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Ions of the benzonitrile, benzene and thiophene molecules were produced in well-defined states 
of excitation by charge exchange with Xe+ , Kr+ , Ar+ , CO+ , and N2+ . Their subsequent unimolecular 
decomposition was followed, as a function of time, by allowing the dissociations to take place 
within a strong homogeneous draw-out field and measuring the kinetic energy of the product ions. 
The decompositions were found to be purely exponential within experimental error, and the cor-
responding decay rate constants K (for 2 -10 5 s e c - 1 K ^ 5 -10 8 sec -"1) proved to be monotonically 
increasing functions of the excitation energy. These are the first unambiguous measurements of 
this function K(E) for any molecule. In the case of benzene, the reactions C 6 H 6 + - > C6H5+ + H and 
C6H8+ - > C4H4+ + C2H2 were found to be definitely not in competition with one another. Further-
more the dependence of the excitation energy on the impact energy was measured. A variation of 
the impact energy between 10 and 200 eVc.m. only changes the internal energy E by about 0.1 eV. 
This value appears to be in qualitative agreement with calculations on near-resonant charge trans-
fer by Gurnee and Magee. 

I . I n t r o d u c t i o n 

U n i m o l e c u l a r d e c o m p o s i t i o n s o f e x c i t e d p o l y -
a t o m i c i o n s p l a y an i m p o r t a n t r o l e in m a n y r a d i o -
c h e m i c a l a n d r a d i o b i o l o g i c a l sys tems as we l l as i n 
o r g a n i c m a s s s p e c t r o m e t r y . A n u n d e r s t a n d i n g o f 
the hos t o f p o s s i b l e c o n c u r r e n t a n d c o n s e c u t i v e re -
a c t i o n s has to b e f o u n d e d o n a cons i s tent p i c t u r e 
o f the t i m e s ca le as we l l as the e n e r g e t i c s o f the 
u n i m o l e c u l a r p r o c e s s e s . T o d a y still v e r y little is 
k n o w n a b o u t the d e c o m p o s i t i o n rate c o n s t a n t k o f 
i so la ted e x c i t e d i o n s , a n d e v e n less a b o u t the d e -
p e n d e n c e o f k o n the e x c i t a t i o n e n e r g y E. I n p r i n -

* This work is a summary of the Diplomarbeit of B. AND-
LAUER, Universität Freiburg 1970. 

** Present address: Institut für Angewandte Festkörper-
physik, Freiburg. 

c i p l e the f u n c t i o n k(E) c a n b e c a l c u l a t e d w i t h i n 
the f r a m e w o r k o f the q u a s i - e q u i l i b r i u m t h e o r y , 
h e n c e f o r t h a b b r e v i a t e d as Q E T H o w e v e r , the 
g r e a t n u m b e r o f a s s u m p t i o n s n e c e s s a r y f o r a n y 
such c a l c u l a t i o n m a k e s an e x p e r i m e n t a l d e t e r m i n a -
t i o n o f k(E) h i g h l y des i rab l e . I n p r e v i o u s c o m -
m u n i c a t i o n s 2 ' 3 w e h a v e r e p o r t e d o n a m e t h o d f o r 
m e a s u r i n g , in a w e l l - d e f i n e d m a n n e r , the d e c o m p o -
s i t i o n rate o f i o n s p r o d u c e d b y e l e c t r o n i m p a c t . 
S u b s e q u e n t l y w e h a v e b e e n able , b y m e a n s o f v a r y -
i n g the e l e c t r o n e n e r g y , to extract f r o m these m e a -
s u r e m e n t s k(E) f o r a f e w d e c o m p o s i t i o n s o f b e n z o -
n i tr i le , b u t a n e a n d h e p t a n e i o n s 4> 5 . H o w e v e r , this 
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derivation of k(E) was not quite unambiguous due 
to the fact that electron impact always produces 
ions possessing a wide and largely unknown spec-
trum of excitation energies. This disadvantage can 
be overcome by using ' charge exchange ionization. 
L indho lm has shown that charge exchange is capa-
ble of produc ing ions in monoenergetic levels of 
excitation 6 . Combining Lindholm's method of well-
defined excitation with our technique of measuring 
decomposi t ion rates should therefore give definite 
information on k (E). 

In the present work we report on experiments of 
this type on the benzonitrile, benzene and thio-
phene ions. They constitute, to our knowledge, the 
first direct measurements of k(E) f o r any i o n s 7 . 
[ F o r decomposi t ion of neutrals, RABINOVITCH has 
determined k(E) in a completely different w a y 8 . ] 
At the same time very accurate information was 
obtained on the amount of kinetic energy that is 
converted into excitation of the target in charge ex-
change processes. It is f ound to be small (though 
measurable) , which a posteriori provides a sound 
basis f o r the " m o n o e n e r g e t i c " excitation method. 
In a f ew cases the variation of the charge exchange 
cross section with initial kinetic energy was also 
measured. 

II. Principle of Measurement 

The decomposi t ion rate constant k was measured 
by relating it, or rather the mean parent ion life-
time r = l/k, to the fragment ion kinetic energy in 
the fo l lowing way ( f o r details see 3 ) . Ionization 
takes place within a strong homogeneous draw-out 
field. The gas under investigation (e. g . benzo-
nitrile) traverses this field in a very narrow mole-
cular beam which coincides with an equipotential 
surface. Thus all ions are initially f o rmed at the 
potential of this particular surface. A n energy se-
lector placed behind the exit of the ion source then 
records a kinetic energy distribution of the ions 
which simply reflects the gas density profi le of the 
beam measured perpendicular to the ionization 
equipotential surface, with the draw-out field 
strength as a scale factor. However , this is only 
true f o r the parent ions M0+ (of mass m 0 ) of the 
target gas. For any fragment mass m t the kinetic 
energy distribution is distorted f r o m that profi le to 
the low-energy side. Figure 1 illustrates schemati-
cally this change of peak shape, shift of the peak 

^ Parent ions 
\  Mo 
11 

I V 
0 Kinetic energy loss 

Fig. 1. Schematic kinetic energy distributions of parent and 
fragment ions for the unimolecular process M 0 + - > M ^ + z fM. 
assuming formation of parent ions M 0 + at a well-defined poten-
tial only (zero point, upper figure). Mj"1" ions appear at lower 
kinetic energies, the energy loss being due to AM split off in 

flight. 

center and the development of a " t a i l " . A fragment 
ion which is f o r m e d f r o m a parent ion with a 
delay t after the initial ionization, only retains the 
fract ion m1/m0 of the kinetic energy which the 
parent ion had at the instant of decomposit ion. 
This energy deficit increases proport ional ly to t2. 
Thus, the low energy component of the energy dis-
tribution of mass m j ions is related to the distribu-
tion of lifetimes t and hence to the desired distri-
but ion IJ (k). Of great practical importance is the 
draw-out field strength, F. For small F, only small 
values of k p roduce a noticeable peak distortion, 
while f o r the detection of contributions f r o m large 
k high values of F are necessary. With our appara-
tus values of k ranging f r o m 2 - 1 0 5 to 2 - 1 0 8 s e c - 1 

can be measured. 

In addition to the low energy tail on the beam 
prof i le peak, the energy distribution exhibits an-
other, so-called satellite peak at still lower energy. 
It results f r o m decomposit ions in the field-free re-
g ion outside the ion source and is the analog on the 
energy scale of the classical "metastable peaks" on 
the mass scale. Both " m a i n p e a k " distortion and 
relative satellite peak intensities were used in the 
analysis (see Sect. V ) . 

III. Experimental 

T h e a p p a r a t u s has b e e n d e s c r i b e d in detai l in 3 . 
F i g u r e 2 g ives a s chemat i c o f the ion s o u r c e . T h e es-
sent ial e l e m e n t is a p l a n a r d i s c - s h a p e d m o l e c u l a r b e a m 
of the targe t g a s . It is de f ined b y the c o n c e n t r i c c i r cu -



is applied. After retardation by the grid R the emerg-
ing ions are energy and mass analyzed. The experi-
ments consist of scanning the kinetic energy distribu-
tion at a fixed mass. 

Typical operating parameters were: electron current 
30 mA, electron energy 120 eV. At a pressure of 
5 - 1 0 " 4 Torr in the primary ionization region a pri-
mary ion current of 0.5 juA was obtained through the 
charge exchange region, at an ion energy of 90 eV. The 
energy spread was between 1.5 and 5 eV. The target 
gas pressure in the center of the molecular beam disc 
was about 5 -10~ 5 Torr. The background pressure in 
the apparatus resulting from primary gas effusing 
through the grid AC+ amounted to 10~5 Torr. Great 
care was taken to keep the target gas background pres-
sure in the primary ionization region as small as pos-
sible. Under the intense electron bombardment, even 
traces of target gas will yield considerable fragment 
ion intensities. Because the primary ionization region 
is at a more positive potential than the molecular beam 
region, fragments resulting from delayed decomposi-
tions can appear at and around the molecular beam 
potential, by virtue of an appropriate energy deficit as 
described above. These ions may seriously interfere 
with the measurement of the very small ion currents 
resulting from charge exchange. Efficient differential 
pumping of the primary ionization region is therefore 
extremely important. 

The energy and mass selected ion current at the 
multiplier was, at the maximum of the beam profile, 
on the order of 10 - 1 6 A. This means an intensity loss 
of about two orders of magnitude compared with the 
earlier electron impact experiments. 

IV. Possible Sources of Error 

Fig. 2. Ion source (schematic) and potential diagram. Sx , S 2 

= beam slits; N = primary gas inlet; F = f i lament; A N , A N ' 
= anodes; E = electron barrier e lectrode; A C + , A C _ , R = ion 

acceleration and retardation electrodes. 

lar slits Sj and S2 . Its width on the center-line can be 
made as narrow as 10 /u, but for the present work 
70 — 90 /J, was used. The elements to the left of AC + 
form the auxiliary ion source to produce the primary 
ions and replace the electron gun used in the earlier 
experiments. The gas inlet into the auxiliary source is 
through the conical nozzle N. Electrons from the fila-
ment F ionize this gas between the anode AN and the 
electrode AN' which is a few volts negative with re-
spect to AN. The potential difference AN —AN' is 
dictated by a compromise between draw-out efficiency 
and energy spread of the primary ions. Electrode E 
prevents electrons from reaching the molecular beam. 
Charge exchange takes place in the hatched region. 
Between the electrodes AC+ and A C - an acceleration 
field of F = 100, 200, 400, 1000, 2000 or 4000 V/cm 

Proper operation of the apparatus was ascertain-
ed by the following tests. 

a) As a check for possible collision-induced con-
tributions to the decomposition the background 
pressure was raised from 10" " 5 to 10~ 4 Torr. For 
all processes studied (except Xe+-benzonitrile, see 
below) the ratio of satellite to main peak remained 
constant within \%. This remarkable insensitivity 
against pressure merely results from our choice of 
processes. In this work only decompositions were 
studied which have a very intense metastable peak 
to begin with, so that collisions, assuming reason-
able cross sections, can make only minor contri-
butions 9 . 

b ) Possible distortion of the draw-out field by 
the space charge of the primary ions was checked 
using the process 

X e + + C 4 H 4 S - > C o H 2 S + + C o H 2 + X e . 

A.N AN• 

potential 
beam 



Decreasing the Xe + current from 5-1CP 7 to 
5 10~ 8 A did not change the satellite to main peak 
ratio within the error limits of ± 10%. 

c) For the experiments with varying primary 
ion energy e U-w11 to be valid, the collection effi-
ciency of the ions resulting from the charge trans-
fer has to be independent of E/jon- This was ascer-
tained for the reaction Ar + + C2H2 —> C 2H 2 + + Ar 
for which Maier has made reliable measurements 
of the cross section as a function of impact energy 
u p t o 5 0 CYLAB 1 0 - In the present appara tus , the 
variation of the C 2 H 2 + yield with the Ar+ lab en-
ergy agreed with Maier's data within ± 1%. Be-
tween 50 and 200 C V L A B similarly good agreement 
was found for the reaction N 2 + + 0 2 - > 0 2 + + N2 

with the results of STEBBINGS et al. n > 1 2 . This in-
dicates that any transverse momentum transfer as-
sociated with these particular charge exchange re-
actions is within the range that can be accepted by 
our apparatus. It is a plausible assumption that the 
same is true for all reactions studied here, which 
are also exothermic (see also Sect. VII , H ) . 

d) Finally processes other than charge exchange 
which also could cause dissociative ionization had 
to be excluded. Ionization by secondary electrons 
produced at the electrodes AC+ and AC_ or ioniza-
tion by the impact of the primary ions could be 
discarded on the basis of the observed mass spectra 
(see below, Tables 3 and 4 ) . These differ radically 
from the usual electron impact spectra and are, 
moreover, characteristically different for each pri-
mary ion species. Penning-Ionization by metastable 
neutral particles X * effusing from the ion source 
certainly occurs 1 3 . However, the energy available 
from a metastable X * 14 is always several volts less 
than R E ( X + ) , the energy liberated in charge ex-
change with X + 6 . Therefore, if the latter lies in the 
range of interest just above some fragmentation 
threshold, the former will be insufficient to pro-
duce this fragmentation. 

