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T h e method of CERMAK and HERMAN has been appl ied to mass spectrometr ic studies of symmetrical 
electron and proton transfer processes. The characteristics of the ion source used have been in-
vestigated both experimental ly and theoretical ly. A new type of ionization ef f ic iency curve is ob-
tained if the current of a secondary ion is plotted as a funct ion of the voltage between ionization 
chamber and electron trap at constant l ow voltage between the filament and the chamber. Essentially 
comple te discrimination of pr imary ions has been achieved. 

Electron transfer o c curs with rather low cross section in methane but increases with molecular 
size and with increasing unsaturation. Large cross sections were observed in sulfur and iodine con-
taining compounds . Doub le charge transfer reactions such as 

N O + + - f N O - > N O + N O + + , X e + + + X e - > X e + X e + + 

have also been observed. Proton transfer react ions have been observed in several simple molecules . 
Some experimental results are presented which indicate that proton transfer may occur via a com-
plex (at low kinetic energies) or as a stripping process (at h igher energ ies ) . 

Fragment ions have also been observed in the secondary mass spectra of several c ompounds . 
W h i l e part of these may result f r o m the scattering of pr imary fragment ions, in some cases additio-
nal processes have to be postulated such as hydride ion transfer and dissociative charge transfer 
f rom vibrationally excited ions. 

A simple new method for mass spectrometric stu-
dies of the interactions between ions and neutral 
molecules has recently been described by C E R M A K 

and H E R M A N 1 . The electron accelerating voltage be-
tween the filament and the ionization chamber of a 
conventional ion source is kept below the ionization 
potential of the gas. The electrons traverse the cham-
ber without causing any ionization and are then 
further accelerated by an electric field between the 
ionization chamber and the electron trap. The pri-
mary ions are accelerated in the direction opposite 
to the electron beam by this field before entering the 
ionization chamber. These primary ions are not able 
to pass the slit system of the mass spectrometer be-
cause 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 into the analyzing section 
of the instrument if they are formed with negligible 
amounts of kinetic energy. C E R M A K and H E R M A N de-
monstrated this in studies of dissociative charge 
transfer reactions in cases in which the transfer of 
mass and therefore of kinetic energy is extremely 
small. 

* This work was supported, in part, by the U.S. A t o m i c 
Energy Commission. 

The methodology of C E R M A K and H E R M A N has 
been applied in studies carried out with a C o n -
s o l i d a t e d E l e c t r o d y n a m i c s C o r p o r a -
t i o n Model 21-103 C mass spectrometer. The sen-
sitivity of the instrument was increased by using a 
Model 31 Cary (Vibrating Beed) Electrometer for 
the measurement of the ion currents. Studies of the 
characteristics of the ion source showed that essen-
tially complete discrimination between primary and 
secondary ions is obtained. As a result it has been 
possible to investigate a number of typical resonant 
charge transfer reactions. In addition, the mass 
spectra of secondary ions of several simple com-
pounds have been studied. It has been found that 
these secondary mass spectra contain not only the 
parent ions (formed by resonant charge transfer) 
but also protonated molecules as well as ions of 
lower masses resulting from ion-molecule reactions. 
It seems noteworthy to emphasize that the high de-
gree of discrimination of primary ions makes it pos-
sible to detect certain secondary ions which cannot 
be observed in the conventional operation of the ion 
source. 

1 V . C E R M A K a n d Z . H E R M A N , N u c l e o n i c s 1 9 , N o . 9 , 1 0 6 [ 1 9 6 1 ] . 
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Characteristics of the ion source 

a) Experimental 

The normal operation of the ion source is de-
monstrated in Fig. 1 for methane (curve 1) . The 
current of the parent ion is given as a function of 
the electron accelerating voltage at constant trap 
voltage. A small current which decreases rapidly 
with decreasing electron voltage can still be observ-
ed below the ionization potential of methane (13.0 
volts). Between 11.0 and 13.0 volts this current is 
attributed to the energy spread of the electron beam. 
At 11.0 volts the slope of curve 1 changes disconti-
nuously and at lower voltages becomes nearly in-
dependent on the electron accelerating voltage. Fig. 2 
shows the dependence of the CH4+-current on the 
pressure in the gas inlet system. Proportionality 
exists if the ion source is operated in the conventio-
nal way, i. e. with incident electron energies above 
the ionization potential of the methane (curve 1 ) . 
The current increases with the square of the pres-

IP(CH4) 

EE variable 
E t = 4 0 volts 

Fig . 1. CH 4 + current f r om methane as a funct ion of Ee or ET, 
respectively. (Ee: voltage between filament and ionization 
chamber. Ej: voltage between ionization chamber and electron 
trap. Methane pressure in the gas inlet sys tem: 600 [X. Repe l -

ler f ie ld : 3.8 volts /cm.) 

sure if the electron accelerating voltage is kept below 
11.0 volts (curve 2 ) . In this range only secondary 
CH4+ ions which result from some interaction of 
primary ions formed between the chamber and trap 
with gas molecules in the chamber are observed. 

