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REACTIONS OF ‘*C+ WITH HYDROCARBONS AT 296 K. CARBON-CARBON BOND FORMATION 

Rccwcd 7 July 1982 m firul form 9 Suptcmbl’r 1982 

1 llltroduction 2. E~pe~mental 

Thcrc has been a continumg mtercst III the chema. 
try of the carbon cation primartly because of IIS pro- 

posed role III the budd-up of hydrocarbon molecules 
in dense interstellar clouds [I]. E&et n~easure~~~ents 

of the rcact~ons of thrs ton wtth ltydrocarbon nlo~ecuies 
were made in part because of the fundamental nnpor- 
tJncc ofatonnc Ion rcxtlons, but also to explore anal- 
ogles ~111 correspondmg redcttons 0fC 310111s [I-S]. 
They were carrted out at elevated translattonal ener- 
goes with a tandem mass spectrometer. Prevtous mca- 

snref~~~n~s of the rc~ctton of C+ tvtth benzene were 
mottvated m part by ton-accelerator studies of t’Ct 

bombardment of solid bcnrenc targets which led to the 

syntlies~s of an mrerestmg variety of complex orgamc 
compounds [jj. Here we explore the hydrocarbon 
chcnustry of I-C+ tfzrmalized by colhsions at 300 K. 
A v.mcty of saturated and un~turated Ilydrocarbons 
And berwzne were chosen PS substrates. The main in- 

dent WJS to csnbl~sh rhc degree to which build-up of 
lhe carbon skclcton of the neutral subslratc was rc- 
flectcd III the observed product IOII dlstrlbuttons at 
room temperature. Varrous mechanisms of reaction 
are also dtscussed. These have been based prinlarlly on 
the Interpretations reported earher m connection with 
tmdem mass spectrometer experiments carrled out 
wuh I%+ and 13C+ down to 0,l eV of translational 
energy [Z,S], 

The measurements were carried out with the SIFT 
technique [6j The SIFT apparatus at York Umverslty 

has been dcscrlbed m detad elsewhere [7] One modi- 
ficatlon has been made for the experiments reported 

here The n~tniature ~o~vtng afterglow source has been 

replaced with an axial electron impact tontzer (Extra- 
nuclear Laboratones, model 041-3). The C+ ions were 
produced at low pressures from cyanogen at an electron 
energy of 45 V. t2C+ ions were selected and Injected 
into the He carrier gas tn the flow tube at a low energy 

of *8 eV. The tots1 pressure in the flow tube was held 
at *O-35 Torr. Colhsions with the carrter gas were al- 

lowed to thermahze the Ions before they entered the 
reaction regton further downstream. All measurements 
were carned out at a temperature of 296 2 2 K. 

3. Results and discussion 

Table I summarizes the rate constants and product 
dlstrlbutlons obtamed III this study. Multiple ionic prod- 
ucts were observed for all of the reactions except that 
wtth acetylene. Product dlstrlbutions were dete~ined 
usmg the method described by Adams and Smith [S]. 
We estimate that the absolute branchmg ratios may be 
m error by as much as 30% due to possible mass dlscri- 
mmatlon effects m the quadrupole mass spectrometer. 
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Table I 
Summq of IIIC rate con~nts and product dlstrlbuuons mcasurcd DI 296 f. 2 K lor rcxuons bcraccn ‘*Cc and .I varmy of Iqdro- 
carbon molcculcs 

--_---- ---__ -_ ___ ___ ~- - - 

Rcacr~on ‘1 Product x_ b) 

dMrlbullon 
- ~~ -- ---.-- -___- 

C+ + CH‘, -&H;+H 0.75 l3t04 
-C2H; + Hz 0 25 

C+ + C2H6 - C3H; + ,I2 * H 03 16t0-1 

- C2H: + CH3 03 
-C2H;+CH2 0.2 

-.C2H; +CH 0.2 

C+ + C,H8 -C2H; +C2H, 0 35 l.9*05 
-C2H;+C2Hs 0.25 
-CZH; +CZH6 01 
- C,Hf + CH3 + H2 0’ 

