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Th e ion·mo lecu le c he mis t ry occurring in photo ion ized eth yle ne . propyle ne a nd cyc lop ropane has 
bee n in ves tiga ted in the NBS high press ure mass s pect rome te r. Emphas is has bee n pl aced on d ete r
min ing the ove ra ll e ffec t of int e rn a l e xc it ati on on th e abso lut e ra te coe ffi c ie nt s for the va ri ous re ac tions. 
T hi s was acco mpli shed by compari ng the be hav ior found wh e n ioni za ti on was induced by photon 
abso rption at the ion iza ti on threshold with th a t foun d at hi ghe r photon e ne rgies. T he va lues fo r th e 
a bso lute rate coe ffic ie nt s for th e formation of e xc it ed co mpound io ns at variou s photon e ne rgies we re 
a s follo ws (unit s of 10- '0 c m"/ molec ule ' s); C, H.i . 9.6 (10.6 e V phot ons) ; 8.5 (l 1. 7 eV phot ons); G, H,; . 
8.4 (10.0 e V photo ns); 6.8 (11.7 e V photons) ; G,D,! . 7.8 (10.0 e V p hoton s). 6.1 (1 1.7 e V pho ton s) ; c-C Hi, 
a nd c-G. D,; . 2.2 (10.0 e V photon s); 2.2 (1 1.7 e V photons). The di s trib ut ions of prod uc t ions obtain ed 
f rom th e unimolecu lar decompos ition of th e co mpound io n in each sys te m hav e a lso been dete rmin ed 
a t vario us photon e nergies . a nd co ns ide rab le va ri a ti on has bee n o bserved. In gene ra l. th e va ri a ti ons 
a re s imil ar to those found e lse wh e re whe n th e kineti c e ne rgy of the reac ta nt ion is in c reased. Th e 
bimo lec ul a r reac ti ons of th e C" D;', compound io n ob tai ned fro m C, D,; have bee n inves ti ga ted a t hi ghe r 
pressures. and separa te ex pe rime nt s in vo lvin g isotop ica ll y la be led e thy lenes have prov ided ne w in
forma tion co nce rnin g th e nature of th e co mpound ion in th at s ys te m. Res ul t s ob tained from oth e r 
laborator ies a re di scussed in some de ta il. a nd in mos t cases the diffe re nces found for the same s yste m 
a re ex pli c ab le in te rm s of the e ne rgy conte nt (int e rn a l a nd/or kin e ti c) of th e re ac ta nt ion . . 

Key wo rds : Colli s iona l sta bi li za ti on; hyd rocarbons; ion-molecu le reac ti ons : photoioni za tion; ra te 
constant s; stru c tures of iOll s. 

1 . Introduction 
Although a great deal of informa tion has been 

accumul ated concernin g the effec t of ion kineti c 
e nergy on the rates and mechanis ms of ion-molecule 
r eac tions [1],' the effects of internal e nergy re main 
relatively un explored. However, several recent 
in vestigations [2] of proton transfer reactions occurring 
in inorganic systems using hi gh resolution photoioniza
tion mass spectrometry have demons trated that the 
cross sec tions for ce rtain processes may be extremely 
sensiti ve to cha nges in the vibrational energy content 
of the reactant ion. Thi s behavior was quantitatively 
investigated in a recent s tudy from thi s laboratory [3] , 
whic h involved a determination of the absolute rate 
coeffi cient for the reaction NHt + NH:j ~ NH! + NH2 
as a fun ction of internal energy, includin g v ' = 0 of 
NH:t as a s tandard. Inves tigations of this type have also 
been exte nded to a few co mplex organic sys tems using 
variable e nergy electron impact ionization co upled 
with Ion Cyclotron Reso nance (lCR) mass spectrom-

*Thi s rese.uc h wa s SUPI)Orl ed by the U.S. Atomic Energy Comm ission. 

I f igures in bracke ts indica te the lite rature referen ces al the end of the paper. 

e tr y [4], but o nl y relative ra te coeffi c ie nts have been 
determined. Thi s article describes a mass s pec
trome tric inves ti gation of the ion-molec ule reac tions 
occurrin g in e th yle ne. propyle ne, and cyclopropane 
under conditions of therm al kine ti c energy using the 
photoionization technique to produce primary ions. 
Although these systems have bee n subjected to 
considerable s tudy in other laboratories by electron 
impact mass specirometry [4- 29], the inte nial e nergy 
content of the reacting ions has always been i nd eter
minate due to the electron e nergy spread (when low 
energy electrons were used) and the fact th at. in may 
cases, ionization was induced by 100- 200 e V electron 
bombardme nt. In the prese nt ' s tud y ioni zation was 
induced by photo absorption at e nergies only sli ghtly 
in excess of the ioniza tion threshold ; propylene. I.P. = 
9.72 eV (10.0 eV photo ns); cyclopropane . I.P. = 10.09 
e V (hot band ionization with 10.0 e V photons); a nd 
ethyle ne, I.P. = 10.48 (10.6 e V photons) [30]. Analogous 
experim ents were also carried out at us in g 11.7 eV 
photons in order to specify th e effec t of internal 
excitation. S uch absolute rate coe ffi cient determina
tions are particularly important sin ce they provide 
th e only reasonable b asis for standardi zing the results 
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obtained in other laboratories for th e same syste ms. 
Some additional experime nts we re perfor~ed at 
elevated pressures both in the mass s pectromete r 
and in closed systems in order to elucidate certa in 
aspects of the effect of de ns ity on the reac tion mech
anism and to provide information co ncerning the 
structures of certain product ion s. 

2 . Experi mental Procedure 

All experiments were carried out using the NBS 
high press ure photoionization mass spectrometer 
described in detail elsewhere [3lJ- The results pre
sented here involve the interactions of thermal ions 
with a kinetic energy distribution corresponding to 
kT at 295 K. The techniques involved in deriving 
rate coefficients and other kinetic parameters have 
also been discussed elsewhere [3lJ- Ion ization was 
induced via photolysis with 123.6 nm (10.0 eV), 116.5 
nm (10_6 eV) and 106.7- 104.8 nm (average energy of 
11.7 eV) photons, henceforth referred to as 10.0, 
10.6 , and 11.7 eV. 

