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Th e ph otoioni zation of C, a nd C, a lka nes has been in ves tiga ted a t 106.7 and 104.8 nm in a mass 
s pec tromete r spec ifica ll y des igned fo r the in ves tigat ion of ion- molec ul e reac tion s occurring a t th e rma l 
kin eti c ene rgies. Absolute ra te cons ta nt s a re reported for the reacti ons of va rious fragment ions with 
th e corre sponding pa rent molec ul e. 

The ra te con stants found for rea ctions o f sec-C"H i ions with i-C ., H ,", n-C ., 1-1 , 0, i-C ,. H 12, and 
n-C"H' 2 we re found to be 3 _3, 4.4, 4.7 , a nd 5.2 X 10- '0 cm"/ molecul e-second res pec tive ly. The C..I-l i, 
ions were a lso found to be highl y reac tive, exhibiting rate cons tants of 3.6 a nd 3.8 X 10- 11' c m"/ molec ule
second in reactions with i-C,H 12 and n-C., H 12 - T he rate consta nts fo r rea ction of C:,H,i with i-C., H," , 
n-C., H ,0, i-c, H , 2 , a nd n-C, H '2 were fo und to be 4.9 , 4.9 , 7.6 , a nd 7.9 X 10- 11' c m"/ molecule-second , re
s pec tive ly_ Butene ions a re less reac tive by an o rder of magnitud e. The results a re com pa red with com
plementary da ta de rived from e lectron im pac t experime nts, and the re la tion ship be tween the s truc ture 
a nd reac tivit y of the va ri ous ions is di scussed_ 

Key word s : gas phase; hyd roca rbons; ion-molecule reac tions; mass s pectromet ry; photoion iza t ion ; rate 
co ns tants . 

1. Introduction 

Recent publications from thi s laboratory [1] ha ve 
illu strated that a photoionization mass s pectrometer is 
advantageous for s tudying the reactions of parent hy
drocarbon ion s. In some cases selective ionization of 
hydrocarbons in the presence of organic or inorganic 
additives may be achie ved by proper utilization of the 
line emission (123.6, 116.4, or 106.7 nm) of rare gas 
resonan ce lamps. Furthermore , when ionization is in
duced by photoabsorption at energies only slightly 
above the ionization threshold , it is possible to investi
gate the reac tions of parent ions with parent molecules 
in the absence of those complicating reactions associ
ated with those fragment ions which would be produced 
at highe r e nergies. The fact that parent ion-pare nt 
molecule reac tion s could be investigated at th ermal 
kine tic e nergies in suc h an instrument at room te m
perature ove r a con siderable pressure range was in
strume n tal m the elucidation of the kine tics of 
formati on a nd reac tion of alkane dimer IOns 
(C"H2,, +2)T[l e, If]. 

The present photoionization s tudy diffe rs from those 
mention ed a bove in that C~ - C; alkanes were irra-

"'This resea rc h was s upported by the Atomic En ergy Comm iss io n. 
**N BS Postdoctoral Hcsea rc h Associa te 1968- 70. 

diated with photons of suffic ient e nergy to indu ce uni
molecular fragmentation of the pare nt ion. The 
reacti viti es of th e resultant fragment ions towards the 
alkanes were derived from the variation of the com
posite mass spectrum of a parti cular sys te m as a fun c
tion of pressure. The ion-molec ule c he mi stry occurring 
in some of these alkanes (n-C~ H, o, i-C~ H, O, and 
neo-C;H I 2 ) has been investigated previously by 
kineti c mass s pectrometry using high e nergy elec trons 
[2]. In those studi es, however , the temperature of the 
ion source was approximately 500 K and th e electron 
energy was well above that of the photons used in thi s 
inves tigation _ Consequ entl y, a cons iderable vari e ty of 
fragment ions were produ ced a nd it was diffic ult in 
som e in sta nces to determine whic h of the ma ny frag
ment ions were responsible for the form ati on of ionic 
produ cts. 

