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Io ns of the formul a C4 H,j have been generated with different initi a l ene rgies b y ionizing e thylene 
(C, Ht + C, H, ---> C,J-l ~ . wh ere th e C, H ~ ion is form ed with a n initia l e ne rgy of > 1l.51 e V) , cye lo
butane (initi a l e nergy of C4 H;, > 10.84 eV), meth ylcyc lopropane (> 10.15 e V) , l -e.H. (> 9.58 eV), 
and i-C; H~ (> 9.06 eV) \~ith 11.6- 11.8 eV photons , a nd in so me cases a lso with lO e V photons and 
with gamma radiation. Th e s tru ctures of the ions have been de termined from th e s tructures of the 
C.,H. produ cts formed in c harge tra nsfer reaction be tween the ions and charge acceptors suc h as 
dimeth ylamine a nd nitri c oxide, as well as from the s tructures of the butanes formed in O2 transfe r 
reaction s with meth ylcyciopentan e-d" (C, H ~ + CliD" -> C.,H. O, + C"Oto). 

At low press ures the C.,Ht ions initia ll y form ed in eth ylene, cyclobuta ne, a nd methyicyciopropane 
isomerize to the th erm odynamically mos t sta bl e co nfigura ti ons, i-CHit a nd 2-C., Hit . Th e 2-C.,H;t 
structure predominates in a ll the experiments. As the press ure is rai sed , the i-C.,Ht ion yield di
minis hes as tha t of 2-C, Hit inc reases, indicating that when the precursor of the i-C.d-l it ion is colli 
sionally deactiva ted , it e nds up as 2-C, Hit . At high pressures, l -C, Hit ions a re intercepted ; their yield 
increases with in creasing pressure, indicating that 1-C,Hit is an inte rmediate which isomerizes further 
unless it is colli s ionally deactiva ted. The l-C,Hit ion formed in methylcyciopropane (initial energy 
> 10.15 eV) is more eas ily deactivated than that formed in cyclobuta ne (initial e ne rgy > 10.84 eV). 
That the isome rization of the I -CHii' ion to lower energy stru ctures such as i-C , Hit and 2-C4 Hit requires 
excess interna l e n ~ rgy is de monstrated by the fact tha t in the ph oto lys is with 10 e V photons, a negli
gible amount of isomerization is observed , but with 11.6- 11.8 eV photons, more than half of the 1-
C,Hit ions isomerize to the 2-C,Hit structure at a pressure of 2 torr. Isomerization of the low ene rgy 
i-C.,Hit ions form ed in the photolysis of i-C,H. to other structures is re la tive ly unimportant at 11.6- 11.8 
eV. 

Taking the ratio i-CHit/2-CH i! as an indicator of the amount of e nergy removed by co lli s ions 
from the intermediate CHi! species under conditions wh ere only i- and 2-C,Hit ions are inte rcepted , 
it is shown that the e ffi ciency of energy tran sfer from the ion s to helium , hydroge n, neon, krypton, 
xenon, nitroge n, and carbon dioxide is related to the polarizability of the added d eac tivator. 

Key words: Butene; cyciobutane; ion stru cture; isome rizat ion; meth yicyclopropane; photoioniza
tion; photolys is; radiolys is. 

1. Introduction 

Determinations of th e structures of organic ion s 
have bee n the subj ect of a great deal of interes t in 
th e lite rature recently [1]_' In particular , n.m.r. spec
tra of organi c ions formed in very strong acids are now 

'" Th is re sea rc h. \\ hic h was s uppurted by the U.S. Atomic En t' rgy Commi ss ion. was pre
se nt ed by S. C. Lias in partia l fulfillment of the req ui re ment s for the Ph .D. degree at the 
America n Uni vers ity. Was hi ngton. D. C. 20006. 

I Figures in brac ke ts indi cate the lite rature refere nces at the e nd of thi s pa per. 

being recorded [2]. More classical s tudies, using 
analysis of the products formed from ionic r eactions 
in thermal organic sys te ms in the liquid phase [3], 
or from ions generated by high energy radiation in 
the gas phase [4], have recently elu cidated isomeriza
tion mechanisms of the C:IH i and C.,H;' carbonium 
ions. Indirect evidence bearing on ionic structures 
has been inferred from mass s pec trome tric results; 
in particular, many studies recently have attempted 
to derive information about ionic structures from 

591 



the modes and rates of reaction of ions as observed 
in ion cyclotron resonance mass spectrometry [5]. 

This inves tigation is devoted to a detailed exam
ination of the s tructures and is ome rization reac
tions of the ions having the e mpirical formula , C4H ; . 
These ions are not known to be form ed in thermal 
chemical reaction s, and to our knowledge have not 
been studied exce pt in systems where they are 
generated by hi gh·ene rgy radiation. Several years 
ago, it was reported [6] that when e th ylene was 
irradiated in the presence of a compound having an 
ionization energy lowe r than or equal to 9.54 e V, 
the C4H ; ion formed in the reaction : 

(1) 

would transfer its charge to the additive , A , to form 
ne utral bute ne molecules: 

(2) 

whose structures were assumed to correspond to the 
structures of the precursor C4H: ions. Usin g the same 
technique, it was then demons trated that the C4 H: ions 
formed in the radiolysis [7] or photo ionization [8] of 
cyclobutane 

(3) 

acquired the same bute ne structures as those see n for 
the C4H: ions in the e th ylene system. In those earl y 
s tudi es it was re ported that the C4 H: ions formed in 
e thylene and cyclobutane acquire d the 2·C4 H: and 
I·C4 H: structures. A mass spectrom etri c study com· 
pared the rate of c harge transfer to NO from the 
CH: ions in cyclobutane with the rates of the same 
reaction for the I ·CHt , 2·C4H+H, and i·C lf; ions, 
and seemingly corroborated th ese r esults [9]. However , 
more recently it was noted [10] that wh en the C Ht 
ions form ed in the photoionization of cyclobutane at a 
pressure of 20 torr w ere allowed to undergo D2 transfer 
reaction s with methy1cyclopentane-d12 , the butane 
products co nsisted of CH3 CHDC HDCH3 from the 
2·C4Ht reaction: 

and i·C4HHD2 , which could only result from a reaction 
o[ th e i-C4H: ion : 

A reexamination of the butenes formed in the charge 
exchange experiments indicated that the product 
originally ide ntified as l ·butene was indeed actu all y 
isobute ne, reco nfirming the form ation of i-C4 Ht 
ions in cyclobutane. It was la ter noted that the i-CH: , 

rather tha n the I-C4 H: ' ion is also formed in irradiated 
e thylene [11]. (The original misassignment came about 
because I-C4 Hs and i-C4 Hs have nearly identical 
retention times on the gas c hromatographic columns 
used [or analysis in these studies. ) 

The structures of th e C4H t ions form ed in the 
di ssociation of cyclohe xane and methylcyclopentane 
parent ions were recently de termined by an exam
ination of the structures of the butanes form ed in 
DO! transfer re action s, (such as 4 a nd 5), as well as 
by the s tructures of the butenes formed in charge 
transfer reactions [12]. This study was carri ed out 
at a single pressure , so pressure effects on the distri
bution of the isomeric C4H~ ion s could not be ob
se rved; because in th e 10 eV photolys is of I-C4HH 

and 2-C4HH in the presence of meth y1cyclope ntane
d 12 , no e vide nce was seen [12] for isomerization of 
I-C4H: to the 2-CH: s tructure, or 2-CH ~ to the 
I-C H t s tructure, iso me rizations be tween the differe nt 
C4HH structures were not considered. 