3. Results 

3.1 . Propylene 

Fragmentation of C3Ht was not observed at either 
10.0 or 11.7 e V. The relative probabilities (given as 
percentages) for production of C3 Ht, C4Hi, C4Ht, 
and C5Ht via the overall process : 

C3 Ht + C3H6 ~ CSHt2* ~ products other than 2 C3Ht 

(1 ) 

at the two energies are given in table 1. The relative 
probabilities for production of the various ions were 
found to be essentially independent of pressure up to 
approximately 1.5 millitorr, at which point ca. 50 per
cent of the C3Ht had reacted_ The branching ratios 
could not be precisely determined at higher pressures 
due to consecutive reactions. 

The decay curves found for C3Dt at the two energies 
are given in figure 1. Absolute rate coefficients for the 
production of products other than C3Ht, have been 
derived under conditions where nonreactive scattering 
of ions is negligible (initial slopes) and are given in 
table 1. Analogous data has been obtained for the 
C3Dt-C3D6 reaction paiL The observed branching 
ratios and rate coefficients are given in tables 1 and 2, 
res pecti vely. 

Experime nts at 10_0 eV were also carried out at 
pressures up to approximately 0_1 torr in both C3H6 

2 The terminology " products other than - - - -" will be used extensively in this article 
and is intended to denote those che mical products which are distin guishable from the 
parent ion in the mass spectrometer; i.e., have a dHferent m/e (mass to charge ratio). A 
chemical process in which hydrogens are exchanged, for example, cannot be detected 
without the use of isotopically labe led molecules since the prod ucts will still be C3 H; and 
C3 H6 in photoionized C3 H6 • In addition. charge exchange reactlOn ~ are not detected in 
like systems, although they may constitut e a major reaction channel. Consequently , the 
rate coefficients derived for reactions of C3 H:. Cz Ht. et c. in the pure sys tem reflect only 
the rate of disappearance of the respective parent ions . and do not include contributions 
to the total reactivity which may be associated with hydrogen exchange or charge transfer. 

TABLE 1. Percentage yields in the overall reaction 

C"Ht (from propylene) + C" H" -+ products other than C 3Ht 

Product 10.0 11.7 Ze ro ICR c Ref. Ref. Ref. 
ion eV " eV a fi eld" [16] [15] 112] 

C "Hj 12 20 21 19 23 27 29 

C, Hi 7 10 11 12 12 18 26 

C, H~ 46 35 42 42 40 34 22 

C 5 Ht 35 30 26 27 25 21 15 
~ other < 3 < 4 

C, Ot + C, O" -+ products other than C"Ot 

Produ ct ion 10.0 eV 11.7 eV Ref. [9] 

C" Oj 6.5 ± 0. 5 11.5 17.5 
C, Oj < 1.0 8.6 14.8 

C.O ~ 52 44 43 

C5 0 ~ 35 31 24 .7 

C"Oj', 5.0 ± 0 .5 3.2± 0.3 0 

a Present work. 
h Refe rence [17]. 
C Average va lues tak en from refe rences [17] and [7]. 

TABLE 2. Rate coefficients a jor disappearance oj primary ions 

Reaction pai r 10.0 eV h 11.7 eV h Flas h C Electron 
impact 

Ethylene ..... .. ..... . 9.6± 0.2 8.5 ± O.2 7.3 d 8.3 
Propyle ne ............. 8.4 ± 0 .4 6.8 ± O.3 7. 9 "7.6 
Propyle ne-d" ..... .. .. . 7.S ± 0 .4 6.1 ± O.3 ............ 06.3 
Cyclo propane ..... ... 2.2 ± 0.2 2.2± O.2 11.4 c 1.5, (2 .0, (2. 1 

a cm3/molecule. s X 10' 0. 
b This work , es timated accuracy better than 7 percent , ethylene 

values at 10.6 and 11.7 eV. 
e Flas h photoionization , refere ,!ce [S]. 
<I Reference [19]. 
o Refe rence [9]. 
(Referen ce [36]. 

and C3 D6 _ The variation in the product ion mass 
spectrum for some major ions from C3 Ds is given in 
figure 2. 

3.2. Cyclpropane 

Ion-molecule interactions occurring in cyclopropane 
were investigated using 10.6 and 11. 7 e V photons in 
both c-C 3Hs and c-CaDs_ Photoionization of c-C 3 H6 at 
11.7 eV yields 16 percent C3Ht, while the extent of 
fragmentation in c-C3 Ds is -:2 percent. the decay 
curves found for C-C3Dt at the two energies are given 
in figure 2, and the associated product ions are given 
in table 3_ Rate coefficients for the overall conversion 
of C3Ht (C 3Dit) to products other than C3Ht (C 3 Dt ) 
are given in table 2. 

3 .3. Ethylene 

Photolysis of C2 H4 , CHD=CHD, CH2 CD2 , and 
C2~-CD4 mixtures were carried out at both 10.6 
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FI GU HE 1. Decay curves Jor C:J Dt. Jrom propylene·d" (0 - 11 .7 eV; 
. - 10.0 eV) and c,C:J D" (O - II .7eV; . - IO.OeV)Jollo'Wing 

photoionization a t 10.0 an.d 11. 7 eV. 

T ABLE 3. Percentage yields in the overall reaction 

C3 H ~ (from cyclopropane) + cyclopropane -> products 
other tha n C:. H t 

Product eVa Zero Trap ped 
ion 

10.0 h 

C3H~ 4 

C. H ~ 9 
C4 H ~ 75 
Cs Ht 12 

C" Ht 0 
C3H;, + 0 

C3 Hl 

a Present work . 
b c.C" H6• 

c c.C" D6 • 

" Refe re nce [1 7]. 
c Refe re nce [8]. 
f Refe re nce [36]. 