Table 1 gives the recombination energies RE of 
the primary ions used. The existence of several 
values of RE for the same ion is a complication 
which, however, can often usefully be exploited 
(see below) . A further complication concerns the 
identity of the primary ions. Unlike in Lindholm's 
work, a primary mass spectrometer could not be 
used for intensity reasons. This determined the 
choice of gases X . The mass spectra given in Table 2 
show the relative abundances of the contributing 

ion species. The mass spectra also served to check 
the purity of the gases 15. 

Table 1. Recombination energies RE of primary ions X+ a . 

x + R E in eV (relative abundance in % ) 

Xe+b 12.13 (74-66); 13.44 (25-33); 12.5-16.5 (1) 
X e + + C 12.5 (15) ; 1 8 - 2 0 ( 8 5 ) 
K r + d 1 4 . 0 ( 7 2 - 5 0 ) ; 14.67 ( 2 7 - 4 9 ) ; 1 6 - 1 8 (1) 
Kr++ 21 (almost 100) 
Ar+ 15.67, 15.94 (together 99) ; 1 8 - 2 0 ( 1 ) 
A r + + C 1 1 . 5 - 1 2 . 5 (20); 24 (80) 
Ne+ 21.56, 21.66 (together 100) 
Ne++ 1 0 . 5 - 1 2 . 0 (almost 100) 
He+ 24.58 (almost 100) 
He++ 1 1 . 0 - 1 2 . 5 ( ? ) 
N2+ 1 5 . 3 - 1 5 . 5 7 (almost 100) 
N+ 10.97, 12.16. 14.54 (together 90) ; 15.03 (10) 
CO+ 14.0 (almost 100) 
C+e 8.58, 10.0, 11.26 (together 7 5 - 6 0 ) ; 12.40, 16.58 

(together 24—40) 
O+f 13.62 (33); 14.45,14.98 (together 42) ; 

16.67,16.94. 18.64 (together 25) 

a Most of the data are taken from E. LINDHOLM, in: Ion Mole-
cule Reactions in the Gas Phase, Adv. in Chemistry Ser. 
No. 58, Amer. Chem. Soc., Washington 1966, p. 1. Data 
given there pertain to 100 eV electron energy and a time 
lapse on the order of 1 jusec after ionization. Additional 
Refs. see 

B B . TURNER, R . MATHIS , a n d J . RUTHERFORD, i n : P r o c . o f 
the Conf. on Heavy Particle Coll. 1968, Univ. of Belfast, 
p. 126. 

C W . A . CHUPKA a n d E . LINDHOLM, A r k . F y s . 2 5 , 3 5 5 [ 1 9 6 4 ] . 
D J. T. SCOTT and J. B. HASTED, Advan. Mass Spectrom. 3. 

3 8 9 [ 1 9 6 6 ] . 
E R . T A O , R . R O Z E T T I , a n d W . KOSKI, J . C h e m . P h y s . 4 9 . 

4202 [1968]. 
F P . WILMENIUS a n d E . LINDHOLM, A r k . F y s . 2 1 , 1 0 6 [ 1 9 6 2 ] . 

Table 2. Mass spectra of primary ions X + A. 

Primary 
g a s V 

primary inso relative abundance in % ) 

X e X e + (77.8), Xe++ (16.7), Xe+++ (5.5) 
K r Kr+ (86.6), Kr++ (13.0), Kr+++ (0.5) 
Ar Ar+ (89.6), Ar++ (10.4) 
Ne Ne+ (97.5), Ne++ (2.5) 
He He+ (99.9), He++ (0.1) 
N2 N 2 + ( 6 5 - 8 5 ) , N+ ( 3 5 - 1 5 ) , N 2++ ( 0 . 5 - 1 . 0 ) 
CO C 0 + ( 6 5 - 8 5 ) , C+ ( 1 8 - 8 ) , 0 + ( 1 6 - 6 ) , 

C0++ ( 0 . 8 - 1 . 5 ) 

a Electron energy 120 eV. 
b For the rare gases see: R. E. Fox , in: Advan. Mass Spec-

trom. 1, 397 [1959] ; W. BLEAKNEY, Phys. Rev. 36, 1303 
[1930] ; P. T. SMITH, Phys. Rev. 46, 773 [1936]. 

c For N2 and CO the uncertainties of fragment ion abundance 
result from partial instrumental discrimination, cf. D. RAPP. 
P . ENGLANDER-GOLDEN, a n d D . BRIGLIA, J . C h e m . P h y s . 
42, 4081 [1965] ; C. E. BERRY, Phys. Rev. 78, 600 [1950]. 
In the present experiment the fragment abundance in the 
charge exchange region is probably in the upper part of the 
range given. 



V. Method of Analysis 

L e t us c o n s i d e r charge e x c h a n g e b e t w e e n an i o n 
X + a n d a t a r g e t m o l e c u l e o f mass m0: X + + M 0 —> 
X + M 0 + , w h i c h is f o l l o w e d b y d i s s o c i a t i o n y i e l d i n g 
a f r a g m e n t M - ^ o f m a s s mx. Let the o v e r a l l rate 
o f d i s s o c i a t i o n b e d e s c r i b e d b y a d i s t r i b u t i o n 7 7 (k) 
o f i n d i v i d u a l ra te c o n s t a n t s k. O u r a i m is to de -
d u c e 77 (k) f r o m the e x p e r i m e n t a l d a t a . O f c o u r s e 
w e h o p e to find a f a i r l y n a r r o w d i s t r i b u t i o n IF (k) 
c e n t e r e d a r o u n d s o m e m e a n km w h i c h w e w i l l then 
a s s o c i a t e w i t h the r e c o m b i n a t i o n e n e r g y R E ( X + ) . 
N o t e that i n th is a p p r o a c h w e d o not a p r i o r y p o s t u -
late the e x i s t e n c e o f s o m e s m a l l n u m b e r o f d i s c r e t e 
rate c o n s t a n t s . W i t h a g i v e n target g a s M 0 , th is 
a n a l y s i s h a s t o b e p e r f o r m e d f o r each s p e c i e s X + 

s e p a r a t e l y . 

I n the e a r l i e r e l e c t ron i m p a c t w o r k , t h e e x p e r i -
m e n t a l i n f o r m a t i o n o n 7 7 (k) c o n s i s t e d m a i n l y o f 
the l o n g tail that j o i n e d o n t o the M j * p e a k o n the 
e n e r g y s ca l e t o w a r d s the l o w - e n e r g y s i d e . T h e M 0 + 

p e a k h a d n o tail o n the l o w - e n e r g y s i d e b e c a u s e 
the e l e c t r o n e n e r g y w a s c h o s e n such that t h e e lec -
t r o n s c o u l d o n l y i on i ze M 0 i n the b e a m , b u t n o t the 
M 0 b a c k g r o u n d b e y o n d t h e b e a m . U n f o r t u n a t e l y , 
this is i m p o s s i b l e wi th i o n i m p a c t . T h e i o n s X + can -
n o t b e p r e v e n t e d f r o m p e n e t r a t i n g t h e b e a m a n d 
p r o d u c i n g M 0 + b y c h a r g e e x c h a n g e w i t h M 0 back -
g r o u n d all the w a y d o w n t h e d r a w - o u t field. T h e r e -
f o r e , e v e n the M 0 + peak n o w has a l o w - e n e r g y tai l . 
A t a n y p o i n t the Mj"1" tail i n t e n s i t y is n o w t h e c u m u -
la t ive resul t f r o m M 0 + d e c o m p o s i t i o n s i n t h e b e a m 
as we l l as in the l o w , b u t b r o a d w i n g s o f t h e b e a m . 
W o r s e t h a n that , the c h a r g e e x c h a n g e c r o s s s e c t i o n 
is e n e r g y d e p e n d e n t a n d c h a n g e s a l o n g t h e tai l . It 
is t h e r e f o r e i m p o s s i b l e t o o b t a i n 77 (k) f r o m tail 
m e a s u r e m e n t s . Instead w e b a s e d the a n a l y s i s o n 
three o t h e r k i n d s o f d a t a : 

I . T h e d i s t o r t i o n o f t h e M ] * m a i n p e a k s h a p e , 
c o m p a r e d t o the M 0 + p e a k . T h i s d i s t o r t i o n , w h i c h 
a p p e a r s as a r o u n d i n g - o f f t o the l o w - e n e r g y s ide , 
is r ea l ly the b e g i n n i n g o f t h e tail f o r m a t i o n . It is 
n u m e r i c a l l y d e s c r i b e d b y b e a m p r o f i l e r e a d i n g s o n 
the r e c o r d e r chart at s e l e c t e d s a m p l i n g p o i n t s AU, 

2 AU,... n AU a l o n g the e n e r g y axis . 

I I . T h e c h a n g e in M i * i n t e g r a l p e a k i n t e n s i t y A, 

as a f u n c t i o n o f d r a w - o u t field s t rength F. W i t h 
i n c r e a s i n g F, m o r e and m o r e i o n s Mj 4 " a p p e a r at 
e n e r g i e s a p p r e c i a b l y b e l o w the M t + p e a k p o t e n t i a l 
( i . e . i n the t a i l ) , s o that t h e abso lu te i n t e g r a l p e a k 

i n t e n s i t y A d e c r e a s e s . A w a s m e a s u r e d p l a n i m e t r i -
c a l l y . T o c o m p e n s a t e f o r t h e c o n c o m i t a n t i n t e n s i t y 
v a r i a t i o n d u e t o a c h a n g e i n f o c u s i n g c o n d i t i o n s 
w i t h c h a n g i n g F, all p e a k a r e a s A n + (F) w e r e n o r -
m a l i z e d t o t h e c o r r e s p o n d i n g areas 

I I I . T h e r a t i o o f satel l i te t o m a i n p e a k a r e a s , 
S P / M P . T h e satel l i te p e a k resul ts f r o m d e c o m p o s i -
t i o n s i n the field-free r e g i o n . T h e i o n s M 0 + e n t e r 
a n d l e a v e th is r e g i o n at t i m e s T1 a n d r 2 , r e s p e c t i -
v e l y . T h e d i f f e r e n c e r 2 — r x d o e s n o t d e p e n d o n F, 
as i n o u r a p p a r a t u s the i o n e n e r g y i n the field-free 
r e g i o n w a s a l w a y s k e p t at 5 7 0 e V . H o w e v e r , t h e 
l a r g e r F i s , t h e s m a l l e r a r e b o t h r1 a n d r 2 . T h e r e -
f o r e , a n i n c r e a s e i n F l e a d s t o a n i n c r e a s e i n satel -
l i te p e a k i n t e n s i t y . 

A t the s a m e t i m e , the M 1 + m a i n p e a k d e c r e a s e s 
[ s e e ( I I ) ] . F o r the e v a l u a t i o n o f the c h a n g e o f 
S P / M P w i t h F it i s a s s u m e d that c h a n g e s in f o c u s -
i n g c o n d i t i o n s a f f e c t S P a n d M P t o the s a m e ex tent . 
T h i s is j u s t i f i e d b e c a u s e o f the g e n e r a l insens i t i v i ty 
o f o u r a p p a r a t u s t o c h a n g e s in F ( the a b s o l u t e inten-
s i ty v a r i a t i o n b e t w e e n F = 1 0 0 a n d 7 , = 4 0 0 0 V / c m 
w a s o n l y a f a c t o r o f 3 ) . 

F o r a n y fixed k, the m e a s u r a b l e quant i t i e s o f 
t y p e ( I ) , ( I I ) a n d ( I I I ) a r e c a l c u l a b l e . T h e c o n -
t r i b u t i o n s t o t h e m o f the i n d i v i d u a l v a l u e s o f k 
a r e all a d d i t i v e , w i t h r e la t i ve w e i g h t s , IJ(k1), 
I F ( k 2 ) , . . . . T h e e x p e r i m e n t a l results o f t y p e ( I ) , 
( I I ) o r ( I I I ) c a n t h e r e f o r e b e d e s c r i b e d b y l i n e a r 
e q u a t i o n s w i t h I F (k i ) as u n k n o w n s . T h e c h o i c e o f 
t h e ki a n d t h e to ta l n u m b e r o f u n k n o w n s a r e a r b i -
t r a r y t o s o m e e x t e n t ; w e w o r k e d w i t h 2 0 e q u a t i o n s . 

T h e p r o c e d u r e w e f o u n d m o s t s a t i s f a c t o r y is n o t 
t o r e l y o n d a t a o f t y p e ( I ) , ( I I ) o r ( I I I ) a l o n e , b u t 
r a t h e r o n a m i x e d set o f e q u a t i o n s . F o r e x a m p l e , 
f o r the r e a c t i o n o f b e n z o n i t r i l e w i t h K r + , w h i c h 
g i v e s a w e l l - d e v e l o p e d satel l i te p e a k , 5 e q u a t i o n s 
o f t y p e ( I I I ) w e r e u s e d , f o r F = 1 0 0 , 2 0 0 , 4 0 0 , 
1 0 0 0 , 2 0 0 0 V / c m ; f u r t h e r m o r e 3 e q u a t i o n s o f t y p e 
( I I ) , n a m e l y f o r the three p a i r s F t , F2 = 2 0 0 , 1 0 0 0 ; 
1 0 0 0 , 4 0 0 0 ; 2 0 0 , 4 0 0 0 V / c m . T h e r e m a i n i n g 1 2 
e q u a t i o n s w e r e o f t y p e ( I ) , b a s e d o n , f o r e x a m p l e , 
t h r e e p o i n t s o n the b e a m p r o f i l e (AU, 2 AU, 3 AU), 
each f o r f o u r v a l u e s o f F. 