It was also conside red of interest to compare ra te 
data obtain ed fro m thi s s tudy with that derived from 
analysis of th e neutral products of ion-molecule r eac
tions occurrin g in alkane sys te ms [3]. Such a compari
son is of particular importan ce s ince end product 
analysis has recently revealed the formation of alkyl 
and ole fini c ion s with more than one stru cture in the 
unimolecular decomposition of n-alkane and cyclo
alkane parent ions [4]. Since isomeric ions are known 
to exhibit different reactivities , one might expect to de-
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rive additional information from the contour of the ion 
decay plots obtained from the mass spectrometer. 

2. Experimental and Results 

The high-pressure photoionization mass spectrom
eter used in the present study has been described 
elsewhere in detail [la, b]. In all experiments the reac
tion chamber (ion source) was operated at 300 ±2 Kin 
the absence of any internal electric or magnetic fields. 

2 
PRESSURE (millitorr) 
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All materials were purified by gas chromatography 
and subsequently distilled at low temperatures in ~ 
order to remove traces of water. The techniques used ~ 
for the evaluation of absolute rate constants for N 

bimolecular reactions have been described in detail ~ 
elsewhere [la, b]. Experimentally, the method in- -1 

volves a determination of the composite mass spec- ~ 
trum, including all reactant and product ions, as a ~ 
function of sample pressure in the photoionization 
chamber. The logarithm of the percentage composition 
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of the mass spectrum is then plotted versus pressure in 
the manner displayed in figures 1- 6. The thermal bi
molecular rate constant is then determined from the 
slope of the resultant decay curves found for primary 
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FIGURE L Composite mass spectrum obtained from the photioniza
tion (106.7- 104.8 nm) ofi-C 4 H IO versus pressure ofi-C 4 H , o. 
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FIGURE 2. Composite mass spectrum obtained from the photioniza
tion (106.7-104.8 nm) ofn-C 4 H ,o versus pressure ofn-C 4 H ,o. 

ions, which are straight lines for a single reactive 
species, and the calculated ionic residence time in the 
photoionization chamber. Rate constants are always 
derived from initial slopes since the ionic residence 
time may increase at higher pressures due to non
reactive scattering of ions exhibiting low overall reac
tivities. This latter condition will yield decay curves 
which exhibit an increased slope at higher pressures 
and are concave downward. Alternatively, a decay 
curve which is concave upwards at low pressures indi
cates that two or more empirically equivalent ions are 
present at this particular mass-to-charge ratio, each of 
which exhibits a different overall reactivity. 

3. Discussion 

3.1. Unimolecular Fragmentation 

The primary mass spectrum resulting from photo
ionization of the C-C5 alkanes by 11.6-11.8 e V 
photons may be obtained by extrapolating the parent 
and fragment ion curves given in figures 1 through 6 to 
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FIGURE 3. Composife moss specf/"{/m Obfai l1 edjrolll fh e photoiol1 iza· 
lion (106 .7- 104 .8 11m) of i·C., H " versus pressure of i-C" H ". 

"zero" pressure. Because the " pare nt minus one" and 
" parent minus two" ions in each sys te m are also the 
products of fast ion-molecule reactions, it was not 
possible to obtain an accurate estimate of their 
abundance in the primary mass spectrum. However, 
it is apparent (figs. 1 to 15) that the primary yields of 
these ions approach low values at low pressure. For 
n-C"H I2 and i-C 5HI 2' the I(C5H io + C5H il) comprise 
approximately 2 and 10 percent of the primary mass 
spectra, respectively. As indicated by the summary in 
table 1, all of the major fragment ions have appearance 
potentials less than 11.2 eV at 300 K [5 ].Ions such as 
C 2H.t, C:1Ht, C2H,t , e tc., were not observed since th e 
threshold ene rgy require ments for formation of th ese 
species from C 4 - C" alkanes are e ither very close to 
or in excess of [6 , 7] the e nergies of the photons used 
in this s tudy. The ions li sted in ta ble 1 are also the 
major spec ies observed in a previous s tudy of th e 
photoioni zation of alkanes at energies approaching 
11.5 eV [5]. For compari son, the relative abundances 
meas ured in the latte r study at 11.25 eV are also in
cluded in table 1. As expected , for all compounds 
li sted, the relative abundance of the parent ion is re
duced at 11.6-11.8 eV. The other major difference be-

