
3301 
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Abstract: Reaction channels, branching ratios, and rate constants have been measured and reaction probabilities 
have been calculated for the reactions of oxide radical ion and hydroxide ion with simple olefins and for the re- 
actions of carbanions with molecular oxygen. All investigations were carried out in a flowing afterglow system in 
the gas phase at 22.5' under conditions of thermal equilibrium. Oxide radical ion reacts rapidly and efficiently with 
allene, propene, 2-methylpropene, 1-butene, and cis- and trans-2-butene to abstract either a hydrogen atom to 
yield hydroxide ion or a proton to yield a carbanion. Rate constants are of the order of 7 X 10" M-l sec-l and 
reaction probabilities range from 0.42 to 0.84. The reaction of oxide radical ion with ethylene is believed to pro- 
ceed cia associative detachment. Hydroxide ion reacts efficiently with the simple olefins except ethylene only by 
proton abstraction to yield the conjugate base of the carbon acid. Rate constants and reaction probabilities range 
from 1.6 to 5.3 x 10" M-1 sec-1 and 0.11 to 0.46, respectively. The following gas-phase acidity order has been 
observed : simple olefins > water > ethylene, saturated hydrocarbons. The carbanions C3H3-, C3H5-, and 
C W 7  react with molecular oxygen cia a variety of channels including electron transfer, hydride transfer, and 
rearrangement. The observed reaction kinetics has been used to estimate limits for the standard heats of forma- 
tion of C2H3-, C3H3-, C3H5-, and C4H,- and limits for the electron affinities of the corresponding free radicals. 

ecent gas-phase investigations of negative-ion or- R ganic chemistry have illustrated the difficulties 
inherent  in the  determinat ion of the  intrinsic kinetics 
a n d  thermodynamics of organic reactions f rom solution 
measurements. For example, detailed examinations 
of Brgnsted acid-base reactions by ion cyclotron res- 
onance spectroscopy3 a n d  in  t andem mass spectrom- 
e t e r ~ ~  have established tha t  intrinsic acidities can  differ 
markedly f rom solution acidities in which such per- 
turbat ions as hydrogen bonding, specific solvation, a n d  
aggregation can  have overriding influences. It is the  
purpose of this paper  t o  describe a generally useful 
technique for  the study of thermal energy organic 
ion-molecule reactions in the  gas phase a n d  to report  
quantitative measurements of the  intrinsic kinetics of 
the reactions of the  oxide radical ion, 0-, and the  
hydroxide ion, OH-, with unsaturated hydrocarbon 
molecules, a n d  of the reactions of carbanions with 
molecular oxygen. Rate constants  a n d  product  chan-  
nels for these reactions have been measured directly 
a n d  intrinsic reactivities have been calculated. T h e  
results indicate tha t  in most cases the  reactions of 
0- a n d  OH- with olefins proceed extremely rapidly 
a n d  efficiently in  the  gas phase. T h e  reactions of 
the  carbanions with oxygen provide a measure of the  
intrinsic stability of these ions. I t  is expected tha t  
such information will facilitate the understanding a n d  
possibly the prediction of modes  of acid-base a n d  
carbanion reactions in solution. 
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Experimental Section 
Apparatus and Reagents. A flowing afterglow system has been 

utilized in this laboratory for several years principally for the in- 
vestigation of thermal energy ion-molecule reactions of interest 
in the earth's ionosphere. The description and application of this 
technique with reference to these studies have been reported in 
detail previously.6 Since the present paper deals with the novel 
application of the technique to negative-ion organic chemistry in 
the gas phase, a brief outline with reference to these investigations 
is felt to be appropriate. 

A schematic diagram of the apparatus is shown in Figure 1. 
The flow system is a stainless steel tube about 100 cm long with an 
internal diameter of 8 cm. A fast gas flow with a velocity of about 
lo4 cm/sec is established in the tube by a Roots-type pump backed 
by a mechanical forepump. Helium is normally used as a carrier 
or buffer gas. With a helium flow of 180 atm cm3/sec and maxi- 
mum pumping speed, the helium pressure in the tube is typically 
about 0.4 Torr. Negative ions are produced either directly in the 
excitation region by ionizing the parent gas of the ion with 100-eV 
electrons or indirectly by secondary reaction downstream from the 
excitation region. In the present experiments pure oxygen was 
introduced into the excitation region cia source gas inlet 1. The 0- 
ion is then produced by the dissociative ionization reaction 

e + O2 + 0- + O+ + e (1) 

and, probably to a much lesser extent, the dissociative attachment 
reaction 

e + O2 + 0- + 0 (2) 

For the production of hydroxide ions, ammonia was added into 
source gas inlet 2. Hydroxide ions are then produced indirectly 
by the rapid hydrogen atom abstraction reaction of 0- with am- 
monia 

0- + NH3 + OH- + NH, (3) 

which has a measured rate constant of 7.2 X 10" M-I sec-l in the 
gas phase.6 The carbanions were generated by the addition of the 
corresponding unsaturated hydrocarbon pia source gas inlet 2 to a 
helium afterglow containing 0-. The direct proton transfer reac- 
tion 

(4) 0- 4- RH + R- + OH 

( 5 )  E. E. Ferguson, Adtian. Electron. Electron Phys. ,  24, 1 (1968); 
E. E. Ferguson, F. C. Fehsenfeld, and A. L. Schmeltekopf, Adcan. A t .  
Mol. Phys., 5 ,  1 (1969). 

(6) D. K. Bohme and F. C. Fehsenfeld, Can. J .  Chem., 47,2715 (1969). 
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Figure 1 .  Schematicdiagram ofthe flowing afterglow apparatus 

or the reaction sequence involving hydrogen atom abstraction fol- 
lowed by proton abstraction 

0- + RH-OH- + R (5) 

OH- + RH + H20 + R- (6)  

will then yield the desired carbanion. The various negative ions 
produced in the manner described above equilibrate for several 
milliseconds before they enter the reaction region, into which the 
desired neutral reactant gas is added, cia the reactant gas inlet, in 
measured amounts. The unsaturated hydrocarbon gases had the 
following minimum purity in mal %: clhylene, 99.5; allene, 97; 
propene, 2-methylpropene, I-butene, cis- and 1ro,zr-2-butene, 99.0. 
The helium buffer gas had a purity of99.995 mol % and the oxygen 
had a minimum purity of 99.95 mol %. In the region following 
the reactant gas addition, characteristic reactions between the 
negative ions and the reactant gas take place. The reaction region 
is terminated by the sampling orifice of a mass spectrometer. The 
ion composition is then sampled, mass analyzed by means of a 
quadrupole mass spectrometer, and counted. 

The decline of the primary ion signal and the 
variation of the secondary ion signals as a function of reactant gas 
addition allow the determination of both reaction rate constants 
for the loss of primary and secondary ions and branching ratios for 
the various product channels. The branching ratio is defined as 
the ratioof the rateconstant forthe formation of a particular product 
ion lo the rate constant for the loss of the source of this product 
ion or the sum of the rate constants for the formation of all the 
product ions. Isotope analysis is usually required when the chem- 
ical composition of a product ion is not unequivocally determined 
by stoichiometry. 

