
FREE RADICALS BY MASS SPECTROMETRY 
VII. THE IONIZATION POTENTIALS OF ETHYL, ISOPROPYL, AND 

PROPARGYL RADICALS AND THE APPEARANCE POTENTIALS OF THE 
RADICAL IONS IN SOME DERIVATIVES' 

A B S T R A C T  

The ionization potentials of ethyl, isopropyl, and propargyl radicals have been 
measured by electron impact on radicals p rod~~ced  by thermal decomposition of 
appropriate compounds. The values are:ethyl8.78&0.05ev., isopropyl7.00f 0.05 
ev., and propargyl 8.2510.08 ev. Frorn the appearance potentials of these ions 
in various compounds, the following values of bond dissociation energies were 
obtained: 

D(C?IIb-H) = 9 8 . 5 f  2.3, D(s-C3H7-H) = 86.7f 2.3, 
D(s-C3H7-I) = 4 2 . 4 f  2.3, D(s-CaII7-Br) = 5 8 . 8 2 ~  2.3, 

D(S-C~H?-CI) = 73.3f 2.3, D ( C H .  C .  CIIz-I) = 45.713.2, 
D ( C H :  C .  CB,-Br) = 57 .9 f  3.2 lical./mole, assuming no kinetic energ). 

of the products. 

INTRODUCTION 

'The ionization potential of the ethyl radical was measured by Fraser and 
Jewitt (5) by directing a beam of ethyl radicals and other products from the 
decomposition of lead tetraethyl into an ionization gauge detector. They found 
I(CzH5) = 10 .6 f  0.8 ev., a value which was undoubtedly too high because 
of the presence of reaction products such as ethylene. Hipple and Stevenson (7) 
measured the ionization potential of the ethyl radical by electron impact on 
radicals produced by the thermal decomposition of lead tetraethyl in a quartz 
capillary furnace opening into the ionization chamber of a mass spectrometer. 
By this means they found I(CzH5) = 8 . 6 7 f  0.1 ev., a value which, taken in 
conjunction with the appearance potential of CzH5+ in the mass spectrum of 
ethane, 12.923~ 0.1 ev. (23), led to a dissociation energy of the C2H5-H bond 
of 4.25h0.2 ev. or 98 .0 f  4.6 Itcal./mole. This is in good agreement with the 
average electron impact value of 4.2031 0.04 ev. (96.9f  1 kcal./mole) recently 
quoted by Stevenson (21) and the value of 0 8 f 2  ltcal./mole obtained by 
photobromination (1). 

The ionization potential of the isopropyl radical has not previously been 
measured directly, but a value of 7.45f 0.1 ev. has been derived from the 
appearance potentials of C3H7+ in the mass spectra of isobutane, isopentane, 
and 2,3-dimethyl butane, the heats of formation of these con~pounds, and the 
bond dissociation energies of CH3-H and C2H5-H (20). This value, together 
with the appearance potential of the C3H7+ ion in the mass spectrum of pro- 
pane, 11.6731 0.1 ev. (24), leads t o  a dissociation energy for the s-C3H7-H 
bond of 4 .22 f  0.2 ev. ( 9 7 . 3 ~  4.6 ltcal./mole). This appears to  be high by  
comparison with Stevenson's electron impact average of 4 .09 f  0.09 ev. 
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(04.3&2 I~cal./n~ole) and with the Butler and Polanyi pyrolysis value of 
-89 kcal./mole (19). 

As far as  the authors are aware, no published measurements or predictions 
of the ionization potential of the propargyl radical (CHi C . CH?) have been 
made. The radical docs not appear to have been identified previously, although 
it has been suggested that its thermal stability might be high (27). 