10.0 c 11.7 c 

4 8 
12 15 
73 69 
11 8 
0 0 
0 0 

ICR" Flash e fie ld d ion r 

7 4 8 12 
17 24 13 13 
68 47 75 66 
9 9 4 5 
0 9 0 4 
0 7 0 0 
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F I GU RE 2. The fractional intensities of some major product ions 
resulting Jrom the photoionization oj C3D6 at 10.0 eV versus 
pressure. 

and 11.7 eV. The decay c urves found in photoionized 
C2 H4 are di s played in fi gure 3, and th e associated 
rate coefficie nts for the reaction: 

are given in ta ble 2. The secondary ion di s tribution is 
given in table 4. 

a . Ethylene-d2 

The isotopic composition of the C~(H,D) t ions 
from cis· 1,2 dideuteroe th yle ne (isotopi c impurity 
5.82% C H3D) and 1,1 dide uteroeth ylene (isotopic 
impurity 2.46% C2 H3D) were a lso determined. We 
found that the obs~rved dis tribution of th e C;J(H,D)t 
ions [rom both analogs ex hibited s ubtle changes as a 
fun ction of cha mber press ure, although th e respec tive 
di s tributions were essentially invariant a t very low 
press ures whe re the probability for colli sion of ini· 
ti al] y produ ce d Cj ions with C2 H2 D2 was negligibly 
.smalL The isotopic di stribution s of the CI(H,D)t 
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ions obtained from the two analogs unde r conditions 
where only 2-5 percent of the pare nt ions had reacted 
are given in table 4. Also included for comparison is 
the distribution obtained with CHD= CHD under .9 
conditions where the fractio nal intensity of C~H~Dt .8 

constituted 10 percent of the composite mass spec trum 
(90% reacted). .7 

TABLE 4. Ethylene .6 

I sotopi c composition of C:,Xt prod uc ts from labe led e th yle nes" Z .5 

... Molecul e Photon -CHI - C H, D - C D, H -C D " 
energy 

cis·C HDC HD 10.6 8.34 37.78 40.57 11. 97 
cis·CHDCHD 11.7 8.30 39.39 39.80 11 .25 
C H, C D, 10.6 8.34 38.65 4 l.J8 10.87 
C H,C D, 11.7 8.67 39.43 40. 87 10.12 
CH,C D, h (e- ) 8.23 40.7 4 l.J 9.88 
cis·CHDCHD ' 11.7 8.42 39 .06 38.49 12.02 

Prod uc t yie lds d obt ained from the overa ll sequence 
C, H::- + C, H., -> Prod uc ts Other Than C, H::-

Photon 
c:, H~ c:, H ~ C:, H,;; C, H~ 

energy 

10.6 5.6 80.0 0.8 13.7 
11.7 4.4 85 .0 0.9 9.8 

m/e 4 1 

1.35 
1.27 
0.98 
0.91 
n.d. 
2.01 

C, H ~ 

0.00 
~ o. 4 

"Coll ec ted for c,,, co ntributions, but in c ludes e,K!' where 
x = H or D. Va lues given as pe rcentage yie lds. 

h Taken from re fe rence [22 1. 
C Yie lds of 90 pe rcent convers ion , thi s work. 
d As percent of second ary ion mass s pect rum, convers ions ~ 2 

perce nt. 

b. C2H4-C 2 D4 Mixtures 

Equimolar mixtures of C2 H4 and CtD., (5.58% 
C~D:l H) were investigated at 11.7 eV in order to 
de termine the contribution from exchange reactions 
such as C~Dt + Ct H4 ~ C2D3 H+, etc. It was found 
that the total probability for formation of CtD:lH+, 
CtHtD~ . and CtH:lD+ was 1.1 percent of the total 
probabilit y for production of C1 and Ct ions. Since 
onl y - 50 pe rcent of the collisions are between perdeu
terated and perprotonated reactants, the total proba
bility for exchan ge is 0.022 assuming no isotope effects 
and making no correction s for colli sion frequency due 
to differences in th e thermal velocities of C~Ht(CtH4) 
and C~Dt (C t D4 ) at 300 K. The isotopic distribution 
obtained for the exchanged products, after correcting 
for the C2 D3H impurity, was as follows ; CtD:lH+, 0.3; 
CtD~H~, 0.5; and C~HlD+ , 0.2. It was not possible to 
investigate such processes quantitatively at 10.6 eV 
due to th e fact that the total ion signal at thi s energy 
was approximately a factor of 20 lower than that 
associated with the photoionization of e thylene at 
11.7 eV. 

o 
f= 
<f 
N 

Z 
o 
..J 

;=! 
~ .3 
lJ. 
o 
Z 
o 
I
U 

(i .2 
lJ. 

o 

PRESSURE (Millitorr) 

F IGURE 3. Decay curves for C,H;t following photoionization of 
C,H. at 10.6 and /1 .7 eV. 

The relat ive rate coe ffi c ie nts for reaction of CtDt and 
CtHt in a Ct H4-Ct D4 mixture con taining 1 perce nt 
C2 D4 were also de termined at 11.7 eV. It was found 
th at the reac tion: 

is approximately 7 perce nt faster than the rate of 
re moval of C~Ht in suc h mixtures. Analogous experi
ments with dilute mixtures of Ct H4 and Ct D4 gave a 
similar result; i. e ., the conversion of C2Ht to produ cts 
other th an CtHt is approximately 8 percent faster 
in Ct D4 than in CtH •. The differe nce in residence 
times between C~Ht and C2Dt was take n into account 
in determining these values. 

