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Rate constants and product distributions have been determined for the ron—molecule reactions between 2ot and
methane, ethane, propanc. cthylene, propylene, allene, acetylene, propy ne and benzene The measurciments were carned
out with the SIFT techmigue at o temperature of 296 + 2 K The results provide sight into the build-up of carbon skeletons

to torm Cjy., ¢ 1ons and other competing modes ol rection at room temperature

1 Introduction

There has been a continuing interest 1n the ¢hemis-
try of the carbon cation primanly because of 1ts pro-
posed role n the build-up of hydrocarbon melecules
1n dense interstellar clouds [1]. Earlier measurenients
of the reactions of this 1on with hydrocarbon molecules
were made in part becausc of the fundamental impor-
tance of atonuc 1on reactions, but also to explore anal-
ogics with corresponding reacttons of C atonis [2-5].
They were carried out at elevated translational ener-
gies with a tandem mass spectrometer. Previous mea-
surements of the reaetion of C* with benzene were
motivated mn part by 1on-accelerator studies of Her
bombardment of solid benzene targets which led to the
synthesis of an mteresting variety of complex organic
compounds [3}. Here we explore the hydrocarbon
chenustry of '>C* thermalized by collisions at 300 K.
A wuniety of saturated and unsaturated hydrocarbons
4nd benzene were chiosen as substrates, The main in-
tent was to establish the degree to which buid.up of
1he carbon skeleton of the neutral substrate was re-
flected m the observed product 10n distributions at
room temperature. Vanous mechanisms of reaction
are also discussed. These have been based primanly on
the interpretations reported earlier in connection with
tandem mass spectrometer experiments carrnied out
with '2C* and '3C* down 10 0,1 ¢V of translational
encrgy [2,5].

2. Experimental

The measurements were carried out with the SIFT
techmaque [6] The SIFT apparatus at York University
has been described in detail elsewhere [7] One modi-
fication has been made for the experiments reported
here The muniature flowing afterglow source has been
replaced with an axial electron impact ronizer (Extra.
nuclear Laboratores, model 041-3). The C* ions were
produced at low pressures from cyanogen at an electron
energy of 45 V. 12C* jons were selected and njected
mnto the He carnier gas n the flow tube at a low energy
of 28 oV, The total pressure in the flow tube was held
at =0.35 Torr. Collisions with the carrier gas were al-
lowed to thermalize the 1ons before they entered the
reaction region further downstream. All measurements
were carried out at a temperature of 296 + 2 K.,

3. Results and discussion

Table | summarizes the rate constants and product
distributions obtained i this study. Multiple 1onic prod-
ucts were observed for all of the reactions except that
with acetylene. Product distnibutions were determined
using the method described by Adams and Smith [8].
We estimate that the absolute branching ratios may be
mn error by as much as 307% due¢ to possible mass discri-
munation effects 1n the quadrupole mass spectrometer.
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Table 1
Summary of the rate constants and product distributions measured at 296 + 2 K 1or reactions between "2¢*tand a vanety of hydro-
carbon molcculces

Reaction V Product &0
distnibution
C*+CH,q —~CH} +H 0.75 13:04
- CyH3 + Ha 025
C* +C,Hg —C3H3 +Hy +H 03 1604
~ C3H3 + CH, 03
—~ CzH; + CH, 0.2
— CaHE +CH 0.2
C*+C3Hy — CoH} + CyH, 035 19:05
—CyH3 + CaHy 0.25
— C3H3 + C;Hg 02
—~C3H3 +CH; +H, 02
C*+CyHy —C3H3 +Hy 04 13+03
—~C3HI +H 03
~C-H;+C 015
—~C,H3 +CH 0.15
C' +CH3CHCH,; — CaH3 +CyHy 03 20£05
—»c,ng +CH 02
- C3Hj + CHy 015
—’Czﬂz +CqyHg 0.15
—’CJHE +C 01
—’C4H3+H2+H 01
C*+CH,CCH, — C4H7 +11, 04 14203
—C3H3} +CH 025
-’CzH; +CaHa 02
—~C3H; +C 015
C"+Cly —~C3H" +H 10 22:07
C* + CH3CH — C4H3 + Hy 03 19205
~C3HI+C 0.3
- C3H3 +CH 02
—'CzH; +CyH, 0.1
— CoH3 + CoH 01
C*'+CgHg —Cgllg +C 067 24:06
— CgH3 + CoH; 017
—~C7H§+H 010
— C3Hj + C4Hj 006