TABLE 1. Abundances o/ji-agment and parent ions at 
300 K 

n-CJI,o C.Hto 
C"Hi 
C"Hit 

i-C.H,o C, H ;'o 
C1Ht 
C,Ht 

n-C,H '2 C,H i';, 
C Ht 
C. Ht 
C, Hi 
C, Ht 

i-C,H '2 C. H,"!; 
C Ht 
C,Hit 
C, Hi 
C.Ht 

neo-C"H'2 C HI"!; 
C H,t 
C Hi 

*Refere nce 151· 
** This work. 

AP 
eV* 

11.11 
11.09 

11.15 
10.89 

10.95 
10.84 
11.04 
10.89 

10.97 
10.68 
11.14 
10.74 

10.55 
10.37 

1l .26eV* 11.6- 11.8 eV** 

Pholon Ene rgy 

0.63 0.34 
.20 .53 
.13 .13 

0.21 0.10 
.11 .38 
.68 .52 

0.43 0.32 
.041 .072 
.03 ] .032 
.064 . 18 
.42 .37 

0.24 0.18 
.066 .18 
.20 .15 
.017 .055 
.47 .35 

0.0006 
.86 0.89 
. 14 .ll 

tween the mass spec tral pattern s is re fl ec ted in the 
greater probability for C- C scissions over four center 
olefin ion elimination processes whe n the energy is 
in creased from 11.25 to 11.6- 11.7 e V. In view of the 
s li ght differe nces in energy requirements for these 
two processes, this observat ion can largely be ascribed 
to th e lower frequency fac tor associa ted with re
arrangement reactions [8]. In th e di scussion which 
follows, th e structures of th e reacting .ions will be 
considered. 

3.2 . Bimolecular Reactions 

a. Alkene Ions 

The fractional inte nsities of the CaHt ion s produced 
in the photoionization of i-C~H 10 , n-C4H 10, n-C 5H 12, 

and i-C 5 H 12 decrease linearly as a fun c tion of pressure. 
Therefore, we may ass ume that thi s ion has only one 
s tructure, CH3CHCHt, at the tim e o f reac tio n. The 
total ra te constants for reac tion of C:IHt with the 
various alkanes give n in table 2 agree well with those 
obtained for reac tion of C;J Dt formed by photoioniza
tion of propylene-dl; with 10 eV photons [lb] in the 
presence of C4 and C5 alkanes. In the case of i- butane, 
for which two reaction channels are poss ible: 

C:IHt + i-CHlo ~ C:1H7 +C.IH;j (1) 

~ C1HH + CH;t (2) 
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FI GURE 4. Composite mass spectrum obtained from the photoioniza
tion (106.7- 104.8 nm) of n-C, H 12 versus pressure of n-C :, H 12. 
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FIGURE 5. Composite mass spectrum obtained from the photoioniza
tion of neopentane at 116.5 nm and at 106.7- 104.8 nm versus 
pressure. 

TABLE 2. Rate constants (cm3/molecule-secondX ]010) 

Mass 
spectrometric 

Photoioni- Electron 
zation* impac t** 

i-C.H.o sec-C"H; 3.3 4.0 
C,Ht 4.9 6.7 

n-C.H.o sec-C:tH,+ 4.4 3.9 
cyclo-C"H; .......... .. ... 
C:tH: 4.9 5.1 

i-C 5H. 2 sec-C:tH; 4.7 
C,Ht 7.6 
sec-C,H; 3.8 
t-C,Ht ..... .. ...... .. 
C,H ~ (2 or more 

struc tures) < 0.5 

n-C5H 12 sec-C,H; 5.2 ............... 
cyclo-C,H; . . . . . . . . . . . . . . . 
C:tHri 7.9 
sec-C 4H,i 3.7 
t-C,H~ . . . . . . . . . . . . . . . 
C,H: (2 or more 