The accuracy of rate constants obtained using the flowing after- 
glow technique has been conservatively estimated as i 3 0 %  due to 
the complexities of the aerodynamic analysis ofthe system.' How- 
ever, it has become apparent that for reactant gases for which 
the viscosities are well known, rate constants can be obtained with 
considerably more accuracy than +30%, probably approach- 
ing +IO%.  It is considered, therefore, that for the hydrocarbon 
gases utilized in this study, rateconstants havean absolute accuracy 
of better than =t30%, and probably lhave a relative accuracy of 
+ I O %  or less. 

Figure 2 shows a set of data for the reaction sequence beginning 
with 0- in reaction with allene. As allene is added into the reac- 
tion region the 0- signal declines and there is a corresponding rise 
in the negative ion signals with mle 17, 39, and 41. The initial 
decline in the 0- signal yields a rate constant of 6.4 X I O L L  M-' 
sec-l for the reaction of 0- with allene. Stoichiometry identifies 
the ion with mle 17 as OH-, which in turn identifies the reaction 
channel 

0- + C3H4 --+ OH- + CIHs (7) 

The OH- product ion signal increases to a maximum and then de- 
clines. M-l  sec-' 
for the reaction of OH- with allene. Stoichiometry identifies the 
ion with mlc 39 as C3HJ-. Product channel analysis (uide infra) 
dictates that the formation of this carbanion is the major channel 
in the reaction of 0- with allene, according to the following process 

0- + C3Hd -+ OH + CsH1- (8) 

The ion with mle 41 was shown not to be a significant product of 
the reaction of 0- with allene. The product ion mass ratio 39/41 
was observed to be dependent on the oxygen source gas flow. An 
independent series of experiments in which CsH8- was generated 
upstream and oxygen was added deliberately into the reaction region 
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This decline yields a rate constant of 4.5 X 

FLOW OF ALLENE lolrncm3 reel1 

Figure 2. Variation of reactant and product ion signals with addi- - 
lion of allene for the reaction sequence beginning with 0- in reaction 
with allene. 

establishedthesourceofthemass41 ion to bethereaction 

Call,- + 0, ----f GHO- + CH,O (9) 

This result establishes that the reaction of OH- with allene proceeds 
principally according to the proton abstraction reaction 

OH- + CaH, --t CaH,- + H 2 0  (10) 

Several methods have been used to obtain numerical estimates 
of product channel branching ratios. In the event that the product 
ions do not react further with the added reactant gas, the relative 
magnitudes of the product ion signals at  large additions of the 
reactant gas, ie., a t  saturation, can be taken to be a measure of 
the relative magnitudes of the rate coefficients for the formation of 
the various product ions. When the product ion reacts further 
as in eq IO, other procedures must be used to obtain the product 
channel branching ratio. One method involves a determination 
of the hypothetical saturated value of the product ion current if 
there were no further reaction. The relative magnitude of this 
saturated value of the product ion current and the initial primary 
ion current may then be taken to be a measure of the branching 
ratio for the channel leading to the formation of that product ion. 
The hypothetical saturated value of the product ion current is 
obtained by extrapolating the product ion decay curve to zero 
addition of reactant gas. The intercept is then multiplied by the 
factor ( I  - k./k,) where k.  and k,, are the rate constants for the loss 
of the product ion and primary ion, respectively. The factor ( I  
- k./k,) is readily derived from the limits with respect to reactant 
gas concentration of the exact solution for the product ion concen- 
tration of the coupled equations involving the production and loss 
of the product ion. A second procedure which can he used to ob- 
tain the product channel branching ratio when the product ion 
reacts further involves a consideration of the relative magnitudes 
of the product ion current and the primary ion current at the prod- 
uct ion current maximum. At the product ion current maximum 
the rate of formation of product ion is equal to its rate of loss by 
reaction, i.e. 

k d p I [ x ]  = k.[S-I[XI (11) 

where [P-1 and IS-] are the concentrations of the primary ion and 
secondary (product) ion, respectively, [XI is the concentration of the 
reactant gas, and kF and k, are the rate constants for the formation 
and reaction ofthe product ion. The above expression simplifies to 

so that k v  is readily evaluated. The ratio k l .  I ,  15 then a meawre 
of the hranchmg raiio. I h r  major source 01 crrur in th: dctcr- 
minition ol'thc hranching ratio hy the nicthoJc dcrcrihcd a h e  IS 
ma\\ di*cr.nnn.tlinn in the ~CICCIIOII q stem. 

The inirinsic wciwities uI' the VSTIIIUP negatite ions urrr erti- 
maeJ in tcrmr uf a reaction rniciency or rr.iwiion prohahility. P. 
u hich IS detiwd as the rauo of i h s  e\pmmuntall) dsicrmincj rage 
constant. kc.,,,, to the thmrrucal colliCion r : w  contlant. L I ,  i.t'.. 

I' = k..o,j kI.. kor an ion caIIdmg ut111 a nonpolar n e ~ r 3 1  molc- 
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Table I. Branching Ratios, Rate Constants, and Reaction Probabilities for the Reactions of 0- w ith Hydrocarbons at 22.5" 

Reaction Branching ratioa kexptlrb M-I sec-' kL: M-l sec-' Pd 

0- + CzHs + OH- + CzHj 4.2 (1 l)',' 9.0 (11) 0.47 
0- + C2Ha -+ CzH4O + e 4.6 (11) 9.0 (11) 0.51 
0- + C3H4 -+ C3H3- + OH 

+ OH- + C3H3 
0- + C3Ha + OH- + C3Hj 

-+ C3Hj- + OH 
0- + i-CdHs -+ OH- + C4H7 

+ C4Hj- + OH 

6.4 (11) 

6.0 (11) 1.44(12) 0.42 

8.4 (11) 1.80 (12) 0 .47  

0.90 f 0.05 
0.10 +Z 0.05 
0.95 f 0.05  
0.05 =t 0.05 
0.95 f 0.05 
0.05 =!I 0.05 

0.52 

0.63 

9.6 (11) 1.14 (12) 0.84 

0- + 1-C4Hs+ C4H7- + OH 0 .6  & 0 . 1  8.4 (11) 1.62 (12) 

0- + cis-ZC~Hs - C4H7- + OH 0 . 6  i 0 .1  7.2 (11) 1.14 (12) 
0- + tr~r7s-2-CdHs - CdHj- + OH 

-+ OH- + C4H1 

+. OH- + C4H7 0 . 4  i 0 . 1  

0 . 4  ir 0 . 1  
0 . 6  ir 0 . 1  
0 . 4  i 0 . 1  

+ OH- + C4H7 

a The listed values and estimated errors represent averages of values obtained by two distinct methods (see Experimental Section). 

Reaction probability, k e r p t l / k ~ .  e (11) denotes 10". From ref 8. 

