-section between Ne+ and HD, which
is of the order of 1% of the Langevin cross-section. These results dem-
onstrate an additional limitation on the assumption that exothermic ion-
molecule reactions take place at every ion-molecule collision. In the
He+ and Ne+ dissociative charge transfer processes with H,, heats of
reaction are 6.5 and 3.5 e.v., respectively, and the experimental evidence
shows that most low energy ion-molecule collisions are limited to elastic
scattering processes. These conclusions were strongly supported by
Krauss and Mies (13) who calculated potential energy surfaces for the
He*-H; and H,*-He systems and demonstrated that indeed there were
no crossings within the range of low energy ion-molecule interactions.
Whether this phenomenon of separated surfaces is relatively unique and
limited to the small molecules He, Ne, and H, remains to be seen. The
problem of surface crossings should be considered if an exhaustive
search for ion-molecule reaction channels indicates small reaction cross-
sections.

Dissociative Charge Transfer Reactions

Using a retarding potential in the ion source is particularly useful
in studying energy transfer in dissociative charge transfer ion-molecule
reactions. The He *-O, system is of particular interest to the atmospheric
scientist because of its bearing on the mechanism by which helium escapes
the earth’s atmosphere. The problem that has challenged many investi-
gators is to establish a mechanism by which He atoms or He* ions are
given sufficient kinetic energy to escape from the earth’s gravitational
field (17). Nicolet (22) noted that the estimated rate of escape of helium
was similar to the rate of He photoionization. Thus, the primary
mechanism of energy input is suggested, but it is clear that the photo-
ionization process does not directly perturb the He kinetic energy distri-
bution. If, on the other hand, He* reacted with oxygen, Hansen (11)
suggested that Reactions 17 and 18:

Het + O, - HeO+ + O (17
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HeO* + e — He + O (18)

could occur, and the dissociative recombination process could give prod-
ucts with enough kinetic energy to permit He escape. Fite and co-
workers (5) searched for HeO * experimentally and did not find it in mass
spectrometer studies of afterglow. The possibility of HeO* as a tran-
sition species in these experiments was not ruled out.

The technique of measuring the O+ kinetic energy distribution
produced by reaction of He+ and O, showed promise for establishing the
existence of HeO+. Experiments with He® and He* isotopes and O
were carried out in the ion source of a mass spectrometer. Retarding
potential curves for O + in the two systems were determined, and the com-
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Figure 13. Retarded ion curves for O* resulting from
SHe*+-O, and *He*-O, interactions

Normalized ion intensities are plotted as a function of retarding volt-
age. The unlabeled curve gives the observed kinetic energy distribu-
tion for reactant 3He and ‘He ions (shaded and open squares).
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ponent of O+, produced by electron impact on O,, was subtracted from
both studies. The data obtained from these studies are shown in Figure
13, which shows a significantly smaller average value of kinetic energy
deposited in O * in reactions of He?® with O,. If the reaction mechanism
were one of resonant charge transfer followed by dissociation, the He *3
and He*+* isotopes would deposit almost identical amounts of energy in
0,, which could dissociate into O + and O in their respective ground states
with 2.93 e.v. kinetic energy in both O+ and O. The difference between
the O+ kinetic energy distributions obtained with He*? and He ** pro-
vides strong evidence for the mechanism which proceeds via HeO*
with He*O+ decomposing and leaving behind a lower velocity O*. The
kinetic energy shift observed in the isotopic reactions and magnitudes of
the observed energy distributions which correspond to about 1 e.v. mean
kinetic energy also support this conclusion. This mechanism produces
He atoms with sufficient kinetic energy to escape the earth’s gravitational
field.
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Effect of Translational Energy on Ion-
Molecule Reaction Rates