More recently, a study has appeared [I1J in which 
C4H ~ ions gene rated in the photoionization of e th yle ne 
(reaction 1) a re interce pted by charge exchange with 
dimethylamin e, or toluene. Becau se the yield which 
could be attributed to the i-C4H ~ ion was seen to 
in crease relative to the 2-CH~ yie ld as the con
centration of charge acceptor was in creased, the 
results were interpre ted in term s of a C4H A e ntity 
which would undergo a rapid equilibrium between 
th e 2-C H: and i -C H: s tructures: 

(6) 

It was suggested tha t the equilibrium position is 
a ffected by the internal energy of the ion, which 
is gradually diminis hed a s the entit y undergoes 
successive colli sions. 

Because such a rapid equilibrium between two 
skele tally differe nt isomers has not been seen for 
carbonium ions [1], and because de tailed information 
about isomerization process in C,Ht ll ions is generally 
lac king, it was consid ered worthwhile to undertake a 
study of isomerization processes in these ions. In 
partic ular, it was felt that since C H ;' ions formed in 
ethylene can undergo further reaction with the parent 
molecule : 

(7) 

it would be of interest to observe the charge transfer 
and Do! transfer produ cts of C.,Hit ions in cyclobutane, 
where such competing processes are absent ; C.,Hii 
ions do not react with cyclobutane [10]: 

(8) 

Further, an examination of pressure e ffec ts on the 
structures of C4H : ions over a wide press ure ra nge 
seemed warranted. 
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In the results reported here, C~H~ ions are ge nerated 
in cyclobutane , e thyle ne, methylcyclopropane and 
the bute nes, through photoionization with 11.6- 11.8 
e V photons as well as through y-radiolys is. The 
CH~ (o r CD~) io ns are intercepted both by charge 
tran sfer and by D2 transfe r reaction s with added 
alkanes. The press ure of these syste ms is varied from 
about 0.1 torr to 1 a tm , and in so me syste ms, unreactive 
d eac tivator gases are added. As will be seen below, 
the composite picture wh ic h e merges from th ese 
various results not only indi cates that isome rization 
process in the C~H~ ion s are re latively slow in the 
e nergy range acc essible for th ese ex perim e nts and 
can be colli sionaHy que nc hed, but demonstrates that 
the isome rization reaction s involve se veral different 
C HH structures, lIot just the 2-CH ~ and i-CH~ 
configuration s. 

2. Experimental Procedure 

All the hydrocarbon s used in thi s study were 
rigorously purified by gas c hromatography , and low 
te mperature distillation. The irradiation and analytical 
procedures were th e same as those described in earli er 
publi cation s from thi s laboratory [13 J. The argon reso
nance lamps,equippeJ wiihO.35 mm thi ck UF window·s, 
were fabri cated according to the procedure described 
rece ntly [14]. Th e 104.8 and 106.7 nm lines e manating 
from the lamp were of equal inte nsity, within 10 per
cent. Impurity lin es constituted less th a n 1 percent 
of t.h e radiation . After approximately 20 experime nts, 
the tran smission of t.he window was reduced by 50 
percent from its initial value because of F center 
formation. Bleachin g of th e window with a me rcury 
lamp res tored th e output of the lamp to its original 
inten sity. Impurity lines did not appear even after 
extensive usage. The inte :1s ity at whi ch most of the 
experiments we re carri ed out was 10 13 quant.a per 
second. 

The radiolysis experim ents were carri ed out in the 
NBS cobalt-60 gamma source, which, at the time th ese 
experiments were performed, provided 1.7 X 1017 eV/s 
per gram of hydrocarbon. 

Quantitative analyses were carried out by inj ecting 
aliquots of the irradiated samples onto a 40 ft squalane 
column operated a t 20 °C in a gas chromatograph 
equipped with a flam e ionization detector. This column 
did separate 1,3-butadiene from I-bute ne and iso
bute ne, but did not separate I -butene from isobute ne. 
In some experime nts, the combin ed peak of th ese 
two bute nes was trapped out at liquid nitrogen te m
perature at the exi t of th e column and analyzed on a 
mass spectrometer. Th e methylcyclopropane was 
only partially se parated from the cis-2-butene, but 
fairly good estimates of the yield of methylcyclopro
pane could be obtained, especially in experiments in 
whic h cis-2-bute ne is a minor product. The identity 
of the methylcyclopropane product was also confirmed 
by mass spectrometric analysis, and by injection of 
several of the samples on an alumina and on a sulfolane 
column , which se parated the methylcyclopropane from 
t.he bute nes. 

All photolysi s and rad iolysis expe rim e nts were 
carried out in the prese nce of 3- 5 percent oxygen, 
which effectively scave nges free radicals and pre vents 
their forming hydrocarbon products. 

The NBS high pressure photoionization mass 
spectrometer [10] was used to dete rmine the modes 
of decomposition o[ cyclobutan e ion s, th e modes of 
reaction of the fragme nt ions with cyclobutan e, and the 
rates of certa in reactions of importan ce to the inter
pre tation of the results re ported he re_ 

Product yields are give n in ion pa ir yield units, that 
is, in molec ules (M) of product form ed per pos itive 
ion (N+) generated by th e rad iation in the pa rent CO /1l.

pound. In th e case of th e ph otolysis ex pe rim ents, ion 
pair yie ld determination s were mad e usin g t.he tech
niques di sc ussed before [15]. The ion pair yield of a 
given product (X), is related to it.s quantum yield a nd 
the quantum yield of ionization in the pare nt 
compound: 

ct>(X)/ ct> + = M(X)/N +. 

Th e quantum yield of ionization at 11.6- 11.8 eV of 
e thylene [6c ] is 0.20, of cyclobutan e [16] is 0.52, 
and of methylcyclopropane [16], 0.44. 

In th e case of cyclo butane, it was found that the 
quantum yield of e thylene plu s acety lene was 0.91, 
independent of pressure [ro m 0. 2 to 1 torr. Wh e n the 
inte nsity of the lamp was kept cons tant , and 5 percent 
of dimethylamine was added to th e cyclobutane, 
neither th e rat io of e th yle ne to ace tylene nor the 
absolute yields of these two products chan ged. There
fore , in photo lys is experi ments in the presence of 
large r a mounts of d im ethyJa mine, th e co mbin ed yields 
of these two products were take n as t.he base for 
calculation of the produc t yields; in thi s way th e fact 
that dim ethyla min e absorbed some of the e ne rgy was 
automatically corrected for. Th e same procedure was 
followed for experim ents in which meth ylcyclope ntane 
was the additive. In that case, th e hydrocarbon addi
tive did contribute to the formation of e thylene; 
howeve r, because the methylcyclope nta ne was de ute r
ated, a mass spectrom etric analys is of the ethyl ene 
formed in the photolysis of C-C.H K- c-CoD!,(C D:!) 
mixtures verified that the yield of e thylene plus 
acetylene originating from cyclobutan e did indeed 
re main constant. 

It should be point ed out that thi s yield of e th yle ne 
plu s acety lene is mu ch lo wer than that reported in the 
earli er stud y [81 of the photolysis of cyclobutane. 
At the tim e tha t s tud y was carri ed out , it was not 
realized that ion c urre nt measure me nts made at hi u-h 
sampl e press ures are gen e ra lly not valid [I5b I; the;e
fore, aU the absolute yields reported in th at s tud y 
are too high. 

2 .1. Ion Interception Techniques 

In the disc ussion whi ch follows, th e yields of 
C4H; lons of di~erent structures (i. e. i-CH~, 2-C4H; , 
I-C4 H" etc.) WIll be followed under various condi
tions. In all cases, these yields have been derived 
from experiments in whi ch (a) it is assumed that the 
C4 Hs produc t form ed in a charge tran sfer reaction 
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(reaction 2) has a structure which corresponds to 
the structure of the precursor CH~ ion, or (b) the 
yields of the butanes formed in Hi or Di reactions 
(such as 4 and 5) have been related to the yields of 
precurso- ions. 