Rate 
Theoretical collision rate constant. constant for the loss of 0-. To convert rate constants to cm3 molecule-l sec-' divide by 6 X lozo. 

cule, the theoretical collision rate constant is given by the expres- 
sion 

kL = 27re(~)"' 

where p is the reduced mass of the reactants, e is the electronic 
charge, and cy is the polarizability of the neutral substrateP Equa- 
tion 13 is derived on the assumption that the ion-molecule reaction 
can be treated in terms of point particles and that the total collision 
cross section is determined solely by the long-range ion-induced 
dipole interaction which results in spiraling or orbiting. Experi- 
mental results obtained in recent years have adequately demon- 
strated that eq 13 gives a reasonably accurate estimateof the maxi- 
mum expected value for kexptl at  low energie~.~ The actual value 
of &,,ti will of course depend on the energetics and mechanism 
of the reaction under consideration, the reaction probability being 
a measure of the deviation of kexptl from kL. Experimentally 
observed deviations from k~ may be interpreted in terms of such 
classical concepts as steric hindrance and activation energy barriers. 

Results and Discussion 
Reactions of the Oxide Radical Ion, 0-, with Unsat- 

urated Hydrocarbons. Results from earlier gas-phase 
investigation9 have revealed that 0- ions react effi- 
ciently with the saturated hydrocarbon molecules meth- 
ane, ethane, propane, and n-butane. Hydrogen atom 
abstraction, eq 14, was observed to  be the only signifi- 
cant reaction channel, and the reaction probability for 
this process was found to  increase for higher members 
of the homologous series. 

0- + CnHzn+z + OH- + CnHzn+i (14) 

The results of the present investigations have indicated 
that 0- ions also react efficiently with unsaturated 
hydrocarbons in the gas phase. However, in addition 
to  the hydrogen atom abstraction channel, eq 15a, a 
proton abstraction channel, eq 15b, could be identified 

0- + CnHz, + OH- + CnH,,-l ( 15a) 

and was the dominant reaction channel in several 
cases. The measured rate constants, the branching 
ratios for the various product channels, and the cal- 
culated reaction probabilities are listed in Table I. All 
t%e reaction channels with the exception of the forma- 
tion of C3H5- from propene were calculated to  be 

(7) G. Gioumousis and D. P. Stevenson, J .  Chem. Phys., 29, 294 

(8) D. K .  Bohmeand F. C. Fehsenfeld, Can.J. Chem., 47,2717(1969). 

+ OH + CnHzn-i- (15b) 

( 195 8). 

exothermic or nearly thermoneutral using the best 
available values for the C-H bond energies and the 
electron affinities of 0 and OH (vide infra). The m/e 
of the product ion was identified in all cases. When 
the chemical composition of the product ions was 
not specified by stoichiometry, the major product ions 
were identified by isotope analysis. The most abundant 
product ion in the reaction of 0- with the linear butenes 
had mje 55 which, according to stoichiometry, may 
be either C4H7- or C3H30-. However, the formation 
of the oxygen-containing anion is expected to be un- 
likely on mechanistic grounds since it would require 
considerable bond breaking. In addition, measurement 
of the (P + 1)/P ratio for the mje 55 ion gave a value 
of 0.045 which is more consistent with the formulation 
C4H7- ((P + 1)/P = 0.0433) than C3H30- ((P+ 1)/P = 
0.0333). The signal-to-noise ratio for the P + 2 
peak was not sufficiently large for an accurate isotope 
measurement to  be made. 

It can be seen in Table I that the reaction of 0- 
with allene proceeds principally by proton abstraction, 
whereas propene and 2-methylpropene react princi- 
pally by hydrogen atom abstraction. In comparison 
the linear butenes react by both hydrogen atom and 
proton abstraction in about equal proportions, the 
formation of the carbanion being slightly favored. It 
appears that within the accuracy of the values of the 
C-H bond energies reported in the literature, car- 
banion formation, i .e.,  proton abstraction, is favored 
over OH- formation, i.e., hydrogen atom abstraction, 
whenever the channel leading to the production of 
the carbanion is calculatd to  be exothermic. 

The reaction of 0- with propene has recently been 
investigated in the gas phase by Hughes and Tiernang 
in a tandem mass spectrometer at impacting ion energies 
of 0.3 + 0.3 eV. Their results indicate an overall 
rate constant for the loss10 of 0- of 4.4 X 10" M-' 
sec-' with 93.0% of the reaction proceeding by hy- 
drogen atom abstraction, 5.5% of the reaction leading 
to the formation of C3H4- and HzO, and 1.5x of 
the reaction proceeding by proton abstraction. The 
rate constant for the loss of 0- and the designation 

(9) B. M. Hughes and T. 0. Tiernan, private communication. 
(10) It is assumed here that all the product channels were identified in 

the tandem mass spectrometer experiments so that the rate constant for 
the loss of the primary ion is equal to the sum of the rate constants for 
the formation of product ions. 
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Table 11. Rate Constants and Reaction Probabilities for the Reactions of OH- with Hydrocarbons at 22.5" 

Reaction ke,ptl,a M-l sec-l k L , b  M-l sec-' PC 
OH- + CZH6 + CzHs- + HzO 
OH- + C2H4 + C2H3- + HzO 
OH- + C3H4 --t C3H3- + Hz0 
OH- + C3H6 + C3H5- + Hz0 1 .6  (11) 1.44 (12) 
OH- + l-C4H6 + C4H7- + HzO 5 . 3  (11) 1.62(12) 
OH- + cis-2GH8 -.t C4H7- + HzO 4 .3  (11) 1.14 (12) 
OH- + truns-2GHs + C4H7- + H20 5.2 (11) 1.14 (12) 
OH- + i-C4H8 + C4H7- + HzO 3.8 (11) 1.80 (12) 

- <6.0 ( 8 ) d Y e  9.0 (11) 
- <6.0 (8) 9.0 (11) 

4 .5  (11) 

2 7 . 0  (-4) 
5 7 . 0  (-4) 

0.11 
0.33 
0.38 
0.46 
0.21 

~~ ~ ~~ ~ ~ 

a Rate constant for loss of OH-. To convert rate constants to cm3 molecule-l sec-l divide by 6 X loto. 
constant. Reaction probability, kexptl/kL. (8) denotes lo8. e From ref 8. 

Theoretical collision rate 

of the major reaction are in reasonable agreement 
with the present results obtained at 22.5" (Table I). 
Agreement is, however, not expected, a priori, since 
the energy dependencies of the rate constant and the 
branching ratio for such reactions are not known. 

The reaction of 0- with ethylene was found to be 
unique in that no ions with an intensity of at  least 
10% of the primary 0- signal could be observed in 
the product mass spectrum. We have therefore as- 
signed the reaction channel to  correspond to associative 
detachment (Table I). The associative detachment 
reaction to  yield ethylene oxide is calculated to  be 
far more exothermic than the hydrogen atom abstrac- 
tion reaction to yield the vinyl radical and is apparently 
the preferred process at 22.5". There was no evidence 
of a significant reaction channel corresponding to  
associative detachment in the reaction of 0- with 
the unsaturated hydrocarbons allene, propene, 2-methyl- 
propene, 1-butene, and cis- and trans-2-butene. In 
each of these cases there was a balance of the product 
and reactant negative ion signals to within experi- 
mental error. 