c* + C2llJ - C3tl; + H2 04 I3203 
- C,H; + tl 03 
-C& +c 0 IS 
-C:H; tCH 0.15 

C+ + CH,CHCHz * C2H; + C2H3 
- GH: + CH - i + ClH3 + CH3 
+C2II;+CtH4 
-c& +c 
+ C,,H; + H2 + H 

03 20205 
01 
0 IS 
0.15 
01 

01 

C’ •t CH2CCH2 

c++ C2li2 

c+ + CH,C~ H 

C+ f C6H6 

-C4H; + II2 04 14203 
+ C3H; f CH 0 25 
-C2H; fC2H2 02 
-CJH; +C 0 15 

- C,H+ + H 

- c4n; + Hz 

-CIH,‘+C 
+C,H; +CH 
+C2H; +C2H2 
-C2H; +C2H 

10 ?‘207 

03 19+0.5 

0.3 
02 
0.1 
01 

-c& + c 067 24+06 
-CsH;+C2H3 0 I7 
-C,H;+H 0 10 
- C3H; + C4H3 006 

a) The neutral products were not detected In the present evperlmcnts Only the most c\othcrnm channel IS mdlcatcd. 
b, Rate constant for the dlsappcarancc of C+ m umts of 10m9 cm3 n~olcculc~~ i’ along with Its csrmlatcd uncertamty. 

For ionic products over a narrow mass range (s 5 amu) rated hydrocarbons, eihylene and propylene at near 
these effects are neghglble. thermal energies (0.1 eV) using a tandem Dempstcr - 

The product distrlbutlons m table I may be corn- ICR mass spectromctcr. Ntl~ougl~ obtained at hlglier 
pared with those obtained by Smith and Futrell [2] in energies and at much lower total pressures In the ab- 
a detaded study of t7Ct and t3Ct reactions with satu- sence of stabdlzmg collmons of the product ions, the 

593 



Volume 93 nuwbcr 6 CHCMKAL PHYSKS LETTERS 24/31 Deccmbcr 1982 

rcsu]ts Db[alncd by these workers for the most part 

compare favourably with those reported here. Detailed 

comp3r1sons are provided in the fotlowmg text. 0:her 

mcasuremcnts have been reported for the much higher 

tr3nsIational energies of 3,6 and 100 eV [3,4]. Smith 

and DcCorpo [5] have mvcstlgated in detad the reac- 

tion of lzCc and t3Cc with benzene at ==O.l and I O- 

12 cV. Only the rcxtlons wlth CH4 and C,fl, hove 

been investigated previously in a thermallzed system at 

300 K 19,101 

,\I\ of the reactions mvestlgated in this study were 
observed to proceed rapidly, k 2 I 3 X 10Wg cm3 mol- 

ccule-I s-l Tliis amounts to essentially umt reaction 

efficlcncy when comparisons arc made with colhsion 

r31e constants calculated with currently avadable the- 

or,cs (I I\ 

3 I. Reacrlom rvrrh ~nrrcrarcd It_w.frocarbo~~s 

The measurements with CH4 reproduced earlier 

room-temperature observations of this reaction [9,11[. 

Both of the channels which were observed lead to C-C 

bond formatton m the product ion Formation of CHf 

by dmxt hydride abstrxtlon was not apparent (UC/,) 
Previous measurements have shown that CH; becomes 

[he duniinant product at high translational enrrges 

where It may also be formed by dlssocintwe charge 

transfer 131 C-C bond formatIon can be envisaged to 

proceed by insertion at a C-H bond accompanied by 

loss of tl- or tl2 to form the vu~yl catlon, CHCH;, and 

the radical cation, .CHCH+, rcspectlvely 

Insertion dt a C-H bond mdy nlso be ;1 mqor path- 

way III 11~ rexlIon wltll etllanc /‘I). The CjH; II~~Y be 

t‘ormcd tkou@ tl\lS pathway by ehm:nation of -H and 

tl? and C2 tl; may bc formed through Insertion at the 

C-H bond 121, but in this case formatIon of the new 

C-C bond IS lccompanicd by cleavage of the old C-C 

bond with elrmmatlon of the .CH, radical Formation 
Of the cyclopropenyl isomer of C,Hf is most exo- 

lltcrrn~c but fomlatlon of the linear propargyt and non- 

hear carbene cation IS also allowed on energetic and 

probably mechomstic grounds. C,H: is also a major 

product ion at 0.1 eV but IS totally absent at 100 eV 

of C+ translatIonal energy [7_,31 The C7H; has been 

shown to be produced by direct hydride abstraction 

121 .md C?H: prcsumdbly arIses from Hz abstractlon 
to produce the radical catlon,tCHCH3, and methylene. 

The biter ch.mnel was not observed nt 0.1 eV [7_] but 

it increases in relative abundance at higher energxs [3] 

The C,Hi and C?H; ions observed as minor products 
at 0.1 eV were not notlced in measurements reported 

here (9%). There was no evidence for charge transfer 

whxh is endothermic In this case. 