200 400 6i 
pressure in f j . — -

Fig. 2. D e p e n d e n c e of the C H 4 + current on the pressure of 
methane in the gas inlet system (Curve 1 : left ordinate scale, 

curve 2 : r ight sca le ) . 

The formation of these secondary CH4+ ions is 
described in a more detailed manner by curve 3 in 
Fig. 1. The electron accelerating voltage F0 has been 
kept constant at 8.0 volts and the CH4+ current has 
been studied as a function of the trap voltage FT . 
Curve 3 represents an "ionization efficiency curve" 
for the secondary ion. The "appearance potential" 
here amounts to 5.0 volts. This corresponds exactly 
to the ionization potential of 13.0 volts of methane 
since the energy of the electrons is equal to 

Fe + F t = 13.0 

when they reach the electron trap. It can therefore 
be concluded that the precursor of the secondary 
C H / ion is the primary CH4+ ion which transfers 
its charge in a collision with a methane molecule. 
"Secondary ionization efficiency curves" are there-
fore helpful in investigations of the nature of the 
primary ion. However, the meaning of such second-
ary ionization efficiency curves is somewhat different 
from that obtained in more conventional ion sources. 
This will be discussed in detail in the following theo-
retical part. 

The description of the characteristics of the ion 
source is completed by curve 2 in Fig. 1 where the 
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ion current is plotted versus the trap voltage at con-
stant accelerating voltage above the ionization poten-
tial of the gas. As it is well known from conventio-
nal operation the ion current is practically indepen-
dent on E j over a wide range. 

b) Theoretical 

The secondary ions cannot reach the collector if 
they have excessive kinetic energy either parallel to 
the long axis of the slits (i. e. in the direction of the 
primary ions) or perpendicular to this axis and to 
the direction of analysis. Only a beam within the di-
vergence angles a and /? (perpendicular to and in 
the plane of analysis, respectively) will pass through 
the whole slit system. The angle a is determined by 
the length of the exit slit of the ionization chamber 
and lo of the entrance slit of the collector system as 
well as the distance a between the two slits. The 
angle /? is determined by the widths dx and d.2 of the 
exit slit of the ionization chamber and the exit slit 
of the ion accelerating system as well as their dis-
tance b. In the mass spectrometer employed here lx , 
U and a were 1.0. 1.26 and 40 cm, and dx, d2 and b 
were 0.15, 0.15 and 7.2 mm. respectively. The val-
ues of a and are calculated to be equal to 0.056 
and 0.0415 radians from these data. The maximum 
kinetic energy components L a and Up parallel and 
perpendicular to the direction of the primary ion 
beam which will allow analvsis are given by 

Ua = z2 V, = (1 ) , (2) 

where V is the ion accelerating high voltage of the 
ion source. In this work V was equal to 800 volts. 
Ua and Ufi are found to amount to 

Ua = 2.5 eV. Up = 0.34 eV. (3) , (4) 

Let x0 be the distance between the ionization 
chamber and electron trap, x the distance between 
the chamber and a point between these two electro-
des. The total kinetic energy of an electron which 
ionizes a molecule at this point is equal to 

F t o t = Fe + £/ (a;) 

where U is the potential difference between the 
chamber and this point. If the field gradient between 
chamber and trap is linear U = Ej x/x0 . The prim-
ary ion formed at the distance x is accelerated by 
the potential U and enters the chamber with the 
kinetic energy e U (x). At the appearance potential, 
AP, of the secondary ionization efficiency curve, all 

ionizations take place immediately in front of the 
collector, i .e . x = x0 and Ftot = F c 4- £ t ? and all 
primary ions entering the ionization chamber have 
the kinetic energy e FT . However, at higher values 
of FT ionization can occur between x0 and a mini-
mum distance xx which is given by the condition 
E0 +U(xt) — AP. The primary ion beam therefore 
will have a distribution in kinetic energy between 
elj (xx) and e FT . Since decreases with increasing 
E j this distribution will become broader and broa-
der. 