The reaction of 0- with ethylene was also investi- 
gated by Hughes and Tiernan in their tandem mass 
spectrometer at impacting ion energies of 0.3 f 0.3 
eV.9 These investigators observed the reaction prod- 
ucts C2H2- (80%) and OH- (20%). The sum of the 
formation rate constants for the production of these 
two ions was 1.8 X 10" M-I sec-I. This value is 
lower by a factor of 3.6 than the value for the rate 
constant obtained in the present experiments for the 
loss of 0-. It must be pointed out, however, that 
the tandem mass spectrometer experiments of Hughes 
and Tiernan were not suited for the detection of an 
associative detachment channel. Nevertheless, there 
appears to  be some discrepancy between the rate con- 
stant for the formation of OH- and C2H2- observed 
in the tandem mass spectrometer (1.8 X 10" M-' 
sec-I) and the upper limit to  the rate constant of 
4.6 X 1Olo M-' sec-' for the formation of these anions 
estimated in the present flowing afterglow experiments. 
This discrepancy between the tandem mass spectrom- 
eter data obtained at ion energies of 0.3 + 0.3 eV 
and the flowing afterglow data obtained under thermal 
equilibrium conditions at 22.5 O raises interesting ques- 
tions regarding the energy dependence of the rate con- 
stants and branching ratios of the product channels. 

(11) The occurrence of associative detachment reactions in the gas 
phase has only recently been established experimentally for simple in- 
organic systems. 12  The associative detachment reaction of 0- with 
ethylene is the first such reaction measured in the gas phase involving 
an organic substrate. 

(12) F. C. Fehsenfeld, E. E. Ferguson, and A. L. Schmeltekopf, 
J .  Chem. Phj~s . ,  45, 1844 (1966). 

It is of interest to compare the reactivity of 0- 
in the gas phase to its reactivity in solution. Such 
comparisons may represent a significant step in under- 
standing the role of solvation in determining the en- 
ergetics and kinetics of ion-molecule reactions in  
solution. We are not aware of any previous solution 
measurements of the reactions of 0- with olefins. How- 
ever, the reactivity of 0- has recently been investigated 
by pulse radiolysis in aqueous solutions containing 
methanol and ethanol at pH >13 by Gall and Dorfman, 
who reported that 0- in aqueous solution reacts with 
methanol and ethanol by hydrogen atom abstraction 
with rate constants of (5.2 f 1.0) X lo8 and (8.4 f 
1.6) X lo8 M-' sec-', respectively, at 25".13 Hughes 
and Tiernan reported rate constants of 2.8 X 10" 
and 2.4 X 10" M-I sec-' , respectively, for these two 
hydrogen atom abstraction reactions in  the gas phase 
at ion energies of 0.3 f 0.3 eV.9 Thus the rates of 
the reactions of 0- with methanol and ethanol are 
seen to  be several hundred times faster in the gas 
phase than in aqueous solution. These results need 
to be rationalized in terms of the role of solvent in 
the determination of the kinetics and energetics of 
reaction. 

Reactions of the Hydroxide Ion, OH-, with Unsat- 
urated Hydrocarbons. It has been found in the present 
study that OH- reacts with unsaturated hydrocarbons 
to form the conjugate base of the carbon acid and 
water. The observed reaction channels, measured 
rate constants, and calculated reaction probabilities 
are summarized in Table I. The mje 39 ion was 
determined by stoichiometry to be C3H3-. The for- 
mula C3H5- was assigned to the m/e 41 ion on the 
basis of a measurement of the (P+l)/P isotope ratio. 
The basis for the assignment of the formula C4H7- 
to the mje 55 ion has already been discussed. In- 
sufficient knowledge of the electron affinities of un- 
saturated free radicals prevented the calculation of 
the energetics of the OH- reactions. Instead the ob- 
servation of reaction or the failure to observe reaction 
was used to  estimate limits to these electron affinities 
(vide infra). 

It can be seen from Table I1 that within the limits 
of our experimental technique certain hydrocarbons 
such as ethane and ethylene do not react with OH-, 
whereas allene, propene, 2-methylpropene, and 1 -, 
cis-2-, and trans-2-butene react rapidly to form the 
corresponding carbanion and water. Since neither the 
sp2 proton of ethylene nor the sp3 proton of ethane 
is abstracted by OH-, it seems reasonable to  assume 

(13) B. L. Gall and L. M. Dorfman, J .  Amer. Chem. Sac., 91, 2199 
(1 9 69). 

Journal of the American Chemical Society 1 92: l l  June 3, 1970 



3305 

the observation of competitive solvation reactions in 
the gas phase of the type indicated by eq 17 yields 

A h .  X + Y 1 A A i . Y  + X (17) 

information on relative heats of solvation in the ab- 
sence of interference from the bulk of the solvent. 
Some results of the present study indicated, for ex- 
ample, that 02-.02 and 02- .Hn0 failed to react with 
CZH4 in the gas phase to yield the solvated ion O ~ - . C Z H ~  
which suggests that the interaction of On and H 2 0  
with 02- is stronger than the interaction of CnH4 
with 02-. It is anticipated that in protic solvents 
the OH- solvation energy will be greater than the R- 
solvation energy, thus rendering the forward reaction 
in eq 16 endothermic. However, if an appropriate 
dipolar aprotic solvent were available which solvated 
the carbanion more effectively than OH-, the formation 
of the carbanion should remain exothermic in solution. 
It seems possible that this goal is accessible since 
Schriesheim has recently reported that potassium hy- 
droxide in hexamethylphosphoramide at 55 O abstracts a 
proton from acetonitrile (pK, = 25) to  generate an anion 
which reacts with 1,3-butadiene to give addition prod- 
ucts. Preliminary investigations into the reaction of 
negative ions with acetonitrile in the gas phase using 
the flowing afterglow technique indicate that OH- 
as well as H- and ”2- react rapidly with acetonitrile 
to yield the CH2CN- anion. 