T h i s in i t ia l s tep g i v e s o n l y the g r o s s f e a t u r e s o f 
TI(k), b u t o v e r a b r o a d r a n g e o f k. I n s u b s e q u e n t 
r e f i n e m e n t s d i f f e r e n t sets o f 2 0 e q u a t i o n s each w e r e 
u s e d w h i c h , b a s e d o n the resul ts o f the first s tep , 
w e r e c h o s e n s o as t o e x p l o r e the deta i l s o f FI(k) 
i n v a r i o u s l i m i t e d r e g i o n s . 



A n i m p o r t a n t c o m p u t a t i o n a l detai l is the u s e o f 
a least s q u a r e s m e t h o d d e s c r i b e d in 1 6 . A t t h e ex -
p e n s e o f t r e b l i n g the n u m b e r o f e q u a t i o n s ( i . e . 
w e a c t u a l l y s o l v e d 6 0 e q u a t i o n s , o n an I B M 7 0 4 0 ) 
it g u a r a n t e e s a s m o o t h s o l u t i o n II (k). 

T e s t r u n s w e r e p e r f o r m e d in w h i c h severa l k n o w n 
d i s t r i b u t i o n s II (k) w e r e b a c k c a l c u l a t e d . F o r ex -
a m p l e , w i t h a (5 - funct ion as t rue II (k), t h e resu l t 
o f the b a c k c a l c u l a t i o n w a s a b r o a d e n e d p e a k w i t h 
a f u l l w i d t h at hal f m a x i m u m ( F W H M ) o f a f a c -
t o r o f 2 . 8 o n the A:-scale. T h i s f a c t o r r e p r e s e n t s 
t h e r e f o r e the u p p e r l imi t o n the r e s o l u t i o n o f all 
o u r m e a s u r e m e n t s o f k. 

T h e c o m p l e t e ana lys i s in t e r m s o f H{k) as de -
s c r i b e d a b o v e w a s o n l y p e r f o r m e d f o r the r e a c t i o n s 
o f b e n z o n i t r i l e w i t h k r y p t o n , a r g o n , n i t r o g e n , a n d 
c a r b o n m o n o x i d e i o n s . F o r c o m p a r i s o n , a m u c h 
s i m p l e r a n a l y s i s w a s a lso c a r r i e d o u t f o r the re -
a c t i o n s o f C 6 H 5 C N w i t h K r + a n d A r + . I n th i s ap -
p r o a c h t h e e x i s t e n c e o f t w o d i s c r e t e v a l u e s kx, k2 

f o r K r + a n d o n e f o r A r + w a s a p r i o r i p o s t u l a t e d . 
T h e i r v a l u e s [ a n d , f o r K r + , a l s o the i r r e l a t i v e c o n -
t r i b u t i o n s II (kt) /II (k2) ] c o u l d then b e f o u n d 
e a s i l y f r o m the c o r r e s p o n d i n g l y s i m p l i f i e d l i n e a r 
e q u a t i o n s m e n t i o n e d a b o v e . T h e results f r o m the 
c o m p l e t e a n d s i m p l i f i e d m e t h o d s a g r e e d q u i t e c l o -
se ly ( s e e b e l o w ) , s o that f o r all o t h e r r e a c t i o n s 
o n l y the s i m p l i f i e d m e t h o d w a s u s e d . 

VI. Results 

In o r d e r f o r a d e c o m p o s i t i o n to b e s u i t a b l e f o r 
i n v e s t i g a t i o n w i t h o u r m e t h o d , it has to m e e t the 
f o l l o w i n g r e q u i r e m e n t s : 

a ) It s h o u l d h a v e an in tense m e t a s t a b l e p e a k i n 
the u s u a l s ense (e . g . as t a b u l a t e d in e l e c t r o n i m -
p a c t m a s s s p e c t r a 171 

b ) It has to b e a d e c o m p o s i t i o n o f the p a r e n t 
i o n i t se l f . F o r s e c o n d a r y d e c o m p o s i t i o n s the e n e r g v 
c o n t e n t o f the d e c o m p o s i n g i o n w o u l d n o t b e ac -
c u r a t e l y k n o w n b e c a u s e o f e n e r g y fluctuation e f f ec ts 
d u r i n g the p r e c e d i n g d i s s o c i a t i o n 1 8 . 

c ) T h e t h r e s h o l d e n e r g y o f t h e p r o c e s s has to l ie 
in the r a n g e o f R E ' s o f T a b l e 1. 

T h e s e c r i t e r ia l e d to the p r o c e s s e s s tud ied in this 
w o r k . F u r t h e r d e c o m p o s i t i o n s i n c y c l o p e n t a n e . 
b u t a d i e n e , p y r i d i n e a n d H 2 S w e r e tr ied, b u t g a v e 
t o o l ittle in tens i ty o r ( H 2 S ) h a d t o o smal l r a t i o s 
A m/m1. 

A) Charge Exchange Mass Spectra 

T h e f r a g m e n t a t i o n patterns o f b e n z o n i t r i l e a n d 
b e n z e n e r e s u l t i n g f r o m d i s s o c i a t i v e i o n i z a t i o n b y 
c h a r g e e x c h a n g e w e r e m e a s u r e d at the " m a i n p e a k " 
p o s i t i o n o n the e n e r g y scale . A w e a k d r a w - o u t field 
(F = 1 0 0 V / c m ) w a s e m p l o y e d i n o r d e r to m i n i -
m i z e e f f ec ts d u e t o the f r a g m e n t a t i o n k ine t i c s . A t 
F = 1 0 0 V / c m , t h e m a i n p e a k c o m p r i s e s all f r a g -
m e n t i o n s f o r m e d w i t h a d e l a y u p to 1 / / s e c a f t e r 
the in i t ia l i o n i z a t i o n . 

T h e m a s s s p e c t r a o b t a i n e d w i t h v a r i o u s p r i m a r y 
i o n s X + a r e g i v e n i n T a b l e s 3 a n d 4 . T h e p r i m a r y 
i o n k i n e t i c e n e r g y in the l a b o r a t o r y s y s t e m w a s 
U i o n = 2 0 V , f o r b e n z e n e three spec t ra taken w i t h 
t / j 0 n = 2 0 0 V a r e a l s o g i v e n . 

T h e s t r i k i n g d i f f e r e n c e s b e t w e e n charge e x c h a n g e 
m a s s s p e c t r a t a k e n with d i f f e r e n t i ons X + a r e al-
r e a d y f a m i l i a r f r o m L i n d h o l m ' s w o r k o n m a n y m o -
l e c u l e s 6 . T h e p r e s e n t two e x a m p l e s are s h o w n h e r e 
b e c a u s e , taken t o g e t h e r with the R E ' s f r o m T a b l e 1. 
t h e y p r o v i d e a g o o d q u a l i t a t i v e ins ight i n t o the 
f r a g m e n t a t i o n e n e r g e t i c s . T h e p r o g r e s s i n g f r a g m e n -
t a t i o n w i t h i n c r e a s i n g R E is e v i d e n t . N o t e , in p a r -

Table 3. Charge exchange mass spectra of Benzonitrile 

m/e P r i m a r y G a s 
X e K r CO N 2 Ar N e H e e - n 

103 100.0 100.0 100.0 75.0 4.2 22 12 100.0 
102 1.2 0.7 0.8 3.0 2.7 6 ? 1.7 

77 0.5 5.9 4.1 16.6 17.8 5 i 5.8 
76 1.0 29.9 19.6 100.0 100.0 — 8 32.9 
75 0.3 0.5 0.6 0.5 0.4 52 64 8.3 
52 0.5 0.6 0.8 1.8 0.8 15 24 5.9 
51 0.5 1.0 1.0 1.2 3.0 100 73 10.3 
50 1.3 0.8 1.1 1.5 0.9 100 100 18.1 

a All intensities, uncorrected for isotopic contributions, are normalized to 100 for the most abundant fragment ion. They 
were recorded on the "main peak" (intersection of primary ion beam and molecular beam, see text) with a drawout field 
F = 100 V/cm and primary ion energy e C/iOn = 20 e V ; the electron energy was 120 eV. 

b Mass spectrum for electron impact ionization (Mass Spectral Data, Amer. Petrol. Res. Inst., Res. Proj . No. 44). 



Table 4. Charge exchange mass spectra of Benzene a . 

m/e Primary X e K r K r CO N 2 N 2 Ar Ar Ne e~ b 

Gas 
[/ion (V) 20 20 200 20 20 200 20 200 20 

78 100.0 (100.0) (100.0) (100.0) (100.0) (100.0) 16.4 17.7 2 100.0 
77 0.5 36.1 36.2 14.8 43.5 38.5 56.6 54.0 (45) 13.8 
76 0.2 18.2 19.9 11.3 9.5 7.5 11.5 12.3 (13) 6.2 
52 1.1 9.5 20.6 7.1 77.0 63.6 100.0 100.0 1 18.9 
51 1.2 1.0 2.0 0.7 3.6 5.9 2.3 7.2 100 20.1 
50 0.5 0.4 0.6 0.3 2.2 2.9 2.5 3.7 38 16.8 
39 ? 2.9 5.1 2.2 27.2 20.4 34.9 36.8 20 13.5 

a For legend, see Table 3. Here data for f/iOn = 200 eV have been included. Some relative intensities, marked by parentheses, 
are at variance with results by B.-Ö. JONSSON and E. LINDHOLM, Ark. Fys. 39, 65 [1969]. They probably contain contribu-
tions from Penning ionization (see Sect. IV, d) . 

b Mass spectrum for electron impact ionization (Mass Spectral Data. Amer. Petrol. Res. Inst., Res. Proj. No. 44) . 

t i cu lar , that b o t h in C 6 H 5 C N a n d in C 6 H 6 the o v e r -
all f r a g m e n t a t i o n is less wi th C O than w i t h K r . 
W i t h K r , the 3 3 % K r + in the 2 P 1 / 2 level , R E = 
1 4 . 6 7 e V , raises the m e a n R E a p p r e c i a b l y a b o v e 
1 4 . 0 e V , the R E o f K r + ( 2 P 3 / 2 ) , w h i l e wi th C O the 
C + and 0 + admix tures are o f such l o w a b u n d a n c e 
( T a b l e 2 ) that, in spite o f their h i g h R E ( a r o u n d 
1 6 . 8 e V ) , the R E ( C O + ) = 1 4 . 0 e V r e m a i n s d o m i -
nant . 

B) Measurements of Dissociation Rate Constants 

1 ) B e n z o n i t r i l e 

T h e rate constant d i s t r ibut ions H(k) o f the p r o -
cess C 6 H 5 C N + —> C 6 H 4 + + H C N w e r e m e a s u r e d us-
ing the p r i m a r y i o n s K r + , A r + , C O + ( a c c o m p a n i e d 
b y C + and 0 + ) a n d N 2 + (w i th N + ) to p r o d u c e 
C 6 H 5 C N + b y charge exchange . F r a g m e n t a t i o n b y 
c o l l i s i o n with X e + w a s also o b s e r v e d , b u t a p p e a r s 
to b e an e n d o t h e r m i c p r o c e s s ( see b e l o w ) . A s a 
qual i tat ive i l lustrat ion, F i g . 3 s h o w s the M 0 + b e a m 
pro f i l e , in this case f o r X + = C O + i m p a c t , a n d the 
v a r i o u s M j + b e a m pro f i l es . T h e s teadi ly i n c r e a s i n g 
d i s to r t i on in g o i n g f r o m A r + to K r + is o b v i o u s . It 
must b e emphas i zed that the final results a re der iv -
e d f r o m m a n y runs u n d e r v a r y i n g c o n d i t i o n s a n d 
are there f o re m u c h m o r e a c c u r a t e than an ind iv i -
dua l e x a m p l e such as in F i g . 3 w o u l d s e e m to w a r -
rant . T h e A r + , N 2 + and C O + c u r v e s in F i g . 3 are all 
rather s imi lar . Nevertheless , the c o r r e s p o n d i n g sa-
tellite peaks have v e r y d i f ferent in tens i ty ; the rat io 
o f satellite to m a i n p e a k (at F = 1 0 0 V / c m , Uion = 
9 0 V ) is in the o r d e r K r + , C O + , N 2 + , A r + : S P / M P 
= 0 . 4 7 ; 0 . 2 4 ; 0 . 0 2 8 ; < 0 . 0 0 3 . T h i s ind i ca tes c o m -

p o n e n t s o f FI (k) at l o w k f o r the first t w o reac -

t i ons , w h i c h are a lmos t absent f o r the th ird a n d 
c o m p l e t e l y m i s s i n g f o r the f o u r t h . 