The number of primary ions which are formed 
between x and x + d.r (or U and U + dU) and which 
will therefore obtain the kinetic energy e U is equal 
to 

N(U) dU occa(U) dx (5) 

where c is the concentration of gas molecules in the 
ion sources and o(U) the cross section for ionization 
at the distance x, i .e. at total electron energy Fe + U. 
If U = ET(x/x0) 

N(U) dU O C C ( X 0 / £ T ) °(U) dU. ( 6 ) 

The total number of primary ions formed between 
:r0 and rq will amount to 

A t o t oc c(xjET) f o(U) dU, (7) 
AP-Ee 

o(Jj) is easily derived from the conventional ioniza-
tion efficiency curve. For example, curve 1 in Fig. 3 
represents o(U) for CH4" if F c is equal to 8 volts. 

voltage — 

F i g . 3 . Curve 1 : I on izat i on e f f i c i e n c y curve o f C H 4 + {Ej c o n -
stant at 4 0 volts . Ee var iab le . A b s c i s s a : EG — 8 volts . Curve 1 
is n o r m a z i l c d at Ee — 8 = 4 0 v o l t s ) . Curve 2 : To ta l pr imary 
C H 4 + cur rent as f u n c t i o n o f E j at £ , c = constant at 8 volts. 
( C u r v e 2 is c a l c u l a t e d f r o m curve 1 a c c o r d i n g to E q . ( 7 ) . 
N o r m a l i z a t i o n of c u r v e 2 at Et = W v o l t s ) . X: O b s e r v e d sec-
o n d a r y C H 4 + cur rent at var i ous values of ET ( E e constant at 

8 volts . N o r m a l i z a t i o n at £ r r = 4 0 v o l t s ) . 
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This curve is the measured primary ionization ef-
ficiency curve 1 in Fig. 1 (the scale of the abscissa 
is just shifted by 8 volts). Curve 2 in Fig. 3 is the 
integral 

Er 
( 1 / £ t ) - fo(U)dU 

AP-8 

of curve 1 and represents the total primary CH4+ 

current at different voltages E?. Both curves are 
normalized at 40 volts. 

The number of secondary ions which are produced 
by reactions of the primary ions in the ionization 
chamber is proportional to 

N'totocc fTN(U) o'{U) dU (8) 
AP-Ee 

wThere O'(U) is the cross section of the ion-molecule 
reaction. By combining Eq. (6) and (8) 

N'tot oc cHxJEt:) fTo(U) o'(U) dU (9) 
AP~Ee 

is obtained. If o is independent of the kinetic energy 
of the primary ion, TV'tot becomes proportional to 
Ntot, i. e. the shape of the secondary ionization ef-
ficiency curve will be identical to that calculated 
from Eq. (7) (Fig. 3 ) . In these considerations it has 
been assumed that all secondary ions reach the col-
lector. However, if the secondary ions are formed 
with kinetic energies perpendicular to the direction 
of flight only a fraction, / , will be collected. As the 
kinetic energy of the primary ion increases / will 
decrease and N' will be described by the relation 

N'tot(ET) oc C 2 ( X 0 / £ T ) 7 a(U) o'(U) f(U) DU 
AP—Ee ( 1 0 ) 

Symmetrical charge transfer reactions 

Symmetrical charge transfer processes have been 
studied by a number of authors 2 _ 5 . These investiga-
tions have mainly been restricted to the noble gases. 
The reaction H2+ + H2 H2 + H2+ seems to be the 
only process studied in which molecular species are 
involved. The cross sections of such resonance pro-
cesses are expected and have been found to be higher 
than gas collision cross sections. This arises because 
the resonance introduces a long range interaction 

2 H . S. W . MASSEY and E . H . S . BURHOP, E l e c t r o n i c a n d I o n i c 
I m p a c t P h e n o m e n a , C l a r e n d o n Press , O x f o r d 1 9 5 2 , p . 5 2 5 . 