Reactions of Carbanions with Molecular Oxygen. 
It has been found that the carbanions generated in these 
investigations react with molecular oxygen in three 
ways: by electron transfer, hydride ion transfer, and 
rearrangement. The experimentally determined reac- 
tion channels, branching ratios, and rate constants as 
well as the calculated reaction probabilities for the 
reactions of carbanions with oxygen are summarized 
in Table 111. The various reaction channels listed 
in Table I11 were demonstrated to arise from the re- 
action of On with the carbanions by varying the O2 
flow in the reaction system and observing the cor- 
responding increases in the product ion signals with 
increasing On flow. The product ion masses were as- 
signed molecular formulas in the following ways. Ac- 
cording to stoichiometry the m/e 32 ion can be CH40-  
or 02-. Measurement of the (P+l) /P isotope ratio 
gave a value of 0.004 to 0.005 which is consistent 
with the natural isotope abundance ratio of 0.0008 
for On- but not consistent with 0.018 for CH,O-. The 
presence of some OnH-, m/e 33, may have caused 
the observed (P+l) /P isotope ratio to be somewhat 
larger than the natural isotope abundance ratio for 
On. According to stoichiometry the rnje 33 ion can 
be 02H-  or CH50- but is most probably OzH- since 
the structure CH60- is unlikely and since formation 
of the latter ion would involve the making and breaking 
of several bonds, whereas a mechanistically simple 
path exists for the formation of 02H-. The m/e 39 
ion is determined by stoichiometry to be C3H3-. The 
m/e 41 ion can be C2HO- or CsH,-. Measurement 
of the (P+l) /P isotope ratio for the mje 41 ion in the 
reaction of C3H3- with O2 indicated the formula C2HO-. 
In addition, the formula C3Hs- is inconsistent with 
the experimental data. The mje 41 ion produced by 

that it is an allylic proton which is transferred from 
the reactive hydrocarbons to  OH- forming an allylic 
carbanion. 

The strongly basic nature of OH- in the gas phase 
compared to  solution is illustrated by its ability to  
abstract a proton from the very weakly acidic olefins 
utilized in this study. The present results indicate 
the acidity order: propene, 2-methylpropene, 1-, cis-2-, 
trans-2-butene, allene > water > ethylene, ethane. This 
gas-phase acidity order may be compared to  that in 
solution where the pK,’s of propene, water, ethylene, 
and ethane are 35.5, 15.7, 36.5, and 42, re~pective1y.l~ 
It is evident from this comparison that the findings 
in the gas phase indicate a reversal of the acidity order 
found in solution where water is the strongest acid 
of this series. Similar reversals of solution acidity 
orders in the gas phase have recently been reported 
by Brauman and Blair3 and Tiernan and hug he^.^ It 
is apparent from these results that the properties of 
the solvent and effects of aggregation are of great 
importance in determining solution acidity orders. 

The gas-phase reactions of OH- are extremely fast 
relative to reaction rates in solution. For example, 
one of the fastest OH- reactions in solution is the 
reaction with the hydronium ion, HaO+, which has a 
diffusion-controlled rate constant of 1.4 X 10” M-’ 
sec-I at 250.16 The rate constants for the gas-phase 
reactions of OH- with olefins vary between 1.56 and 
5.3 X 10” M-‘ sec-’ (see Table 11). In addition, 
the gas-phase reactions are calculated to be very effi- 
cient, with reaction probabilities, P ,  ranging from 
0.1 1 to 0.46. 

The generation of carbanions from slightly acidic 
olefins is of great interest in solution studies. Although 
the production of carbanions from the reactions of 
OH- with olefins is extremely efficient in the gas phase 
where the reactions are exothermic or thermoneutral, 
it is generally inhibited in solution where anion-solvent 
interaction is likely to render the generation of the 
carbanions endothermic. The energetics of the re- 
action of OH- with olefins in solution may be con- 
sidered in terms of eq 16. 

OH-. solvent + RH ---t R-. solvent + H20 (16) 

If the solvation energy of OH- is larger than the solva- 
tion energy of R- by an amount greater than the 
exothermicity of the unsolvated gas-phase reaction, 
then solvation will cause the forward reaction to be 
endothermic. Unfortunately little thermochemical data 
are available on the appropriate heats of solvation 
of negative ions. Recent gas-phase investigations are, 
however, beginning to  yield these important quantities 
for both positive and negative ions.16r17 For example, 

(14) D. J. Cram, “Fundamentals of Carbanion Chemistry,” Academic 
Press, New York, N. Y., 1965. See, however, the results of Steiner and 
Gilbert which indicate that the pKs’s of water and triphenylmethane 
(pK, = 33) are approximately equal: E. C. Steiner and J. M. Gil- 
bert, J .  Amer. Chem. SOC., 85, 3054 (1963). 

(15) M. Eigen, Angew. Chem. Intern. Ed. Engl., 3, l(1964). 
(16) P. Kebarle, S.  I<. Searles, A. Zolla, J. Scarborough, and M. 

Arshadi, Adoan. Mass Spectrom., 4, 621 (1968). 
(17) N. G. Adams, D. I<. Bohme, D. B. Dunkin, F. C. Fehsenfeld, 

and E. E. Ferguson, J .  Chem. Phys., 52, 1951 (1970). 
(18) A. Schriesheim, Amer. Chem. SOC., Diu. Petrol. Chem., Prepr., 

14, D9 (1969). 

Bohme, Young 1 Gas-Phase Reactions of’ Oxide Radical Ion and Hydroxide Ion 



3306 
Table 111. Branching Ratios, Rate Constants, and Reaction Probabilities for the Reactions of 
Carbanions with Molecular Oxygen at 22.5" 

Pd Reaction Branching ratio" kexptl,b M-l sec-l kL,C M-' sec-l 

C3H3- + 02 -+ CzHO- + HzCO 6.0 (8)e 5.2 (11) 0.001 

1.7(11) 5 . 2  (11) 0.33 
C3HS- + 02 -+ 0 2 -  + C3H5 0.98 f 0.01 

+ CzHs0- + CHzO 0.02 f 0.01 
0.69 zt 0.05 

0.08 f 0.04 1.9 (11) 5 .0  (11) 0.38 
0.05 f 0.021 
0.04 f 0.01 
0.62 i 0.05 
0.34 =I= 0.03 
0.02 zt 0.01 
0.01 i 0.01 
0.01 i 0.01 

3.2 (1l)h 5.0 (11) 0.64 I 
a The listed values and estimated errors represent averages of values obtained by two distinct methods (see Experimental Section). Rate 

constant for loss of carbanion. To convert rate constants to cm3 molecule-1 sec-l divide by 6 X lozo. Theoretical collision rate constant. 
Reaction probability, kexptl/kL. e (8) denotes lo8. f Ion derived from 2-methylpropene. p Ion derived from 1- or cis- or trans-2-butene. 
Average value for 1- and cis- and trans-2-butene. 

the reaction of C3H3- and C4H7- with Oz did not 
appear to react further with Oz, whereas independent 
experiments indicated that C3H5- reacts rapidly with 
0 2 ,  principally by charge transfer. A similar argu- 
ment was applied to the identification of the mje 
43 ion. The formula C2H30- was assigned on the 
basis of both the failure to observe further reaction 
of the mje 43 ion with oxygen and the assumption 
that C3H7- transfers an electron to Oz as does C3H6-. 