Charge acceptors used in this study are dimethyl
amine and, in a few ethylene experiments, nitri c 
oxide. In the case of NO, it has been reported [10] 
that at a pressure of - 0.1 torr , only 15-20 percent of 
the C4H~ ions from cyclobutane undergo charge 
transfer with NO, the remainder reacting to form an 
adduct C4HsNO+ ion. Adduct formation may possibly 
also occur with dimethylamine; adduct formation has 
been reported for the C4H~ -trimethylamine reaction 
pair in one study [9], but was not confirmed in a study 
from this laboratory [10] (and trimethylamine has been 
reported to react with C4H:+- ions in exactly the same 
way as dimethylamine [111). Because the results ob
tained with NO are in fair agreement with those in 
which dimethylamine was added, and because the 
results of the charge transfer experiments in general 
are, within experimental error, in agreement with 
what is seen in the Hi (or Di ) transfer experiments , 
adduct formation between C4H~ ions and the charge 
acceptor apparently does not materially alter the 
relative amounts of the different C4Hs isomers which 
are observed. Also, at pressures below about 100 torr, 
in cyclobutane the overall yields of products formed 
in charge exchange reactions with dimethylamine 
are in good agreement with the yields of products 
from Hi (or Di ) transfer reactions in methylcyclopen
tane additive experiments. However, because of 
possible complications from adduct formation, as well 
as the fact that the unambiguous analysis of all the 
CHs isomers is difficult with the analytical techniques 
used here, the results from the charge exchange experi
ments will generally be considered mainly as corrobora
tive evidence for conclusions drawn from the H"2 
(Di ) transfer experiments. 

The experiments in which the C4 u + ions were 
trapped by Hi (or Di ) transfer reactions were mainly 
carried out with methylcyclopentane-d12 as the re
active additive. As was noted before, it has been dem- I 
onstrated conclusively [12] that the product 
CH3CHDCHDCH3 results only from a reaction of a 
2-C4H ~ ion with c-C5D9(CD3 ) (reaction 4) while 
(CH3)2CDCH2D results from reaction of an i-C4H; ion 
(reaction 5). Furthermore, 1-C4H ~ ions react with 
c-C5D9(CD3) to give CH2DCHDCH2CH3 : 

which is easily distinguishable by mass spectrometry 
[12] from the n-C4HsD2 product formed in reaction 4 
of the 2-C4H; ion. It has been demonstrated in the 
mass spectrometer [10, 17] that the only reactions 
between the C4H ~ ions and methylcyclopentane are 
Hz transfer reactions (analogous to the Dz transfer 
reactions 4, 5, and 9) and H- transfer reactions: 

(10) 

The H- (or D- ) transfer reactions 10 lead to the forma
tion of butyl radicals , which in our experiments will 
be scavenged by added oxygen; however, because of 
the occurrence of reaction 10, the yields of butane 
products formed in the Hi (Di) transfer reactions must 
be corrected upwards to obtain the correct C4H ; ion 
yields. Such corrections have been made for all the 
results presented below_ The ratios of H - transfer to 
Hi transfer (or D- /Li) for the C4r1.+ (or C4D;) isomeric 
ions with methylcyclopentane are [10, 16]: 1-C4H; 
-0.23; 2-C4H ~ -only Hi transfer; i-C4 H;-0.14. 

In certain experiments, cyclohexane has been added 
as an interceptor of C4H~ ions. It has been shown 
[12] that 2-C4H~ ions do not react with cyclohexane, 
while 1-C4H~ ions do undergo reaction 9 at a rate about 
one-fifth of the collision rate when C(;D 12 is cyclo
hexane. (i-C4Ht ions react with cyclohexane to form 
isobutane, but at a very low rate.) Thus, the formation 
of n-butane in an experiment with cyclohexane addi
tive demonstrates the presence of 1-C 4Ht ions. (This 
has been confirmed by isotopic analyses of butane 
produced in reaction with c-C(;D I2 in the experiments 
discussed below.) The ratio [10, 17] of H - /H.;- transfer 
reactions for the 1-C4Ht ·c-CsHI2 reaction pair is 0.06. 

In the following discussion, no distinction will be 
made between cis- and trans-2-C4H~ . When cis- and 
trans-2-C4H8 are photolyzed individually in the pres
ence of dimethylamine, it is seen that isomerization 
between the two structures occurs readily. 

2.2. Results and Discussion: Effect of Interceptor 
Concentration 

Figure 1 shows the yields of the i-C 4Ht and 2-C 4H ~ 
ions formed in the radiolysis of c-C4H8 at a pressure 
of 22 torr, as determined by varying amounts of added 
methylcyclopentane-dI2 , which intercepts the ions 
according to reactions 4, 5 and to a minor extent , 10 

0 .6 r-----------------, 0.6 

t::. 6 t::. 
0.4 • • • 0.4 

. + 
M I-C4He 
N+ + 2-C4He 

0.2 0.2 

0 
~ 

0 0 

x x x 
0 0 

0 5 10 15 
% METHYLCYCLOPENTANE-dI2 

FIG URE 1. The radiolysis of c·C.H,..c·C, D,,(CD,,)-02 mixtures at a 
total pressure oj 22 torr. 

The e ffect of mt: lhylcyc]openl ane con cen tration on the yields of int e rcept ed i-C~ H~ (X). 

2-C~ H ~ (. ), 10 lal Cj H; (.6). and the ratio i-C1 H; 2-C~ H ! (0). 
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FIG URE 2. The 11 .6- 11.8 eV photolysis of cyclobutone-dimeth y l· 
amine ,nix/ures in the presence of oxygen 

The e ffe c t of d irn ~ :th y l a ll1 i n e conce ntra tion 0 11 Ihe )' iplds of inl t ree pted i -C d l ~ io ns (Xl. 

2 · CI II ~ iUlls te ). and tot a l C H ~ ion s (.0. ) in r·C d-I ~ . as well as t ht' yields of i ·Cdl ~ (00) . 

2 - C, D ~ (E)) . and to ta l C: ;I) ~ lA) in c-C\ D". Th e ra t ios (If isobul l'nt' ion 10 2·but c ll t, io n are 

al su ~ hown : c- e d-III ex pe rime nts al 9 lurr (0 ) . c·C d)!! (' x l}c ri mc nI 5 a t 4 lorr (g) . a nd 
r- C dl )o! ex pe rime nt s .1110.5 torr (El ) . dll the lall e r two ex pe rime nt s . a bso lut c produc t yie lds 
we re not meas ured .) 

as mention ed above. It is seen th at the yields of th e 
two isomeric ions do not vary at all as a fun c tion of 
the concentration of interceptor. This result was 
verified in the 11.6- 11.S eV photolysis of c-C.IHH (at 
9 torr and at 0.5 torr) and c-C.IDH (at 4 torr) in the 
presence of varying amounts of dimethylamine (fi g. 2) 
which intercepts the ions through reaction-2 to form 
butene products. T he invariance with interceptor 
concentration of th e total yields whic h can be attrib
uted to the iso bute ne and 2-b utene ions in the cyclo
butane system s de monstrates that in this system, 
where the ions can only react with the added reactive 
compo und , the C.,Ht (C4Dt) ions are effe ctively 
in terce pted. 