3 J. B . HASTED, P r o c . R o y . S o c . , L o n d . A 2 0 5 , 4 2 1 [ 1 9 5 1 ] . 
4 H . B. GILBODY a n d J. B . HASTED, P r o c . R o y . S o c . , L o n d . A 

2 3 8 , 3 3 4 [ 1 9 5 6 ] . 

which would otherwise not occur. Relatively little 
variation of the cross section with the kinetic energy 
of the ion has been found. At energies above 200 eV 
in all cases the cross section observed falls very 
slowly and steadily as the relative kinetic energy of 
the collision partners increases. At lower kinetic 
energies, however, a small maximum has been ob-
served in argon and in neon 6 and a very pronounc-
ed one in hydrogen4 . These anomalies have been 
attributed to the occurrence of non-resonant proces-
ses in the noble gases due to the spin multiplicity 
of the lowest state of these ions. In the case of H2 a 
side reaction in which a change of vibrational energy 
is involved has been assumed 4. Scattering of ions 
in the case of exact resonance occurs primarily at 
small angles, the scattering intensity at 9 0 ° being 
practically zero 7. It can therefore be assumed that 
all secondary parent ions formed in our ion source 
exclusively result from symmetrical charge transfer. 

Fig. 3 contains a few points from curve 3 in Fig. 1. 
These points fit curve 2 in Fig. 3 fairly well. This 
curve is calculated on the assumption that both f (U) 
and o ' (U) in Eq. (10) are constant over the range 
from 5 — 40 volts. The agreement indicates, as men-
tioned above, that the transfer of kinetic energy is 
very small and that the cross section of the observed 
process is not significantly dependent on the kinetic 
energy. 

Fig. 4 shows the ionization efficiency curves for 
the secondary ions observed in methane and Figs. 
5 — 7 show similar data for some other simple mole-
cules. The appearance potentials of the parent ions 
are always identical with those of the primary parent 
ions. All observed symmetrical charge transfer pro-
cesses are listed in Table 1. The lowest cross section 
for transfer of a single electron has been found in 
methane. This reaction has been selected for refe-
rence in Table 1. In order to obtain relative cross 
sections, the ratio 

current o f s e c o n d a r y i on at Ee = 8 a n d £ t = 4 0 vo l t s 

current o f p r i m a r y ion at Ee — 4 0 a n d £ t = 4 0 vo l ts 

has been measured relative to the similar ratio for 
methane. This procedure assumes that the primary 
ion current in the C E R M A K — H E R M A N operation of the 
ion source {EE = 8, /vp^^O) is proportional to the 

5 J. B . HASTED, A d v . in E l e c t r o n i c s and E l e c t r o n P h y s . 13 , 1 
[ I 9 6 0 ] , 

6 A . ROSTAGNI, NUOVO C i m . 12 , 1 3 4 [ 1 9 3 5 ] . 
7 R e f e r e n c e 2 , p . 4 4 3 . 
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Fig . 4 . Ionizat ion e f f i c i ency curves of s e condary ions in me-
thane ( £ e = constant at 8 volts . E j var iable . A l l curves nor-

mal ized at £ T = 4 0 vo l t s ) . 

F ig . 6. Ionizat ion e f f i c i e n c y curves of s e condary ions in hydro -
gen sul f ide ( £ e = 8 volts , E T v a r i a b l e ) . 

i o n r e l a t i v e i o n r e l a t i v e 
c r o s s s e c t i o n c r o s s s e c t i o n 

C H 4 + A ( 1 . 0 ) a H C 1 + 7 .0 
C-2H64" 3 .3 N H 3 + 7 .8 
C O H 4 + 1 0 H O S + 1 5 

C 2 H O + 1 4 C S O + 1 9 

C - C 6 H 1 2 + 5 . 0 12+ 27 
c - C E H I O + 2 9 N e + 3 .7 

C E H G - 1 3 A r + 9 . 3 
N O + 4 . 1 K r + 1 5 
H 2 0 + 4 . 2 X e + 2 3 

C 0 2 + 4 . 3 
A r + + 1 . 1 
K r + + 1 . 8 
X e + + 3 . 0 
N 0 + + 0 . 3 

' Reference reaction: C H 4 + + C H 4 -»• CH4 + CH4+ 

T a b l e 1. Re lat ive c ross sect ion of symmetr i ca l charge transfer 
react ions . 

F ig . 5. Ionizat ion e f f i c i e n c y curves of s e c o n d a r y ions in water 
( £ e = constant at 10 volts. E t v a r i a b l e ) . 