4. Discussion 

4.1. Propylene 

The overall reaction of ClHt with ClHG has prob
ably been subjected to mo re sc rutiny by mass spec
trometry in various laboratories [4-18] than any 
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oth er reaction involvin g co mplex olefini c ions. Whe n 
th e co lli s ion fre qu ency is s ufficientl y low to prec lude 
s tabili za tion of Ci Ht2 co mpound ion produced via 
process (1). the re is general agree ment th at the uni· 
molecular deco mpositi on of the co mplex leads to the 
form ati on of CIHi . C4Hi . CH~ . and C;Ht as the 
major ions. Othe r studies [15] have provided detailed 
info rm a tion con cernin g th e nature of the interm edi ate 
ion and th e associated unimolec ular fragmentation 
processes. As poi nted out in the introduction, the 
purpose of the prese nt s tud y was to determine the 
ove rall mecha nis ti c e ffec t. if any. of cha nges in the in· 
te rn al e nergy co ntent of the reac ta nt ions and to searc h 
for additional reac tion paths for the molecular ion at 
elevated pressures whi ch ma y have esca ped th e 
atte ntion of previous inves ti gators. 

o. Effect of Ene rg y 

Th e bra nchin g ra tios obtain ed in the prese nt stud y 
at the two energies are co mpared with re prese nta tive 
data obtain ed b y electron impact ionization in table 1. 
Th e citati ons fo r the Zero Field and ICR techniqu es 
(ICR cita tions a re average values ta ke n from seve ra l 
la boratori es) . r e fl ect th e interac tions of CIHt ions 
which are esse ntia lly the rm al. Th e oth er elec tron 
impact e ntri es r e fl ec t ·th e ra tios obtained under co ndi· 
ti ons whe re th e reacta nt ion has bee n accelerated to 
kineti c e ne rgie s sli ghtl y in excess of kT , whil e th e 
fin al e ntry gives res ults obtained by ph otoioni zation 
at 10.2 eV at a fi e ld strength of 10 V/c m. Within ex pe ri · 
me ntal error there is good agree me nt betwee n th e 
ra tios obtained at 11. 7 eV (2 eV a bove th e ioni zation 
potenti al of CIH fi ) and those obtain ed by elec tron 
impact us ing both th e Ze ro Field and ICR techniques . 
indica ting that the photoioni zation of C1H (; a t 106.7-
104.8 nm gives an intern al energy di s tribution roughl y 
equi valent to th at obtain ed with " low ene rgy" elec· 
tro ns. It is diffi c ult to dra w any exact correla tions 
s in ce th e electron e ne rgies used in oth er laboratori es 
are usua ll y not ~ecifi ed . . 

Whe n the photon e nergy is in creased from 10.0 
to 11.7 eV the fractional yields of ClH j and C4H i 
increase while C4H t and C5H ; decrease in relative 
importance. Consideration of the literature values 
gi ven in table 1, and the res ults of sys tematic studies 
involving propylene in which kineti c e nergy has 
been varied over a wide range [13 , 16] confirms that 
the same trends are observed as the kineti c e nergy 
of the reactant ion is increased ; i.e. , C 3H j and C 4 H i 
inc rease and C 4 H t and C5H ; decrease. This is a 
clear de monstration that an increase in the internal 
energy content of a reactant ion gives the same 
overall effect as an in crease in kinetic e nergy for a 
relatively co mplex set of competing unimolecular 
decomposition processes involving a co mpound ion. 
Although the conversion of kineti c into internal 
energy has been well doc ume nted in various labora· 
tories, the mechanis m has always proceeded through 
an otherwise endothermic reaction channel (such 
as the formati on of a di ssociative charge exchange 
produ ct). 

A similar VarIatIOn in the di s tribution of product 
ions with ph oton energy was obtained for the C 3D t-
C 3 D6 reaction pair , but in this case the fractional 
yields of C3 D j and C4D i are reduced compared to 
the perprotona ted sys te m. Thi s e ffect is probably reo 
lated to the fact that the C6D i2 intermediate ion con· 
tains slightly less energy at the time of fragm enta· 
tion. We have also observed (table 1) s table C6D i2 
ions in C 3 D6 at pressures whe re colli s ional stabiliza
tion of the intermediate ion is negligible (pressures 
~ 0.5 millitorr). Under the same experimental con
ditions the yie lds of C 6H i2 from C :lH t we re negli· 
gibly s mall « 1 %). P eers [16] has also observed 
the bimolecular formati on of stable C 6 H i2 in propyle ne, 
but again with a fractional yield < 1 percent. The 
bimolecular formation of large yields of stable C6D i2 
in C3 D6 may be attributed to the in creased dissocia· 
tive lifetim e of the perde ut.erated sys te m. A c hange 
in th e internal energy al so affects the relative prob· 
ability for formation of stable C 6 D i2 as e videnced 
by the fact th at the fractional yield decreases sub· 
stantially ( - 40 %) when the energy is in creased 
fro m 10.0 to 11.7 eV. 