struc tures) 0.4 

*This work. **Reference [2]. ***Reference [3]. 
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FIGURE 6. Composite mass spectrum obtained from the photoioniza
lion of i-C,H HI at 116 .5 nm versus pressure. 
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the ratio k(H- )/k(Hz) was found to be 1.26 in the pres
ent study, and 1.30 in th e pre vious in ves tigati on in
volving C1Dt- Assuming tha t k, /k2 is dependent on the 
internal e nergy of the propylene ion (a de pend ence o n 
kine ti c e ne rgy has been es tabli shed [9]) thi s agree
me nt would indicate that the intern al e nergy content 
of the propyle ne ion resulting from th e unimolecular 
decompos ition of buta ne does not differ appreciably 
fro m that forme d in th e photoionization of pro pylene 
at 123_6 nm. 

Rate constants fo r reaction of C~Ht with the butane 
iso mers we re also obta ined in a pre vious study [2b] in 
which C:1Ht was formed by di ssocia tion of butane fol
lowing im pact with high energy elec trons (800 e V). It is 
apparent fro m table 2 that the values obtained in that 
inves tigation also agree well with those obtain ed in the 
present experim ents . 

The overall r eacti vity of the C,Ht ions res ulting 
from the fragme nta tion of i-C5H' 2 a nd n-CJ -I , 2 is 
more th a n a n order of magnitud e less th a n th at fo un d 
for C1H,t. No reac tion was found between C,H: and 
neo pentane at press ures as high as - 1 torr, indi cating 
an upper limit of ]0- '4 cm:1/molecule-second fo r the 
rate consta nt. Previous s tudies have also s how n that 
pro pylene ions are equally unreactive towa rd s 
neope nta ne. 

While the majority of the C ,H it ions form ed in th e 
fragmentation of neo pe n tane 

(3) 

have a bra nched str ucture [4], it may be expected tha t 
the majorit y of the bute ne ions formed in the decom
position of i-C:; H' 2 a nd n-CSHI 2 are linear. Radi olysis 
expe rime nts have s hown [4] th at 1-C4Ht ions are more 
reacti ve towards n-CSHI 2 th a n the 2-C.,Ht ions, whic h 
were, in fac t, not found to react in a sta ti c sys te m. 
The negli gible s lope in the C Ht yield c urve versus 
press ure of n- C:; H' 2 above 10 millitorr (fi g. 4) may we ll 
be due to a nonreac tive 2-C4Ht compone nt a mong the 
bute ne ions. 

b. Alkyl Ions 

It is well es tablished [10] that a reactive collision 
be tween an alk yl ion and an alkane molecule res ults 
exclusively in the t ransfer of a hydride ion. This overall 
process may be re presented as : 

C3H t . At 11.6- 11.8 eV, C~Ht ions are form ed in the 
fragme nta tion of i-C4 H, o, n-C4H, o, i-C:; H' 2' a nd n
C:; H, t. However , one would anticipate [4] exclusive 
form ation of C3H t with the seco ndary structure only 
in the di ssociation of the two branched alkane ion s 
(r eactions 5 and 6): 

[i-C4 Hto]* ~ sec-C~Ht + CH3 (5) 

(6) 

Th e production of CIH t with a well-defin ed s tructure 

in isobutane is supported by the fact tha t the C3Ht 
decay curve in fi gure 3 is lin ear over the pressure range 
where 95 percent of these ions have reacted. Also, the 
rate constants for reaction of sec-CIHt ions with 
i-C H,o and i-C:;H' 2 as de termin ed in the photoioniza
tion mass spectrometer are in good agreeme nt with 
those derived from an a nalysis of the CD:ICDHCD:1 
product in radiolysis experim ents in whic h th e sec
CIDt ions were produced by irradiating i-C,D I() in the 
presence of various alkanes (reac tion7): 

sec-CIDt + RH ~ CD:JC DHCD:1 + R + . (7) 