F ig . 7. Ionizat ion e f f i c i e n c y curves of s e c o n d a r y ions in h y d r o -
gen chlor ide and a m m o n i a (Ee = 8 volts , ET v a r i a b l e ) . 

ion current in the more conventional operation of 
the source ( i .e . EE = 40 volts). Since the primary 
ion current contained ions of kinetic energies be-
tween about 5 and 40 volts, the value of the cross 
section obtained is an average over this range. An 
additional complication arises since the primary 
molecular ions formed by electron impact will have 
various amounts of vibrational energy. The data 
obtatined by the present method of measuring cross 
sections can be compared with literature values in 
the case of the noble gases. Our ratio of the cross 
sections in argon and neon amounts to 9.3/3.7 = 2.5 
which agrees with the ratio of 2.5 — 3.0 calculated 
from the measurements of R o s t a g n i 6. Absolute cross 
sections may be calculated from the data in Table 1 
by using the known absolute cross section of the 
transfer process in argon (38 x 10~16 cm2 at 20 eV). 
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The cross section depends significantly on the 
nature of the compound. In molecules of similar size 
(such as ethane, ethylene and acetylene) the cross 
section increases with increasing unsaturation. A 
similar increase is observed by going from cyclo-
hexane to cyclohexene. High cross sections have 
been found in the sulfur containing compounds and 
in iodine. Table 1 also contains some examples of 
symmetrical double charge transfer. In these experi-
ments, 110 volts were used instead of 40 to carry out 
the measurements and Eq. (11) adjusted accord-
ingly. The process 

NO++ + NO NO + NO++ (10) 

a Pressure of the gas inlet s y s t e m : 6 0 0 ft. Repel ler field: 3 . 8 4 vol ts /cm. 
b Primary spectra : Ee = 4 0 volts , £ T = 4 0 volts. Secondary spectra : 

Ee = 8 volts, E r = 4 0 volts. 

was the only one found for the transfer of two 
charges in a molecular system. 

Proton transfer reactions 

The secondary mass spectra of some simple mole-
cules are listed in Table 2. The ionization efficiency 
curves of these secondary ions are shown by Figs. 
4 — 7. Ions of the form Hn + jX+ from parent mole-
cules H„X have been observed in all cases. The sec-
ondary ionization efficiency curves of these ions 
begin at the same appearance potentials as those of 
the parent ions HnX+ . Primary ions HreX+ must there-

c Data taken from F . H . FIELD and J. L . FRANKLIN, Electron Impact Pheno-
mena, A c a d e m i c Press I n c . , New Y o r k 1 9 5 7 . 

Substancea Ion ionization 
relative intensity 

Substancea Ion potential (volts)0 
primary spectrumb secondary spectrum15 

water 
H 3 O + 
H2O+ 
OH+ 
0+ 

12.61 
~ 12.8 

13.61 

2.4 
100 
20 
0.7 

29 
100 

hydrogen sulfide 
H3S+ 
H2S+ 
HS+ 
S+ 

10.47 

10.36 

<0.04 
100 
38 
41 

2 
100 

4 
3 

hydrogen chloride 
H0CI+ 
HC1+ 
C1+ 

12.90 
13.01 

1.2 
100 

15 

7 
100 

0.7 

ammonia 

NH+4 
NH+3 
NH+2 
NH+ 
N + 

10.52 - 11.3 

14.54 

0.6 
100 
67 
3.5 
7.8 

15 
100 

2 

methane 

CH+5 
CH+4 
CH+3 
CH+O 
CH+ 
c + 

13.1 
9.9 

11.9 
11.13 

2.8 
100 
78 
12 

5 
1 

20 
100 
120 

6 

ethane 

C 2 Ü + 7 
C2H+6 
C 2 H + 5 
C 2 H + 4 
COH+3 
C0B.+0 
COH+ 
c 2 + 

11.6 
8.7 

10.51 

11.41 

not detectable 
100 
82 

410 
133 
74 
6 
0.8 

0.2 
100 
122 
93 
17 
3 

ethylene 

C 2 H + 5 
C2H+4 
C 2 H + 3 
C2H+2 
C2H+ 
r+ 

10.51 

11.41 

not detectable 
100 
54 
52 
8 
1 

2 
100 

9 
5 

Tab le 2. Pr imary and secondary mass spectra of simple molecules . 
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fore be the precursors of the protonated species as 
well as the secondary parent ions. 

yrHnX + H„X+ (13) 
H„X+ + H„X 

^ H b _ ! X + H b (14) 

In order to compare the competing processes of elec-
tron and proton transfer the ratio of the currents of 
the secondary ions H„ + 1X+ and H„X+ is plotted in 
Fig. 8 versus the voltage . 

15 20 
Trap voltage Ey — 

Fig . 8. Current ratio of pro tonated mo le cu les and secondary 
parent ions as a func t i on of E t {Ee = 8 volts. 1 and r : left and 

rigth ordinate scale , respec t ive ly ) . 