T h e s e qual i tat ive expec ta t i ons are b o r n e out b y 
deta i l ed analys is . Each c u r v e o f the type s h o w n in 
F i g . 3 w a s s c a n n e d at least 1 0 t imes a n d a v e r a g e d . 
T h e ent ire a m o u n t o f exper imenta l data g a t h e r e d 
f o r c h a r g e exchange be tween benzon i t r i l e a n d a n y 
o n e p r i m a r y i o n spec ies X + was s imul taneous ly p r o -
cessed b y the analyt i ca l m e t h o d d e s c r i b e d a b o v e . 
It y i e l d e d automat i ca l l y the c o m p l e t e rate cons tant 
d i s t r i b u t i o n Fl (k) f o r each X + spec ies b e t w e e n 
a b o u t k = 5 • 1 0 4 a n d 1 0 9 s e c - 1 . 

T h e resul t ing f o u r d i s t r ibut ions II (k) f o r X = 
K r , C O , No a n d A r are g i v e n in F i g u r e 4 . T h e y 
d i f f e r d r a m a t i c a l l y in shape . M o r e o v e r , their struc-
ture c a n b e c l o se ly c o r re la ted with the R E ' s in 
T a b l e 1 : Each R E is represented b y a p e a k in 
II (k), w h o s e l o c a t i o n o n the k-axis is a m o n o -
t o n i c f u n c t i o n o f R E ( c f . the p e a k l abe l ing in F i g -
ure 4 ) . 

T h e three peaks in F i g . 4 a c a n b e attr ibuted to 
three d i f f e rent i o n i c spec ies . T h e b i g C O + p e a k at 
l o w k e x p l a i n s the p r e v i o u s l y m e n t i o n e d satellite 
p e a k f o r this r eac t i on . In F i g . 4 b the t w o peaks are 
d u e to the 2P3/2 a n d 2 PI / 2 states o f K r + . In F i g . 4 d , 
the s a m e t w o states o f A r + a re no t r e s o l v e d . N o t e 
the p o s i t i o n o f the A r + p e a k o n the k-axis: in c o n -
trast to the K r + peak , it c o v e r s the r a n g e o f l a rge k 
o n l y , w h i c h exp la ins the absence o f a satellite p e a k 
in the A r + e x p e r i m e n t s . In F i g . 4 c the N 2 + p e a k is 
a g a i n c o m p o s i t e . It c o m p r i s e s several va lues o f k, 
c o r r e s o n d i n g to r e c o m b i n a t i o n o f N 2 + into N o X 1 

( v ' - 1 a n d v = 0 ) . 

T h e des i r ed d e p e n d e n c e k(E) can n o w b e o b -
ta ined b y c o m b i n i n g F i g s . 4 a — d into o n e figure. 
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Fig. 3. Typical results for C 6 H 5 C N + X + - > 
C 6 H 5 C N + + X (top trace) and C 6 H 5 C N + X + 

C ß H 4 + + H C N + X (with X + = s u m of all 
ions formed from CO in top trace and from 
Ar, N 2 , CO, Kr in the lower traces) . Draw-
out field F = 1 0 0 0 V / cm. Compare the sche-
matic Fig. 1 : The progressing peak dis-
tortion indicates an increase of mean parent 
ion lifetime. Satellite peaks are not shown. 
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Fig. 4. Probabil ity distributions H(k) of rate constants k for unimoiecu-
iar decomposit ion of C 6 H 5 CN + , produced by charge exchange with ions 
from four different primary gases. U (k) was obtained from curves like 
those shown in Fig. 3 by a mathematical procedure explained in the text. 
The pairs of symbols ( o , x ) and ( • , + ) give a measure of the uncer-
tainty of the calculat ion; for o and • the set of selected values ki (see 
Sect. V ) was displaced as a whole towards lower k, as compared to X 
and + by a factor of 2. Negative values of 12 (k) are also a computatio-

nal artifact. 

A s a p r e r e q u i s i t e , t h e z e r o p o i n t o n t h e E-scale h a s 

t o b e fixed. A c c o r d i n g t o t h e p r i n c i p l e o f c h a r g e 

e x c h a n g e i o n i z a t i o n , E = R E — I . P . + AE, w h e r e 

L P . = a d i a b a t i c i o n i z a t i o n p o t e n t i a l o f b e n z o n i t r i l e . 

AE r e p r e s e n t s t h e s u m o f t h e i n i t i a l a v e r a g e t h e r -

m a l e n e r g y a n d t h e a v e r a g e e n e r g y t r a n s f e r r e d i n 

t h e c o l l i s i o n . T h e f o r m e r i s e s t i m a t e d t o b e a b o u t 

0 . 1 e V ( t a k e n o v e r f r o m b u t a n e 1 9 , w h i c h h a s a 

s i m i l a r n u m b e r o f d e g r e e s o f f r e e d o m ) . T h e l a t t e r 

c a n b e a s s e s s e d b y o b s e r v i n g t h e e f f e c t o f a change 

o f t h e b o m b a r d i n g i o n e n e r g y eU;on i n o u r e x -

p e r i m e n t . R e s u l t s p r e s e n t e d b e l o w l e a d t o a v a l u e 

o f a b o u t 0 . 1 5 e V . T h u s AE i s t a k e n as 0 . 2 5 e V . 

I n F i g . 5 t h e p o s i t i o n s o f a l l m a x i m a o f t h e f o u r 

d i s t r i b u t i o n s TL (&) f r o m F i g . 4 a — d a r e p l o t t e d 

Fig. 5. Dependence of unimoiecuiar decomposition rate con-
stant k on internal energy E of C 6 H 5 CN + . The solid curve was 
obtained by plotting the peak positions from Fig. 4 versus 
£ = R E — L P . + 0.25 eV (see text) . The dashed curve gives 
k(E) as obtained from earlier experiments with electron im-

pact ionization. Excitation energy of C6 H5 CN', E(eV) 



v e r s u s E, w h i c h w a s c a l c u l a t e d u s i n g I . P . = 9 . 7 0 5 
e V 2 0 a n d the R E ' s f r o m T a b l e 1 . T h e s m o o t h v a r i -
a t i o n o f l o g k w i t h E w h i c h is o b t a i n e d is e x t r e m e l y 
g r a t i f y i n g . It g i v e s s t r o n g s u p p o r t t o o u r p r o c e d u r e 
o f a n a l y s i s a n d to the thes is that th i s c u r v e t r u l y 
r epresents the f u n c t i o n k(E). 

T h e e r r o r b a r s i n F i g . 5 i n d i c a t e the 9 0 % w i d t h 

o f the n (k) p e a k s . T h i s w a s p r e f e r r e d to F W H M 
b e c a u s e o f the i n c o m p l e t e p e a k r e s o l u t i o n i n F i g . 
4 b a n d 4 c . W h e r e severa l R E c o n t r i b u t e t o the 
s a m e p e a k ( N 2 + , A r + , C + / 0 + ) , the p r e s u m a b l y p r e -
d o m i n a n t c o m p o n e n t is m a r k e d w i t h a h e a v i e r d o t . 

C h a r g e e x c h a n g e w i t h X e + a l s o g a v e a m e a s u r -
a b l e satel l ite p e a k . It w o u l d , b y e x t r a p o l a t i o n , c o r -
r e s p o n d to a p o i n t at k = 3 • 1 0 4 s e c - 1 , R E = 1 3 . 4 
e V . H o w e v e r , this p o i n t w a s n o t i n c l u d e d in F i g . 5 
b e c a u s e the p r o c e s s 

X e + + C 6 H 5 C N - > C 6 H 4 + + H C N + X e 

is m o s t l ike ly e n d o t h e r m i c . T h i s f o l l o w s f r o m the 
a p p e a r a n c e po tent ia l o f C 6 H 4 + o f 1 3 . 9 e V 2 1 . M o r e 
c o n v i n c i n g , in v i e w o f the u n c e r t a i n t i e s o f all a p -
p e a r a n c e po tent ia l m e a s u r e m e n t s , is the u n u s u a l 
d e p e n d e n c e o f the satel l i te p e a k in tens i ty 2 2 o n the 
p r i m a r y i o n k ine t i c e n e r g y e U[0Q . C o m p a r e d t o t h e 
" o r d i n a r y " i n c r e a s e o f in tens i ty t o w a r d s l o w e r U-10n 

w h i c h w a s o b s e r v e d i n severa l o t h e r c a s e s ( s e e S e c t . 
V I , C 2 ) , the r i se w a s h e r e 4 t i m e s s teeper . T h i s 
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Fig. 6. Comparison of k(E) for C„H5CN+ - > C 6 H 4 + + H C N 
as obtained by the complete (solid curve) and a simplified 

(dashed curve) mathematical procedure. 

s u g g e s t s t r a n s v e r s e m o m e n t u m t r a n s f e r l e a d i n g t o 
i o n l o s s at l a r g e U-10n ( s e e 2 3 ) . T h e intens i ty o f 
C 6 H 5 C N + f r o m c h a r g e e x c h a n g e w i t h X e + w a s v e r y 
m u c h l o w e r t h a n w i t h the o t h e r g a s e s X . T h i s a l s o 
p o i n t s t o a d i f f e r e n t m e c h a n i s m , i . e . an e n d o t h e r -
m i c p r o c e s s . 

T h e w e l l - e s t a b l i s h e d k ( E ) f o r the b e n z o n i t r i l e 
d e c o m p o s i t i o n w a s u s e d as a test f o r the s i m p l i f i e d 
m e t h o d o f a n a l y s i s w h i c h p r e s u p p o s e s d i s c r e t e v a l -
ues of km (see a b o v e ) . The result f o r km(E), de-
d u c e d f r o m e x p e r i m e n t s w i t h K r + a n d A r + o n l y , is 
c o m p a r e d i n F i g . 6 w i t h the m o r e a c c u r a t e k (E) 

f r o m F i g u r e 5 . T h e g o o d a g r e e m e n t o b t a i n e d w a s 
t a k e n as j u s t i f i c a t i o n t o u s e o n l y the s i m p l i f i e d 
m e t h o d f o r the d e t e r m i n a t i o n o f k(E) o f b e n z e n e 
a n d t h i o p h e n e . 

2 ) B e n z e n e 

O f the f o u r i m p o r t a n t p r i m a r y d e c o m p o s i t i o n s 
C 6 H 6 + - > C 6 H 5 + , C 6 H 4 + , C 4 H 4 + a n d C 3 H 3 + o n l y t h e 
first a n d t h i r d c o u l d b e u s e d to d e r i v e a km (E). 

T h e s e c o n d a n d f o u r t h w e r e m a s k e d b y b a c k g r o u n d 
o n m a s s 7 6 + ( b e n z o n i t r i l e r e s i d u e ) a n d 3 9 + ( K + 

f r o m s u r f a c e s ) , qua l i ta t i ve ly they a p p e a r e d t o b e -
h a v e s i m i l a r l y to the first a n d t h i r d p r o c e s s , re -
s p e c t i v e l y . T h e f u n c t i o n km(E) f o r C 6 H 6 + - > C 4 H 4 + , 
as d e t e r m i n e d f r o m c h a r g e e x c h a n g e w i t h K r + , is 
g i v e n i n F i g u r e 7 . It is seen that the t w o K r + s tates 
y i e l d t w o w i d e l y d i f f e r e n t km. A r + w i t h its re la -
t ive ly h i g h R E g a v e a l r e a d y a p r a c t i c a l l y u n d i s t o r t -
e d p e a k , s o that h e r e o n l y a l o w e r l imi t f o r km 

c o u l d b e s ta ted . 