Prodz~ction of the Radicals 
The fact that ethyl and isopropyl radicals are much less stable thermally 

than methyl, allyl, or benzyl radicals, whose ionization potentials were reported 
in an earlier paper (13)) required a modification of the reactor used previously. 
I11 a rcactor of the type described in earlier papers (14, 15) the residence time 
was sufficiently long to  allow the disappearance of an appreciable fraction of 
the radicals a t  the temperature ( 4 6 0 ° C . )  a t  which mercury diethyl or azo- 
isopropane decomposed. Although these radicals were found in considerable 
abundance under thcsc conditions (12), the presence of appreciable amounts 
of the decomposition, disproportionation, and combination products caused 
serious interference a t  the parent peal: of the radical. In order to reduce this 
interference a furnace was constructed in which the residence time would be 
shorter. This furnace was similar in design to  that used by Hipple and Steven- 
son (7) and consisted of a quartz tube of 1.5 mm. internal diameter surrounded 
a t  the end by a heater, 2 cm. in length, cut from tantalum sheet in the shape 
previously described (15). The heater was enclosed in a quartz sheath sealed 
to the eild of the quartz tube. A cylindrical radiation shield of Nichrome V 
surrounded the sheath. The furnace was mounted coaxially with the hole in 
the top plate of the ionization chamber, a t  a distance of about 1 mm. The 
compouncl was admitted to  the reactor through a molecular-flow leal: without 
the use of helium as a carrier. With this arrangement the pressure in the 
reactor was very loxv mm.) and second-order proclucts were consider- 
ably reduced. The dissociation products of the radicals were still present but 
in reduced amounts. 

(a) Ethyl Radicals 

The decon~position of mercury diethyl a t  about 800°C. gave rise to ethyl 
radicals, butane, ethane, ethylene, and hydrogen. A small amount of undccom- 
posed mercury diethyl was also present. Out of a c o ~ ~ ~ b i n e d  peal: height of 
497 cm. a t  Inass 29 using 50 ev. electrons, a net peak height of 249 cm. for the 
ethyl radical \vas obtained after subtraction of the contributions from ethane, 
butane, C1?Ct3H6, and mercury diethyl. The ratio of ethane to butane a t  
800°C. was 0.3G:l. This ratio of disproportionation (kl) to combination ( k ? )  
(0.36) is not greatly different fro111 that  found (kl/k2 = 0.1 to 0.3) a t  lower 
temperatures (2, 10). If significant, this result would suggest that 

EeomblnRtlon ' EdlsDroportionntlon. 
However, a t  the very low pressures involved mm.) it is questionable 
whether the ethane and butane arise from homogeneous disproportionation 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
 O

F 
W

IS
C

 M
A

D
IS

O
N

 o
n 

04
/3

0/
13

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



FARMER XKD LOSSISG: FREE RAD1C.-ILS 863 

and combination reactions rather than froill surface reactions. Some butane 
may also be formed directly froin mercury diethyl under these conditions. 

(b) Isopropyl Radicals 
As in the case of ethyl, the production of a high concentration of isopropyl 

radicals presented experirnental difficulties oxving to the thermal instability 
of the radicals. In the high pressure reactor, the decomposition of azoiso- 
propane in a stream of helium a t  6.5 mm. was almost complete a t  665°C. The 
increase in the mass 43 pcalr a t  low electron energies showed the isopropyl 
radical to be present. At this temperature some isopropyl radicals were 
decomposing, the products being propylene and hydrogen almost exclusively 
(12). By the use of a retractable furnace (9) in the high pressure reactor, the 
product of dimerization of the radicals was found to be mainly 2,3-dimethyl 
butane with a small amount of another hexane, possibly 2-methyl pentane, 
showing that the radicals were indeed isopropyl radicals. In the low pressure 
reactor, azoisopropane was 90% decomposed a t  655OC. At this temperature 
the mass 43 peak height was 1030 cm. After subtracting the coiltributions 
from 2,3-dimethyl butane, propane, and undecoinposed azoisopropane, a pealt 
height of 329 cm. for the isoprop).l radical remained. 

(c) n-Propyl Radicals 

Attempts to produce the n-propyl radical in quantities sufficient for ioniza- 
tion potential measurements were unsuccessful. The decoinposition of azo-n- 
propane a t  665OC. in the high pressure reactor resulted in the formation of 
methyl raclicals and ethylene in approxiinately equal amounts, together with 
nitrogen, n-hexane, propane, propylene, and some ethane formed from the 
combination of the inethyl radicals (12). The inode of decomposition of n.- 
propyl appears to be almost entirely by 

n-C3H? --t CH,+CeH, 
and not by 

~ c - C ~ H ?  + C3HG+H. 