This is in marked contrast to the result reported 
earlier and discus sed in the Introduction, that the ratio 
of i-C.IHM to 2-C.IH~ observed in e thylene varies as a 
function of the concentration of added dimethyl
amine at low dimethylamine concentration; the results 
of a similar series of experiments, in which ethyle ne 
at a press ure of 11 torr was photolyzed at 11.6- 11.S 
eV in the presence of varying amounts of dim ethyl
amine, are given in fi gure 3. In the ethylene system , 
th e fac t that the total yields of C4H~ ions intercepted 
(fig. 3 and reference [11] ; increase as a func tion of 
interceptor concentration (in the same low concentra
tion range where th e c hange in the i- to 2-C4H ; ratio 
is seen) suggests that the e ffect observed can be 
explained if ethylene competes for interception of the 
i- and 2-C4H: ions whe n the concentration of additive 
is low (reaction 7). It has been reported [IS] that 
reaction 7 between i-C 4Ht ions and ethylene is faster 
than the analogous reaction of 2-CH~ ions. Thus, one 
would predict, qualitatively , that at low concentrations 

of added interceptor, the e thyle ne would co mpete 
more effectively for th e i · C4H~ ions th an for the 
2-C 4Ht ions, produc ing conce ntra ti on effects like 
those which are actually observed. Actually, th e results 
given in the earlier study r111 and in fi gure 3 are what 
would be predicted if the rate constant of reaction 7 is 
- 0.3 X 10- 10 cm 3/molecule ' s for i-CH; ions and 
- 0.03 X 10- 10 cm3/molecule ' s for 2-CH~ ion s 2 

(assuming that th e rate consta nt for reacti on 2 with 
dimethylamine is 1.3 X 10- 9 cm3/m olecule' s [lSb]). 
These rate constants are hi gher by about an order of 
magnitude than the rate cons tan t which can be de
rived for these reaction s from earli er measure me nts 
in a tandem mass spec trome ter [ISa]; howe ver, the 
results of recent studies of reaction s of thermal ions 
carried out in the NBS photoionization mass spectrom
eter [10, 17] indi cate that th e rate constants of the 
reactions of the energeti c ion s form ed in a tandem 
in strume nt often vary widely from those observed for 
ions at th ermal energies. In orde r to verify that the 
rate constant for reaction 7 involving thermal i-C 4H ; 
ions is actually hi gher th an the earlier literature value 
would ind icate , i-C4H~ ions were generated by 10 eV 
photon s in the NBS high press ure photoionization 
mass spec trom eter in the presence of bulk Ct D4 

(which is not ionized at thi s e ne rgy). Although the 
results we re too co mplex to be interpreted in detail , 
it was observed that both the cond e nsa tion reac tion 

0.8 .---6----;1.--1::,--.-1---.-1-, 

I::, -

• • 0.6 - -

• • 
f- I::, -

• M 
0.4 N+ r- -
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x 

X X X 
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X 

0 I I I 
0 5 10 15 
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FI GU RE 3a. The 11 .6- J 1.8 eV photolysis of ethylene·dimethylamine 
mix tures in the presen ce of oxygen at a pressure of J J torr. 

.J 'hc e ITt Cl J..lfAim eth.y 1i!-I!line conce nt ration on the yield s of int ercc pted i - C.j H~' i ~ . lI s ( X ). 
2·Cd-l ~ .ion s (- ). a nd Inial C~I-I ~ ion s (6). 

~ S in ce thi s paper was subm itt ed fo r publica lion. a va lu e of 0.37 X ]O 10 c m:l/molec ul e ' 5 

has been de te rmined for the rat e co ns ta nt of the reac tio n (2·C , I-! ++ 2· C , HI<) by L. W. 
Sieck of this laborato ry. T ak ing thi s valu e, and the re lati ve ra te co,fs tants for these reac
tions determined by J. M. S. He lli s (J, C he rn . Phys. 52 ,282 (1970)), one obtains a va lu e of 
0.026 X 10- 10 for the rat e constant of React io n 7 in vo lving 2-C.,H ~ iot ,s . 
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FIGURE 3b. The ratio of i , C"1 ~ /2·C~H t intercepted in the 11.6- 11.8 
eV photolysis of ethylen e by varying concentrations of dimethyl· 
amine as measured in this study (0 ) at a IJressure of II torr, and 
in r~rerpncp III] (8 ) (1/ a pressure of 2.8 torr. 

The solid lines s how the ratios calculated on the assumption that the rate constant of 
H' <l cliUII 7 i s O . :~+ 10 IU cl1l:!/ moit:!c ul l" S for i-C,II ; iOIl ~ alld 0.03 + 10 10 1'1Il'1/ molt'cul e ' S 

fo r 2-Cd1 ! i"Il ~. 

(reaction 7) and various D or D+ exchange reactions
some of which led to the re-formation of butene ions
occurred; the overall rate constant of interaction be
tween these partners was 2.7 X 10- 10 cm~/molecule . s 
at pressures up to 0_05 torr. Although our calculated 
rate constant of 0.3 X 10- 10 for reaction 7 involving 
i-CH~ ions was not verified , the results obtained 
would indicate that this rate constant may be entirely 
feasible for the condensation reaction in the pressure 
region used for the photolysis and radiolysis 
experiments. 

3. Effect of Pressure 

3.1. A. Fragmentation of the C4 Hit Ions 

Figure 4 shows the effect of pressure on the yields 
of the i-C 4Hit (C~ ~) and 2-CH ~ (C4D~) ions as 

. determined by the yields of the butane products in 
the 11.6- 11.8e V photolysis of cyclobutane - methyl
cyclopentane mixtures. It is seen that over the pressure 
range from 0.1 to 10 torr, the total yield of C4Hs 
(C4Dt ) ions intercepted increases greatly; this suggests 
that a low pressures, some of the C4H~ ions undergo 
decomposition, but are collision ally deactivated as the 
pressure is raised. As has been noted before [8, 9], 
when cyclobutane is irradiated with 11.25 e V photons 
in a mass spectrometer at a pressure of approximately 
10- 0 torr , about 30 percent of the C4Hg ions undergo 
fragmentation to form CHi : 

(11) 

(12) 

In order to check on the fragmentation mechanisms 
occurring in cyclobutane at the argon resonance lines , 

11.6- 11.8 e V, as well as the fates of the fragment 
ions, cyclobutane was irradiated at this energy in the 
NBS high pressure photoionization mass spectrometer. 
The results, given in figure 5, show the fragmentation 
and ion-molecule reaction mechanisms in pure cyclo
butane. The allyl ion formed in process 12 disappears 
because of a rapid reaction with cyclobutane to form 
propene [18a]: 

(13) 

The C4Ht ions formed in reaction 13 and fragmenta
tion process 11 do not undergo any rapid reactions 
with cyclobutane; the gradual drop in the yield of 
CHt as the pressure is raised (fig_ 5) can probably be 
traced to collisional quenching of the parent ion decom
position processes 11 and 12. 

Returning now to the photolysis results shown in 
figure 4, one should see a compensating diminution in 
the yield of propene (from reaction 13) over the 
pressure range from 0.1 to 10 torr if indeed the ob
served increase in the total yield of CHit (CD it) ions 
intercepted is due to a collisional quenching of dissoci
ation process 12; this is seen, as shown in the figure. 
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FIGURE 4a . Th e 11.6- 11.8 eV photolysis of a c-CHx-c-C,D,,(CD,,) 
. (I :0.20) mixture in th.e presence of oxygen 

Tilt' (-' /feCI Ilf prCS SlIrt' 1111 Ihe yield Id" int e rcept ed i -CI H ~ (X ) a nd 2·CIH~ (. ) a nd tolal 

C dl ; (.6. ) jOlIlS . as wl,1I as the yie lds of propyle ne (_ ) and IIwtil ylcyciopropane (0 ). The 

raliu:-; of isob ut f' lle ion to ~ · but f' n f' iotl a re also shown (0 ). 
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F IGU RE 4b. The 11 .6- 11 .8 eV photolysis of u. c·C., Dwc·C,·,D,,(CD:.) 
(/ :0.0.1) mixture in the presence oj oxygen. 

T ill" ~ 'ff~'(' 1 of pres~ un' 011 tilt· yield of inh'n:('pl c d i-CD ~ I®I, 2- C,J) ~ (0). :.II1d InIal 

C,D ~ (6 ) ions a s \\1(,11 a~ tilt· yields of prop yl(' n t:' \~ l. and Im-th yk ydllprnpallt ' la l. The 
rati o !- of i:;llbutt'tle ion to 2· bllll ' III ' iOIl art' al so s hown (0 1. 

