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THE MASS SPECTRA OF LARGE MOLECULES 

II 

THE APPLICATION OF ABSOLUTE RATE THEORY 

by 

Henry M. Rosenstock, Austin L. Wahrhaftig and Henry eyring 

I. INTHODUCTION 

Studies of the interaction of electrons with.atoms and 

molecules have been of fundamental importance in the development 

of present day physical theories. The understanding of the effect 

of low-voltage electron ·bombardment on molecules, besides being of 

in.terest in its own right, has varied applications. It is of interest 

in connection with the general problem· of the effects of high-energy 

radi~tion on living systems where a great part of the d&~age is done 

by slow secondary electrons. The characteristic distribution o.f.. 

ionized fragments obtained from various large molecules by electron 

bombardment, the mass spectrum, has been developed into a highly 

useful analytical tool. 

Tbe mass spectrqmet:.er is an instrument well suited for fun

damental studies of the effects of electron bombardment. Experimen-

tally one can observe the effects of single electron impacts on sin

gle molecules insofar as they result in the formation of ionized frag

ments. One can measure the r~ative amounts of· various ions produced 

by bombarding a molecule with electro1:s of lmown voltage. 'rhis is 

termed the mass spectrum of a molecule . The minimum electron ener

gies necessary for the formation oî various- ions from a given mole--------
cule - the appearance potentials - can be measured vr.i.th good precision. 

r,- -· --·--
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These appearance potentials in conjunction with thermochemical data/ 

can be used to calculate bond energies and ionïzation potentials of 

both molecuies and free .radicals. 

The great versatility of the mass spectrorneter, however, 

is limited by the fact that it permits observation o?lY on charged 

fragments. The neutral particles formed along with ionized fragments 

during the spontaneous decomposition of a large molecule-ion cannot 

be directly observed. This limitation canin large measure be over- · 

corne by indirect considerations combining the observations obtained 

with a mass spectrometer with knowledge drawn from the fields of 

thermochemistry, quantum mechanics, molecular structure and reacti-
/ 

vity. Indeed, in its own way the mass spectrometer is as informative 

about ions as an optical spect,rometer ts about neutral particles. · 

In tha present report we shall review the evidence bearing 

on the hypothesis that the behavior of large molecules under electron 

impact is describable in terms of a q1tasi-equilibrium unimolecular 

rate theory. Following this, the theory wil::.. be applied to a dis eus-
~ 

sion of the breakdown processes oqcurring in normal and isobutane, 

to the unimolecular kinetics of the propane mass spectrum and to so.rne 

l:'ather specialized aspects of mass spectra, namely, temperature effects, 

isotope effects and metastable transiti)ns • 

" 
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II. FUNDAMENTAL CONSIDERATIONS 

The ionization and dissociation of diatomic molecules by 

olectron impact is well understood today. Hagstrum(l) has recently 

discussed in great detail the mass spectra of a mnnber of diatomic 

mole cules, explaining the formation of the several ions and their ~\J..r·· , ' ·, ~,~- ·. 
kinetic energies in terms of Franck-Condon transitions to the various , . .. ·: · · .~ i t,.r-,", \ ., • 

electronic states of the diatomic molecule-ions. Another discÜssion 

is that of Stevenson(2) who calculated the relative abundance ratios 

~ + ~ + . 
H/H2 and D/D2 in the mass spectra of hydrogen and deuterium, again 

using the picture of Franck-Condon transitions to knovn1 electronic 

states • 

~ ,. ~ .... -- ~ .. !'~ 

t~· .. -.· ~r ... ;.. ..... ...... \ . 
.. il.'"' ( 

Any discussion of the behavior of large polyatomic molecules 
• 

must be in accord with these discussions. The time of interaction of, 

say, a ten volt electron with a large· molecule is of the order of 10-l? ~ l,.J r 1 f 

seconds, This time is small enough compared ~lith the period of oscil-

lation of the nuclei to permit the application of the Franck-Condon 
~ - - ____ ., 

----· - . 
principle to the transitions caused by this inter'action. The vast dif-

'· --
ference in the nurnber and distribution of electronic states, however, 

makes any discussion in terms of transitions. to specified electronic 

states prohibitive, both from the standpoint of their great number and 

of our exceedingly scant knowledge concerning the states themselves. 

One m1.:st resort to a statistical treatment • 

l 

. l 
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The treatment presented here is ba.sed on a hypothesis first 

cx.pressed by Wallenstein and co-.;..workers (J) and later elaborated by 1> d: 1f 

Wallenstein. (4) The hypothesis is the following: 

Following vertical ionization, the molecule~ion has a certain 

amount of excitation energy in its electronic and vibrational degrees 

of freedom, referred to the minimum of its lowest electronic state. 

Most of the time, this excited molecule-ion does not decompose imme

diately, but rather• undergoes at least several vibrations. During these 

vibrations there is a high probability of radiationless transitions 
---------------·----~- ,ou ------- ---·-, . - - ---------- .. _,_____ ...... 

among the many potential surfaces for the molecule-ion, resulting in a 

distribution of the excitation energy in co~pletely ranàom fashion. 

Tl_le moleo:ule-i~:m deco_El:poses only when the n~clei are in the proper ~on

figurati_:::~ and a sufficient amount of vib~ational energy has concentra

ted in the necessary degrees of freedom. The fragrnents in turn may have 

sufficient energy to decompose through a similar sequence of events. 