This is in agreement with conclusions drawn from kinetic studies (19). 

(d) Profiargyl Radicals 

The decomposition of propargyl iodide a t  1000-llOO°C. in either the high- 
pressure or the low-pressure reactor resulted in a good yield of propargyl 
radicals. The dimer, 1,s-hexacliyne, ~ v a s  also formed. 

iI4easz~rement of the Ionization Potentials 

The method of calibrating the voltage scale using a number of standards 
was the same as that used previously (13). In this case the calibration line was 
found to have a slope of unity within the precision of measurement. Iirypton 
\\-as added to the gas stream as a reference standard, and the difference be- 
tween the appearance potential of the radical pea6 and the appearance poten- 
tial of the ltrypton mass 84 peak was determined by the methocl of extrapo- 
lated voltage differences (28). The net pealt height for the radical ion at 50 ev. 
was determined by subtracting the contributions from cliiners and other prod- 
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ucts as described above. Ionization efficiency curves for the radical ions from 
these products were measured to ensure that no contributions to the peaks 
could occur a t  the low electron energies a t  which the voltage difference 
measurements were made. The only correction of this kind found to be neces- 
sary was a small correction to  the krypton mass 84 peak as a result of the 
2,3-dimethyl butane formed from isopropyl radicals. This correction was 
evaluated from measurements of the mass 84 peak in the absence of lrryp- 
ton, other conditions being the same. 

Measurement of the Appearance Potentials 
As found by Stevenson and Hipple (23) a significant correction to the mass 

29 peak was required in the measurement of A(CzHb+) from ethane. The 
appearance potential of C2H4+ from ethane is appreciably lower than that of 
CzH5+ (23). Consequently the mass 28 peak is many times as high as the mass 
29 peak a t  electron energies a few volts above A(CzHS+). The isotopic 
C12CL3H4+ peak from CzH4+ was found to  account for almost one-third of the 
mass 29 pealr under these conditions. The  correction to  mass 29 was calculated 
from the natural abundance of C13 assuming that no difference in thc ionization 
efficiency curves of C1zC1zH4+ and Cl2CI3H4+ or in the ratio of formation of the 
ions would occur as a result of isotopic factors. This correction raised the 
observed value of A (C?HS+) by about 0.2 ev. as was fou~ld by Stevenson and 
Hipple (23). 

The ionization efficiency curves for A (CzHb+) from the halides showed 
curved 61" vs. I plots and the extrapolated values being apparently low by 
0.4 to 0.6 ev. are not reported here. The cause of this discrepancy is not obvious. 
I- ions from the iodide were found, but only to the extent of about one part in 
6000 of the C Z H ~ +  ion. This amount should not appreciably loxver the appear- 
ance potential, and in any case the ion may arise by a secondary process. The 
formation of ethyl radicals by pyrolysis on the filament followed by diffusion 
back into the ionization chamber would lo\ver the observed appearance 
potential. EIowcvcr, it is difficult to see, in view of the thermal instability of 
ethyl, why this effect should be larger than for the more stable methyl or ally1 
radicals. 

The appearance potential of the mass 39 ion from propyile ulas not measured 
since this ion may arise by two different processes 

CHiC.CH3+e --t CHiC.CH2++H+2e [:Ll 
CHIC. CE13+e --t Ci C .  CI-13++H+2e [2 1 

depending on which hydrog.cn atom is lost. In order to find out the extent to 
which process [2] occurs, the mass spectrum of a sample of CHIC.CD3, 
kindly prepared by Dr. L. C. Leitch, was examined. The isotopic purity of the 
sample was determined from the mass spectrum obtained with electrons of 
energy sufficient to  form the molecular ion but insufficient to  form dissociation 
products (25). As shown in Table I ,  the sample was about SOY0 CHiC .CD3.* 
In the 50-volt spectrum, after the parent ions have been subtracted in the 