Carbon msertlon to form a C, cation does not pre- 

vad m the rcxtion with propane (23%, C,H; appears 

pnmarily as a secondary product ion). Apparently the 

decomposition of the adduct results in insertion at a 

C-H and a C-C bond to form CHCHZ and -CHCH+ by 

loss of *C~HS and CzHg as well as C3H: by loss of CH, 

and Hz (although other neutral products are thermody- 

namlcally allowed). These results are consistent with the 

t3C retention observed by Smith and Futrell and 0 I 

eV 19-I. C,HS can then be formed by electron transfer 

from C,H, to CHCHf as the products separate, rather 

than CKi of CH: abstraction as has been proposed (21. 

The C,H; channel was not reported by Smith and 

Futreli Instead these authors observed 54% of the rcx- 

tlon at 0 I eV to proceed by the drrect mechanisms of 

charge transfer, hydride abstraction (with and without 

dissociation) and Hi pickup. None of these channels 

were observed in our esperunents at 300 K. Instead all 

of our observed products can be accounted for by com- 

plex formatlon 

3 2. Reactions wiflr munmfed hydrocurborzs 

Our room-temperature studies indicate predominant 

formatlon cf C, cations for the reaction ofC+ with 

ethylene. ~30% of the reaction apparently proceeds 

by charge and hydride transfer. These results are com- 

parable to the earher tandem mass spectrometer ex- 

penmats at 0.1 eV [?I. For &I!;, forniation of the 
cyclopropenyl action isomer is agam the most exo- 
thermlc and may arise via the concerted mechanism 

+ I 
H 

/ 
II 

\ / 

K--:\ A 

\ c-7 c 

c+u’ 
qr (Ia) 

:( 

FormatIon of the linear propirgyl catlon may anse via 

the mechamsm. 
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Calculations by Radom et al. [ 121 indicate that the un- 

saturated cychc mtermedlatc in mechamsm (I b) col- 

lapses without &vation energy to the propargyl cat. 
ion. The loss of H - m the first step is extremely cxo- 

thennic and the calculations indicate that the less 

stable carbene and dlcarbene catiomc isomers may also 

be energetlcally allowed. Loss of HZ (loss of 2H* is 

endothermic) may result m the formation of the reso- 

nance-stablIved radical cation 

_____L._ (2) 
> c - c-c- 

We did not detect the further breakup 10 C3Hc which 

was observed by Smltll and Futrell [2]. 

As rnlght bc expected, the reaction of Ct wth pro- 

pylcnc appears to combine 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 -30% of the reaction. 

Insertion at a saturated C-H bond can lead to forma- 

tion of CHCH: with chminatlon of *CzHl and forma- 
tion of *CHCt? with ellmmatlon of CzH6. A cychc 

mtcrmediate can give rise to the fonnatlon of C,Hf . 

e g. 

Ehmmation of H and Hz Instead of CH, can lead to 

the formation of thr! resonance-stabilized Cd cation 

;c_ _-_f__ 
-c--C=c-” (4) 

Table I shows that formation of a C4 catlon by the 

reaction of Cf with propylene IS only a mmor channel 
Allene, somewhat less saturated than propylene, 

showed a major productIon of a C+ cation III its reac- 

tlon with C’. The IntermedIate C4H: ion may &ml. 

note either Hz or two H’ atoms exothemucally. A 

radical catlon IS produced m either case as is shown m: 

C+ t CH,CCH, + [C4Hf] -HZ. C+=C=C=CH? (53) 

- 21 
- HC+=C=C=CH 

9) 

Resonance structures may be drawn for both of the 

product ions. The observed C,ll$ may be produced If 

the intermediate CJH; ehmmates CzH?. Again, the 

direct processes of H atom transfer and charge compete 

with the formation and breakup of the C,tI; inter- 

mediate. 

Only one channel was observed m the reaction of 

C+ with acetylene as we have reported previously [ 101. 

The C,H+ which 1s produced very hkely arlses from 

insertlon at the C-H bond dccompanied by ehmma- 
tlon of H- and has the hnear and rcsoiiance-stal)lllzcd 

structure 

___L__ 
c-c=c-,I 

A second non&near structure 

0% 

:’ 

Q.“-,, 
(6b) 

c + c 
. . . . 

also stabilized by charge delocahLatron,has been cal- 

culated to have a 1 energy 46 kcal nlolc-1 higher [ I2 1 
Available heats of formation indicate that the fonns- 

tion of’ this Isomer is ~8 kcal mole-’ euothcnmc 

Charge transfer and hydride transfer are both endo- 

thermic In this case and cannot compete at room tcni- 

perature. 