T h e i m p o r t a n t p r o c e s s C 6 H 6 + —> C 6 H 5 + p r e s e n t e d 
s p e c i a l d i f f i c u l t i e s . T h e e n e r g y d e f i c i t a s s o c i a t e d 
w i t h t h e d e l a y e d l o ss o f o n e m a s s u n i t is v e r y 
s m a l l . C o n s e q u e n t l y p e a k d i s t o r t i o n a n d tail a r e 
n e g l i g i b l e . T h e o n l y m e a s u r a b l e q u a n t i t y is t h e 
satel l i te p e a k , w h i c h is h e r e l o c a t e d v e r y c l o s e t o 
the m a i n p e a k . It is e x t r e m e l y intense , as is s h o w n 
i n F i g . 8 a a n d b . F r o m its intens i ty ( r e l a t i v e t o 
the m a i n p e a k ) the km(E) f o r this p r o c e s s , as g i v e n 
in F i g . 7 , w a s d e r i v e d as f o l l o w s . F o r A r + a c o m -
m o n k v a l u e w a s a t t r ibuted t o the t w o R E ' s o f 
1 5 . 7 6 a n d 1 5 . 9 4 e V . T h i s km c a n then b e c a l c u -
la ted i m m e d i a t e l y f r o m the e x p e r i m e n t a l S P / M P 
r a t i o . F o r K r + t w o v a l u e s o f k (at 1 4 . 0 a n d 1 4 . 7 
e V ) c o m b i n e to g i v e the o b s e r v e d S P / M P r a t i o . 
F r o m th is e x p e r i m e n t a l o n e &14.0 a n d k ^ j c a n o n l y 
b e d e t e r m i n e d if o n e m a k e s an a s s u m p t i o n a b o u t 



Excitation energy of C6 Hg , E(eV) 

Fig. 7. Dependence of unimoiecuiar decomposition rate con-
stant k on internal energy E of C 6 H 6 + , for two different decom-
position paths. The curves a, b , c are for three assumed ratios 
of the charge exchange cross sections for Kr+ ( 2P 3 / 2 ) + C 6 H 6 and 
K r + ( 2 P j / 2 ) + C 6 H 6 , respectively (see text) . Boundary values 
for this k(E) curve are given by the horizontal bar. T w o fur-
ther points as well as the area "Cuot f f " (see Sect. VII , E) all 
support the exceedingly slow rise of this k{E). The contrast-
ing steep rise of k(E) for C 4 H 4 + formation proves that the two 

processes are not in competition with each other. 

c <b 
t -a tr o c 

Fig. 8. Main peak (on the left in each scan) and satellite peak 
of the process C 6 H 6 + — C 6 H 5 + + H, for two different kinetic 
energies e t / j0n of the primary ions (in this case C O + ) . The 
comparatively small increase of the main peak : satellite peak 
intensity ratio with increasing Uj0n demonstrates the ineffi-

cient conversion of kinetic into internal energy. 

t h e a s s o c i a t e d r e l a t i v e c h a r g e t r a n s f e r c r o s s s e c -

t i o n s , (?i4.o a n d $14.7 . F u r t h e r m o r e , &14.0 a n d &14.7 

w e r e r e q u i r e d t o f u l f i l l t h e c o n d i t i o n that , t o g e t h e r 

w i t h t h e k v a l u e f o r A r + , t h e y l i e o n a s t r a i g h t l i n e 

i n a l o g k(E) p l o t 2 4 . T h e r e s u l t i n g f u n c t i o n s 

k(E) a r e s h o w n i n F i g . 7 f o r t h e a s s u m e d r a t i o s 

Q u . o l Q u . " = 3 . 0 ; 1 . 0 ; 0 . 3 3 ( c u r v e s a , b , c r e s p e c -

t i v e l y ) 2 5 . T h e v a l u e o f k f o r t h e l i m i t i n g , b u t q u i t e 

u n l i k e l y c a s e s $14.0 = 0 o r $14.7 = 0 , k — 3 . 6 • 1 0 5 

s e c - 1 , i s a l s o s h o w n . 

A n a l t e r n a t i v e m e t h o d o f f i n d i n g Ä44.0 a n d &14.7 

w a s a l s o u s e d . I n s t e a d o f t h e a s s u m p t i o n s a b o u t 

Qu.olQu.i a n d t h e s t r a i g h t l i n e c o n d i t i o n s , the e x -

p e r i m e n t a l d a t a f r o m C O + c h a r g e e x c h a n g e w e r e 

a d d u c e d . T h e r a t h e r i n v o l v e d a n a l y s i s 2 6 y i e l d e d 

p o i n t s a l s o s h o w n i n F i g . 7 , i n g o o d a g r e e m e n t 

w i t h t h e first m e t h o d . 

T h e k(E) o b t a i n e d i n t h i s w a y is a l s o i n a c c o r d 

w i t h t h e S P / M P r a t i o m e a s u r e d w i t h N 2 + ( a n d N + ) 

p r i m a r y i o n s . 

3 ) T h i o p h e n e 

T h e p r i m a r y d e c o m p o s i t i o n C 4 H 4 S + —> C 2 H 2 S + 

+ C 2 H 2 o c c u r r e d w i t h a m e a s u r a b l e d e l a y o n l y a f -

t er c h a r g e e x c h a n g e w i t h X e + . X e + h a s R E ' s o f 

1 2 . 1 3 a n d 1 3 . 4 4 e V . T h e s i m p l i f i e d m e t h o d o f a n a -

l y s i s , a s d e s c r i b e d a b o v e , y i e l d e d c o r r e s p o n d i n g 

v a l u e s o f k d i f f e r i n g b y 2 . 4 o r d e r s o f m a g n i t u d e . 

B e t w e e n t h e s e , k(E) w a s i n t e r p o l a t e d as s h o w n in 

F i g u r e 9 . 
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Fig. 9. Dependence of unimoiecuiar decomposition rate con-
stant k on internal energy E of C 4 H 4 S + , obtained by the "sim-

pl i f ied" procedure from charge exchange with Xe+ ions. 
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C) Charge Exchange at varying Ion Impact Energy 

1 ) T r a n s 1 a t i o n a 1 E n e r g y T r a n s f e r 

A l l e x p e r i m e n t s d i s c u s s e d s o f a r w e r e d o n e w i t h 
9 0 e V p r i m a r y i o n s . B y v a r y i n g the i o n i m p a c t e n -
e r g y the a m o u n t o f e n e r g y t r a n s f e r r e d f r o m k i n e t i c 
t o e x c i t a t i o n e n e r g y c a n b e m e a s u r e d . 

T h e r a t i o S P / M P is a s e n s i t i v e i n d i c a t o r f o r t h e 
a m o u n t o f e n e r g y t r a n s f e r r e d . A s p e c t a c u l a r q u a l i -
ta t ive e x a m p l e is g i v e n i n F i g u r e 8 . H e r e t h e k i n e -
t i c e n e r g y in the c . m . s y s t e m c h a n g e s b y a f a c t o r 
o f 3 0 , f r o m 0 . 6 t o 1 8 t i m e s the r e c o m b i n a t i o n e n -
e r g y . T h e r a t i o S P / M P , h o w e v e r , o n l y c h a n g e s b y 
a f a c t o r o f 1 . 4 . T h e r e f o r e t h e a m o u n t o f k i n e t i c 
e n e r g y t r a n s f e r r e d in th i s c h a r g e e x c h a n g e c o l l i s i o n 
is v e r y s m a l l . T h i s is t r u e i n all c a s e s s t u d i e d . F i g -
u r e 1 0 g i v e s t w o o t h e r e x a m p l e s . S i n c e t h e k i n e t i c 
e n e r g y p l a y s o n l y such a m i n o r r o l e , t h e c u r v e s 
k(E) o b t a i n e d a b o v e ( w i t h Z7;on = 9 0 e V ) c a n n o w 
s e r v e as g a u g e s to m e a s u r e q u a n t i t a t i v e l y t h e 
a m o u n t o f t r a n s l a t i o n a l e n e r g y t r a n s f e r . 
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Fig. 10. Variation of the intensity ratio satellite peak : main 
peak with Ui0 n (see Fig. 8) ( F = 1 0 0 V / c m ) . 

<U c a> 
c: o 

Q> 
C o 

c: <u 
«D 
Q. 

o 
C5> c: T> 
-c o 

cm. kinetic energy of primary ion X* (eV, log scale) 

Fig. 11. Kinetic to internal energy transfer for three charge 
exchange processes, obtained from data such as in Fig. 10 via 

the k(E) curves of Figs. 5 and 7. 

M e a s u r e m e n t s w e r e m a d e f o r i o n e n e r g i e s e U i o n 

b e t w e e n 8 a n d 2 5 0 e V ( L A B s y s t e m ) . T h e r a t i o 
S P / M P o f sate l l i te to m a i n p e a k i n t e n s i t y w a s d e -
t e r m i n e d f o r d i f f e r e n t field s t r e n g t h s F . T h e r e s u l t s 
f o r e a c h e n e r g y e U - l 0 n w e r e a n a l y z e d as a b o v e 
( u s i n g t h e " s i m p l i f i e d m e t h o d " ) a n d y i e l d e d v a l -
u e s o f k w h i c h , at each R E , i n c r e a s e d m o n o t o n i c a l l y 
w i t h U i o n . T h i s v a r i a t i o n o f k w a s c o n v e r t e d v i a 
t h e k n o w n k{E) t o y i e l d the c h a n g e o f i n t e r n a l 
e n e r g y E . T h e resu l t is s h o w n in F i g u r e 1 1 . It c a n 
b e s e e n that l ess t h a n 0 . 1 % o f the c . m . k i n e t i c e n e r g y 
i s t r a n s f e r r e d in these c h a r g e e x c h a n g e p r o c e s s e s . 

2 ) C h a r g e E x c h a n g e C r o s s S e c t i o n 

T h e r e l a t i v e c r o s s s e c t i o n , as a f u n c t i o n o f U\0n, 

f o r f o r m a t i o n o f a s e c o n d a r y i o n b y c h a r g e e x -
c h a n g e c a n n o t , in g e n e r a l , b e o b t a i n e d d i r e c t l y 
f r o m a m e a s u r e m e n t o f t h e m a i n p e a k i n t e n s i t y a s 
a f u n c t i o n o f U-10n . T h e r e a s o n is t h e t r a n s f e r o f 
k i n e t i c i n t o e x c i t a t i o n e n e r g y as d i s c u s s e d i n S e c t . 
V I , C I , w h i c h c a u s e s k a n d h e n c e t h e f r a c t i o n o f 
t h e t o ta l i o n y i e l d c o l l e c t e d w i t h i n t h e p e a k t o 
c h a n g e w i t h U-Wn. A m o n g t h e c a s e s s t u d i e d , t h i s 
e f f e c t w a s n e g l i g i b l e o n l y f o r 

C 6 H 5 C N + A r + - > C 6 H 4 + + H C N + A r , 

b e c a u s e h e r e k i s s o l a r g e ( s e e F i g s . 4 a n d 5 ) t h a t 
a s m a l l v a r i a t i o n is i n s i g n i f i c a n t . T h e m a i n p e a k 
i n t e n s i t y f o r th i s p r o c e s s , n o r m a l i z e d t o t h e A r + 

c u r r e n t , i s s h o w n i n F i g . 1 2 [ c u r v e ( d ) ] . 
F o r K r + t h e m a i n p e a k i n t e n s i t y , n o r m a l i z e d t o 

t h e p r i m a r y i o n c u r r e n t , w a s c o r r e c t e d t o o b t a i n 
t h e t r u e r e l a t i v e c r o s s s e c t i o n Q ( U - w n ) u s i n g t h e r e -
su l ts o f S e c t . C I . I n that a n a l y s i s , f o r e a c h U- l o n 

b o t h k(RE = 1 4 . 0 ) a n d k(RE = 1 4 . 6 7 ) as w e l l as 
t h e i r r e l a t i v e c o n t r i b u t i o n s w e r e o b t a i n e d . T h i s i n -
f o r m a t i o n w a s u s e d h e r e t o c o n v e r t t h e m a i n p e a k 
i n t e n s i t y at m a s s 7 6 i n t o the t o ta l i o n y i e l d , 
Itg+ ( U i 0 n ) • T h e t w o c o n t r i b u t i o n s f r o m K r + ( 2 P ! / 9 ) 
a n d K r + ( 2 P 3 / 2 ) , I 7 6 + ( 1 / 2 ) ( ^ i o n ) a n d h ^ ( U i o n ) , 
w e r e o b t a i n e d s e p a r a t e l y , see F i g . 1 2 , c u r v e s ( b ) 
a n d ( c ) . T h e m a i n p e a k i n t e n s i t y r a w d a t a [ c u r v e 
( a ) ] a r e a l s o g i v e n . A c o m p a r i s o n o f c u r v e s ( b ) 
a n d ( c ) w i t h ( a ) i l lus t ra tes the e f f e c t o f t h e c o r -
r e c t i o n f o r t h e k v a r i a t i o n 2 7 . F i g u r e 1 3 s h o w s t h e 
a n a l o g o u s c u r v e s f o r c h a r g e e x c h a n g e o f K r + w i t h 
b e n z e n e , f o r m i n g m a s s 5 2 i o n s ; c u r v e ( a ) is t h e 
u n c o r r e c t e d m a i n p e a k i n t e n s i t y , c u r v e ( b ) a n d 
( c ) g i v e t h e t r u e Q(Ujon) f o r the K r + ( 2 P ! / 2 ) a n d 
K r + ( 2 P 3 / 2 ) s p e c i e s , r e s p e c t i v e l y . 
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Fig. 12. Dependence of dissociative charge exchange cross sec-
tion on relative kinetic energy, for K r + + C 6 H 5 C N —*• C 6 H 4 + 

+ HCN + Kr (curves a - c ) and A r + + C 6 H 5 C N C 6 H 4 + + 
HCN + Ar (curve d) ; (a) gives the uncorrected normalized 
main peak intensity, (b) and (c) the true separate contribu-
tions, as derived from (a) , from Kr+ ( 2P!/ 2 ) and Kr + ( 2 P 3 / 2 ) , 
respectively. Unlike (a) , the normalized main peak data of 

curve (d) need not be corrected for kinetic effects. 

VII. Discussion 

A) Is the decay law for C E H 5 C N + -
an exponential? 

C 6 H 4 + H C N 

T h e b e n z o n i t r i l e i o n n o w is the first s y s t e m 
w h o s e d e c o m p o s i t i o n b e h a v i o u r is k n o w n in c o n -
s i d e r a b l e de ta i l . P r e v i o u s s tud ies o f u n i m o i e c u i a r 
d e c o m p o s i t i o n s g a v e o n l y a v e r a g e rate c o n s t a n t s k 

o r at b e s t i n d i c a t e d s o m e s t ruc ture o r c h a n g e s in 
the b r o a d d i s t r i b u t i o n s II(k)lj5. T h e resul ts d e -
p i c t e d i n F i g . 4 s h o w that in the p r e s e n t e x p e r i -
m e n t b e n z o n i t r i l e i o n s w e r e p r e p a r e d in states w i t h 
n a r r o w d i s t r i b u t i o n s 77 (k). 