The general shape of the secondary ionization 
efficiency curves of the ions H,i + 1X+ differs markedly 
from that of the ions X„X+ . A maximum at 10 — 15 
volts above the appearance potential can usually be 
observed (Figs. 4 — 7) . The decrease in the ratio 
Hrt + 1X+ /H„X+ in Fig. 8 indicates that electron trans-
fer predominates more and more at higher kinetic 
energies. The shape of the H„ + 1X+ curves in Figs. 
4 — 7 may be explained by the inverse dependencies 
of o, o and / on the kinetic energy eU of the pri-
mary ions [Eq. ( 1 0 ) ] . The increase in o(U) at 
rather low kinetic energies determines the main 
features of the shape of the curve while the decrease 
in o (U) and in f(U) becomes predominant at 
higher kinetic energies. The decrease of a is well 
known from conventional studies on ion-molecule 
reactions8 ' 9. It may be described by the relation 

o oc Ua ( 1 5 ) 

over a certatin range of U. Values for a of — 0.5 to 
— 1.4 have been observed for different reactions10. 

The collection efficiency, / ( £ / ) , can no longer be 
assumed to be constant as in the electron transfer 
reactions since the transfer of the mass of the pro-
ton will be accompanied by the transfer of kinetic 
energy. This term is therefore expected to decrease 
above a certain value of U, but the decrease should 
depend strongly on the nature of the collision. The 
reaction may occur via an activated complex which 
dissociates into the final products after a lifetime 
much longer than the time of a molecular vibration. 
The existence of such complexes has been proven 
indirectly 9 and directly 12 in several ion-molecule 
reactions. Complexes are probably preferentially 
formed at low kinetic energies. At higher kinetic 
energies the lifetime of the complex will become 
shorter than the time required for distribution of the 
excitation energy in the various degrees of freedom 
in the complex, i. e. there is practically no real com-
plex formation. Reactions which are observed at 
higher kinetic energies are more likely to occur as 
stripping processes. Essentially the cross sections of 
such processes are not expected to exceed gas kinetic 
cross sections. In the case of complex formation the 
intermediate complex will move with half the origi-
nal kinetic energy (e U) in the direction of the pri-
mary ion, the rest of the kinetic energy appearing as 
internal energy. The reaction product + iX+ will 
have the kinetic energy 

He U) [(A+ 1)/(2 A)] (eU) (16) 

in the direction of the primary ion (where A is the 
mass of molecule H„X) . It will have an additional 
component of kinetic energy directed at random if 
part of the excitation energy of the complex and of 
the exothermicity of the reaction appears as kinetic 
energy of the final products. At values of U above 
10 volts the maximum energy component Ua, at 
which collection is allowed, will have been reached. 
The collection efficiency is expected to fall signi-
ficantly as the kinetic energy of the primary ion 
exceeds a few electron volts. 

Where the secondary ion results from stripping 
of a proton from the primary ion the protonated 
molecule will be formed with the kinetic energy 

8 D . P. STEVENSON and D. O. SCHISSLER, J. C h e m . Phys. 2 9 , 
282 [ 1 9 5 8 ] . 

9 F . H . F I E L D , J . L . F R A N K L I N a n d F . W . L A M P E , J . A m e r . C h e m . 
Soc . 79 , 2 4 1 9 [ 1 9 5 7 ] . 
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11 R . F. POTTIE and W . H. HAMILL, J. Phys . C h e m . 63, 877 

[ 1 9 5 9 ] . 
1 2 A . HENGLEIN, Z . N a t u r f o r s c h g . 1 7 a , 4 4 [ 1 9 6 2 ] . 



ELECTRON AND PROTON TRANSFER REACTIONS 4 5 9 

A"1 (A + 1 ) ( e U) in the direction of the primary 
ion. This amount is much less than in the case of 
complex formation. There f (U) is expected to de-
pend only slightly on the kinetic energy in the range 
of 5 —40 volts. The ratio Hn + iX+ /H„X" in Fig. 8 
is only slightly dependent on FT in the cases of 
hydrogen chloride, hydrogen sulfide and ammonia. 
If we can again assume that o and / oxf the electron 
transfer are nearly independent on energy it must 
be concluded that o and / of the proton transfer 
show the same behavior. The stripping model would 
therefore be more adequate to describe these reac-
tions than the activated complex model (at least 
for kinetic energies above 5 eV) . The very strong 
decrease in the current ratio CH5+/CH4+ in Fig. 8 
indicates that this reaction occurs via a complex at 
low kinetic energies while a stripping reaction pre-
dominates at higher energies. This may also explain 
some observations of F I E L D et al. 9 who studied the 
reaction CH4+ + CH4 - > CH5+ + CH3 by operating the 
ion source in the conventional way. They found the 
cross section to decrease at repeller field strengths 
between 10 — 100 volts/cm but to become constant 
at higher field strengths. 