The products obserwcd for the rcacl~on of Ct with 

propylte are consMerIt with the pattern of rcacwry CY- 

hibited by the previous rcxtlons wrtb saturated and un- 

saturated hydrocarbons Insertion at a saturated C-H 

bond can lead to formation of CHCtli with chnmatlon 
of CzH and formation of -CHCH+ wttlr rlmunatlon of 
C?H,. This would account for the formatron of tltc two 

minor products wl&l~ contribule 20% lo ~IIC rcMo!l. 

Direct charge transfer and hydrule transfer accounts fur 

=50% of the reactlon. The rcmaming 30% of the rcac- 

tlon leads to a carbon-carbon bond fonndtlon ~IIIC~I 

can arise from msertlon at either a saturated C-H bond 

or the acetylemlc C-H bond. Ehmmatlon by tlw C,H; 

mtcrmedlatc of t12 or two H atoms can ledd io lhe 

same products as observed with alhe, VIZ. 111~ raulcal 
cations produced in (51) and (5b). 

3.3. Reactions wrth berrrerw 

The most sigruficant result of our n~easurcuicnts al 

room temperature of the rextLon of Ct wth beuzene 
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IS the observation of the C,H< product Ion which proved 

to be so elus~vc in the low-pressure tandem mass spectro- 

lwxer c.\penments ol’ Snnth and DeCorpo [S] even at 

their lowest energy of 0.1 eV. Our observarlon or rhls 

ion provrdes direct cvldencc of a C7 mternledrate spe- 

cws w111ch ~nay result from Ct attack at .I C=C double 

bond m analogy wlU1 the previous reactions with olefins. 
According to the schcmc proposed hy Smith and 

DcCorpo we may wrltc as a possible reactlon mecha- 
n Lsm . 

c+ + Cell, - [Q”] -li_ [ 81’ 

hf ., 

F 
C,l1+5 

-C2H2 
, c,$ 

-cq 112 
-) C,IIi 

(7) 

However, direct charge transfer is still the dominant 

reaction clianncl 31 room tcmpcmfure accounting for 

67% of the products. The tandem n~ass spectromctcr 

results at 0.1 eV showed an even larger proportlon of 

C,Hi formation (83%) [ 5 ] _ 

4. Conclusions 

We Iiave shown tliat “C+ reacts at room temperature 

with a variety of saturated and unsaturated hydrocar- 
bons, k B I .3 X 10mg cm3 molecule-’ s-l The Iugh 

tic31 of fornution OTC’ provides nimy exothemc 
routes for reaction. Indeed, multlplc IOIUC products 

were observed for ail oT the reactlons ekccpt for that 

wlth acetylene. Build-up of the carbon skeleton was re- 

llecled m the observation of Cz+ l Ions for all of the 

hydrocarbons except propane. Budd-up was observed 

to compete successfully with other modes of reactIon, 
particularly wtll lower members of homologous series 

(a) CH4 (lOO%), C2H6 (3X%), C3H8(<3%), 

(b) C,H, (70%), CH2CCH, (40%), CH,CHCCI, (10%). 

(c) C2H, (loo?@, CH&H (30%). 

(d) C&& (1070). 

Our observations mdlcate that dissociatwe channels 

compete more effectively 3s the length of the carbon 
skeleton increases. 

The insight provldcd by previous 13C retention ex- 

peruncnts carried out at suprathermal energies [7,5] 
has proven to be very useful for undcrstandmg the pos. 

sable mechanisms of the rcactlons which were inves- 
tlgated All of the observed product ions can be ra- 
tlonalized m terms of live modes of reaction the direct 

processes of charge transfer. hydride transfer and Hi 

transfer. and complex formatlon with insertion at a 

C-H or C-C bond both of which result m the forma- 

tlon of new C-C bonds. Consideration of the me&a. 

msms of reaction provides some insight into the struc- 
ture of the product ions. As expected, all of the ob- 

served product ions except the charge-transfer products, 

were less saturated than the hydrocarbon reactant. The 
mechamsms of insertlon at n C-H or C-C bond may 
l&our the forniaGon of hnear unsaturated hydrocar- 

bon ions of the type C,,H: and C,Hf where II = 2,3 

or 4 but tha has not been established unequivocally 

by the measurements reported here. Charge delocahza- 

tion provides a means ofstabdization for these ions 

with II = 3 and 4. In the case of acetylene the C3Ht 

product ion appears to have carbenc character We 

have explored extensively the reactions of this latter 
ion with a variety of C, 0, N and S contammg mote- 

cules. The results of these investigations wdl be re- 

ported separately. 
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