Up to thi s point we have dealt only with th e effect 
of internal ene rgy on the relative rates of unimolec· 
ular decomposition of the compound ion along various 
competing channels. An equally important effect is 
the role of internal energy in affecting th e overall 
rate coe ffi cient for conve rsion of C3H t into products 
other than C 3 H t- Refere nce to fi gure 1 and the rate 
data give n in table 2 indicates that an in crease in 
e ne rgy from 10.0 to 11.7 eV res ults in an approx· 
i mately 20 percent decrease in the rate coeffi cie nt. 
The present valu es are compared with those availa ble 
from other laboratories, a nd the general agreeme nt is · 
quite sati sfac tory considering the differe nces in 
experim ental techniques. The reduction in th e total 
rate coeffi cient with increasing internal energy has 
been re ported for other syste ms [4], and has been 
attributed either to a decrease in the life time of 
the compound ion or an increase in the probability 
for charge exchange. In thi s context we would like 
to point out that a clear distinction must be made 
between the effect on the apparent overall rate 
coe ffi cient and the e ffect on the relative probabilities 
for fragmentation of the compound molecule·ion 
(once formed) along various competing channels. 
For example, it is incorrect to discuss the formation 
of C5H ; from C 3H t in terms of a rate constant or 
reaction cross section for the reaction (C3H t + 
C3H6~ C5H t+ CH 3). In our view, once the C 6H iz* 
compou~d sta te is formed the reaction of C :J H t with 
C 3 H 6 is over. The unim olec ular fragmentation pat· 
terns, as well as the relative probability (life time) for 
di ssociation into C 5H ; + CH ;J will certainly I de pend 
on the internal e nergy conte nt of the excited hexene 
ion , but this is a problem in unimolecular , not bi· 
molecular , reacti on kineti cs. 
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An additional point may be made concerning the 
results contained in tables 1 a nd 2. Even after taking 
into account the 20 percent decrease in the overall 
rate coeffi cie nt for re moval of C3Ht and ClOt as th e 
photon energy is increased , one still find s a s ubs tantial 
increase in the absolute ra te of production of C3Hj and 
CJOj. As me ntioned earli e r, tandem ex perim ents [15] 
have sho~n that the produ ction of these ions proceeds 
through a long range process which is c he mically 
di stinc t from that (those) responsible for subseque nt 
production of q, q, and C: ions, in which C - C 
bonds are form ed and exte nsive randomization of 
hydrogen is observed. The evide nce is clear that thi s 
long range transfer process is favored both when 
the reactant ion is produced in high vibrational states 
and under condition s of hi gh kinetic e nergy. 

b. Reactions Occurring at Higher Pressures 

In a previous article from this laboratory [32] it was 
s hown that propane was obI ained in large yields via 
an ionic mec hanis m when propylene was photoionized 
at 10.0 e V at pressures grea ter than 2 torr. Th e 
mechanism proposed to acco unt for propane formation 
was as follows: 

CI Hu+ + CIH(; -7 CsH,t (4) 

Cr;Ht2 + C3H6 -7 C6Hto + C3HM (5) 

Although severa l laboratories have carri ed out mass 
spectrometric experim e nts at high pressures of 
propylene (0.1 [8], 0.25 [15], and 0.9 torr [U]) this 
particular reaction seq uence has not been detected. 
However , large yields of C 6H 1"2' as well as C) Hit were 
observed directly in a recent fla sh photoionization 
study [8]. In order to resolve these apparently con· 
tradi ctor y res ults we have inves tigated the photo· 
ionization of propylene at pressures up to a pproximately 
0.1 torr. We c hose the de ute rated analog for detailed 
stud y due to th e fact that C30 t forms C60 t2 at 10.0 
eV in large yields compare d to the perprotonated 
analog. Typical results are given in fi gure 2, which 
reprod uces the fractional composition of the product 
ion mass spectrum for some major ions from C 3 0 6 at 
pressures up to approximately 100 millitorr. The 
s uccessive addition of C 30 6 to C30t is clearly indi 
cated , as well as the conver sion of C40t into C;Oto, 
e tc. These sequences have b een reported previously 
for the perprotonated sys tem [16]. We have also ob
se rved the addition of CIO(; to C 4Di;, C40t, and C50~) 
ions, as well as other concurrent reactions , but these 
processes are not germaine to thi s disc ussion and 
the associated fractional yields of these species have 
been omitted from the fi gure . The important experi
me ntal observation is the rapid formation of s ubstantial 
yields of C6 0 t2 and its subsequent reaction with 
C 30 6 to give Cr;Oto via O2 transfer: 

M C30 6 

C 30t + C 3 0(; -7 Cr;Dt2 ~ C 60to + C3 OK. (6) 

The sum of the fractional contributions from 
C6 Dt2 and C;Oto reac hes a value of 0.19±0.1 at 

approximately 10 millitorr and remains constant up 
to the maximum pressure studied (100 millitorr). 
Reactions occurring at higher pressures could not 
be inves tigated quantitative ly due to the complexity 
of the resultin g spectrum. The direct observation 
of the D2 transfer reac tion involving the Cr;Ot2 ion 
verifies the mechanism proposed earlier in thi s 
laboratory [32] to account for propane formation in 
photoionized propylene, and th e ion-pair yie ld of 
0.19 derived in thi s study co mpares well with the value 
of 0.14 reported for CIHH formation in photoionized 
C IH6. Recent mass spectrometri c experim ents from 
thi s laboratory [33] have confirmed that th e analogo us 
reaction scheme also occurs in i-C4 HH and i-C 4 OH. 
although in thi s case the fractional yield for the 
H2(D,) transfe r product is approx imately 0.5. We 
mentioned earli er th at other invest igators were 
unable to detect processes (4) and (5) in C IH6 • Al
though our own ex pe rime l1ts with C, Hu ove r the 
press ure range covered in figure 2 did reveal the for
mation of C(; H t2 and C;H ~I' the sum of the frac
tional yields of these products was extremely low 
( ~ 0.02) a t our highest pressure (100 millitorr). It is 
likely that the formation of such ions would have 
been" overlooked in previous experimen ts involving 
high e nergy electron impact ionization which would 
yield a varie ty of fragment s from C, H,i in addition 
to the molecule-ion. One intriguing feature of the 
seq ue nces represented by processes (5) and (6) is 
th at they are not quantitative for removal of C3 H ~ 
a nd C3D: even at pressures up to one atmosphere 
based on che mical ev idence (the ion·pair yields for 
propane formation reach a constant value ~ 0.2). 
A possible expla nation for thi s effec t is that proposed 
previously; namely, that the CoH t2 ions which do 
reac t via H2 tra nsfer have cyclic structures whereas 
the majority of the C li H t2 . CJf tH ' etc., ions are acyclic 
and disappear simply by consecutive olefinic con
densation reactions. Other investigators have , on 
occasion , s ugges ted unique structures for those 
C6 Ht/ compound ions which unimolecularly frag
ment at low pressures [15]. However, as pointed out 
by Harrison [13, 17], and as indicated in a recent 
stud y in thi s laboratory [34], the modes of decomposi
tion of a co mpound ion depend critically on the in
ternal energy of the sys tem . Many differ~ nt isomeric 
structures may exist und e r these conditions, and 
the dissociation is likely to occur from any or all of 
these configurations. Therefore, it is not 'surprising 
that ten or more C;H 12 isomeric products were 
recovered when the photoionization of propylene was 
carri ed out in a closed sys tem in the presence of 
(CH:daN (LP. = 7.8 eV). which acts as a charge ac
ceptor in the process : 