2) The neutral products were not detected 1n the present experiments Only the most exothermiu channel 1s indicated.
Rate constant for the disappearance of C* 1r units of 10°% em? molecul¢™ §' along with 1ts estimated uncertanty.

For ionic products over a narrow mass range (< 5 amu) rated hydrocarbons, ethylene and propylene at near

these effects are negligible. thermal energies (0.1 eV) using a tandem Dempster -

The product distributions n table 1 may be com- ICR mass spectrometer. Although obtained at higher
pared with those obtained by Smith and Futrell [2] 1n energies and at much lower total pressures in the ab-
a detailed study of !2C* and 13C* reactions with satu-  sence of stabilizing collisions of the product ions, the
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resulis obiained by these workers for the most part
compare favourably with those reported here. Detailed
comparisons are provided 1n the following text. Other
measurcments have been reported for the much higher
translational energies of 3, 6 and 100 eV [3 4]. Snuth
and DeCorpo [5] have investigated in detal the reac-
tion of 12C* and 13C* with benzene at 0.1 and 1 0—
12 ¢V. Only the reactions with CH4 and C,H, have
been investigated previously in a thermalized system at
300K 9,10}

All of the reactions investigated in this study werc
observed to proceed rapidly, &= 1 3 X 1072 cm3 mol-
ecule~! s~! Tius amounts to essentially unit reaction
efficiency when comparisons are made with colhsion
rate constants calculated with currently availlable the-
ories [11]

3 1. Reactions with saturated hvdrocarbons

The measurements with CH, reproduced earlier
room-temperaturc observations of this reaction [9,11].
Both of the channels which were observed lead to C-C
bond formation 1n the product 1on Formation of CH3
by direct hydrnde abstraction was not apparent (<3%)
Previous measurements have shown that CH; beconies
the dominant product at high translational energies
where 1t may also be formed by dissociative charge
transfer [3] C—C bond formation can be envisaged to
proceed by insertion at a C—H bond accompanied by
loss of H- or H, to form the vinyl cation, CHCHE, and
the radical cation, -CHCH™, respectively

Insertion at a C—H bond may also be a mayor path-
way m the reaction with ethang [2]. The C3Hj may be
forined thruugh this pathway by elim:naton of -H and
H, and C7H3 may be formed through insertion at the
C—H bond 2], but in this case formation of the new
C-C bond 1s iwccompanied by cleavage of the old C—C
bond with elimination of the -CHj radlcal Formation
of tlie cyclopropenyl isomer of C3H3 is most exo-
thermic but formation of the linear propargyl and non.
hinear carbene cation 1s also allowed on energetic and
probably mechanistic grounds. C3H§ is also a major
product ion at 0.1 eV but 1s totally absent at 100 eV
of C* transtational energy [2,3] The C,HE has been
shown to be produced by direct hydride abstraction
[2] and C,HY presumably anses from Hj3 abstraction
to produce the radical cation, *CHCHj, and methylene.
The latter channel was not observed at 0.1 eV [2] but
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it increases in relative abundance at higher energies [3]
The C;H3 and C4Hj3 ions observed as minor products
at 0.1 eV were not noticed in measurements reported
here (£3%). There was no evidence for charge transfer
which is endothermic 1n this case.