The types of reactions which the carbanions were 
observed to undergo with molecular oxygen are con- 
sistent with the expected structures of these ions. Thus 
the propynyl anion formed by proton abstraction from 
allene does not transfer an electron to oxygen, but 
instead reacts in a slow process to yield C2HO- and a 
neutral fragment, presumably formaldehyde. Electron 
transfer apparently does not occur because the electron 
affinity of C3H3, propynyl radical, is greater than that 
of 0,. The rearrangement reaction may be pictured 
as in eq 18. The ion HC20- is an enolate-type ion 
and should be moderately stable. The allyl anion 

HCSC-CH,- + O2 --+ 

HCeC-0-  
+ + (18) 

H&=O 

reacts with oxygen to yield almost exclusively 0 2 -  

and the allyl radical. This illustrates the lower electron 
affinity of the allyl radical relative to the propynyl 
radical and is consistent with the lower electronegativity 
of the sp 2-hybridized allyl radical compared to the 
predominantly sp-hybridized propynyl radical. The 
formation of the minor product ion C&0- from 
the reaction of allyl anion with oxygen may occur 
in a fashion (eq 19) analogous to that pictured for 
the reaction of the propynyl anion (eq 18). The driving 
force for this reaction may be provided by the formation 
of the stable enolate ion. 

The linear butenes, 1-butene and cis- and trans-2- 
butene, all react with OH- to give the same carbanion, 
C4H7-. This is demonstrated by the fact that the 
carbanion generated from each of these butenes re- 
acts with molecular oxygen with the same rate constant 
to give the same product ion distribution (see Table 
111). Therefore, this carbanion is most reasonably 
represented as the 1-methylallyl anion, CH3CHCHCH2-. 
This anion reacts with oxygen predominantly by hy- 
dride ion transfer, eq 20. A product channel of sec- 

CHaCHCHCHz- + 02 + 
0zH- + CHz=CH--CH=CH, (20) 

ondary importance for the reaction of this carbanion 
is electron transfer to form 02-. Apparently the hy- 
dride ion transfer channel predominates over electron 
transfer because the stable neutral, 1,3-butadiene, may 
be formed in the former reaction. Minor products 
(<273  formed in the reaction of the 1-methylallyl 
anion with oxygen are the ions CzH30-, C2HO-, and 
C3H3-. Formation of C2H30- may occur as illustrated 
in eq 21. We do not have a simple explanation for 
formation of the other product ions. The carbanion 
produced in the reaction of 2-methylpropene with 

CH~CH-CH=CH~ + o2 - 
[ ' H ~ H -  cy= C H ~ *  CH,=CHO- 

0 2 0 -  CH,CH=O 
--t + (21) 

hydroxide ion reacts with oxygen in a distinctly different 
fashion and at a different rate than the 1-methylallyl 
anion. Thus it seems reasonable to assume that the 
ion produced from 2-methylpropene is the 2-methyl- 
allyl anion, CH2C(CH3)CHz-. The product channels 
for the reaction of this carbanion with oxygen resemble 
the product channels of the reaction of the allyl anion 
more than those of the reaction of the 1-methylallyl 
anion as would be anticipated from the proposed struc- 
ture. Thus the reaction of the 2-methylallyl anion 
with oxygen proceeds principally by electron transfer 
instead of hydride ion transfer. Minor product ions 
in the reaction of the 2-methylallyl anion with oxygen 
are C3H3- (1473, OZH- ( 8 7 3 ,  GHO- ( 5 7 3 ,  and 
CzH30- (4%). The formation of C3H3- can bethought 
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Table IV. Thermochemical Data 
r EA(R.) ,  eV 
From heats of From EA(02)  

Carbanion AHf”(R-), kcalimol formationa From bond enerpiesa = 0.43 eVa Lit. values 

>0.43 0.  34d 
50 .43  2.  l,e 0.24,f >0.5,9 

0.52 =t O.Olh 

m ( I 2 2 )  

[>0.65], ( 20.30jk 50 .43  

(20.06) 1 0 . 4 3  - ~- I 

a See text. * Parentheses indicate that the enclosed value was obtained from the reaction of OH- or the failure of OH- to react. Square 
F. M. Page and G. C. Goode, “Negative Ions and the 

e From ref26. f N. S .  Hush and J. A. Pople, Trans. Faraday Soc., 51,600 (1955). 
j Carbanion derived 

Carbanion derived from trans-2- 

brackets indicate that the enclosed value was obtained from the reaction of 0-. 
Magnetron,” Wiley-Interscience, New York, N. Y., 1969. 
0 From ref 9. 
from ci~2-butene. 
butene. Carbanion derived from 2-methylpropene. 

* J. R. Hoyland and L. Goodman, J.  Chem. Phys., 36, 21 (1962). Carbanion derived from 1-butene. 
k One C-H bond dissociation energy of 3.58 eV used for the three linear butenes. 

to result from the elimination of methane from the 
2-methylallyl anion. The production of OzH- can be 
rationalized as in eq 22. There appears to  be no 

CH3 CH3 
I I 

CHs=C-CHt- + 0 2  + OsH- + CHs=CCH : 
CHz 
/ \  

CH=C-CH3 (22a) 

or 

+ /CHZ* CHI 
I 

CH2=C--CH2- + 0 2  + 0zH- + CHz=C 
\ 

CHz * 
CHs 
I1 
C 

/ \  
CH*---CHs (22b) 

simple explanation for the formation of CaH30- or 

The reaction probabilities, P, for the reaction of 
the carbanions with oxygen are summarized in Table 
111. The reaction of the propynyl anion, C3H3-, with 
oxygen is very inefficient (less than 1 reaction/1000 
collisions) in comparison with the various allylic car- 
banions which react with probabilities of 0.33 to  0.64. 
This is not unreasonable since several bonds must 
be made and broken in order for the propynyl anion 
reaction to occur. The allyl anion and the 2-methyl- 
allyl anions which react mainly by electron transfer 
have very similar reaction probabilities, 0.33 and 0.38, 
respectively. The 1-methylallyl anion has an addi- 
tional reaction channel available, hydride ion transfer, 
and reacts about twice as efficiently as the other allylic 
anions ( P  = 0.64). Thus in the reactions of the car- 
banions with oxygen, electron transfer and hydride 
ion transfer occur with high efficiencies whereas the 
rearrangement process occurs with a lower probability. 

It is interesting to note a parallel between gas-phase 
and solution chemistry in the reaction of carbanions 
with oxygen. Russell and Bemislg have studied the 
base-catalyzed reaction of triphenylmethane with oxy- 
gen and suggested that reaction proceeds via electron 
transfer from the triphenylmethide anion to oxygen 

(19) G.  A. Russell and A. G; Bemis, J .  Amer. Chem. Soc., 88, 5491 

CZHO-. 

(1966). 