T h e s e d i s t r i b u t i o n s are r e m a r k a b l y s h a r p l y p e a k -
e d , c o n s i d e r i n g the v a r i o u s f a c t o r s c o n t r i b u t i n g t o 
the i r w i d t h : 

a ) T h e l i m i t e d r e s o l u t i o n o f the u n f o l d i n g p r o -
c e s s , r e s u l t i n g i n a n u n c e r t a i n t y o f a f a c t o r o f 2 . 8 
o n t h e &-s ca l e ; 

b ) t h e b r o a d e n i n g f r o m e x p e r i m e n t a l n o i s e ; 

Benzene 

2.5 

(normalized) 

25 50 100 150 Ektncm (eV) 

~25Ö U,0„ (Kr) (V) 

Fig. 13. Dependence of dissociative charge exchange cross sec-
tion on relative kinetic energy, for Kr + +C 6 H 6 + —> C4H4+-f-

C2H2 + K r . See Figure 12. 

c ) t h e s p r e a d o f t h e r m a l e n e r g y ( 0 . 1 e V , c o r -
r e s p o n d i n g to a n u n c e r t a i n t y o f k w i t h i n a f a c t o r 
o f 1 . 4 , c f . F i g . 5 ) ; 

d ) the s p r e a d o f R E ' s ( 0 . 1 6 e V f o r A r + , 0 . 2 9 e V 
f o r N 2 + , c o r r e s p o n d i n g to k v a l u e s d i f f e r i n g b y a 
f a c t o r o f 1 . 8 a n d 2 . 8 , r e s p e c t i v e l y ) . 

e ) T h e s p r e a d o f e n e r g y t r a n s f e r r e d f r o m k i n e t i c 
e n e r g y . 

T h e o b s e r v e d w i d t h s ( F W H M ) o f the 77 (A;) 
p e a k s a r e a f a c t o r o f 4 f o r A r + a n d a f a c t o r o f 5 
f o r N 2 + . T h u s the t r u e TI (k) m a y w e l l b e a (5-func-
t i o n f o r each R E ; a g e n e r o u s l y e s t imated u p p e r 
l i m i t t o its w i d t h is a f a c t o r o f 2 . 

MIES a n d KRAUS 2 8 as wel l as BUNKER 2 9 h a v e 
d i s c u s s e d the p o s s i b i l i t y o f n o n - e x p o n e n t i a l un i -
m o i e c u i a r d e c a y . B u n k e r p e r f o r m e d c lass i ca l tra-
j e c t o r y c a l c u l a t i o n s o n m o l e c u l e s d i s s o c i a t i n g a f t e r 
c o l l i s i o n a l a c t i v a t i o n in a heat b a t h . T h i s is a p p r o -
p r i a t e t o the u s u a l c h e m i c a l u n i m o i e c u i a r d e c o m -
p o s i t i o n , b u t less s o t o the present , ra ther s p e c i f i c 
m o d e o f e x c i t a t i o n . M i e s a n d K r a u s s c o n s i d e r e d in-
d i v i d u a l q u a n t u m m e c h a n i c a l r e s o n a n c e states ( c o r -
r e s p o n d i n g to the a c t i v a t e d i o n states) w i th o v e r -
l a p p i n g leve l w i d t h s . It w a s s h o w n that d e p a r t u r e s 
f r o m e x p o n e n t i a l d e c a y c a n o c c u r t h r o u g h the inter -
a c t i o n o f the r e s o n a n c e states w i t h the d i s s o c i a t i o n 
c o n t i n u u m . 

I f a n o n - e x p o n e n t i a l d e c a y e x i s t e d , it w o u l d in 
o u r e x p e r i m e n t s h o w u p as a m o r e o r less b r o a d e n -
ed d i s t r i b u t i o n 7 7 (k). W e c o n c l u d e , t h e r e f o r e , that 
in the p r e s e n t c a s e s t h e c o n d i t i o n s f o r n o n - e x p o n e n -
tial d e c a y ( s p e c i f i e d i n 2 8 in t e r m s o f level w i d t h 



a n d s p a c i n g d i s t r i b u t i o n s , i n 2 9 i n t e r m s o f h i n -
d r a n c e o f i n t r a m o l e c u l a r e n e r g y f l o w ) p r o b a b l y d o 
n o t o b t a i n . In p a r t i c u l a r , M i e s a n d K r a u s s p o i n t 
o u t the p o s s i b i l i t y that m e t a s t a b l e ( i . e . l o n g - l i v e d ) 
i o n s w i t h e x c i t a t i o n e n e r g i e s w e l l a b o v e the d i s -
s o c i a t i o n t h r e s h o l d m a y ex is t . F o r b e n z o n i t r i l e , 
F i g . 5 s h o w s c l e a r l y that the l i f e t i m e is m o n o -
t o n i c a l l y s h o r t e n e d as the e x c i t a t i o n e n e r g y in -
c r e a s e s . 

B) Comparison with k(E) from electron impact 
experiments 

T h e ear l ier e l e c t r o n i m p a c t w o r k 4 a l s o g a v e t h e 
d e p e n d e n c e k(E) f o r C 6 H 5 C N + - > C 6 H 4 + + H C N , 
t h o u g h o n l y w i t h s o m e a s s u m p t i o n s o n the d e n s i t y 
o f states a n d the t h r e s h o l d l a w f o r e x c i t a t i o n o f 
each state. J u s t i f i c a t i o n o f these a s s u m p t i o n s w a s 
at that t i m e g i v e n b y the e x c e l l e n t a g r e e m e n t o f 
c a l c u l a t e d a n d m e a s u r e d i o n y i e l d , as a f u n c t i o n o f 
e l e c t r o n e n e r g y f o r " n o r m a l " a n d " m e t a s t a b l e " 
f r a g m e n t i o n s . T h e k(E) o b t a i n e d i n that w o r k w a s 
a l i n e a r d e p e n d e n c e o f i 0 l o g k o n E w i t h s l o p e 
1 . 5 4 / e V 3 0 . T h i s f u n c t i o n is s h o w n i n F i g . 5 b y 
the d a s h e d l ine . T h e p o s i t i o n o n t h e £ - a x i s w a s 
fixed b y m e a n s o f the m e a s u r e d a p p e a r a n c e p o -
tential o f the " n o r m a l " f r a g m e n t C 6 H 4 + , A P ( 7 6 + ) 
= 1 5 . 2 ± 0 . 2 e V 4 ' 2 1 . " N o r m a l " f r a g m e n t s i n o u r 
a p p a r a t u s are t h o s e w i t h k > 1 0 " s e c - 1 . T h e r e f o r e 
the d a s h e d l ine in F i g . 5 is p o s i t i o n e d such that 
k = 1 0 7 is r e a c h e d at E= 1 5 . 2 - 9 . 7 0 5 + 0 . 1 = 5 . 6 e V 
( 9 . 7 0 5 e V = I . P . o f b e n z o n i t r i l e 2 0 , 0 . 1 e V = a v e r a g e 
t h e r m a l e x c i t a t i o n e n e r g y ) . It is s e e n that the f u n c -
t i o n s k(E) as o b t a i n e d f r o m e l e c t r o n i m p a c t a n d 
c h a r g e e x c h a n g e a r e in e x c e l l e n t a g r e e m e n t i n t h e 
l o w e r par t . A t h i g h k, the latter c u r v e is c e r t a i n l y 
m o r e re l i ab l e . T h e d e v i a t i o n o f t h e f o r m e r c u r v e 
is n o t u n e x p e c t e d in v i e w o f the a s s u m p t i o n s m a d e 
in its d e r i v a t i o n . 

T h e r e a s s u r i n g a g r e e m e n t b e t w e e n b o t h sets o f 

da ta a l so l ends s t r o n g s u p p o r t t o t h e k(E) c u r v e s 

f o r b u t a n e a n d h e p t a n e d e r i v e d f r o m e l e c t r o n i m -

p a c t e x p e r i m e n t s 5 . I n t h o s e c a s e s t h e s a m e a s s u m p -

t i o n s as f o r b e n z o n i t r i l e w e r e m a d e , t h o u g h u n d e r 

s o m e w h a t less f a v o u r a b l e c i r c u m s t a n c e s . U n f o r t u -

n a t e l y , a check w i t h the p r e s e n t m e t h o d is i m p o s -

s i b l e b e c a u s e o f the lack o f s u i t a b l e c h a r g e e x c h a n g e 

p a r t n e r s . 

C) The concurrent reaction 
C 6 H 5 C N + - ^ C 6 H 5 + + C N 

A c c o r d i n g t o the m a s s p e c t r u m ( T a b l e 3 ) , t h e 
m a s s 7 7 intens i ty is o n l y a b o u t 1 5 — 2 0 % o f the 
7 6 + in tens i ty , f o r K r + t h r o u g h A r + . C o r r e c t i o n f o r 
the 1 3 C 1 2 C 5 H 4 + c o n t r i b u t i o n r e d u c e s it f u r t h e r b y a 
f a c t o r o f a b o u t 0 . 6 . W i t h this l o w a b u n d a n c e a n d 
the 1 3 C 1 2 C 5 H 4 + b a c k g r o u n d it w a s n o t p o s s i b l e t o 
m e a s u r e k(E) d i r e c t l y i n the s a m e w a y as f o r 
m a s s 7 6 . T h i s is u n f o r t u n a t e s i n c e such a m e a s u r e -
m e n t w o u l d h a v e r e s o l v e d u n a m b i g u o u s l y the p r o b -
l e m o f w h e t h e r the l osses o f C N a n d H C N f r o m the 
b e n z o n i t r i l e i o n a r e i n c o m p e t i t i o n w i t h o n e an-
o t h e r o r n o t . I n the first case , w h i c h c o n f o r m s t o 
the u s u a l i d e a s o f the Q E T , at each R E t h e v a l u e 
o f k m e a s u r e d f o r the t w o p r o c e s s e s w o u l d h a v e 
b e e n e x a c t l y the s a m e , n a m e l y e q u a l t o the o v e r a l l 
d e c o m p o s i t i o n rate o f the p a r e n t i o n . T h e i o n 
y i e l d s m e a s u r e d at m a s s 7 6 a n d m a s s 7 7 w o u l d 
i n th is c a s e h a v e b e e n i n the ra t i o k 1 & j k - n , w i t h 
h = &7 7 + k-jQ . ( N o t e that in this c a s e k76 a n d k-n 

c a n n o t b e m e a s u r e d d i r e c t l y , b u t o n l y i n f e r r e d f r o m 
the re la t ive i o n y i e l d s a n d the v a l u e o f k.) T h e 
r a t i o k-Jk- j - j c o u l d , o f c o u r s e , h a v e b e e n d i f f e r e n t 
f o r each R E . F o r the c a s e o f i s o l a t e d , n o n - c o m p e t -
i n g d e c o m p o s i t i o n s to f o r m 7 6 + a n d 7 7 + i o n s , o n e 
w o u l d i n g e n e r a l at each R E m e a s u r e d i f f e r e n t 
v a l u e s o f k f o r the t w o f r a g m e n t s . A l s o , these 
w o u l d n o t b e re la ted to the re la t ive i o n y i e l d s . 

W e a d o p t the a s s u m p t i o n o f c o m p e t i n g p r o c e s s e s 
as the m o r e l i k e l y o n e . T h i s m e a n s that the k{E) 

g i v e n in F i g . 5 is to b e i n t e r p r e t e d as &7 7 + k-6 . 

&7 6 a l o n e w o u l d b e a b o u t 1 0 % s m a l l e r at all e n e r -
g i e s , &7 7 w o u l d b e s m a l l e r b y a f a c t o r o f 1 0 . I f , 
o n t h e o t h e r h a n d , the m a s s 7 7 f o r m a t i o n is n o t in 
c o m p e t i t i o n w i t h m a s s 7 6 f o r m a t i o n , F i g . 5 g i v e s 
t h e t r u e &7 6 ( w h i c h is thus n o t v e r y sens i t i ve as t o 
w h i c h o f the t w o a s s u m p t i o n s is m a d e ) , a n d k77 is 
t h e n c o m p l e t e l y u n k n o w n . 