The C2H7+ ion which could not be detected in 
conventional studies on ion-molecule reactions in 
ethane 13 has been observed (Table 2, Fig. 8) with 
low intensity. Since the appearance potentials of 
C2H6+, C2H5+ and C2H4+ from ethane no not differ 
very much, it is difficult to attribute the secondary 
C2H7" to one of these primary ions. A rough estimate 
shows that the cross section of the formation of 
C2H7~ in ethane must be 100 times smaller than that 
of the proton transfer in water. This low cross sec-
tion explains the failure to detect C 2 H / in the con-
ventional operation of an ion source since C2H7+ is 
here masked by the C13 isotopic peak of the C2H6" 
ion. 

Fragment ions in the secondary mass spectra 

The secondary mass spectra in Table 2 contain a 
number of ions of lower mass numbers. Their sec-
ondary appearance potentials are identical with the 
known appearance potentials of these ions when 
formed by electron impact. It cannot be ruled out 
that primary ions are not scattered and pass through 

13 F . W . LAMPE and F. H. FIELD, J. A m e r . Chem. Soc . 81, 3242 
[ 1 9 5 9 ] . 

14 R e f e r e n c e 2, p. 496 — 497 . 

the slit system of the mass spectrometer. The collec-
tion efficiency of scattered ions is expected to be 
very small since most will have components of kine-
tic energy perpendicular to the direction of analysis. 
Furthermore, the scattering intensity at 90" is very 
low1 4 . This would explain the rather low relative 
intensities of most of the fragment ions in Table 2. 
The table, however, contains a few examples which 
strongly indicate that there must be additional pro-
cesses of formation of secondary fragment ions. 

The ion CH3+ is the most abundant in the second-
ary mass spectrum of methane. Its intensity is even 
higher than that of CH4+ (the abundant ion in the 
primary mass spectrum). Furthermore, the second-
ary ionization efficiency curve of CH3T always runs 
above that of CH4+ except for the immediate vicinity 
of the appearance potential of CH3" (Fig. 4 ) . This is 
in contrast to the behaviour of the primary ioniza-
tion efficiency curves of these ions 15. It must be 
concluded that CH3+ ions are formed by some ion-
molecule reactions such as H~ transfer from methane 

CH3+ + C H 4 - ^ C H 4 + CH3+ (17) 

or dissociative electron transfer 
CH4+* + C H 4 - > C H 4 + CH3+ + H (18) 

If reaction (18) is initiated by a CH4+ ion in its 
ground state the energy deficit Z)(CH3+ —H) has to 
be taken from the kinetic energy of the CH4+ ion. 
The cross section of this process would be very 
small since the collision occurs adiabatically in the 
energy range studied. However, if the CH4+ ion is 
formed with an amount of vibrational energy only 
about one-tenth of an electron volt smaller than 
Z)(CH3+ — H) the rest of the energy deficit may 
easily be delivered by the kinetic energy. It is at 
present not possible to distinguish between reactions 
(17) and (18) . Similarly the C2H5+ ion occurs with 
abnormally high intensity in the secondary mass 
spectrum of ethane. It is therefore attributed to the 
analogous reactions 

C2H5+ + C2Hg C2H6 + C2H5+ (19) 

or C2H6+* + C2H6 - > C2H6 + C2H5+ + H. (20) 

The 0H+ ion could not be detected in the second-
ary spectrum of water although its intensity as pri-
mary ion is very high. The absence of this ion as a 

1 5 A . HENGLEIN a n d G . A . MUCCIXI. Z . N a t u r f o r s c h g . 1 5 a , 5 8 4 
[ I 9 6 0 ] . 
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secondary ion would seem to corroborate the above 
ideas that the high intensities observed for CH3+ 

and C2H-+ cannot be due to scattering of the primary 
ions. It also indicates that hydride ion transfer 

OH+ + H 2 0 - > H , 0 + OH+ (21) 

does not occur. The ionization potential of OH seems 
to be slightly higher than that of water while that of 
CH3 is much lower than that of methane (Table 2 ) . 
In the case of w ater electron transfer 

O H + + H 2 0 O H + H 2 0 + (22) 

is expected to compete with reaction (21 ) . Reaction 
(22) is of interest in considerations of the radiation 
chemistry of water. It explains the fact that there is 
no chemical evidence of OH+ although the mass spec-
trum of wrater indicates that OH+ is formed in high 
yield by high energy radiation. In the case of hydro-
gen chloride, the fragment CI also has a slightly 
higher ionization potential than the molecule. The re-
action CP + HC1—> CI + HC1+ may therefore partly be 
responsible for the very low relative intensity of CP 
in the secondary mass spectrum of hydrogen chloride. 