JEAN H. FUTRELL and FRED P. ABRAMSON

Aerospace Research Laboratories, Wright-Patterson Air Force Base, Ohio
45433

The kinetic energy dependence of ion-molecule reaction rates is
reviewed from both experimental and theoretical viewpoints for
typical systems. At low energy the theory of Gioumousis and
Stevenson is an adequate framework when suitably modified to
reflect characteristic properties of a given system. At higher
energies it is necessary to invoke orientation effects appropriate
to stripping mechanisms to rationalize experimental data.
New information on energy dependent isotope effects and
multiple dissociation paths for intermediate complexes pro-
vide suitable criteria for distinguishing the two fundamental
mechanisms and also demonstrate the efficient conversion of
translational energy into internal energy. On the basis of
these results, certain particularly important areas for future
research are suggested.

on-molecule reactions are of great interest and importance in all areas
of kinetics where ions are involved in the chemistry of the system.
Astrophysics, aeronomy, plasmas, and radiation chemistry are examples
of such systems in which ion chemistry plays a dominant role. Mass
spectrometry provides the technique of choice for studying ion-neutral re-
actions, and the phenomena of ion-molecule reactions are of great intrinsic
interest to mass spectrometry. However, equal emphasis is deservedly
placed on measuring reaction rates for application to other systems.
Furthermore, the energy dependence of ion-molecule reaction rates is of
fundamental importance in assessing the validity of current theories of ion-
molecule reaction rates. Both the practical problem of deducing rate
parameters valid for other systems and the desire to provide input to
theoretical studies of ion-molecule reactions have served as stimuli for
the present work.
With these ends in view, one of the principal objectives of research
in ion-molecule reactions is to determine the dependence on ion kinetic
energy of ion-molecule reaction rates. In the classical measurements of

107
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ion-molecule reaction rates by pressure dependence, the quantity deter-
mined is the phenomenological cross-section

Q = @) 'InQ + I,/1,) 1)

where I; and I, are the secondary and primary ion currents, n is concen-
tration of molecules, and [ the ion path length. @ is also the average over
the ion path length of the microscopic cross-section,—i.e.,

l
Q =1 f olvi(x) dx )

where ¢ is the microscopic cross section and v;(x) is the ion velocity at
point x. It isassumed that thermal motion of the molecules is negligible.
For an interaction potential of the form ¢ = —e2a/2r4, where e is the
electronic charge, o the polarizability of the neutral, and r the internuclear
distance, one deduces an 1 /v dependence for ¢. (Light (36) has developed
a more general equation for the dependence of phenomenological cross-
section on energy which does not assume o ~ v~1) Only for this case,
therefore, is the specific reaction rate constant, k, equal to Q. Thus, a
rate constant measured at moderate field strengths in a conventional mass
spectrometer experiment may be used with confidence for other con-
ditions only if one knows that the v—![or E ~V/2] dependence of ¢ is valid.

Much of the research relevant to establishing the energy dependence
of ion-molecule reaction rates has been done with other goals in mind.
In addition, however, systematic studies of kinetic energy effects have
been undertaken by Hamill (4, 30, 46, 63), by Friedman (29, 47, 49, 67),
by Giese and Maier (14, 15, 16, 17), and more recently by this laboratory
(66, 57). This review draws together details on various aspects of this
problem and discusses them in light of new experimental information
and theoretical considerations. No comprehensive review of the litera-
ture on this topic is implied since the authors wish to illustrate primarily
their own current thinking on this subject.

Theory

Almost all discussions of ion-molecule reaction rate theory begin
with the model invoked by Gioumousis and Stevenson (18). This theory
is based on the Langevin model of the orbital dynamics between a point
charge and a shapeless, polarizable molecule at rest. The interaction
potential is that of a point charge in an induced dipole field existing
between the charged and neutral particles. By balancing a centrifugal
barrier against the attractive potential, an expression is derived for the
impact parameter for intimate collisions beyond which no bounded orbits
occur. It is assumed that chemical forces become operative for such inti-
mate collisions, driving the ion-molecule reaction to completion. The
resulting expression for reaction cross-section is

d(E;) = w(2ea/E )2 3)

where e is the electronic charge, a the polarizability of the molecule,
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and E, the translational energy of the reduced mass of the collision
partners in center of mass coordinates.