D) Two clearly non-competing decompositions of 
c 6 H 6 + 

T h e t w o c o n c u r r e n t d e c o m p o s i t i o n p a t h s o f 
C 6 H 6 + , l e a d i n g to C 6 H 5 + a n d C 4 H 4 + , r e s p e c t i v e l y , 
c o n s t i t u t e a c l e a r - c u t e x a m p l e o f the e x i s t e n c e o f 
r e a c t i o n s that a r e n o t i n c o m p e t i t i o n w i t h o n e an-
o t h e r . H e r e , i n c o n t r a s t t o the t w o C 6 H 5 C N + de -
c o m p o s i t i o n s d i s c u s s e d i n the p r e c e d i n g p a r a g r a p h , 
w e d i d m e a s u r e s e p a r a t e l y the rate c o n s t a n t s f o r 



t h e t w o d e c o m p o s i t i o n p a t h s . F i g u r e 8 s h o w s that 

f o r t h e m t h e f u n c t i o n s k(E) a r e c o m p l e t e l y d i f f e r -

e n t . It i s t o b e e m p h a s i z e d that at e a c h R E t h e t w o 

v a l u e s o f k w e r e o b t a i n e d q u i t e i n d e p e n d e n t l y . F o r 

e x a m p l e , w i t h A r + a s p r i m a r y i o n t h e m a s s 5 2 

m a i n p e a k w a s i d e n t i c a l i n s h a p e t o t h e m a s s 7 8 

m a i n p e a k , i n d i c a t i n g a n u n m e a s u r a b l y l a r g e 

/c78+_> 52+ , w h i l e at m a s s 7 7 a c o n s i d e r a b l e m a i n 

p e a k d i s t o r t i o n a n d a sa te l l i t e p e a k w e r e o b s e r v e d , 

l e a d i n g t o k - ^ - * = 1 . 5 6 - 1 0 ° s e c - 1 . F o r c o m p e t i n g 

r e a c t i o n s , t h e f a s t 7 8 + - > 5 2 + p r o c e s s w o u l d h a v e 

s u p p r e s s e d a n y s l o w m a s s 7 7 f o r m a t i o n . T h u s , 

F i g . 8 d o e s n o t s i m p l y m e a n that a f a s t a n d a s l o w 

d e c o m p o s i t i o n o f C 0 H 6 + e x i s t s i d e b y s i d e ( w h i c h 

w o u l d , o f c o u r s e , b e e n t i r e l y c o m p a t i b l e w i t h t h e 

Q E T ) , b u t g i v e s p r o o f , b e c a u s e o f t h e p r i n c i p l e o f 

o u r m e a s u r e m e n t , t h a t t h e s e p r o c e s s e s a r e n o n - c o m -

p e t i n g . 

T h e s a m e s e e m s t o b e t r u e f o r t h e p a i r o f p r o -

c e s s e s C 0 I I e + —> C 3 H 3 + + C 3 H 3 [ s t e e p k(E)] a n d 

CGH,J+ C Ö H 4 + + H o [ s l o w k(E) r i s e ] , w h i c h u n -

f o r t u n a t e l y c o u l d n o t b e m e a s u r e d a c c u r a t e l y ( s e e 

a b o v e ) . T h u s , it s e e m s that p r o c e s s e s i n v o l v i n g 

b r e a k a g e o f a C — C b o n d a n d t h o s e i n v o l v i n g h y -

d r o g e n l o s s o r i g i n a t e f r o m d i f f e r e n t t y p e s o f e x -

c i t e d s tates , b e t w e e n w h i c h e n e r g y r a n d o m i z a t i o n i s 

n o t p o s s i b l e w i t h i n the t i m e ( « ^ 1 0 _ 6 s e c ) a v a i l a b l e 

f o r d e c a y 3 1 . 

E) Comparison of k (E) for C G H 6 + —>- C 6 H 5 + + H 
with electron impact metastables 

T h e u n c e r t a i n t i e s o f the k(E) f o r 7 7 + , r e s u l t i n g 

f r o m t h e c o m p l i c a t i o n s w i t h t h e t w o R E v a l u e s o f 

K r + , c a n n o t p o s s i b l y i n v a l i d a t e t h e a b o v e c o n c l u -

s i o n . F u r t h e r m o r e , t h e r e i s a d d i t i o n a l s u p p o r t f o r 

t h i s k(E) f r o m a c o m p a r i s o n w i t h t h e e l e c t r o n 

i m p a c t e x p e r i m e n t s . I n t h o s e e x p e r i m e n t s ( s e e , e . g . 

F i g . 1 i n 3 2 ) l a r g e s a t e l l i t e : m a i n p e a k i n t e n s i t y r a -

t i o s w e r e f o u n d . T h e y c a n b e p r e d i c t e d b y a n e x t r a -

p o l a t i o n o f k{E) f o r 7 7 + i n F i g u r e 7 . T h e l o w e r 

p a r t o f k(E) w i l l p r o d u c e t h e sa te l l i t e p e a k , w h i l e 

t h e u p p e r p a r t c o n t r i b u t e s p r e d o m i n a n t l y t o t h e 

m a i n p e a k . T h e e x t r a p o l a t i o n h a s t o b e t e r m i n a t e d 

at t h e o n s e t o f t h e f i r s t s e c o n d a r y d i c o m p o s i t i o n , 

p r e s u m a b l y C 6 H 5 + — C 4 H 3 + + C 2 H 2 . T h e a p p e a r -

a n c e p o t e n t i a l o f C 4 H 3 + i s 1 7 . 6 ± 0 . 1 e V 3 3 . A l s o , 

t h e d i s t r i b u t i o n P(E) o f the s tates e x c i t e d b y 7 0 e V 

e l e c t r o n s a n d l e a d i n g t o C 6 H 5 + f o r m a t i o n h a s t o 

b e k n o w n . F o r l a c k o f e l e c t r o n i m p a c t d a t a , a r o u g h 

e s t i m a t e f o r P(E) f o r t h e p r e s e n t c h a r g e e x c h a n g e 

e x c i t a t i o n w a s u s e d ; P(E) s e e m s t o d r o p b y a f a c -

t o r o f a b o u t 2 b e t w e e n 1 4 a n d 1 7 e V 2 6 . W i t h th i s 

P{E) t h e S P / M P r a t i o m e a s u r e d w i t h e l e c t r o n i m -

p a c t i s o b t a i n e d , i f k(E) i n F i g . 7 i s e x t r a p o l a t e d 

s u c h t h a t k = 3 • 1 0 6 s e c - 1 at t h e " c u t o f f " e n e r g y o f 

1 7 . 6 e V 3 4 . 

T h u s a n a d d i t i o n a l , t h o u g h r a t h e r u n c e r t a i n 

" p o i n t " o f k(E) f o r C 6 H 6 + C 6 H 5 + + H is o b t a i n -

e d . It a g a i n s u p p o r t s t h e e x t r a o r d i n a r i l y s l o w r i s e 

o f t h i s f u n c t i o n : O v e r a n ^ - i n t e r v a l o f 3 e V k(E) 

i n c r e a s e s b y o n l y o n e o r d e r o f m a g n i t u d e . T h i s u n -

u s u a l b e h a v i o r o f t h e s i m p l e s t o f a l l C 6 H 6 + d i s s o -

c i a t i o n s c a n c e r t a i n l y n o t b e e x p l a i n e d b y t h e u n -

m o d i f i e d Q E T . I ts e l u c i d a t i o n , p r o b a b l y i n t e r m s 

o f f o r b i d d e n t r a n s i t i o n s b e t w e e n e l e c t r o n i c s tates , 

r e m a i n s a n i n t e r e s t i n g p r o b l e m . 

F) Appearance potentials 

LONSSON a n d L I N D H O L M h a v e r e c e n t l y m e a s u r e d 

t h e b r e a k d o w n d i a g r a m o f b e n z e n e w i t h c h a r g e 

e x c h a n g e 3 5 . F r o m it t h e y o b t a i n e d a p p e a r a n c e p o -

t e n t i a l s f o r C G H 3 + a n d C 4 H 4 + i o n s . T h e f o r m e r o n e , 

1 3 . 8 e V , a g r e e s w e l l w i t h o u r k(E) i n F i g . 7 ; it is 

a l s o i n a g r e e m e n t w i t h a v a l u e f r o m p h o t o i o n i z a -

t i o n , 1 3 . 8 ± 0 . 2 e V 3 6 . F o r C 4 H 4 + t h e l o w e s t a p -

p e a r a n c e p o t e n t i a l r e p o r t e d f o r e l e c t r o n i m p a c t is 

1 4 . 5 + 0 . 2 e V 3 3 . J o n s s o n a n d L i n d h o l m find a b o u t 

1 4 . 0 e V , b y a s o m e w h a t u n c e r t a i n e x t r a p o l a t i o n . 

F r o m o u r k(E) it a p p e a r s t h a t a n e v e n l o w e r v a l u e , 

a b o u t t h e s a m e as f o r C 6 H 5 + ( 1 3 . 8 + 0 . 2 e V ) , m i g h t 

b e b e t t e r s t i l l 3 7 . I n 1 9 6 3 , ROSENSTOCK a n d 

K R A U S S 3 8 c i t e d t h e l a r g e d i f f e r e n c e s b e t w e e n t h e 

a p p e a r a n c e p o t e n t i a l s o f v a r i o u s f r a g m e n t s f o r m e d 

f r o m C 6 H 6 + a s e v i d e n c e f o r d i s s o c i a t i o n p a t h s 

w i t h o u t e f f e c t i v e c o m p e t i t i o n . F o r t h e c a s e o f 

C 6 H - + / C 4 H 4 + th i s a r g u m e n t h a s n o w b e e n i n v a l i -

d a t e d b y t h e s i m i l a r o n s e t s o f the c o r r e s p o n d i n g 

k(E) c u r v e s . H o w e v e r , i r o n i c a l l y , t h e c o n c l u s i o n 

r e m a i n s u n a l t e r e d b y v i r t u e o f t h e d i f f e r e n t s l o p e s 

o f t h e s e v e r y s a m e c u r v e s . 

G) Kinetic energy transfer 

A f u n d a m e n t a l p r o b l e m w i t h c h a r g e e x c h a n g e 

p r o c e s s e s X + + A —> A + + X i s t h e q u e s t i o n o f h o w 

m u c h k i n e t i c e n e r g y is t r a n s f e r r e d f r o m t h e X + i o n s 

i n t o e x c i t a t i o n e n e r g y o f A + . O n l y i f t h i s e n e r g y 

t r a n s f e r is n e g l i g i b l e h a s t h e e x c i t a t i o n e n e r g y E\ 

o f A + t h e w e l l - d e f i n e d v a l u e 

£ I = R E ( X + ) — L P . ( A ) + £ T H ( A ) 



( c f . absc i ssa o f F i g . 5 ) . L i n d h o l m ' s e x p e r i m e n t s 
w e r e d e s i g n e d so as to c i r c u m v e n t this p r o b l e m 6 : 
B y ex t rac t ing the i o n s A + at r i g h t a n g l e s ( " p e r -
p e n d i c u l a r g e o m e t r y " ) t o the X + b e a m , o n l y t h o s e 
i o n s A + s h o u l d b e observed w h i c h are f o r m e d w i t h 
little o r n o t rans fer o f k ine t i c e n e r g y . B y the s a m e 
t o k e n , t h o u g h , L i n d h o l m c a n n o t m a k e a n y state-
m e n t a b o u t the extent to w h i c h k i n e t i c e n e r g y c a n 
b e t r a n s f o r m e d into e x c i t a t i o n e n e r g y . 

I n fac t it is k n o w n f r o m e x p e r i m e n t s w i th the 
" l o n g i t u d i n a l " t y p e o f a p p a r a t u s , w h e r e X + a n d A + 

i o n s h a v e para l le l paths ( l ike in o u r i n s t r u m e n t ) 
that the k inet i c e n e r g y o f X + c a n b e c o n v e r t e d in to 
e l e c t r o n i c e n e r g y o f A + . A n e x a m p l e is the e n d o -
t h e r m i c p r o c e s s K r + + Do —> D. ,+ + K r 1 0 . B e c a u s e 
the r e a c t i o n K r + + H 2 — H 2 + + K r has b e e n f o u n d 
b y GUSTAFSSON a n d LINDHOLM 3 9 to o c c u r w i th 
l a r g e c r o s s sec t i on , M a i e r a r g u e s that in this c a s e 
the p e r p e n d i c u l a r g e o m e t r y e m p l o y e d in 3 9 c a n n o t 
h a v e d i s c r i m i n a t e d e f f e c t i ve ly aga ins t d e t e c t i o n o f 
the H o + p r o d u c t . Never the less , the g e n e r a l s u c c e s s 
o f L i n d h o l m ' s n u m e r o u s m e a s u r e m e n t s o f i o n i c 
b r e a k d o w n patterns , w h i c h are all b a s e d o n the 
a s s u m p t i o n o f m o n o e n e r g e t i c e x c i t a t i o n b y c h a r g e 
e x c h a n g e , l ends s t r o n g s u p p o r t to h i s m e t h o d . 

T h e m a j o r i t y o f L i n d h o l m ' s i n v e s t i g a t i o n s w e r e 
c o n c e r n e d wi th e x o t h e r m i c r e a c t i o n s , l ike o u r s . 
F o r these the a b o v e r e la t i on f o r E\ m a y wel l b e 
fu l f i l l ed in spite o f i n c o m p l e t e d i s c r i m i n a t i o n 
aga ins t p r o c e s s e s w i th m o m e n t u m t r a n s f e r . E x o -
t h e r m i c charge e x c h a n g e o f X + w i th a c o m p l e x m o -
l e cu le A wil l usua l ly b e n e a r l y r e s o n a n t w i th s o m e 
e x c i t e d level o f A + . N e a r - r e s o n a n t c h a r g e e x c h a n g e 
is e x p e c t e d to o c c u r w i th a l a r g e c r o s s s e c t i o n 4 0 . 
s o that g l a n c i n g c o l l i s i o n s wi l l p r e d o m i n a t e w h i c h 
t rans fe r v e r y little m o m e n t u m a n d k i n e t i c e n e r g y . 