C6 H t2 + (CH:daN -7 C;H 12 + (C H:d3N +. (7) 

Thi s process was very effi cient as evidenced by the 
fact that the total ion-pair yield of the C6 products 
resulting from the photoionization of a mixture con
taining 10 mole percent of (CH3hN in 4 torr of C3H6 
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was 0.70. Wh e n NO (I.P. = 9.2 e V) is s ubstituted for 
(CHah N to yield decreases by approximate ly a factor 
of four. Thi s effec t can be ascribed to the fact that 
the ionization potentials of many of the C;H I2 isomers 
are lowe r than that for NO , rendering the charge 
tran sfe r process e ndothermic. 

The observa tion of a large number of isom eric 
s tru ctures does not. however. indicate that the iso
merization processes are di ctated solely by s tati sti ca l 
factors s ince fi ve of the ten major produ cts account 
for 80 pe rce nt of the yield. It has also been confirmed 
by He ni s [5J tbat randomization of hydroge n atom s 
in the compound ion occ urs only to a limited extent 
for th e hi gher olefin s. Additional information con
cernin g th e C;Htt ion has been derived by Wagner 
[35J, who inves tigated the solid phase radiolysis of 
propyle ne unde r conditions wh ere deac tivation of 
C;Ht/ will essentially freeze th e ion in its initi al 
configuration. Although a large numbe r of C;H I2 

iso mers were observed , th e major produ cts were 
I-h exe ne and 3-methyl-l -pente ne. 

4 .2. Cyclopropane 

For the c-C 3 Ht - c-C;j H6 reac tion pair the rate 
coeffi cie nts obtained at 10.6 and 11. 7 e V are in excel
lent agree ment with recent valu es from Harrison's 
laboratory [36] by the Zero Field Pulse and trapped 
ion techniques. However, the values of 2.2, 2.1 , and 
2.0 X 10- 10 cm3/molecule' s are considerably lowe r 
than that (11.4± 2.4) derived by Strausz. e t al. [8J 
usin g th e fla sh photoionization technique. This latter 
method involves flash photoionization via a continuum 
lamp (useful energies exte nding from the ionization 
threshold for the mol ec ule to approximate ly 11. 7 e V) 
followed by time-resolved a nalysis us in g mass spec
trome try. We find no var iat ion in th e rate coefficie nt 
with in'creas in g photon energy. and are unable to 
account for the observed differe nce in reactivity. 

The follow i ng overalI processes were also ob~erved 
by tfle flash technique: 

c-C3 Ht + c-C;jH/i 

~ C3 H! + C3 HH 

~ C3 H:t + C3 HH + H 

(~H=-0_12eV) (8) 

(~H = 1.1 eV ) . (9) 

(Heats of reaction assu me ground state reactants and 
the thermodynamicall y favored s tructures for prod
ucts). These' product~ have not been observed in 
studies involving electron impact ionization of cyclo
propane under thermal conditions [9, 13, 17] and were 
not observed in th e present s tudy at any photon energy. 
This result indi cates that even thou gh a fraction of the 
C:IHt ions resulting from photoionization of cyclo
propane at 11.7 eV may be in th e second elec tronic 
state (11.07 e V) [37J the add itional e nergy is not 
effective in overcoming the energy barrier for these 
processes . 
. The product distribution resulting from the overall 
sequence: 

c-C 3Ht + c-C 3H6 ~ products other than C3Ht (10) 

does vary with photon e nergy (table 3), and the dis
tribution obtained at 11.7 eV agrees very well with the 
electron impact values. In this context it is important 
to note that those products which decrease in relative 
importan ce as the photon e nergy is increased (C4Ht, 
C5Ht) are also those whi c h decrease in relative im
portance as the kineti c e nergy of th e reactant ion is 
increased. Alternative ly , the relative rate of formation 
of C3Ht in cyclopropane in creases as both the photon 
and kineti c e nergy are in creased. 

The high relative abundance of the C4Ht produced 
in the cyclopropane system (table 3) as compared to 
the propylene system (table 1) is of interest. This 
is due to the fact that once a C-C bond is broken in 
the ne utral partner of the c-C 3H(t - c-C:IHu colli sion 
collision complex, elimination of ethylene from the 
ne utral can occur rapidly without extensive rear
rangement. Th e analogous reaction has been found 
to occur in a recent study of th e C4Hs iso mers. In 
thi s case the methylcycloprQpan e sys tem ex hibits an 
unusually high relative abundance of the C5H tO as 
an overall reaction product compared with the other 
C4Hs isomers. As pointed out for cyclopropane, 
elimination of the n e utral molecule (propylene) in 
methyIcyclopropane would also occur without rear
rangement once a C-C bond is broke n in th e ne utral 
reacting partne r. 