Obviously, one of the shortcomings of this theory is that it is formu-
lated for point-particles, and for high relative velocities the gas kinetic
cross-sections of the collision partners will exceed their Langevin cross-
sections. Hamill and co-workers (4, 30) have introduced a correction
term to the Gioumousis-Stevenson theory which includes such a ‘“hard-
core’”’ cross-section. Above E,, the transition energy above which the
gas kinetic cross-section dominates the reaction, this formulation pre-
dicts an E ! dependence of cross-section on translational energy instead
of the E —!/2 dependence computed for low translational energy. A simi-
lar E —! dependence at higher relative kinetic energy is deduced from a
more elaborate treatment by Light and Horrocks (35) of hard-core
collisions.

Theard and Hamill (63) and Moran and Hamill (46) have further
elaborated the Gioumousis-Stevenson theory by considering reactions of
ions with neutrals having permanent dipoles. In the low energy region
where the dipole orients along the ion-neutral vector (i.e., minimum
potential energy configuration) an ion-dipole cross-section,

op = meu/E, 4)

where u is the dipole moment, and the other terms are as defined pre-
viously, is added to the Langevin cross-section. At slightly higher
energies the ion transit time becomes comparable with rotational periods
of the molecule, and at still higher ion velocities the permanent dipole
term is averaged out. A more elaborate quantum mechanical treatment
which includes rotational energies and both linear and symmetric-top
molecules is given by Dugan and Magee (7). At still higher energies
the gas kinetic cross-section in this formulation again becomes the dom-
inant feature.

A complete description of ion-molecule reaction involves the kine-
matics of both formation and decomposition of the bimolecular complex
[PM+*].

P+ + M — [PM+] - S+ + N (5)

Various factors involved in both steps have been considered explicitly
by Friedman and colleagues (29, 47, 49, 54, 67) to rationalize isotope
effects in these reactions. Their treatment involves orientation effects,
displacement isotope effects, and dissociation isotope effects in order to
account for observed results. Stevenson and Schachtschneider (59)
have also presented a treatment of decomposition isotope effects.
Rosenstock (55) pointed out that the initial formulation of the theory
failed to consider the effect of angular momentum on the decomposition
of the complex. The products of reaction must surmount a potential
barrier in order to separate, which is exactly analogous to the potential
barrier to complex formation. Such considerations are implicit in the
phase space theory of Light and co-workers (34, 36, 37). These restric-
tions limit the population of a given output channel of the reaction com-
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plex. To the approximation that resonance effects, charge-dipole,
and quadrupole interactions may be ignored, the Langevin cross-section
is taken as the cross-section for complex formation. Calculating the
probability of a given product then follows from the calculation of the
phase space available to all nondissociative vibrational states of a given
product channel. Wolf (74) recently extended this treatment to in-
clude 10 output channels for selected three-body reactions as a function
of kinetic energy. The various reaction paths considered for the com-
plex included scattering, charge transfer, and dissociation as well as
ion-molecule reactions.

The phase space theory in its present form suffers from the usual
computational difficulties and from the fact it has thus far been developed
only for treating three-body processes and a limited number of output
channels. Further, to treat dissociation as occurring only through
excitation of rotational levels beyond a critical value for bound vibrational
states is rather artificial. Nevertheless, it is a useful framework for
discussing ion-molecule reaction rates and a powerful incentive for further
work.

The approaches discussed so far, with the possible exception of
Friedman’s displacement isotope effect and of Light and Horrock’s
collision model, refer only to strong coupling collisions. In these col-
lisions it is assumed that thorough mixing occurs, and all information
about initial configuration is lost. For exothermic ion-molecule reactions
at low kinetic energy, the long range strongly attractive forces make
such strong coupling collisions plausible.

At high impacting ion energy the requirements of the strong coupling
model are not fulfilled, and a different reaction mechanism becomes
operative. Binding energies of atoms become negligible in this approxi-
mation, and a hard-core collision model is appropriate. Light and Hor-
rocks (35) have advanced a model for the generalized stripping reaction

—_

{1} +{2,38) - {1,8) + {2 ®)

which was discussed earlier. It is anticipated from the molecular
dynamics involved that such a reaction is most important when m; ~ m..
An alternative scheme, which may be termed “spectator stripping,”’ was
proposed by Henglein, Lacmann, and Jacobs (23) for certain high energy
ion-molecule reactions. It may be formulated:

(1} + {2,8) > {1,3] + {2} @

in which target atom 3 is considered quasi-free, and atom 2 does not
participate in the reaction. Data for N,+, H, and Ar+, H, have been

‘obtained which support this hypothesis (31, 32). Both stripping models

lead to very large kinetic isotope effects, approaching « as a limit.