Ph3CH + B- Ph3C- + BH (234 

PhaC- + 0 2  + 0 2 -  + Ph3C (23b) 

The observation of rapid 
ion-molecule reactions in the gas phase can be used to  
set limits on the standard heats of formation of product 
species if the standard heats of formation of the re- 
maining species which participate in the reaction are 
known. At the thermal energies of this experiment 
the observation of a fast reaction can be taken to in- 
dicate that the reaction is thermoneutral or exothermic. 
For a thermoneutral or exothermic reaction the stan- 
dard enthalpy change AH” 5 0. We have used this 
criterion to ascertain upper limits to the standard 
heats of formation of the carbanions C3H3-, C3H5-, 
and C4H7-. The fast reactions of 0- and OH- with 
the corresponding olefins which lead to predominant 
formation of the carbanion are taken to be exothermic. 
The results are listed in Table IV. The standard heats 
of formation of the neutral species were taken from 
Benson20 with the exception of the heats of formation 
of the C4H8 hydrocarbons which were taken from 
Lange.21 Electron affinities of 1.465 f 0.005 and 
1.83 f 0.04 eV were used for 0 and OH, respec- 
tively. 2 , 2  

The failure to observe a reaction of a primary ion 
may be taken to  be an indication of reaction endo- 
thermicity since most exothermic ion-molecule re- 
actions proceed rapidly with little or no activation 
energy. For example, the failure to  observe a mea- 
urable reaction between OH- and ethylene strongly 
suggests, but does not prove, that the formation of 
the C2H3- carbanion via this reaction is endothermic 
Such information can be used to estimate lower limits 
for the standard heats of formation of carbanions 
and has been used to obtain a lower limit estimate 
for the standard heat of formation of CzH3- which 
is listed in Table IV. When a primary ion reacts 
rapidly to yield several product ions, the failure to 
observe a particular product channel suggests that this 
channel is endothermic. However, in this case caution 

Thermochemical Results. 

(20) S.  W. Benson, ‘Thermochemical Kinetics,” John Wiley & Sons, 

(21) N. A. Lange, Ed., “Handbook of Chemistry,” 10th ed, McGraw- 

(22) L. M. Branscomb, D. S. Burch, S. J .  Smith, and S.  Geltrnan, 

(23) L. M. Branscomb, ibid., 148, 11 (1966). 

Inc., New York, N. Y., 1968. 

Hill Book Co., Inc., New York, N. Y., 1961, pp 1631-1648. 

Phys. Rev.,  111, 504 (1958). 
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must be exercised since there is insufficient knowledge 
presently available concerning the competition between 
various product channels. Hence we did not feel jus- 
tified to  apply the criterion of endothermicity in these 
cases. 

Since the heat of formation of a carbanion is related 
to  the electron affinity of the corresponding free radical, 
eq 24, a knowledge of the heat of formation of the 

AHf”(R-) = AHfo(R.) - EA(R*) (24) 

free radical allows the estimation of the electron affinity 
of the free radical. Such estimates have been made 
using the limits of AHfo(R-) obtained in the present 
experiments and Benson’s values of AHfo(R.).20 The 
results are listed in Table IV. 

Table IV also lists limits to  the electron affinities 
of the unsaturated free radicals estimated from bond 
energy calculations. The criteria used to establish 
exothermicity, thermoneutrality, and endothermicity 
were as described above, that is, rapid formation of 
the carbanion, R-, by the reaction of the base, A-, 
with the olefin, RH, is assumed to indicate that the 
reaction is thermoneutral or exothermic. If this is 
the case, then 

EA(R9) 2 EA(A.) + D(R-H) - D(A-H) (25) 
Here D refers to the bond dissociation energy. Also, 
failure to observe a reaction between A- and R H  is 
assumed to  indicate that the reaction is endothermic. 
In this case 

EA(R . )  < EA(A.) + D(R-H) - D(A-H) (26) 
Bond dissociation energies of 4.40 f 0.01 and 5.114 
eV were used for 0-H and H-OHSz4 The C-H bond 
dissociation energies for propene and the linear butenes 
were taken from Golden and Bens0n.~5 All other 
bond dissociation energies were taken from Vedeneyev, 
et al. 26 

The final estimation of the electron affinities of the 
unsaturated free radicals was based on the further 
reaction of the corresponding carbanions with oxygen. 
The carbanions C3H6- and C4H7- were found to  react 
rapidly with oxygen by electron transfer whereas the 
C3H3- carbanion reacted only very slowly with oxygen 
cia rearrangement (Table 111). These results suggest 
that the electron affinities of C3H6. and C4H7. are 
less than that of oxygen and that the electron affinity 
of C3H3. is greater than that of oxygen. These electron 
affinity limits are included in Table IV where EA- 
(02) has been taken to be 0.43 eV.27 Experimentally 
determined values for E A ( 0 2 )  reported in the literature 
vary from 0.43 f 0.02 eV obtained by Pack and PhelpsZ7 
to 21 .1  eV obtained by Stockdale, et a1.28 This 
discrepancy has as yet not been resolved, although 
the former value is currently considered to be the more 
accurate. The electron affinity limits set by the bond 

(24) G. Herzberg, “Molecular Spectra and Molecular Structure,” 
D. Van Nostrand Co., Inc., New York, N. Y.: Vol. I. “Spectra of 
Diatomic Molecules,” 2nd ed, 1953 : Vol 111. “Electronic Spectra 
and Electronic Structure of Polyatomic Molecules,” 1966. 

(25) D. M. Golden and S .  W. Benson, Chem. Reu., 69, 125 (1969). 
(26) V. I. .Vedeneyev, L. V. Gurvich, V. N. Kondrat’yev, V. A. 

Medvedev, and Ye. L. Frankevick, “Bond Energies, Ionization Po- 
tentials, and Electron Affinities,” St. Martins’ Press, New York, N. Y., 
1966. 

(27) A. V. Phelps and J .  L. Pack, Phys. Reu. Lett . ,  6 ,  111 (1961). 
(28) J. A. D. Stockdale, R. N. Compton, G.  S. Hurst, and P. W. 

Reinhardt, J .  Chem. Phys., 50, 2176 (1969). 

energy calculations and the heat of formation calcula- 
tions do, however, seem to be more consistent with a 
slightly higher value for EA(02)  than 0.43 eV. 

Conclusion 

It may be of interest to describe what we feel to be 
the most important features of the flowing afterglow 
technique and to relate these to  other techniques com- 
monly used for the study of ion-molecule reactions. 
The significant features of the flowing afterglow tech- 
nique are the following. The region of production 
of ions is separated in space (and time) from the reaction 
region. This is accomplished by producing the ion 
either directly by ionizing the parent gas of the ion 
or indirectly by secondary reaction in a rapidly flowing 
(D - lo4  cmjsec) buffer gas upstream from the point 
of addition of reactant gas. The ions are in thermal 
equilibrium when they enter the reaction region, i .e.,  
the ions are energetically equilibrated to  the buffer 
gas temperature (22.5”) and are likely to be in their 
ground electronic state. Finally, rate constants and 
reaction channels for the reaction of a particular ion 
with an added reactant gas are easily determined by 
observing the ion mass spectrum as a function of 
reactant gas addition. 