Fin ally, the ra te cons ta nt obtain ed fo r reaction of 
sec.CIHt with i-C,H, o in an electron impac t mass 
s pec trome ter agrees well with that obtained in the 
prese nt stud y, even th ough th e electron im pact value 
is based on CIHt ion c urrents a t press ures above 200 
millitorr and our valu e is deri ved from meas ure me;lts 
at. press ures below 10 millitorr (fi g. 1). In the form er 
s tudy pronounced c urvature was noted in the C 1Ht 
plot , ind icating tha t C 1Ht was fo rmed as well as con
sumed by ioni c reactions in butane. No c urvature co uld 
be de tected in our s tu dy in th e photoionization of 
e ith er n- buta ne or i- buta ne. T herefore, i t mu s t be 
concluded that if CIH t is indeed a produ ct of a reac
tion be tween a fragme nt ion and the ne utral butane 
molecule, the n the precursor mu st be a mong those ions 
whi ch are only for med at e nergies above ] 1.8 eV. 

It was recentl y s hown tha t di ssocia tion of n-alka ne 
[3, 4] ions may yie ld two or more isomeric fo rm s of 
GIHt . For example, th e GIHt io ns resultin g from the 
unim olecular di ssocia tion 

(8) 

were s hown to acqu ire th e sec- pro pyl a nd protonated 
cyclopro pa ne struc tures prior to reac tion. It was 
furth er de mons trated th at th e rela ti ve abundance of 
th e two iso mers varies with th e inte rnal e nergy content 
of the C~Ht ion. Becau se the two isomer ions see m to 
react at rates whic h differ by nearl y a fac tor of fo ur 
(sec-C3 Ht being the more reac tive isomer), it is not 
surprising that a di stinct c urvature is observed in 
the decay of C1Ht in n-buta ne (fi g. 2). The reactivity 
indicated by the initial slope corresponds mos t closely 
to that found for the sec-C3Hi ion. In n-C4 H, 0, the bes t 
straight line drawn through th e points obtained up 
to a pressure of 5 millitorr yields a ra te constant of 
4.4 X 10 - '0 cm :IJmolecule second , which is in good 
agreement with value obtained in pre vious s tudies 
(see table 2). Th e agreeme nt with the electron im pact 
mass spec trometric inves tigation is somewhat for
tuitous since as me ntioned above, C3Hi ions of an 
undetermined s tructure were also formed as a result 
of an ion-molec ule co lli s ion in those experime nts. 

The variations in the reactivity fo und for sec-CaHt 
with various isomeric alkan es, whi ch are cons is tent 
with those observed in earli er radiolysis experime nts, 
can be rationalized in term s of the fl.H of reaction [6] 
as well as statisti cal and s teri c cons idera tions. F or 
example, the inc rease in the ra te con sta nt assoc ia ted 
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with an increase in molecular weight in an homologous 
series may be largely, although not exclusively, 
ascribed to increased exothermicity. On the other 
hand, the higher rate constant for reaction of sec-C3 Hi 
with n-C 4H IO when compared to isobutane must be 
accounted for by other factors. It is well established 
that sec-C3Hi reacts to remove a hydride ion ex
clusively from the secondary and tertiary position in 
n-butane and isobutane , respectively. These hydride 
transfer reactions may be written as follows: 

sec-C3 Hi + n-C4 HIO ~ C1H8 + sec-C 4 H!t 
!::J.H = - 4 kcal (9) 

sec-C3 Hi + i-C 4Hlo ~ C:lHs + t-C4 H!t 
tJ.H = - 18 kcal (10) 

The observation that the more exothermic process 
(reaction 10) exhibits a lower rate constant then 
reaction 9 is reasonable since four secondary H atoms 
are available in n-C 4H lOW hile only a single tertiary H 
atoms in i-CHlo is available for transfer to sec-C3 Hi 
via reaction 10. In addition, the four reactive sites in 
n-C 4H 10 are sterically more accessible than in the single 
reactive site in i-C4 H IO , i.e., reaction 10 would be 
expected to exhibit a lower entropy of activation. 