Experimental Techniques

There are several methods for studying the effects of translational
energy on ion-molecule reactions. The first class of experiments uses
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conventional single stage mass spectrometers. The ion source of such an
instrument is shown schematically in Figure 1. The simplest of these
techniques involves examining the products of reaction at different
repeller potentials—i.e., with different electric field gradients within
the source. By varying the voltage on the repeller, the average ion
energy may be altered. Friedman and Hamill have used this method
extensively (4, 54). Because the ions are formed in an electric field
and react throughout the distance between the electron beam and the
exit slit of the source, however, the energy at which the ions react cannot
be determined directly. In fact, such an experiment allows ions to react
at any energy between thermal and the calculated exit energy, and the
results should be considered as representing some average value between
these experimental limits. Because the reaction cross-section normally
decreases with energy, these experiments tend to emphasize low energy
reactions.

In order to minimize this problem, Ryan (57, 58) combined the pulse
techniques of Tal’roze (61) with a small continuous repeller field. In
this operation, a cluster of ions is formed by a short ionizing pulse and is
allowed to react under the influence of a small d.c. field for a certain
time. The reaction is then quenched by applying a large (80 volts/cm.)
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Figure 1. Schematic diagram of conventional electron impact ion
source
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repeller pulse superimposed on the d.c. repeller field. In this way, the
energy spread of the ions is caused only by the finite duration of the ion-
izing pulse and the magnitude of the repeller field. This nearly mono-
chromatic ion “bunch’ is then accelerated by the impressed repeller
field and receives an amount of kinetic energy depending upon the dis-
tance it has traveled before the reaction is quenched. By studying a
reaction as a function of time, one may observe the effects of translational
energy. A plot of the ratio of product to reactant ion as a function of
delay time gives information on the specific rate constant and its energy
dependence. The derivative of this curve is the product of the concen-
tration of the neutral reactant and the rate constant at delay time = and
may be used to deduce & as a function of 7. The mean energy of the ion
bunch is simply related to 7; hence, k as f(E) is derived easily from these
data.

Another modification of a single-stage mass spectrometer was initially
devised by Cermak and Herman (5). In this configuration, the potential
between the filament and the block is kept below the ionization potential
of the gas.  The potential between the block and anode is then adjusted
so that the energy of the electrons is sufficiently high to cause ionization
in the anode region and to accelerate those ions back into the source
region. By varying the anode-block potential, the average kinetic
energy of the primary ions may be adjusted. Because of their transverse
velocity component, at low repeller fields the observed spectrum will
consist entirely of secondary ions. This method is well suited to studying
charge transfer reactions and certain types of ion-molecule reactions.
If ion-molecule reactions involve a significant amount of momentum
transfer, however, severe discrimination against that product is expected.

o 4 90°
EC
Figure 2. Schematic of ARL tandem mass spectrometer

GAS

QL = quadrupole lens, EC = displaceable electrometer collector, M1,
M2 = magnetic sectors, and D1, D2 = ion detectors

Hence, reactions which proceed via complex formation or stripping reac-
tions involving transfer of a relatively massive moiety either are not
observed or are registered at grossly distorted intensities. An additional
complication is that elastic or nonreactive scattering collisions may allow
a primary ion to be detected as a secondary ion. Simple charge transfer
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reactions and proton transfer reactions are therefore the classes of ion-
neutral interaction most appropriately studied by this technique.