Carbon nsertion to form a C4 cation does not pre-
vail in the reaction with propane ($3%, C4H§ appears
primarily as a secondary product ion). Apparently the
decomposition of the adduct results i m insertion at a
C-H and a C—C bond to form CHCH} and -CHCH" by
loss of - C')HS and CoHg as well as C3H3 by loss of CH,
and H, (although other neutral products are thermody-
namically allowed). These results are consistent with the
13C retention observed by Smith and Futrell and 0 1
eV [2).C, H can then be formed by electron transfer
from C’“s to CHCH3 as the products separate, rather
than CHj of CH3 abstraction as has baen proposed [2].
The C,H3 channel was not reported by Smith and
Futrell Instead these authors observed 54% of the reac-
tion at 0 1 eV to proceed by the direct mechanisms of
charge transfer, hydrnde abstraction (with and without
dissociation) and H5 pickup. None of these channels
were observed in our experunents at 300 K. Instead all
of our observed products can be accounted for by com-
plex formation

3 2. Reactions with unsaturated Rydrocarbons

Our room-temperature studies indicate predominant
formation ef C5 cations for the reaction of C* with
ethylene. 2230% of the reaction apparently proceeds
by charge and hydride transfer. These results are com-
parable to the earlier tandem mass spectrometer ex-
penments at 0.1 eV [2]. For C,H3, formation of the
cyclopropenyl action isomer is again the most exo-
thermic and may arise via the concerted mechanism

~ AN /H
/
a— ~t- C——2C
“| ‘/C\c+,c\ — -\_!_-/ (la)

Fonnation of the linear propargyl cation may anse via
the mechamism.
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Calculations by Radom et al. [12] indicate that the un-
saturated cyche intermediate in mechanism (1b) col-
lapses without activation energy to the propargyl cat.
1on. The loss of H-1n the first step is extremely exo-
thermic and the calculations indicate that the less
stable carbene and dicarbene cationic isomers may also
be energetically allowed. Loss of H, (loss of 2H" is
endothermic) may result in the formation of the reso-
nance-stabilized radical cation

We did not detect the further breakup to C3H which
was observed by Smith and Futrell [2].

As tmght be expected, the reaction of C* with pro-
pylenc appears to conbine the modes of reaction ob-
served with the saturated hydrocarbons and those ob-
served with ethylene. Direct charge transfer and H™
transfer appear to account for 230% of the reaction.
Insertion at a saturated C—~H bond can lead to forma-
tion of CHCH3, with ehmination of -C,H; and forma-
tion of “CHCH™ with elimnation of CyHg. A cychc
intermediate can give rise to the formation of C3H3,
cg.

H *
Ch, — C — CH - CH HC — CIl.
3 2

N WA
c+

+

~> He=c-cu,

3

Elimination of H and H mstead of -CH; can lead to
the formation of the resonance-stabilized C, cation

)c.—_— T=C=CT~n “)

Table 1 shows that formation of a C4 cation by the
reaction of C* with propylene 1s only a minor channel
Allene, somewhat less saturated than propylene,
showed a major production of a C4 cation n its reac-

tion with C*. The intermediate C4Hj ion may elmi.
nate either H, or two H' atoms exothermically. A
radical cation 1s produced 1n either case as is shown in:

~H
C* + CH,CCH,  [C,H}] — -C*=C=C=CH, (52)

o
—— HC"=C=C=CH

{5b)
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Resonance structures may be drawn for both of the
product ions, The observed Czllg may be produced if
the intermediate C,;HZ elunmates C2H3. Again, the
direct processes of H atom transfer and charge compete
with the formation and breakup of the C,Hj inter-
mediate.

Only one channel was observed in the reaction of
C* with acetylene as we have reported previously {10].
The C3H+ which 1s produced very likely anses from
insertion at the C—H bond accompanied by elmina-
tion of H* and has the linear and resonance-stabilized
structure

'''''' (64)
C~C=C—H
A second non-linear structure
1
¢ (6b)
AN
T e

also stabilized by charge delocalization, has been cal-
culated to have a1 encrgy 46 keal mole=F higher [12]
Available heats of formation indicate that the forma-
tion of this isomer is =8 kcal mole~! exothenic
Charge transfer and hydride transfer are both endo-
thermic n tlus case and cannot compete at room tem-
perature.