*The  intprobable rearrange?~rent firodz~ct CD': C .  CD?H Y X L S  asszi7ned to be absent. 
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FARIVIER AND LOSSING: FREE RADIC.ILS 865 

ratio of their abundance, the fragment ion a t  mass 42 can arise only by 

CHiC.CDa+e -+ CiC.CDa++H+2e [3 1 
and that a t  mass 41 mainly by 

CHi C.CDa+e -+ CHiC .CDzf+D+2e [4 1 
with a small contribution from the impurity 

CHiC .CD2H+e -+ CHiC .CD2++H+2e. [;I 

TABLE I 
~ I A S S  SPECTRA OF TRIDEUTEROPROPYNE 

Peak height Peak height 
nilass a t  Mole a t  Parent Fragment 
No. low energy %A 50 ev. ions ions 

If the contribution from process [5] is ignored, the ratio H loss/D loss from 
I CHiC.CD3 is then 422/1413 = 0.30. It  is possible, however, to correct for 

I process [5] on the assumption that its probability is one half the sum of the 
probabilities of process [I] and process [2]. The contribution of process [5] 
to the mass 41 peak is then 376 X 4 X ratio inass 39/mass 40 in propyne 
(0.859). The fragment peak a t  mass 41 resulting from process [4] is then 
1413- (376 X + X 0.859) = 1252, and the corrected ratio of H loss/D loss is 

I 

422/1252 or 0.337. This is almost exactly $, suggesting that after a propyne 
molecule has been struclc by a 50-volt electron, the four hydrogens in the 
excited ion are equivalent and the loss of a hydrogen atom from either end 
occurs on a statistical basis. Unlortunately the isotopic purity of the sample 
was not sufficiently high to give appearance potentials for processes [3] and [4] 
free from interference. 

The same inherent ambiguity exists in the mass 43 peak from propane. I t  
has, however, been reported that this ion is mainly s-C3H7+ (18, 26). In addi- 
tion, it is possible to say that the process 

will have a lower appearance potential than the process 

C3Hs+e -+ n-C3H7++H+2e [71 

since (21) I(n-C3H7) > I(s-C3H7) and D(n-C3H7-H) > D(s-C3H7-H). In 
view of these considerations it is very probable that A (C3137+) corresponds to 
process [6] and that the derived dissociation energy can be assigned to the 
s-C3H7-H bond. 
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RESUL*TS AND DISCUSSION 

The  individual and average values obtained for the ionizatioii potentials 
of the three raclicals are given in Table 11, together with some measured and 
calc~ilatecl values from the literature. The  appearance potentials of the radical 
ions from the derivatives are given in Table 111. The  dissociation energies for 
the radical-atom bonds, derived on the assuniption that  no ltinetic energy 
term ih  involved, are also given in Table I11 for comparison with values from 
the literature. The  limits of error shown should be regarded as limits of pre- 
cision and not of absolute error. 

IOXIZATION POTENTlALS OP THE PREI: RADIC.1LS ETHYL,  ISOPROPYL, A X D  I'ROPARGYL 
- -- 

Ionization potential (ev.) 

Individual Literature 
Radical Source values Average value Method 

Ethy l  hlercury 8.80 
dietliyl 8.79 

8.76 8.7SZk0.05 8.67Zk0.1 Direct electron impact (7) 
8.78 

Isopropyl Azoisopropane 7.91 7 .4310 .1  A(s-C31-I~+) from isoalkanes (30) 
7.93 7.90Zk0.03 
7.88 7.73 Calculated 
7.90 7.81 Calculated 

(-1) 
(22) 

Propargp! Propargyl 
iodide 

Ethyl 
The  average value for the ionization potential of the ethyl radical, 8.78 
0.05 ev., agrees with that  of 8 . 6 7 f  0.1 ev., measured by Hipple and Steven- 

son, within the coillbined limits of error. The  appearance potential of C2Hj+ 
from ethane, 13.05f0.05 ev., lies within the estimated limits of error of the 
three previous measurements. Using the present clata for I (C2Hj)  and 
A (C2H5+), D(CnH5--H) = 4 .27 f  0.10 ev. (98 .5f  2.3 I<cal./mole). This result 
is perhaps just significantly higher than the average value from electron im- 
pact data  (21), and within the limits set by the photobronlination data ( I ) .  