In th ese expe rim ent s, in whi ch meth ylcyclopenta ne is 
th e added inte rce ptor, th e C Ht (CDt) io ns fo rmed by 
reac tion 11 or 13 may und ergo a hydride tra nsfe r 
reaction to form C4HiD (CD8) produ cts; they will not 
co ntribute to the form ati on of buta ne produ cts. 

In low press ure experim e nts in whi ch the C.,H t 
(CD~) ion s a re inte rcepted by dimeth ylamine, th e 
CH~ (G D ~ ) ions form ed in reactions 11 and 13 
migh't be expec ted to reac t to form butadie nes. S mall 
a mounts of 1,3- butadiene (M/ N+ = 0.046 in c-CHs 
photolysis) a nd 1.2-butadie ne (M/ N+ = 0.0026 in c
C4 Hs photolysis) a re observed in such experiments , 
but th e yields do not diffe r s ignifi c antly from the yields 

of th ese produ cts observed in meth ylcyc lope nta ne 
additive experim e nts (whe re th e l .3- butad ie ne yie ld 
is = 0.055 a nd th at of 1.2- butadi e ne = 0.0020 und er 
simila r conditio ns). At any rate, th e C4Ht (C 4 Dj) 
ions form ed a t low pressures in th e presence of 
dimeth ylamine do not a ppa rentl y contribute app rec i
abl y to the form ation of the bute ne produ cts; thi s is 
shown by the res ults given in fig ure 6, whi c h gives 
the yie lds of the i-C4Ds a nd 2-CDs produ cts (see 
reac tion 2) form ed in th e 11.6- 11.8 eV photo lys is of a 
c-C.,D ~-(C H:lhNH mixture over the 0.1- 10 t orr pres
sure ra nge. Th e yie lds whi c h are a ttri b ut e d to the 
i- and 2-CDt ions inte rcepted in these expe riment s 
a re in close agreeme nt with the yields which were 
attribute o to th ese sa me ions in the Di transfe r experi
me nt s shown in fi gure 4b. Thi s agree me nt a lso de mon
stra tes that appare ntl y both co mpounds in te rce pt 
the C4Dt ions qu antitati ve ly und e r th ese conditi ons. 

In the photolys is of e th yle ne over thi s press ure 
region, from 0.1 to 10 torr , it was s hown so me tim e ago 
[6c] th a t the overall yie ld s of C Ht ions interce pted 
by NO in crease dras ti ca ll y as a fu nc tion of press ure 
up to a bout 10 torr, indicating th at the C4 Ht ions 
fo rmed in reac ti on 1 unde rgo d issocia tion a t low pres
sure a nd a re coJli sionall y s ta bili zed as th e press ure 
is increased. This res ult is co nfir med here in expe ri 
me nts in whi ch th e C4Ht ions in e th ylene we re inter
ce pted by dim eth yla min e and by meth ylcyc lope nta ne, 
both s hown in fi gure 7. Th e C4Ht ions form ed in 
e th yle ne have more inte rn a l e nergy th an the cyc lo
buta ne pa re nt ions (ta bl e 1), a nd it is to be ex pected 
th a t th ey a lso s hould di ssoc ia te in thi s press ure region. 

It is signi fica nt th a t th e yie ld s, as we ll as the ra tios, 
of ions int e rcep ted in th ese ethyle ne experim ents by 
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FI GURE 5. The relative abundance oj ions observed as a ju nction oj 
fJfess ure in c-C. HH irradiated with 11 .6 - 11.8 eV photons in the 
NBS high pressure photoionization mass spectrometer. 
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The effec t of pressu re on the yields of int e rcept ed i-C.ID~ \~ ) . 2-CI D ~ (0), lotal CD~ 

(.6) and the rat in i-CD;/2-C1D; 10 ). 

methylcyclopentane are greatly different from those 
observed in the dimethylamine additive experiments 
(both shown in fig. 7) in contrast to the agreement 
seen between these two kinds of experiments in 
cyclobutane (figs. 4b and 6). Because the C4Ht ions 
react only about 3-6 percent as fast with methylcyclo· 
pentane as with dimethylamine [12] , one would predict 
that the ethylene would compete much more effectively 
for the C4Ht ions (through reaction 7) in the methyl· 
cyclopentane additive experiments. In fact, assuming 
that the rate constants for reaction 7 are (as estimated 
above from the dimethylamine results given in fig. 3) 
0.3 X 10-10 cm3 /molecule . s for i,C4H~ ions and 0.03 X 

10- 10 cm3/molecule' s for 2·C4Ht ions, and taking 
the measured rate constants [17] for the Di transfer 
reactions between these ions and methylcyclopentane· 
d12 (and estimating from the results given in reference 
Ill] that the total ion pair yields of the i· and 2-C4H t 

ions at a pressure of 2.8 torr are 0.20 and 0.38, respec
tively), one can calculate the yields of ions which 
would be intercepted by 10 percent methylcyclopen
tane-d12 at 2.8 torr; as shown by the encircled points 
in figure 7, these calculated yields are in good agree
ment with the measured butane yields in this pressure 
region. 

3.2. Yields of the Isomeric C4H; Ions 

The relative yields of the i-C 4H ~ (C4Di) and 2-C4H,~ 
(C4Dt) ions de pe nd on the pressure of the system, even 
when the overall pressure is high enough that fragmen· 
tation of the C4Ht (C4Dt) ions is e ffec tively quenched. 
This can be readily seen in figure 4a, by comparing 
the 9.5 torr experiment (M/N+ of total C4Ht = 0.95) 
with the 62 torr experiment (M/N+ of total C4Ht = l.0) ; 
the yield of intercepted i.C4Ht drops drastically, and 
the drop is compe nsated by an increase in th e yield of 
2·CH~. There is also a significant diminution in the 
ratio i·CH~/2-CH; with increasing pressure for ions 
generated In e thyle ne, even m the pressure range 
where all fragme ntation has been inhibited , as shown 
by the results given in figure 8 for the radiolysis and 
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FI GU RE 7. The effect oj pressure on the yields oj i·C,Hs (X). 2,C4H~ 
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Arrows designat e experime ntal point s for 7.6 percent dimet hylami ne experim e nt from 
Reference 11. Enc ircit'd points are yields un e would predict for a me th ylcyclopentan e 
add iti ve experi ment. assu ming the estimated ralt' cons ta nt s for reac tion 7 uiven in the 
disc uss ion. l:l 
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TABLE J. Heats of formation of C.,Hi isomers 

C,H i t.HJ 
Isomer e V 

C,Hi + C, H, 11.51 
c-C Hi 10.84 
c-C3H,(C H,, )+ a 10.15 
l-C,H: 9.58 
i-C.,H ~ 9.06 
cis-2-C,H;t 9_06 
(r-2-C.,H: 9.02 

All "a lues. excep t c-C :, H;,(C H:,) ', frolll J. L. Franklin, J. C. Dillard , H. M. Hosc nstock, 
J. T. He rron. K. Draxl. a nd F. H. Field . Nation al S ta ndar'd Hcfcrc ll Ct' Dala Sy~ t e nl - N BS. 
26, U.S. Gol'!. Printing Office (1969). 

aThc hea l of forma tion of the rn elhylcyclop ropa ne ion is ca lc ulat ed assuming tha i the 
ioniza tion potential of the neutral molec ul e is 9 .9 e V (F. 1-1 . Field , footno te in J L. Fra nklin . 
J C hern. P hys. 22, 1304 (1954)). This valu e. which was chosen because we obse rved 
ionization of pure me th ycyc]opro pan e irradiated with 10.0 e V photons (<1:> + = 0.13 [ 16]), 
is wi thin the limit s of e rro r of the more rece nt va lue of 10. 1 ± O.02 c V (G. C. Meisels. J . Y. 
Pa rk . and B. C. Ge issne r. J. Am. Chem. Soc. 92, 254 (1970»). 

photolysis of e thylene in the prese nce of charge 
acceptor. 