The products observed for the reaction of C* with
propyne are consistenit with the pattern of reacuvity ex-
hibited by the previous reactions with saturated and un-
saturated hydrocarbons Insertion at a saturated C—H
bond can lead to formation of CHCH3 with elrmnation
of C,H and formation of -CHCH* with elmnnation of
C;H;. Tius would account for the formation of the two
minor products which contribute 30% fo the reaction.
Direct charge transfer and hydride transfer accounts for
=50% of the reaction. The remaming 30% of the rcac-
tion leads to a carbon—carbon bond formation which
can arise from msertion at either a saturated C—H bond
or the acetylemic C—H bond. Ehmination by the C.;HI
mtermediate of H, or two H atoms can lead io the
same products as observed with allene, viz. the raucal
cations produced in (5a) and (5b).

3.3. Reactions with benzene

The most significant result of our measurements at
room temperature of the reaction of C* with benzene
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1s the observation of the C;H product 1on which proved
to be so elusive in the low-pressure tandem mass spectro-
meter eapenments of Smith and DeCorpo [5] even at
their lowest energy of 0.1 eV. Our observation of this
10n provides direct evidence of a C; intermediate spe-
cies which may result from C* attack at o C=C double
bond in analogy with the previous reactions with olefins.
According to the scheme proposed by Snuth and
DeCorpo we may write as a possible reaction mecha-

nism.
o
AR @

'+ Cllg —

M

———r  Cqlif

~CyH, .

————>  CsH}

=C4lls 7
L o ™

However, direct charge transfer is still the dominant
reaction channel at room temperature accounting for
67% of the products. The tandem mass spectrometer
results at 0.1 eV showed an even larger proportion of
CeH? formation (83%) [S].

4. Conclusions

We have shown that 12C* reacts at rooms temperature
with a vanety of saturated and unsaturated hydrocar-
bons, k 2 1.3 X 10~? cin molecule=! s=! The high
heat of formation of C* provides many exothermic
routes for reaction. [ndeed, multiple tonic products
were observed for all of the reactions except for that
with acetylene. Build-up of the carbon skeleton was re-
flected in the observation ofC,+,+l 10ns for all of the
hydrocarbons except propane. Build-up was observed
to compete successfully with other modes of reaction,
particularly with lower members of homologous series

(a) CH, (100%), CyH, (30%), C3Hg(S3%),

(b) C,H, (70%), CH,CCH, (40%), CH,CHCH, (10%),
(¢) C5H, (100%), CH,C,H (30%),

(d) CgHg (10%).

Our observations indicate that dissociative channels
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compete more effectively as the length of the carbon
skeleton increases.

The insight provided by previous 13C retention ex-
periments carried out at suprathermal energies [2,5]
has proven to be very useful for understanding the pos-
sible mechanisms of the reactions which were inves-
tigated All of the observed product ions can be ra-
tionalized 1n terms of five modes of reaction the direct
processes of charge transfer, hydnde transfer and H3
transfer, and complex formation with insertion at a
C—H or C—C bond both of which result in the forma-
tion of new C—C bonds. Consideration of the mecha-
misms of reaction provides some insight into the struc-
ture of the product 1ons. As expected, all of the ob-
served product 10ns except the charge-transfer products,
were less saturated than the hydrocarbon reactant. The
mechamsms of insertion at a C—H or C—C bond may
favour the formation of hinear unsaturated hydrocar-
bon ions of the type C, H'; and C,; H; wheren=2,3
or 4 but this has not been established unequivocally
by the nieasurements reported here. Charge delocaliza-
tion provides a means of stabilization for these ions
with 72 = 3 and 4. In the case of acetylene the C;H*
product ion appears to have carbene character We
have explored extensively the reactions of thus latter
1on with a variety of C, O, N and S contaiming mole-
cules. The results of these investigations will be re-
ported separately.
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