A considerably more complex method for studying the effects of
translational energy involves the use of tandem mass spectrometers. In
these experiments the first mass spectrometer serves as the ion gun for
a second mass spectrometer which analyzes the reaction products. Be-
cause of the physical separation of the ionization region and reaction
chamber, several parameters may be varied independently. The
reactive ions are generally mass selected and also may be accelerated or
decelerated to the kinetic energy desired. The reactant ion-product ion
relationship is given directly and unambiguously. The earliest tandem
mass spectrometer was built by Lindholm (38). Since then several
instruments have been constructed to study the effects of translational
energy (11, 15, 28, 33, 64, 65, 68, 73). Figure 2 shows a new tandem
mass spectrometer constructed at our laboratories for studying ion-
molecule reactions. This instrument is unique inasmuch as the double
focusing feature of the ion gun permits adjustment of the energy spread
of the primary ion beam by adjusting the electric sector slit designated
Bin Figure 2.

In general, the primary beam is extracted from some ionization
region, mass selected, and then decelerated or accelerated before passage
into the reaction chamber. On most of the smaller instruments (15, 72),
low (below 10 volts) primary acceleration potentials are used so that the
beam may enter the reaction chamber with little if any change in kinetic
energy. Such instruments often suffer from inadequate primary ion
mass resolution; hence, for gases which have several abundant isotopes
it is necessary to use an isotopically enriched gas. In larger machines,
primary ion kinetic energy decreases up to 1000-fold by using a strong
focussing deceleration lens system. The exact details of these lens sys-
tems have been described in other articles (11, 20).

The low energy ions leaving the reaction chamber are re-accelerated
for conventional mass analysis. Many of these instruments use a pair of
quadrupole lenses (13) following re-acceleration to increase the intensity
of secondary ions. Such a lens system is particularly well adapted to
this application because of its large physical size and strong focussing
properties.

There are two basic types of tandem machines; transverse and in-
line. The transverse instruments (28, 33, 68, 72, 73) are designed to
discriminate strongly against mass transfer processes and therefore
favor collection of the products of charge transfer reactions. Even with
this geometry, however, mass transfer products may be observed at low
translational energies. It is also possible (27, 72) to use higher than
normal repeller potentials to extract the primary beam from the reaction
chamber along with those secondaries which result from mass transfer
reactions. By using the in-line configuration, as in the ARL and Giese
designs, the products of mass or momentum transfer processes may be
observed more efficiently.
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Henglein (23) has constructed a machine for studying stripping
reactions which does not fall into any of the above categories. It con-
sists of an ion gun followed by a flight tube which also serves as a reaction
chamber. A velocity selector scans the ions which have suffered little
or no change in direction, and energy analysis of the secondary ion beam
is used to deduce cross-sections and reaction mechanisms in chosen simple
cases.

Results and Discussion

Rare-Gas-Hydrogen Reactions. Ion-molecule reactions in the
rare gas-hydrogen system are of great interest both theoretically and
experimentally. The properties of the reactants and products are well
known or may be calculated, and the properties of the intermediate three-
body complex pose a tractable theoretical problem. Systematic studies
of cross-section energy dependence and isotope effects in these systems
have been undertaken by Friedman and co-workers (29, 47, 49, 67), by
Koski and co-workers (2, 3), and by Giese and Maier (15, 16).

The experimental data of Friedman show a strong energy dependence
of ¢ on ion velocity for the endothermic reactions,

H,+ + He - HeH+ + H 8)
H;* + Ne - NeH+ + H 9)

and both reactions appear to exhibit an energy threshold (0.35 e.v. for
HeH+ and 0.18 e.v. for NeH+). Also in both cases the exothermic
complementary reactions

He+ + H, - HeH+ + H (10)
Ne+ + H, - NeH* + H 11)

have negligibly small cross-sections. The energy threshold is considered
in detail by Moran and Friedman (47), who suggest that enforced dipole
radiation may occur during the lifetime of the collision complex. This
translational energy effect has not yet been confirmed in beam experi-
ments (17) perhaps because it is difficult to obtain low energy H,™* ions
in useful quantities. A striking success of the phase space theory (37)
is the rationalization of both the energy threshold and isotope effects
in these reactions without recourse to arbitrary parameters.