Isotopie-Effekt und Häufigkeiten der Edelgase in Steinmeteoriten 
und auf der Erde 

V o n J . Z Ä H R I N G E R 

A u s dem Max-PIanck-Institut für Kernphysik, He ide lberg 
(Z. Naturforschg. 17 a, 4 6 0 ^ 7 1 [1962] ; eingegangen am 2. April 1962) 

The rare gas content of 19 various stone meteorites has been investigated mainly f or the abun-
dance of the heavier components . Nine normal chondrites have been selected, which indicated f r o m 
the A 3 6 /A 3 8 - ra t i o the presence of pr imordial rare gases. A l l of them contain primordial K r and X e 
as well as Xe 1 2 9 -excess . The i r content is proport ional to the A 3 6 -content and increases in the se-
q u e n c e : normal chondrites, enstatite chondrites and carbonaceous chondrites. 

T h e relative abundances of the rare gases in the Staroe Pes janoe and Kapoeta meteorites f o l l ow 
very c lose ly the SUESS-UREY abundance curve. This may indicate that their compos i t i on is very 
similar to that of an undif ferentiated solar nebula. 

The isotopic variations of meteorit ic and terrestrial Ne and He can be explained by isotope 
dependant di f fusion in solids under the assumptions, that all matter contained the rare gases in 
solar compos i t i on previous to degassing and that K r and A has been lost to a much smaller extent. 
A similar process may be responsib le for the Xe-anomalies . Heating experiments conf irm, that the 
remaining gases are in thermal ly resistent components . The Xe 1 2 9 -prob lem is discussed under these 
aspects. 

Der erste sichere Nachweis von Uredelgasen in 
Meteoriten gelang G E R L I N G und L E V S K I I 1 in dem 
Achondriten Staroe Pesjanoe. Dieser Meteorit ent-
hält große Mengen an He, Ne und A, die nicht durch 
radioaktiven Zerfall oder durch Spallationsprozesse 
entstanden sein können. Ganz ähnliche Edelgasmen-
gen wrurden später in dem Achondriten Kapoeta von 
Z Ä H R I N G E R und G E N T N E R 2 und auch in dem Chon-
driten Pantar von K Ö N I G et al. 3 und M E R R I H U E et 
al. 4 festgestellt. 

Neben diesen heliumreichen Meteoriten existieren 
andere, wo überwiegend die schweren Edelgase 

1 E. K . GERLING U. L . K . LEVSKII, Dokl . A k a d . Nauk, S S S R 
1 1 0 , 7 5 0 [ 1 9 5 6 ] . 

2 J . ZÄHRINGER U. W . GENTNER, Z . N a t u r f o r s c h g . 1 5 a , 6 0 0 
[ I 9 6 0 ] , 

3 H . K Ö N I G , K . K E I L , H . HINTENBERGER, F . W L O T Z K A U. F . B E G E -
MANN, Z . N a t u r f o r s c h g . 1 6 a , 1 1 2 4 [ 1 9 6 1 ] . 

außergewöhnlich häufig sind. So fand R E Y N O L D S 5 

in dem kohligen Chondriten Murray überschüssiges 
A, Kr und Xe, S T A U F F E R 6 in einigen kohligen Chon-
driten und einem Ureiliten kleinere Mengen A und 
N e , Z Ä H R I N G E R u n d G E N T N E R 2 u n d R E Y N O L D S 7 i n 

Enstatitchondriten erhöhte A-, Kr- und Xe-Häufig-
keiten. Inzwischen hat sich gezeigt, daß das Vorhan-
densein von Uredelgasen keine Ausnahme darstellt 
und daß unter günstigen Bedingungen in den mei-
sten Chondriten Urargon zu erkennen ist 8. 

Die Isotopenzusammensetzungen der Uredelgase 
sind denen der atmosphärischen Edelgase ähnlich. 

4 C . M . MERRIHUE, R . O . PEPIN U. J . H . REYNOLDS, J . G e o p h y s . 
Res. , im Druck. 
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