As described above, the appearance potentials of the ethyl ion from the 
halides were anomalously low, and no reliable values for the dissociation ener- 
gies of the ethyl--halide bonds coulcl be obtainecl. I t  would be interesting to  
study the ionization efficiency curves for the ethyl ion from these compounds 
using soille means of detecting fine structure (3, 17). 

Isopropyl 

The  lneasurecl ionization potential of the isopropyl radical, 7 . 90 f  0.05 ev., 
is considerably higher than the 7 .43 f  0.1 ev. derived from the appearance 
potentials of s-C3Hi+ in the mass spectra of isoalltanes and from the relevant 
heats of formation (20). I t  is, in fact, very close to the 7 . 9 4 f  0.1 ev. clerived 
in the same way for the n-propyl radical (21). As clisc~~ssecl in a previous sec- 
tion, there appeared to  be 110 doubt of the identity of the isopropyl radical on 
the basis of the dimer formed. Even if some n-propyl radicals were initially 
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formed, they would decompose very rapidly a t  the temperature of the reactor 
as was found in the attempt to produce the n-propyl radical. With the present 
method of plotting the ionization efficiency curves, the measured ionization 
potential would be high if some contribution to  the 50 ev. peak a t  mass 43 had 
been neglected in calculating the net radical peak height a t  50 ev. A decrease 
of 10% in the net 50 ev. peak height would lower the ionization potential 
by only 0.05 ev. The four irldividual values for I(s-C3Hi) given in Table 111 
were obtained in two separate experiments separated by an  iilterval of a few 
days. 

The appearance potential of mass 43 from propane (1.1.664 0.05 ev.) is in 
good agreement with previously measured values (11, 16, 24). I-Iowever the 
value of D(s-C3H7-H) from the present data 

A(s-C3H7+) - I(s-C3H7) = 11.66-7.90 = 3 .76 f  0.10 ev., 
or 86.7f 2.3 kcal./mole, would appear to  be considerably too low by compari- 
son with the electron impact average of 94 .3 f  2 kcal. The  derived dissociation 
energies for the isopropyl-halide bonds also appear to be low, although the 
absence of reliable kinetic data for these bonds maltes con~parison difficult. 
The appearance potential data for the isopropyl ion would suggest that the 
measured ionization potential is too high by about 0.3 ev. I t  is interesting to 
note that two values of the ionization potential calculated by Franklin and 
Fielcl (4) (7.73 ev.) and by Stevenson (22) (7.81 ev.) on the basis of a siillplified 
molecular orbital method, both lie between the presently measured value and 
the average electron impact value. The calculated value of Franklin and Field, 
7.73 ev., was based on I(CH3) = 10.07 ev. and I(C2H5) = 8.67 ev., that of 
Stevenson on the later value for methyl I(CH3) = 9.96 ev. and I(C2Hj)  
= 8.67 ev. Using I(CH3) = 9.96 and I(C2Hj) = 8.78 as measured in this 
work, the same calculation of the ionization potential of the isopropyl radical 
gives 7.97 ev. In view of the assumptioils and simplifications necessary in 
such a calculation, it  is doubtful whether this result can be considered as 
support for the high value for ~ ( S - C ~ I - I ~ )  found here. I t  ~vould appear that 
further ~vorlr is necessary to  resolve the cliscrepancy. 

Propargyl 
The ionization potential of the ~ropargyl  radical, 8 .25~t0 .08  ev., is only 

slightly higher than the 8 .164 0.03 ev. founcl for the ally1 radical (13). This 
difference is considerably smaller than that between the ionization potentials 
of propyne ( 1 0 . 4 3 ~  0.1 ev.) (6) and propj-lene (9.84 ev.) (8). 

The dissociation energies of the propargyl-halide bonds are not lcnown from 
other sources for comparison purposes, but the derived values seem rather 
low in view of the high temperature requirecl to  dissociate propargyl iodide. 
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