The argon-hydrogen and krypton-hydrogen systems are distin-
guished by the fact that the reaction occurs with comparable cross-
sections via both hydrogen molecule ion and rare gas ion reactants—
namely,

Ar+ 4+ H, » ArH+* + H (12)
H,* + Ar — ArH+ + H 13)

for argon. Since new preliminary data are available for this system, it
will be discussed in some detail.
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Figure 3. ArH+*/ArD+ as a function of Ar+ energy

(®) Data of Klein and Friedman (29), (A) Data of Henglein, Lacmann, and
Knoll (24)

Our data for the isotope effect in the abstraction reaction, Reaction
12, as a function of Ar+* energy are plotted in Figure 3, which includes
data of Klein and Friedman (29) and Henglein, Lacmann and Knoll
(24) for purposes of comparison. The agreement is considered good in
view of the different nature of the experiments involved. Klein and
Friedman used a single-stage instrument, and the data should be cor-
rected for the complementary reaction, Reaction 13. Insufficient data
are given, however, for use to make the appropriate correction. Hen-
glein et al. use a high energy argon beam and energy analysis only of the
secondary ions. Our data are obtained with a tandem mass spectrometer
described elsewhere (11) and agree with data of Berta, Ellis, and Koski
2).

The large isotope effect observed at high ion energy is explained by
Henglein (24, 31) as a “‘spectator stripping” reaction in which it ulti-
mately becomes bound. The pronounced isotope effect results from the
dissociation of product ions when the internal energy deposited in the
product exceeds its dissociation energy. By considering conservation of
energy and momentum, one may write for the “free atom’” or ‘‘spectator
stripping’’ model:

m;

By = Epr — 21—
MAr+ + m;

— AH (14)

where E; is the energy deposited in the argon hydride ion product,
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E..+ is the bombarding ion energy, m, the mass of the target atom, and
AH is the heat of the reaction. For a stable product to form, it is nec-
essary that E; < D (ArH%), the dissociation energy of the argon hydride
ion. Taking D (ArH™) as 3.03 e.v. (48) and AH = 1.2 e.v. (29), one
can calculate E..x(ArD+) = 38 e.v. and E...(ArH+) = 75 e.v. From
this model then one would expect a kinetic isotope effect of infinity above
38 e.v. impacting ion energy. Clearly our data do not support the strict
application of the stripping theory at high energy since both reactions
persist at an energy which is higher than anticipated by these consider-
ations. However, the theory is supported in a qualitative sense, and
stripping with participation of the nonreacting partner (not involving
complex formation) seems to be the only acceptable way of explaining the
large isotope effect which is observed.

At low energies the moderate isotope effects observed agree well
with the data of Klein and Friedman (24) who have satisfactorily ex-
plained their results as a combination of isotope effects. The separation
of center of mass from center of polarizability in HD produces a con-
figuration isotope effect because of the resulting difference in activation
energies for XDH + and XHD + complexes. A vibrational isotope effect
is involved in the decomposition of the triatomic complex because of the
differences in zero-point energies of the probable transition states.
Finally, an isotope effect in the dissociation of product ions becomes in-
creasingly important with increasing kinetic energy of the reactant ion.
A consideration of these effects and a superposition of a stripping model
at still higher energies will account for the data in Figure 3.

An attempt to generalize results for this system is further compli-
cated by considering Reaction 13. Data on the isotope effect for both
Reactions 12 and 13 are presented in Figure 4 as a function of kinetic
energy in center-of-mass coordinates. Qualitatively, the isotope effects
are similar, and the results can be rationalized correspondingly. How-
ever, the results are rather different quantitatively, and the abstraction
and hydron transfer reactions in this system, as noted by Giese and Maier
(15), seem to fall into two distinctively different classes. (We suggest
the generic term “hydron’ to represent any of the isotopic hydrogen
nuclei—i.e., H+, D+, T+.) The major difference in initial preparation
of the reaction complex at low center-of-mass energies introduced by
interchanging the ionic and neutral reactants in the argon-HD system is
the vibrational excitation in HD+. The experimental results in Figure 4
are therefore the superposition of reactions of a distribution of vibration-
ally excited HD+ fromv = 0 tov = 10, v = 2 being the most probable
transition for ionization of HD by 70 volt electrons (71). The phase
space theory of Light (34, 37) explicitly accounts for such factors and is
therefore esthetically the most suitable vehicle for rationalizing the ob-
served differences. Detailed calculations are now in progress and will
be reported at a later date.