4_3. Ethylene 

The overall reaction of CzHt with CZH4 has been 
subjected to considerable investigation in both the 
closed sys te m photolysis [34 , 38-39] and radioly
sis [34 ,39] as well as very extensively by kineti c mass 
spectrometry [4-5, 8, 18- 29]. The evidence favors 
formation of an excited butene-like reaction inter
mediate which , at low pressures , deco mposes mainly 
into C3Ht and C4Ht 

At higher densities, where collisional stabilization of 
C4 Ht* is effective, the chemical studies in closed 
sys tems have provided a great deal of information 
concerning the various isomerization processes 
and structures associated with the intermediate 
ion [34,38-39]. The present results concern the inter
actions of ethylene ions produced in the ground elec
tronic state (the maxim urn photon e nergy of 11. 7 e V 
is approximately 0.6 e V below the threshold for elec
tronic excitation) [40J under conditions where stabili 
zation of C4 ~+ * is negligible. 

a. Effect of Internal Energy 

The fractional yields of the C j and Ct products 
associated with the C 2Ht - C 2H4 reaction pair exhibit 
several rather subtle variations with photon energy. 
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The major effect involves the change in the ratio 
C4HtlC3Ht, which decreases from 0.17 to 0.11 as 
the energy is increased from 10.6 to 11.7 eV. Com
parison of the breakdown patterns and appearance 
potential measurements for the various C4Hs iso
mers [41] indicates that the energy threshold for the 
formation of the C4Hi fragment from C4Ht in those 
systems is consistently lower than that for CJHt. 
Consequently an increase in the internal energy 
content of the C4Ht * ion produced in the CzHt - C2H4 

system would be expected to favor production of 
C3Ht, and this is the trend observed experimentally. 
In the present study we have not observed the produc
tion of C2Ht as a secondary ion (possibly a fractional 
yield of 0.004 at 11.7 eV) although previous results 
indicate the formation of this ion in significant yields. 
Apparently overall formation of C2Ht occurs only for 
highly excited C2Ht or under conditions of excess 
kinetic energy. 

The decay curves of figure 3 indi cate a decrease 
of approximately 11 percent in the overall rate co
efficient for process (2) when the photon energy is 
increased from 10.6 to 11.7 eV. As was found for the 
C 3 H t - C :I H6 reaction pair the absolute value of the 
rate coefficient obtained at 11. 7 e V is in excellent 
agreement with the "low energy" electron impact 
results and compares well with that obtained by 
flash photoionization. Gross and Norbeck [4] have 
recently inves tigated the effect of internal energy 
on the cross section for production of C:)H t (process 
11) using variable energy electron impact ionization. 
Their results indicated a decrease of approximately 
30 percent in the cross section when the electron 
energy was increased from threshold to 25 eV. Con
sidering our respective absolute rate coefficients at 
the two energies (our measurement at 10.64 eV is 
only slightlY'in excess of the photoionization threshold 
of 10.51 ± .04 eV) and the respective overall product 
distributions given in table 4, we calculate a de
crease of approximately 7 percent in the rate of 
prod uction of C ~H t at 11. 7 e V when com pared to 
threshold. This change is consistent in magnitude 
with that observed by Gross and Norbeck, over this 
limited range, but the vibrational energy distribution 
in C2Ht is unknown in both cases. 

It has been suggested [4] that under those condi
tions where the rate coefficient for process (2) is 
substantially reduced from the threshold value one 
should observe an increase in the yields of isotopically 
exchanged ethylenes in C 2 H 4 - C 2 D4 mixtures; i.e., 
an increase in the probability for return to starting 
material should favor overall processes such as: 

C2 Ht + C2Dc~ C4 D4H t 
~ C 2H3D + + C 2 D 3 H, etc. (13) 

Some exchange has been observed in C 2 H 4 - C 2 D4 
mixtures in single stage mass spectrometer [19] 
and when C2Ht is impacted onto C ZD4 in a tandem 
instrument [20]. We have investigated the exchange 

processes at 11.7 eV and have found (see Results) 
that exchanged products account for only 2.2 per
cent of the sum total of all processes (excluding 
charge exchange) which may occur at this energy. 
Furthermore , the tandem results of Tiernan and 
Futrell [20] indicate a total contribution from ex
change processes < 5 percent even when ionization 
is induced with 100 eV electrons. These observa
tions indicate that dissociation of the complex ion 
into reactants occurs with very little hydrogen ex
change. The only alternative overall channel is that 
which is empirically equivalent to simple charge 
exchange: 

CzHt + C 2D4 ~ C2Dt + C 2 H 4, etc. (14) 

Such processes have been observed by ICR [22] in 
CZH4 - CzD., mixtures as well as in tandem expe ri
me nts [20]. We have found (see Res ults) that the rate 
coeffi c ie nt for the process CzDt + CzH., ~ products 
other than CzDt is approximately 7 percent faster 
than that for CHt + Cz H4 ~ products other than 
Cz Hr Charge exchange between CzHt and CZH.1 

would not be detected in our instrum ent. whereas 
charge exc hange from CzDt to CZH4 would be detected 
as an increase in the apparent rate coeffici e nt for 
removal of CzDt . Essentially the same res ult was 
found for the reaction of CzHt with CD4. Ti ernan 
and Futrell [20] observed substantially more charge 
exchange in th e CzH! - CZD4 reaction pair (~ 30%), 
but whether thi s was due to the fact that th e internal 
e nergy conte nt of C2 H! was higher (100 eV electrons) 
or the ions were slightly epithermal (0 < E < 0.4 eV) 
cannot be determined from their data. Finally, Bowers, 
e t a1. [22] have concluded that an increase in kin eti c 
energy res ults in a corresponding increase in the 
probability for charge exc hange in ethylene, but that 
the total reaction probability (charge exchange plus 
contributions from proc-ess 13) remains constant. In 
any eve nt , the accumulated data indicates that the 
separation of the interaction pair into C2H! + C 2H4 
proceeds without s ignificant hydroge n randomization 
among the reactants. 