C4Ht . It has been demonstrated [4] that the C4 H!t 
ions resulting from the fragmentation of normal alkanes 
may have either the sec-C 4 H!t structure or the thermo
dynamically more stable t-C.IH!t configuration. How
ever, although initial C- -C cleavage in n-alkanes will 
result in a linear structure, there is an energy barrier 
estimated at 0.67 e V [11] for isomerization to the 
branched configuration. Because the maximum energy 
available from the argon resonance lines is only 0.85 
e V above the appearance potential of the CH!t ion, 
which Semeluk and Lossing [12] have shown to have 
the sec-C4 H!t ion structure, the fraction of t-C 4R t 
ions should be quite low in photoionized n-C:;H I2 • 

Recent appearance potential measurements [12], 
as well as mass spectral cracking patterns of deuterium 
labeled isopentanes, have revealed that the CH!t ion 
is formed through a simple C-C cleavage process 
chiefly with the secondary structure at low energies. 

The linear decay curves for the C4Rt ions derived 
from n- and i-CsH12 substantiate our view that the 
majority of the CH!t ions are of the secondary struc
ture. Participation of t-C 4Hft can be rules out on the 
basis of the rate constants given in table 2. Comparison 
of these data indicates that the rate constants found 
for the reaction of CH!t in the present study are in 
reasonable agreement with those obtain ed by con
sideration of the CD:lCDHCD:1CD:1 product formed in 
radiolysis experiments [3] via the well-defined reaction: 

(11) 

Neutral end-product analysis has confirmed that 
t-C4 H;j is much less reactive than sec-CRt (table 2) 
and the presence of such ions would yield a pronounced 
curvature in the CHft plots of figures 3 and 4. 

The C4H!t ions resulting from the decomposition of 
neopentane are exclusively of the t-C4 Ht configuration. 

The yield of these exhibits no variation with pressure 
up to the maximum values of 500 to 1000 millitorr 
covered in the present study (fig. 5). From this result 
an upper limit of 10- 14 cm3/molecule-second may be 
estimated for the rate constant of the endothe rmic 
reaction: 

(12) 

c. Parent Ions 

In previous studies we have shown [1] that thermal 
CHt and C3Ht ions react with C2H6 and C3 Hs, respec
tively, to form the corresponding dimer ions [Ie, If]. 
Experiments were carried out to determine if dimeric 
ions were also formed in the butanes and pentanes. 
The reactions of the isomeric butane and pentane 
molecular ions with their parent molec ules were 
investigated using 10.6 eV photons from a krypton 
resonance lamp. This energy is insufficient to induce 
fragmentation of the parent ion; consequently, reac
tions of the parent ions may be studied unambiguously. 
The photoionization of i-C 4H JO as a function of pressure 
at 10.6 eV is shown in figure 6. At low pressures 
« 20 millitorr) the C4HtO ions react slowly with 
i-C 4 Hlo to yield CHt . The rate constant for this slow 
bimolecular reaction is ~ 5 X 10- 11 cm 3/molecule
second. As the total pressure is increased further, 
C4 Ht ions appear to react slowly with i-C 4 Hlo via a 
H - transfer reaction to yield CH!t : 

(13) 

The analogous reaction has been reported for the C3Ht 
C1HH reaction pair [4]. At pressures greater than ap
proximately 15 millitorr the formation of the dimeric 
ion (CHIOJi was also detected. At the highest pressure 
(- 90 millitorr) this ion constituted approximately 30 
percent of the composite mass spectrum in photo
ionized i-C4HIO. The C4 Hg - C4Hio collision complex 
also appeared to be stabilized to some extent at higher 
densities. 

Although a careful search was made for dimeric ions 
in n-C 4H 10 and the pentanes at pressures up to ap
proximately 0.5 torr, the formation of species analogous 
to (C4H IO)t in i-C4HIO was not detected. The only 
reaction found in any other system was the formation of 
CaHto in i-CsH12 with a rate constant ~ 2 X 10-12 cm3 / 

molecule-second. The n-C 4 Hto and n-CsHt2 ions 
were found to be unreactive towards their parent 
molecules. 
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