Endothermic Charge Transfer Reactions. One of the most
interesting categories in studying the dependence of ion-molecule reac-
tions on translational energy is that involving endothermic charge transfer
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reactions. In these reactions, the mass spectroscopist can derive dis-
sociation energies within 0.1 e.v. By using the energy of translation of a
primary ion to induce vibrational and /or electronic transitions in some
neutral particle, the operator has a tool which may be as valuable as
photoionization or electron impact in determining molecular properties.
In favorable cases this method may well combine the best features of both
other methods. Because of the nature of charge exchange, ions with
thermal velocities transfer energy in discrete amounts, as in photoioniza-
tion. As the kinetic energy of the ion of mass m;, is increased, the amount
of energy, E;, which is available for reaction with a neutral particle of
mass m, is related to the laboratory energy, E, by

Er = E, <—"‘1—> (15)
my + m;

The term following E;, is always less than unity so that an adventitious
correction to the laboratory energy occurs. This enhances the precision
of the E; measurement. As with electrons, selection rules for ionization
and dissociation seem to be relaxed.

Gustafsson and Lindholm (19) have shown the effects of translational
energy on charge transfer reactions with H,, N, and CO. They observe
that endothermic reaction cross-sections increase with increasing kinetic
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Figure 4. ArH*/ArD* from the reactions of Ar* with HD and HD *
with Ar as a function of energy in the center of mass system

0.0
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energy although only five energies were used in their study. Lavrovskaya
et al. (33) briefly examined charge exchange processes of Xe * with acetone
and with ethylene. The first comprehensive study was made by Giese
and Maier (14) in 1963, using a tandem in-line mass spectrometer con-
ceptually similar to the ARL instrument and capable of producing low
energy ions. Figure 5 illustrates typical endothermic charge transfer
reaction cross-sections as a function of translational energy according to
Maier (41). The threshold behavior for

Ar+ + C,H, - CH+ + CH + Ar 1e)

occurs because the reaction is ~5 e.v. endothermic and cannot occur until
the kinetic energy of the system—i.e., the barycentric energy—is at least
5e.v. The position of the threshold appears to agree well with that value.
Maier has also investigated the reaction of rare gas ions with N, and N,O
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Figure 5. Cross-sections for production of C.H,*,

C.H+*, CH*, C*, and C,™* from the reaction of

Ar+ with C,H, as a function of Ar* kinetic
energy. (Journal of Chemical Physics)

(40) and with C.H,, C,H4, and D, (41). The experiments on the organic
molecules show that in charge transfer reactions the total energy of the
system must be considered. Koski and co-workers (3, 25, 26, 27)
have also observed several cases of maxima in cross-section with in-
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Figure 6. Cross-section for change exchange

of HD* with Ar as a function of the relative

velocity of the ion. (Journal of the American
Chemical Society)

creasing kinetic energy as expected for endothermic charge transfer -
reactions. Berta and Koski (3) also have observed resonances in the
charge transfer reaction

HD+ 4 Ar — Ar+ + HD an

Their results, shown in Figure 6, exhibit maxima which approximate the
spacing of vibrational levels of H,* in accordance with the Massey cri-
terion (42).

Exothermic Charge Transfer. While endothermic charge trans-
fer reactions may provide new information concerning molecular param-
eters, most of the work done on charge transfer reactions to date has been
concerned with exothermic processes. Many experimenters have studied
such reactions, but only a few have varied kinetic energy as a parameter
5, 6, 10, 12, 19, 21, 22, 25, 26, 27, 28, 33, 39, 51, 52, 60, 62, 65, 68, 69, 70,
72, 73). 'The general features of such an experiment are indicated in
Figure 5. For exothermic processes, the cross-sections seem to be rela-
tively independent of translational energy. As kinetic energy increases
some endothermic charge transfer reactions appear, and their cross-
sections may rise with kinetic energy. Another feature is often apparent
in these reactions. At low (<10 e.v.) kinetic energies the exothermic
charge transfer cross-sections may ri