b. Randomization of Hydrogen in C4H ~* 

There is general agreement among various workers 
that the C4H~* compound ion involved in processes 
(11) and (12) has a relatively long lifetime (~1O-8 s) 
with respect to dissociation. Consideration of the iso
topic composition of the C;jXt (X = H or D) ions 
produced in C ZH4 - CZD4 mixtures and the partially 
label ed analog CHz = CDz has also res ulted in a con
sensus opinion that all hydrogens are equivalent in 
that C4H4D!* compound ion obtained in such systems. 
For example, in a recent ICR study by Bowers et al. 
[22]. the distribution of the C;jXt 'products obtained 
from the CHz = CD! - CHz = CDz reac tion pair was 
found to be essentially equivalent to that obtained 
from a CZH.1 - C2D4 mixture and complete randomiza
tion was concluded. Unfortunately, such agreement is 
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not proof of co mple te r andomi zati on if a cyclic s truc
ture (cyclobuta ne ion) is assumed to re present the 
configura tion of C H4Dt * _ s in ce in thi s case the carbon 
atoms may re ta in the ori gin al H or D atoms a nd give 
the same di s tribution of ClX~ products afte r di ssocia
ti on_ Co mpl e te ra ndomi zation of hydroge n in the 
C.,I-LDt ion wo uld be ve rifi ed_ however. irrespec ti ve 
of th e ass ume d struc ture, if the same di stribution 
were obta i ned from th e CHD = CHD+ - CHD = CHD 
and CH 1 C D/ - CH 2CD2 reaction pairs, parti cul a rl y 
if the rela t ive p robabiliti es for loss of CH I a nd C D:, 
were the sa me fo r both analogs_ Th e res ults of such 
expe rime nts a re give n in ta ble 4 _ and the di stribution 
obtain ed by Bowers e t a1. [22]_ for CH2 = CD2 is in 
clud ed for co m pariso n_ Co ns idera tion of th e d ata 
obtain ed for th e two a nalogs indicates th a t the e ffect 
of in creas ing photon e nergy fo r any parti c ul a r a nalog 
is minimal. and those s ubtle vari a tions whi ch do occur 
can probabl y be ascribed to a decrease in th e proba
bility for loss o f CX" (methane) fro m C H 4Dt at 11. 7 
eV (see produ c t di stribu tion from th e C2Ht - C2 H4 
reac tion pa ir , ta bl e 4)_ Th e important feature of the 
res ults is the agree ment be tween th e di s tributions 
obta in ed from C HD = CHD a nd CH 2 = CD2 _ whi ch is 
excelle nt cons idering th e fact th a t the iso topi c purities 
of the s tarting mate ri a ls a re s lightl y diffe re nt (see 
Res ults)_ On this basis we conclude th a t ra ndomization 
of h yd roge n a toms is com ple te in the compound ion_ 

The ex te ns ive scramblin g in C.I H 4 D:* whi c h does 
occur is not unreasonable in view of the re latively 
long dissociative lifetime (5 X 10- 6 s) for C4H t * ob-
se rved in the 1 L 7 e V photoionization of C2 H 4 [381-
Somewhat lower life times have been estimated as 
a result of mass spectrometric studies [28] , but 
unde r conditions where ionization of C2 H4 was in
duced by high e nergy e lectron im pacL 

Some additio nal re mark s a re appropr ia te concern
in g th e na ture of C4 Ht *_ It has been shown tha t 
i- C 4 H t is one of the isomeric struc tures formed in 
the photoioni zati on [34, 38- 39a l and e lec tro n impact 
ioni zation of C 2 H4 [34]_ Th e fact [34] th at the i-C 4H t 
stru c ture increases re lati ve to lin ear stru c tures as 
the internal e nergy of C4H ~ * in c reases indi cates 
that methyl elimina tion may be occurrin g via thi s 
configuration_ H owe ver , di ssociation does not neces
sa ril y proceed through a s pec ific interme di ate since 
it has been shown [34] th a t highly unsta ble 1-C H 8 
and me th ylcyclopro pa ne ions are formed as important 
inte rmediates followin g ioni za tion of cyclobutane_ In 
view of the ch e mical evidence to the contrary it is 
ve r y doubtful that di ssocia tion occ urs quantitatively 
via a 2-C 4H : s t ruc ture in e th ylene as ass umed re 
centl y [42] in a quas i-equilibrium treatment (QET) 
of thi s sys te m by Butrill_ In fact , the accumulat ed 
evid ence indi ca tes th a t 2-C 4H t s tru c tures play a 
ver y minor role compared with 1-C 4H ~, i-C H t, a nd 
CRa - C3 H~ _ Consequently, the agree ment between 
the experiment al and calcul ated fragme ntation pat
te rn of C4H~ * mu s t be considered only as tentative 
sin ce th e QET treatm ent ass umed an incorrect 
stru cture for the ac tiv ated co mplex_ 

Fina ll y, as indicate d und er Res ults, we observed 
so me vari a tion in th e iso topic co m position of the 
C)X: produ cts as the total press ure in th e reac ti on 
chamber was inc reased_ Und e r our conditions these 
changes cannot be asc ribed to fur the r reaction of 
'e th yl ions prod uced by the initi a l reac tion of e th ylene 
ions with eth ylene, as s ugges te d by Tie rn an and 
F utre ll. Th e changes whi ch a re observed are ap
pare ntl y associated with excha nge reac tions In

volvin g CaX;; a nd CH 2 CD2 suc h as: 

Bas_e? on recent meas ure ments, the (Ca H :; - C 2 H 4)+ 
co llISion co mplex has a life tim e;;': 100 mi croseco nd s 
and thi s is certa inly s ufficie nt for hyd roge n exch an a~ 
to occur pri or to di ssocia tion_ '" 

5. Summary 

The absolute rate coe ffi cients for reaction of parent 
ions in e th ylene and propylene have been found to 
decrease as the a ver age internal e ne rgy conte nt of 
the reactant ion is inc reased , and the di s tribution of 
products also shows considerable variation. In general , 
the varia tions observe d in the product di stribution 
are similar to those fo und elsewhere when the kinetic 
energy of the reactant ion is in creased_ We have also 
directly de tected for the fi rs t time the form ation of 
stable C SH t2 dimeri c ions in photoionized pro pylene, 
and have de termined th at th ese s pecies react furth er 
with propyle ne via H 2 transfer. F inally , isotopic 
labelin g experime nts have confirmed that the C 4H t 
co mpound ion produ ced in the reaction of e th ylene 
ions with e th yle ne has a s truc ture in which all hydrogen 
ato ms are equivale nt. 
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