In order to examine th e e ffect of pressure over a 
muc h wide r pressure range, a seri es of radiolysis 
experiments were performed on a c-C4!L-c-C"DH(C D:d 
(1 :0.050) mIxture (fig. 9). An isoto pic analysis of the 
n- butane formed at higher press ures revealed that 
these butanes consisted of a mixture of CH;jCHD
CHDCHI form ed in reaction 4 of th e 2-CH~ ion, and 
CH2DCHDCH2 CH3 formed in reac tion 9 of th e 
l-C4H ~ ion. The prese nce of l-C4H~ ions was co n
firm ed by th e res ults of two othe r se ri es of ex peri
ments. First , (fi g. 10), whe n a c-C Ds-(C H3hNH 
(1:0.08) mixture was irradiated at diffe re nt pressures 
rangin g from 7 ton to 418 torr , the co mbined yield of 
interce pted (i-CD ~ + l-CD~ ) increased. Mass 
spectrometric analysis confirm ed that the in crease 
could be attributed to I-bute ne. Th e presence of 
l-C4H~ ion s was also confirm ed by the observation of 
n-butan e [20] in irradiated c-C Hs in the prese nce of 
5 percent cyclohexane; as mention ed above, cyclo
hexan e will intercept l-CH ~ ions through a H~(D ~ ) 

tran sfer reaction, but is unreactive toward 2-CIH ~ ion s 
[10, 12 , 17]. Th e yield of l-C4H~ ions, as determined in 
both the methylcyclopentane and cyclohexane 
additive experiments (fig. 9) increased as a function of 
pressure, while the yield of inte rcepted i- C4 H ~ ion s 
dropped off rapidly. 

In th e hi gh press u~e experime nts given in fi gures 9 
and 10, the total yield of products which can be attrib
uted to C IHt ion precursors dimini shes with pressure. 
There are two poss ible explanati ons for th·is: colli
sional stabilization of adduct ions formed in the 
C4Ht-interceptor e ncounter , or collisional stabiliza
tion of the parent c-CHt ions. It should be pointed 
out that in the liquid [21] and solid [22] phase radioly
s is of ethylene, as well as in the solid phase photolysis 
[22J at 11.6-11.8 eV, cyclobutane is observed as an 
important product. (In the solid phase photolysis at 
8.4 e V, where ionization of ethylene is unimportant, 
cyclobutane is not observed, so it may be inferred 

that it has an ionic precurso r.) Cyclobuta ne grows 
in as a produ ct in the radiolysis of e th ylene at very 
high pressures [23] (> 1 atm). It is te mptin g to postulate 
that the C4 Ht ion form ed in reac tion 1 is s tabilized in 
the cyclobutane s tructure and so mehow e nds up as 
neutral cyclobutane. Howe ver, it mu st be pointed out 
that the mode of formation of the cyclobutane prod uct 
in e thylene may be plaus ibl y exp la in ed in othe r 
ways [22J. 

4. Isomerization Mechanisms of C~ Ht 

Ions 

From the res ults discussed above, it is now possible 
to derive certain information about the isomerization 
mechani sms operative in CHit ions . Th ese results 
suggest a mechanism in whic h the initially formed 
C I Ht ions rearrange to lower e ne rgy s tructures 
(see table 1) at a rate which is approximately of the 
same order of magnitude as the colli sion rate (101-1010 

S- I). As th e press ure is increased , so me of the proc
esses whi ch require lo nge r times to occur (i.e. re
arrange me nt to the i-C4H;t structure, for example) 
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FIGUR E 9. The effect 0/ pressure on th.e y ields 0/ intercepted j. 

c.. H, IX). 2·c..H , Ie ). l·CH , 10 ). and total C,H K (6) in th.e 
radiolys is 0/ a " ·C, I-iK·c ·C, O,, (CO:,) (/:OJJS) mixture ill the pres· 
ence 0/3 percent oxygen , as well as the ratios , j·C.H:/2·C,Ht 
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radiol ys is of a c-C dl ,,-r- Cdl l~ mi xtu re . in the prese nce of 3 pe rc e llt n xy).!c n . 

may be quenched, while some of the higher energy 
ions (i.e., 1-CH ~ ) are deactivated or intercepted 
before having time to isomerize further. The unimolec
ular rate constants for isomerizations increase with 
energy. At high enough energies, however, dissocia
tion of the ions will occur (that is, in cyclobutane, the 
onset of fragmentation is about 0.7 e V above the ioni
zation potential). This means that very fast (i.e., very 
high ene rgy) isomerization processes may not be ob
served in experiments such as those reported here. 

It is not surprising that the rate of isomerization is 
the same order of magnitude as the rate of collision. 
For the C4 Ht ion formed in cyclobutane by absorption 
of 11.6-11.8 e V photons, the main fragmentation 
process (fig. 5) is the loss of a methyl radical (process 
12). Clearly, this fragmentation must involve a re
arranged C4Ht structure, and one may therefore 
assume that the isomerization is at least as fast as the 
dissociation, which the data given in figure 5 indicate 

occurs with a rate of the order of 10L I0; S - I. At 
higher energies, where the rate of fragmentation will 
be faster, rearrangement becomes much less important, 
as indicated by the fact that the C2Ht ion is a much 
more important ion in the 70 eV mass spectral cracking 
pattern of cyclobutane [18c] (this ion comprises only 
1.5 percent of the total ionization in the 11.6-11.8 e V 
experiments given in fig. 5) than in any of the other 
isomeric C4HS compounds. It has been noted before 
that the cyclohexane ion undergoes rearrangement 
before undergoing low energy fragmentation processes, 
but maintains the parent structure in high energy 
dissociations [12J. 

This mechanism, of course, assumes that 1-C4H~ 
ions can isomerize to other structures, contrary to the 
observation reported earlier that when 1-C 4Ht ions 
are formed by photolyzing 1-C 4Hs with 10 eV photons, 
isomerization processes are not observed [12]. In order 
to check on this, 1-C 4 Hs was photolyzed in the presence 
of dimethylamine with 10 eV and with 11.6-11.8 eV 
photons; the yields of the 2-C 4Ht ions intercepted 
(reaction 2) are given in table 2. (Analysis of i-C 4 Hs 
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TABLE 2. Th e photolys is of blltene-dimeth y l!lm ine ( I : I ) mix tures 
at a I'ressllre of;! to rr; th e in terception of2-C. H ;:- iOI/.1 

1-C.,H, + 180 lo rr Ne 

i-C.,H " + 130 lorr Ne 

1O.O eV 1l.6- 1l.8eV 

0.05 

. 002 

0.63 

.52 

.050 

.025 

co uld not be carried OUL ) It is seen that , indeed, when 
the ions are formed by absorption of 10 eV photons , 
iso merization to the 2-C 4Ht stru c ture is unimport ant, 
but when th e photon e nergy is rai sed to 11.6- 11.8 e V, 
a t a pressure of 2 torr more than ha lf the ions do re
a rrange to the 2-C 4 Ht s tru c ture. Furth ermore, the 
importance of thi s isomerizat ion can be diminis hed by 
inc reas ing th e pressure, as was de mons trated by 
photolyzing th e I,C4H 8 ·(CH~hNH mixture in the 
prese nce of added neon (tab le 2). Thus, the iso meriza· 
tion of the I·C4Ht ion to the 2·C4Hit s truc ture re quires 
that th e ions have excess e ne rgy; re moval of ene rgy 
by colli sions di mi ni shes the probabilit y tha t the iso m· 
e rization wiJJ occ ur. The C4 Ht . ions form ed in 
e th yle ne a nd in cyclobutane will have at least 1.93 
and 0.67 e V excess ene rgy above th e e ne rgy of the 
I·CHt ion (table 1). It is easy to vis ua lize plaus ibl e 
pathways by whic h suc h ions could rearran ge to the 
I ·C4Ht s tru c ture; for in stance : 