A c c u r a t e m e a s u r e m e n t s o f the extent o f k i n e t i c 
t o e x c i t a t i o n e n e r g y t r a n s f e r are thus h i g h l y des i r -
a b l e in o r d e r to assess the i m p o r t a n c e o f the d is -
c r i m i n a t i o n e f f ec t o f the p e r p e n d i c u l a r g e o m e t r y . 

T h e o c c u r r e n c e o f s o m e k i n e t i c e n e r g y t r a n s f e r 
e v e n f o r e x o t h e r m i c r e a c t i o n s w i t h c o m p l e x m o l e -
c u l e s m a y b e i n f e r r e d f r o m the v a r i a t i o n o f c h a r g e 
e x c h a n g e m a s s spec t ra w i t h the X + k i n e t i c e n e r g y 
e U i o n 3 5 ' 4 1 ' 4 2 - I f the e n e r g y c o n t e n t o f an i o n A + 

is c h a n g e d b y s o m e a m o u n t <5E, the b r a n c h i n g r a t i o 
o f its d e c o m p o s i t i o n p r o d u c t s B j + , B 2 + , . . . , i . e . the 
m a s s s p e c t r u m , wi l l a l so c h a n g e . H o w e v e r , a q u a n -
titative e v a l u a t i o n o f dE as a f u n c t i o n o f U-wn is 
e x t r e m e l y d i f f i cu l t . It w o u l d r e q u i r e n o t o n l y de -

ta i l ed k n o w l e d g e o f the d e c o m p o s i t i o n k ine t i c s but 
a l so o f the d i s c r i m i n a t i o n character is t i cs o f the ap-
p a r a t u s . In fac t , l o n g i t u d i n a l and p e r p e n d i c u l a r in-
s t r u m e n t s c a n g i v e qu i t e d i s s i m i l a r m a s s spec t ra , 
d e p e n d i n g o n U;on 6 . O u r m e a s u r e m e n t s o f dE ( see 
Sec t . V I , C I ) is a l so b a s e d o n the e v a l u a t i o n o f 
k i n e t i c e f fec ts , but in a s t r a i g h t f o r d w a r d m a n n e r . 
A l s o , as w a s s h o w n in Sect . I V c , o u r data are 
insens i t i ve to t rans fer o f t ransverse m o m e n t u m . T h i s 
is p a r t i c u l a r l y true f o r the present p r o b l e m o f ki -
ne t i c e n e r g y t r a n s f e r : T h e results o f Sec t . V I C I 
are d e r i v e d f r o m m e a s u r e m e n t s o f the satel l ite p e a k 
to m a i n p e a k rat io , as a f u n c t i o n o f U-Wn . S h o u l d 
there b e s o m e i o n l os d u e to t ransverse m o m e n t u m 
t r a n s f e r , it w o u l d a f fec t b o t h peaks s i m i l a r l y a n d 
w o u l d c a n c e l out in their intensity ra t i o . 

T h e results p resented in F i g . 11 a p p e a r to b e 
the first data o f this k i n d . T h e v e r y smal l i n c r e a s e 
o f in terna l exc i ta t i on e n e r g y wi th a l a r g e v a r i a t i o n 
in re la t ive t rans lat ional e n e r g y is cons i s tent wi th the 
p i c t u r e o f n e a r - r e s o n a n t , l a r g e i m p a c t p a r a m e t e r 
c o l l i s i o n s . 

T h i s finding at the s a m e t ime s u p p o r t s the v a l u e 
o f the r e c o m b i n a t i o n e n e r g i e s R E a s s u m e d in this 
w o r k ( T a b l e 1 ) , wh i ch w e r e d e r i v e d b y L i n d h o l m 
f r o m s p e c t r o s c o p i c data . A s he has p o i n t e d o u t 6 , 
in v e r y c l o s e c o l l i s i o n s the opt i ca l s e l e c t i on ru les 
w o u l d b r e a k d o w n , a n d d i f f e rent R E ' s w o u l d o b -
ta in . 

GURNEE a n d MAGEE h a v e treated near - resonant 
c h a r g e e x c h a n g e p r o c e s s e s semi -quant i ta t ive ly 4 3 . In 
the ir c a l c u l a t i o n , u s i n g the i m p a c t p a r a m e t e r m e -
t h o d , they c o m p u t e the p r o b a b i l i t y f o r n e a r - r e s o -
n a n t c h a r g e t rans fer , re lat ive to the case o f e x a c t 
r e s o n a n c e , as a f u n c t i o n o f the e n e r g y de f i c i t e. 
T h e i r result is a G a u s s f u n c t i o n , c e n t e r e d a r o u n d 
£ = 0 ( i . e. exac t r e s o n a n c e ) , w h o s e w i d t h i n c r e a s e s 
w i t h the re lat ive v e l o c i t y v ( see 4 3 , F i g . 9 ) . A n o t h e r 
p a r a m e t e r enter ing into the w i d t h is the s c r e e n i n g 
f a c t o r o f the Slater t y p e w a v e f u n c t i o n s u s e d , w h i c h 
w a s c h o s e n rather a rb i t rar i l y . 

In o u r e x p e r i m e n t , f o r K r + + C 6 H 5 C N , the rela-
t ive v e l o c i t i e s r a n g e f r o m v = 6 . 5 • 1 0 5 c m / s e c to 
2 . 5 - I O 6 c m / s e c . A c c o r d i n g to 4 3 , at o u r l o w e s t v e l o -
c i ty o n l y C 6 H 5 C N + states in v e r y c l o s e r e s o n a n c e 
w i th R E ( K r + ) c o u l d b e exc i t ed ( w i t h i n a b o u t 0 . 0 2 
e V ) , w h e r e a s f o r the h i g h e s t v e l o c i t y states l y i n g 
u p to a b o u t 0 . 1 5 e V o f f r e s o n a n c e w o u l d b e acces -
s ib le . T h e s i gn o f e d o e s no t enter , s o that the ex -
c i t ed e n e r g y b a n d w i d e n s u p s y m m e t r i c a l l y a r o u n d 



e x a c t r e s o n a n c e as the i m p a c t v e l o c i t y is i n c r e a s e d . 
H o w e v e r , f o r l a r g e m o l e c u l e s the dens i ty o f states 
i n c r e a s e s v e r y r a p i d l y wi th e n e r g y 4 4 - 4 6 , so that the 
net result wi l l b e an u p w a r d sh i f t o f the m e a n 
e x c i t a t i o n e n e r g y o f C c H 5 C N + . W e be l i eve , there-
f o r e , that o u r results s h o w n in F i g . 1 1 can , as f a r 
as the o r d e r o f m a g n i t u d e is c o n c e r n e d , b e e x p l a i n -
e d b y the t h e o r y o f G u r n e e a n d M a g e e . A q u a n t i -
tat ive c o m p a r i s o n w o u l d r e q u i r e an a d a p t a t i o n o f 
the ir c a l c u l a t i o n to o u r s p e c i f i c cases as wel l as a 
c a l c u l a t i o n o f the dens i ty d i s t r i b u t i o n o f e x c i t e d 
states o f the o r g a n i c i o n s a r o u n d the R E va lues in 
q u e s t i o n . 

H) Charge exchange cross section 

I n F i g s . 1 2 a n d 1 3 w e find a d e c r e a s e o f the 
c r o s s s e c t i on f o r o u r p a r t i c u l a r d i s s o c i a t i v e c h a r g e 
t r a n s f e r p r o c e s s e s b e a f a c t o r o f 3 in g o i n g f r o m 
a b o u t 5 to 1 5 0 V c . m . . T h i s is m o r e than the v a r i a -
t i o n c a l c u l a t e d b y GURNEE a n d M A G E E 4 3 , w h i c h , 
o v e r the s a m e e n e r g y interval , a m o u n t s to a de -
c r e a s e b y a b o u t 1 / 3 f o r a t o m i c a n d a f a c t o r o f 2 
f o r d i a t o m i c sys tems . T h e c o r r e s p o n d i n g e x p e r i -
m e n t s 4 0 a lso s h o w this s l o w e r fa l l - o f f . H o w e v e r , w e 
b e l i e v e it un l ike ly that o u r steep d e c r e a s e is an arti -
f a c t c a u s e d b y t ransverse m o m e n t u m t rans fer ( s e e 
I V , c ) . T h i s is s u p p o r t e d b y the f a c t that the c r o s s 
s e c t i o n s f o r c h a r g e e x c h a n g e o f A r + , K r + a n d C O + 

with C 6 H 5 C N fa l l o f f in a v e r y s i m i l a r m a n n e r , 
d e s p i t e the d i f f e r i n g masses o f the reactant i o n s . 
T h u s , charge e x c h a n g e wi th a r o m a t i c m o l e c u l e s re-
a l ly s e e m s to d e p e n d m o r e s t r o n g l y o n the re la t ive 
v e l o c i t y than w i t h smal l e r sys tems . A r o u g h m e a -
sure o f the re lat ive c r o s s sec t i ons , at a f i x e d i m p a c t 
e n e r g y , o f v a r i o u s i o n s X + c a n b e o b t a i n e d f r o m 
the IJ. (k) d i s t r i b u t i o n s in F i g . 4 b y d i v i d i n g the 
re la t ive p e a k h e i g h t s b y the re lat ive a b u n d a n c e s in 
the i o n b e a m . F o r e x a m p l e the ra t i o o f the p e a k 
h e i g h t s at R E = 1 4 . 0 a n d R E = 1 4 . 7 in F i g . 4 i s 

1 For a recent review, see H. M. ROSENSTOCK, Adv. Mass 
Spectrom. 4, 523 [1968] ; also: C. E. KLOTS, J. Phys. 
Chem. 75, 1526 [1971]. 

2 O . OSBERGHAUS a n d C H . OTTINGER, P h y s . L e t t . 1 6 , 1 2 1 
[1965] . 

3 CH. OTTINGER, Z. Naturforsch. 22 a, 20 [1967]. 
4 I . HERTEL a n d C H . OTTINGER, Z . N a t u r f o r s c h . 2 2 a, 4 0 

[1967], 
5 I . HERTEL a n d C H . OTTINGER, Z . N a t u r f o r s c h . 2 2 a, 1 1 4 1 

[ 1 9 6 7 ] , 
6 A review has been given by E. LINDHOLM, in: Ion-Molecule 

Reactions in the Gas Phase, Adv. in Chemistry Ser. No. 
58, (Amer. Chem. Soc., Washington 1966), p. 1. 

2 . 2 ± 2 0 % . T h e intens i ty ra t i o o f K r + ( 2 P 3 / 2 ) : K r + 

("P1/2) is p r o b a b l y 2 : 1 ( see 6 ) , w h i c h ind i ca tes a 
s i m i l a r c r o s s s e c t i o n f o r the t w o s p e c i e s in agree -
m e n t w i t h F i g . 1 2 . 

1) Double ionization by charge exchange 

A s a p r o d u c t o f c h a r g e e x c h a n g e b e t w e e n H + a n d 
b e n z o n i t r i l e the i o n C 6 H 5 C N + + (mje = 5 1 . 5 ) w a s 
o b s e r v e d . It is a t t r ibuted to a u t o i o n i z a t i o n o f an in-
t e r m e d i a r y C 6 H 5 C N + . W i t h N e + , n o C 6 H 5 C N + + is 
f o u n d , so that the a p p e a r a n c e po tent ia l o f C 6 H 5 C N + + 

m u s t l ie b e t w e e n 2 1 . 6 e V a n d 2 4 . 5 8 e V . F o r c o m -
p a r i s o n , the a p p e a r a n c e po tent ia l s o f d o u b l y i on i z -
e d b e n z e n e , t o l u e n e a n d n a p h t h a l e n e all h a v e the 
ra ther l o w va lues 2 6 . 0 ; 2 4 . 5 a n d 2 2 . 8 e V , respec -
t ive ly 4 6 . 

T h i s a p p e a r s to b e the first k n o w n e x a m p l e o f a 
c h a r g e e x c h a n g e p r o c e s s X + + A A + + + X + e . 
M u c h less s u r p r i s i n g is the o c c u r r e n c e o f p r o c e s s e s 
o f the t y p e X + + + A — A + + + X , as r e p o r t e d , f o r 
e x a m p l e , in R e f . 3 4 . 

VIII. Conclusion 

T h e p r e s e n t e x p e r i m e n t const i tutes a n o v e l a n d 
d i r e c t w a y o f m e a s u r i n g the d e p e n d e n c e k(E) o f 
the u n i m o l e c u l a r d e c o m p o s i t i o n rate c o n s t a n t on 
the e x c i t a t i o n e n e r g y . C o n c e i v a b l y , b y e m p l o y i n g 
p r i m a r y m a s s se l e c t i on a n d m o r e s o p h i s t i c a t e d de-
t e c t i o n t e c h n i q u e s l ike s igna l a v e r a g i n g , this m e -
t h o d c o u l d b e a p p l i e d to a m u c h l a r g e r var ie ty o f 
s u b s t a n c e s . T h i s w o u l d o p e n u p the m o s t d i re c t ex-
p e r i m e n t a l a p p r o a c h to u n r e v e l the d i s s o c i a t i o n ki-
net i cs o f c o m p l e x s y s t e m s . 
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