The spatial separation of ion-production and re- 
action regions is a desirable feature of the flowing after- 
glow system since the reactant ions undergo ca. lo4  colli- 
sions with the buffer gas before entering the reaction re- 
gion and thus are likely to  be in their ground states. In 
addition, the presence of the desired reactant ion 
and any other ions produced incidentally can be es- 
tablished before the reactant gas is added. All ions 
present can be monitored so that it can be established 
with confidence that the observed product ions arise 
from a certain reaction. Ion-production and reaction 
regions are separated in the tandem mass spectrometric 
technique, but usually not in  simple mass spectrometry 
or in ion cyclotron resonance (icr) spectrometry. 

In the flowing afterglow system reactant ions are 
at thermal equilibrium at room temperature. In tan- 
dem mass spectrometry ions with energies as low as 
0.3 eV can be produced, but recent results from this 
laboratory and from Hughes and Tiernang for the 
reaction 0- + CH3C1 show that the distribution among 
the various reaction channels changes very significantly 
in changing the ion energy from 0.04 (flowing after- 
glow) to  0.3 eV (tandem mass spectrometer). The 
reason for this change is more easily appreciated when 
it is noted that an ion energy of 0.3 eV corresponds 
to  an ion temperature of ca. 2300°K. The energy 
states of ions utilized in simple mass spectrometry 
are usually not well characterized. 

Finally, thermal energy reaction rate constants for 
ion-molecule reactions can be measured very con- 
veniently using the flowing afterglow technique. If 
ion-molecule reactions are to  be rationalized by theo- 
retical treatment, it is imperative that reactant energies 
be known and desirable for them to be in their ground 
states. In addition, if extrapolations from the gas 
phase to solution are ever to  be made, it would appear 
that it is desirable to start with gas-phase measurements 
under conditions of thermal equilibrium since ion- 
molecule reactions in solution always occur under 
conditions of thermal equilibrium. 
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These limitations, however, still allow the 0.4 Torr). 
study of a large number of organic reactions. 

It is apparent that the simplicity and versatility of 
the flowing afterglow technique make it a very useful 
technique for the study of gas-phase organic ion-mole- 
cule reactions. At the present time, the most serious 
drawbacks for the study of organic reactions are that 
rate constants are obtainable only when the reactant 
is a gas at atmospheric pressure and that for qualitative 
measurements the organic compounds used must have a 
fairly high vapor pressure at the system pressure (ca. 
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Abstract: The radicals produced by the interaction of unsaturated hydrocarbons with hydrogen atoms at 77°K 
have been studied by electron spin resonance (esr). The hydrogen atom adds directly to the double bond of 
ethylene, 1,3-butadiene, and benzene to produce the ethyl, 2-butenyl, and cyclohexadienyl radicals, respectively. 
In the case of the interaction of hydrogen atoms with 1-butyne and 1,2-butadiene, the methylallenyl radical was 
observed in each case. On bombardment of 1,Ccyclohexadiene and propyne with hydrogen atoms the cyclo- 
hexadienyl and allenyl radicals were observed. These last four reactions can be explained by assuming an addition 
reaction of hydrogen with the compound. The radical produced immediately abstracts a hydrogen atom from the 
parent compound to yield the observed stable radical. For the 1,2-butadiene-hydrogen interaction, such a 
mechanism accounts for the esr spectrum and for the 2-butyne and 2-butene observed by Klein and Scheer' in their 
analysis of the products of this reaction after warming to room temperature. The formation of 2-butene and 
2-butyne can also be explained, respectively, by a double addition and an addition and abstraction reaction of 
hydrogen with 1,2-butadiene. In this case the radical observed by esr would be explained by a single abstraction 
reaction. 

n recent years considerable interest has arisen con- I cerning the interaction of hydrogen atoms with 
unsaturated hydrocarbons held at or near liquid ni- 
trogen temperatures, as in the work of Klein and 
Scheer.2-s The number of reactions initiated at this 
temperature is reduced considerably when compared 
with the same reaction at ambient temperatures. Klein 
and Scheer have used the gas chromatographic tech- 
nique to study the reaction of these products after 
they have warmed to  room temperature and from 
these data have inferred some of the low-temperature 
hydrogen-olefin reactions. In numerous cases they 
have found that the radical disappears by disproportion- 
ation and dimerization reactions when the radicals 
are free to migrate as the compound is warmed. For 
some matrices, particularly propane, the radical is 
able to migrate even at 77°K. In most of these re- 
actions the initial step is the hydrogen addition to  the 
double bond. 

(1) R. Klein and M. D. Scheer, J.  Phys. Chem., 67, 1874 (1963). 
(2) R. Klein, M. D. Scheer, and R. Kelley, ibid., 68, 598 (1964). 
(3) R. Klein and M. D. Scheer, ibid., 66,2677 (1962). 
(4) R. Klein and M. D. Scheer, ibid., 65, 375 (1961). 
(5) R. Kein, M. D. Scheer, and J. G. Waller, ibid., 64, 1247 (1960). 
(6) R. Klein and M. D. Scheer, J .  Arner. Chem. Soc., 80, 1007 (1958). 
(7) R. Klein and M. D. Scheer, Prepr. Pap. In t .  Symp. Free Radicals, 

(8) R. Klein and M. D. Scheer, J .  Phys. Chem., 62, 1011 (1958). 
5th 1961, No. 34 (1961). 

In this experiment we have attempted to  observe 
by esr at 77°K the radicals produced in this initial 
reaction for both hydrogen and deuterium atom bom- 
bardment. Chachaty and Schmidtg and Forchioni 
and Chachaty'O also carried out this procedure for 
compounds such as allyl alcohol, ethanol, isopropyl 
alcohol, and 2-chloroethanol. Others have performed 
these studies with solids at ambient temperatures. l - I 3  

We have chosen to  examine the interaction of hydrogen 
atoms with ethylene, 1,2-butadiene, 1,3-butadiene, 
propyne, 1-butyne, benzene, and 1,4-cyclohexadiene. 

Experimental Section 
The gases used without purification in these determinations in- 

cluded Matheson ethylene (99.5 %), propyne (96 %), 1,3-butadiene 
(99.573, deuterium (98.0%), and hydrogen (99.9%). Three of the 
liquids used were 1,2-butadiene (95 %), 1-butyne (99.7 %), and 
1 ,Ccyclohexadiene (99 %), obtained from the Chemical Samples Co. 
The benzene used was Fisher ACS grade. 

The experimental apparatus used is shown in Figure 1. It is 
similar to that used by Chachaty and Schmidt. The volume of the 
dewar and gas handling system with the main stopcock to the pump 

(9) C. Chachaty and M. C. Schmidt, J .  Chim. Phys., 62, 527 (1965). 
(10) A. Forchioni and C. Chachaty, C. R.  Acad. Sci., Paris, Ser. C,  

(1 1) L. A. Wall and R. B. Ingalls, J .  Chem. Phys., 41, 11 12 (1964). 
(12) T. Cole and H. C. Heller, ibid., 42, 1668 (1965). 
(13) J. N. Herak and W. Gordy, Proc. Nut. Acad. Sci., 56, 1354 

264, 637 (1967). 

(1966). 
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