+ 
-? [ CH3CHCHzCHz '] * 

-? CH3 CH 2CH +=C Hz. (14) 
Once the ion has attained the I·C4 Ht structure, the 
res ult s indi cate that it will continue to rearran ge to 
th e 2·C. Hg (and probably also to th e i-C4 Hg) struc· 
ture, unless suffi c ie nt energy is removed by colli s ion s 
before these rearrangements occur , or unless the ex· 
c ited ion is intercepted befo re re arrange me nts occur. 
In order to di s tin gui sh be twee n these two possible 
interpretations of the observe d increase in the yi eld of 
I·C,H~ ions inte rce pted as the press ure is increased , 
a se ri es of radiolysi s experim e nts was perform ed 
in which the concentration of dimethylamine added to 
C-C,HH was varied at a pressure of 300 torr , whe re, as 
s hown above (fig. 9) a s ignificant yield of I-C ,H +8 ion s 
c an be inte rce pted. If at high press ures, we are simply 
interce pting exc ited I-CH~ ions before they have time 
to isomerize , we should see the yield of intercep ted ions 
in crease as th e concentration of dimethylamine is 
inc reased (i.e. as the time before interception is de
creased), but if the ions are collision ally deactivated 
before inte rce ption, there s hould be little effect of 

inte rceptor concentration. The results (fi g. 11) indicate 
that a change in inte rce ptor concentra tion has, at 
mos t, only a slight effec t on th e ratio of I-CH~ to 
2-CH~ ions int e rce pted. The ratio I-C ,H ~ /2-CH ~ a t 
2 percent dimethyla mine (wh e re 1 colli s ion in 49 is 
with interceptor) is only abo ut 10 pe rcent lower than 
at 16 percent dimethylamine (whe re 1 co lli s ion in 5 
is with inte rce ptor). W e can conclude, th e n, th a t most 
of the I-CHt ions intercepted have been co lli sionaUy 
deactivated . 

If th e isom erization mechan ism proposed he re is 
valid , then it would be expec ted that if one could form 
C 4Ht ion s having a so me what lowe r initi al e ne rgy 
than those gene rated in cyclob utane a nd e th yle ne, the n 
th e intermediate I·C Ht ion 'should be more eas ily 
deac tiva ted . The me th ylcyclopropane ion is such an 
ion (table 1). Therefore, a meth y\cyclop ropane- methyl· 
cyclope nta ne-d' 2 mixture was photolyzed with 11.6-
11.8 eV photon s in th e prese nce of varying amounts 
of xe non (fi g. 12). Th e me thylcyclo propane ion ap
pare n tl y iso me rizes through th e sa me pat h way(s) 
follow ed by th e CHt ion ge nerated in e th ylene a nd by 
the cyclobuta ne parent ion. That is, at low press ures, 
aU ion s inte rce pted are in the i-CH~ a nd 2-C4H~ con· 
figuration s, with the latte r predominatin g. As th e 
pressure is increased the importa nce of th e i -C 4H ~ 
ion dimini shes relative to th a t of th e 2-C 4 Hit ion , and 
eve ntually, th e I -C,Ht ion grows in a t th e expe nse 
of th e i- and 2·CHt ions. Because th e yie lds of ions 
inte rce pted were strongly de pe nde nt on th e co ncentra
tion of inte rceptor, sugges ting th at th e ions react with 
th e pare nt methylcyclopropan e mol ecul e , me t hy]· 
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FIGURE 12. The 11.6- 11.8 eV photolysis of 2 torr of a methylcyclo
propane-methylcyclopentane-d" (1 :0.12) mixture (in the presence 
of 3 percent oxygen), in the presence of added xenon. 

Points show the yields of i- C~ H H IX ). 2-C" -18 Ie ). \ ·Cd-i M (0). and total C Hi! (6) . de
ri ved from the yi elds of the appropriate bUlal;c produ c ts. Enc ircle d points indicate an 
ex periment pe rform ed in the prese nce of added he lium 

cyclopropane was ionized with 11.6-11.8 eV photons 
in the NBS high pressure photoionization mass 
spectrometer. The C4Ht ion was seen to react with the 
parent molecules with a rate constant of 6 X 10- 11 cm3J 
molecule's; product ions were C5Hto (69%), C5H~q 
(8.8%), C6Hil (8.0)%, C6H i2 (7.6%), and C 7Hi3 (6.6%). 
Because of the occurrence of these reactions, the 
actual yields of intercepted ions shown in figure 12 
have little significance. It is important, however, 
that when llO torr of xenon have been added, 56 per
cent of all C4Ht ions intercepted are in the 1-C 4H +8 

configuration. By contrast, in the 11.6-11.8 e V irradia
tion of a similar cyclobutane·methylcyclopentane 
mixture in the presence of 150 torr of xenon, only 2 
percent of the C4H~ ions intercepted are in the 
1·C4H ~ con figuration. 

The question may- he raised of whether · 01' not 
the C4H ~ ions initially formed in ethylene and cy· 
clobutane isomerize to the methylcyclopropane 
structure. Methylcyclopropane was not observed as 
a product in the photolysis or radiolysis of cyclobutane 
in the presence of charge acceptor. However, in the 
photolysis of cyclobutane at relatively low pressures 
(0.1-10 torr) in the presence of methylcyclopentane 
as an interceptor (fig. 4), methylcyclopropane was 
seen as a product. This product was not seen in the 
photolysis of a similar mixture below the ionization 
potential (i.e., at 10 e V), so it may be inferred that 

it has an ionic precursor. It is feasible that excited 
methylcyclopropane ions may undergo charge trans· 
fer with methylcyclopentane [24], but undergo ring 
opening when colliding with polar molecules such as 
dimethylamine. At any rate, the yield of the methyl· 
cyclopropane product (fig. 4) is strongly diminished 
by an increase in pressure, and has essentially van· 
ished at a pressure of 10 torr; if this product does 
reflect the yield of methylcyclopropane ions in the 
system, one must conclude that ring closure in the 
excited C4H ~ ions is a slow process which is readily 
quenched by collisions. 

No methylcyclopropane was formed in any ethylene 
experiment, either in pure ethylene or in the presence 
of dimethylamine or of methylcyclopentane. A recent 
paper [25] reports that methylcyclopropane is formed 
in the 10.2 eV photolysis of ethylene through a reac· 
tion of an excited C2H4 species with ethylene. A 
careful examination of the products formed in the 
10.0 e V photolysis of ethylene failed to confirm the 
presence of this product. The quantum yield of this 
product must be Jess than 2 X 10-4. 

The results given above demonstrate that at low pres
sures most of the C4H~ ions formed in ethylene and 
cyclobutane end up in the i· and 2·C4Ht structures, 
and that the isomerization I to the i,C4H ~ structure oc· 
curs from some excited entity which, ~fter undergoing 
collisions, has a lowered probability of rearranging to 
the i·C4Ht structure and an increased probability of 
ending up in the 2·C4Ht structure. This excited pre· 
cursor of the i·C4Ht ion is most likely the 1-C4Ht ion, 
but we can not exclude the possibility that some of the 
i·CH~ may have the 2,C4H~ ion as precursor although 
this is probably unlikely. Takingthe ratio· i·C4Ht J2·C 4Ht 
as an approximate measure of the energy of the ions 
under given conditions, we see from the results given 
in table 3 that, as one would expect, at a given pressure 
the internal energy content of an ion is lower for ions 
with a lower initial energy. It is interesting that for 
C4Ht ions formed in ethylene, the average energy of the 
ion at a given pressure is much greater in the radiolysis 
than in the photolysis experiments. This probably reo 
flects the fact that in the photolysis, these ions can be 
formed with. at most 1 eV excess energy. while in the 

TABLE 3. The ratio of intercepted isobutene to :!-butene ions as a 
function of the energy with which the ion is initially formed 

i·C,Htl2-CH~ (or 
Ion Source Ion minimum i.C,DU2-C,D~) 

initial energy 
10 torr 50 torr 

C,H, Radiolysis 11.51 eV a 0.5-1.0 aO.3 - 0.7 
C,H, Photolysis - .26 .08 

C·C,HH Radiolysis 10.84 eV .13 .07 
C-C,HH Photolysis - .13 - .07 
c-C,DH Photolysis .09 ... 

,\ Nltnc OXide addItive experiments give the low values . and dimethylamine additive 
experiments give the high values. 
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radiolysis muc h higher e ne rgy eth yle ne ions may be 
formed and undergo reaction 1; the e thylene ion does 
not fragm ent unless it has 2.9 eV excess e nergy). In 
the cyelo butan e ex perim e nts on the other hand , the 
result s given in table 3 indi cate that th e ions a re 
form ed with about the same e nergy in th e photolysis 
and radiol ysis. This is not surpri s in g, s in ce in cyelo· 
butan e the onset of fragmentation is only about 0.7 eV 
above th e ionization pot e ntial , so th e re is less li ke li 
hood for ve ry e nergeti c ions to s urvive as CHt s pecies. 

Furth er corroborative e vidence for the mec hani sm 
proposed here is give n by the isotope e ffects ob
served in some of the experim ents reported above. 
for in stance, in fi gure 2, it is seen that the yield , 
relative or absolute, of the iso buten e ion intercepted 
jn C-C DH is lower than that interce pted in c-C I-h, 
even though the pressure of th e C.,DH experi men ts is 
less than half that of the C HH experim ents. Th e 
result s show n in figure 4 demon strate that th e pres
sure e ffec t on the relative yield of th e isobute ne ion 
is ind eed mu c h more pronounced for the de uterated 
cvelobutane molec ule th an for the nondeute rated. 
It is to be expec ted that the de uterated ion would 
lose energy through colli sion s more readily than the 
nonde uterated ion , because of a closer spacing of 
vibrational le vels in the excited deuterated species. 

Finall y, one mu st ask whe th er th e i-C,H~ and 
2-CH~ ions, once form ed, undergo any furth er 
rearran ge ments. In order to obtain a partial answer 
to thi s question, i-C.,HH was photolyzed with 10 eV 
and with 11.6- 11.8 eV photon s in the presence of 
dimethylamine; the res ults are give n in table 2. It 
was seen that in the 10 e V photolysis, isomerization 
of the i-C4Ht ion to the 2-C4Ht structure is negli-

gible, as reported before. When th e energy of the 
photons was rai sed , 5 percent of the i-CH ~ ion s 
were see n to isomerize to the 2-C,Ht s tru cture. 
This rearrangement was , however, que nched by the 
addition of neon. A more detailed di sc uss ion of th e 
isomerization reaction s and pressure effects of 

C4Ht ions generated 111 bute nes will be presented 
elsewhere [26]. 

5. Collisional Deactivation of Intermediate 
C~H~ Ions by Added Gases 

It is of interest , to exam in e the re lative e ffi c iencies of 
various gases in removing e ne rgy from th e excited 
inte rmediate ion (s). Therefore , a C-CHH-C-C,Dil (CD:,) 
(l : 0.05) mixture, with 3 percent oxygen added as a 
radical scavenger, was irradiated with 11.6- 11.8 eV 
photons in the presence of varying amounts of helium , 
hydrogen, neon, nitrogen, krypton, xenon, and carbon 
dioxid e. (As mention ed above, l-C Ht ion s are not 
observed to any signifi cant exte nt in these expe rim ents; 
in the presence of 150 torr of xe non , only 2 perce nt of 
the C Ht ions intercepted are in the I -CHt s truc
ture.) The overall produc t yields observed in th e nitro
gen and neon additive experim ents are given in table 4. 
As above, the ratio i-CHt /2 -C Ht was taken as an 
approximate meas ure of the deactivation of the ions. 
It was noted that th e extent of lowerin g of th e ratio at 
a given press ure seemed to depe nd approximately on 
the polarizability of th e deactivating gas but was not 
apparently related to any other para meter (s uc h as the 
rate of colli sion, th e mass of th e ne utral species, e tc.); 
this is shown in fi gure 13 for expe riments in whi ch 8 
torr, 20 torr, and 50 torr of deac tivator have been added 
to 0.2 torr of th e hydrocarbon mixture. Thu s, from 
th ese results we can conclud e that th e e ffec tive ness 
of e nergy transfer from the excited ion to th e colli sion 
partner de pe nd s on the polarizabi lity of th e added gas . 
This is not surpri sing, since it might be expected that 
a colli sion with a more polarizable species would be 
more "sticky" and that such "sticky" colli sions 
would fac ilitate energy tran sfer. 

A quantitative treatme nt of the data for th ese ex peri
ments is not actually feasible at th e present tim e. That 
is, th e relevant de tailed mechanis ms and unimol ecul ar 

TABLE 4. The 1l.6-11.B eV photolysis of 0.2 torr of a cyclobutane-methylcyclopentane-d,~-O~ (1 :0.05:0.04) mix
ture in the presence of added unreactive gases 

Quantum yields 

Rela tive Press ure ,:·C,H", ---
Additive po la ri za bilit y torr Ethyle ne Acetyle ne i·C, HIII n·C ,H iO 

n·C ,H,o c·C:.I-b i·C,H,+ 2·C,H, 
(C H,,) l ·Cd-l, 

None . .... .. ..... .. .. . . ....... . 0.2 0. 56 0. 35 0.094 0.30 0.046 0.017 0.031 0.313 

Neon 0. 392 20. .57 .34 .068 .33 .028 .014 .016 .206 
105. .58 .33 .059 .41 .018 .018 .024 .143 
398. .59 .32 .045 .44 .0058 .023 .028 .102 

N itrogen 1.730 8. .57 .34 .073 .35 .029 .014 .0082 .209 
20. .56 .35 .068 .35 .013 .Oll .013 .194 

105. .58 .33 .051 .41 .0086 .028 .024 .124 
345. .61 .30 .020 .28 .000 .029 .015 .072 
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FIG URE 13. Th e ratio of i·C H;/2·C H;. intercepted by .5 percent 
methylcyciopentane· d" in c·c., 1-1" irradiated with I J .6- 11.8 
eV photons at a pressure of 0.2 torr in the presence of 8, 20, or 
SO lorr of added foreign gas plotted as a jimction of the polariza· 
bilities of th e added compounds. 

rate constants for the isomerization reactions to form 
i-C4H~ and 2-C 4H t are not only unknown, but depend· 
ent on the internal energy of the rearranging species. 
It is not possible now to estimate the energy or the 
e nergy distribution of these excited entities . 

Similar experiments examining the deactivation of 
the C4H: ions formed in the ethylene system would 
be quite difficult to interpret , since the precursor 
C2H~ ions would also be deactivated by the added 
gases, thus shifting the energy distribution of the 
product C.,H: ions toward lower energies. Therefore, 
any effects observed would be composites of the 
deactivation of the C2H.i ions and the C4H~ ions. 
Eth ylene ions formed at 11.6- 11.8 e V do have excess 
internal e nergy which is retained in the product CH~ 
ions. Indeed, it has been seen [18b] that the relative 
importance of dissociation processes 11 and 12 differs 
for C4 H ~ ions form ed in ethylene irradiated with 10.0 
and with 11.6-11.8 eV photons. 

The authors thank L. Wayne Sieck for performing 
the mass spectrometric experiments reported here, and 
R. E. Re bbert for his assistance with some of the 
photolysis experiments. 
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