Re'.3-rrangement of the _bo".lds, without dissociation, may also occur in the 

same fashion. 

Let us consider some of the arguments favoring the above 

hypothesis. 

On the contrary assumptiop that -the decomposition of the parent 

molecule-ion is determined by the location of a particular bond frorn 

which the electron is removed, a simple relation should exist between the 

relative abundance of certain product .i'ons and the num.ber of bonds 

" 
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available in the parent molecule-ion for this type of dissociation. For 
. + 

example, the relative amount of C H2 1 ions to total ions in a paraffin 
. n n+ 

hydrocarbon mass spectrum should be proportional to the r atio of C-H 

bonds to total bonds. 

in Table 1. 

This ·1s not the case, as may be seen from the da~ ~ 

~ ~ ;jt"/' 
t/. c-i~ . 

CH+ •' 

Table 1 

Molecule 

.Propane 

n-Butane 

n-Heptane 

C-H bonds 
total bonds 

o.ao 

0.77 

0.73 

n 2n+l 
total ionization 

0.08 

0.008 

0 .. 00002 

Moreover, many of the decompositions occurring in mass spectra require ,i , . , •.J: 
. ( 6 ) . ~\_,.,, 4--'-";, ( 

extensive rearrangements and rupture of several bonds. , 7 ~~/4~'.C-- ·~ 
{ ,. ',. );:· ,,. \ 

Further interesting. evidence is obtained from the 11total ioni- ~j~~-~·~;,,., 
~ Î.(" ..,J' ·, 

of a compound, i.e. the total amo1mt of ions formed by a gi ven 
? - -=:: --::=.--------=?....-""' 

zation 11 

;e~l~e~ct~r=on::::cu=~~r~L~n~t-~ ....... · assing through the compound under specified conditions. 

There is a tremendous variation in the breakdown patterns among various 

· f · ·t· (B, 9; io) b t th t t 1 . . ~· . isomers o a given composi ion, u e o a 1on1zav1on remnins 

remarkably constant, as shown in Table 2. 

Table 2 

H;ydrocarbon Number of Total ionizat i on {arbitrary units2 
Isomers Mean maximum mean 

value deviation dcviation 

C8Hl8 18 1.79 10% 3.5% 

C9H20 35 1.94 20 6.5 

C5H8 10* 1.03 7 4 

*including bath straight chain and ring isonters. 

" 

i}r' -;) ,~ . 
-S,o-lr. t ,,itv ~ l • ,. .. 

. 'l •/~\ .. _··, t 

-<-JJ,,.y'. ·.;.· 
t ~,,.,. .Y . . ~ ..... 
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This implies that the probability of removal of a valence elec-

tron is essentially independent of the orbital occupied by the electron. 

However, different orbitals will contribute in widely different. fashion 

to the strength of various bonds. Hence I we conçJude that _, af~_er _.f~rnta-- - -

tion but be~or~_!i~!~~~~~~;?,12 otJ:ht_i~:m .. ~h~!:~~Jt_~e Ma..Y..~Ei<::d, ~~!:~.!YL 

which the enèrgy is distributed throughout the ion.. / ---- -- ~ 
For the postulated mechanism of energy transfér it is necessary 

that the density of electronic states for the ion be such that there 

exista sufficient nurnber of crossings of the potential surfaces. Con-
. C, \~c/:. t ( t ... ,/r/-:.. ~, 

sider the propane 2:.9E. which has nineteen_b~ndin~ el~2~r~~§...· The number 
-=-

of states corresponding to this system of nineteen electrons all in their 

. / 19; r11) ground states 1s 2_,..,.,. . ' 
'--- . 

Many of these states are degenerate. The 
l 

number of different eigenvalues, aside from accidental degene~acy, is ) 

nl which for n = 19 is of the order of 105• These 

distinct eigenvalues ail lie in the range between zero, taken as the 

,, 
'-·' 

lowest state of the ion, and about one hu.ndred electroE volls, correspon

ding to the completely antibonding state of_J-he ion. This gives an average 
~ ---

spacing between states of about one millivolt, or eight wave numbers in ( 
1 

spectroscopie units. Overlapping these states there are a still larger 

number of states corresponding to the various excited states of the separa

ted atoms. The vibrational energy of such a mdlecule-ion at room tempera

ture is ol the order of one-half electron volt, many times larger than t't-;1v) 

the spacing between states. Since the potential surfaces will differ 

0 

l 

1 
1 

1 , 

- ,. , 
, ~' 1 

1 
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·rcatly in their dependence on nuclear coordinates, the necessary num
t, 

ber of crossings will surely exist. This is confirmed by the ultra

violet spectra of paraffin molecules. The spectra are continuous, in

dicatirtg large interactions among the various states • . (~
2

) ,. · 

A consequence of molecular-orbital theory for polyatomic mole

cules is that molecules or ions with a half-filled orbital are better 

described in terras of non-localize_d molecular orbitals extendiiï.g over 

the whole nuclear framework while molecules or ions containing only 

paired electrons are equally well described by non~localized molecular 

orbitals or by localized valenc~- orbitals. (lJ ,14-) Thus, a system with 

an un:eaired electron w~U. 2 in general, have not one much :,"eakened _bond 

but rather several bonds each weakened to a lesser extent. In particu-
......._ ...... ~ ~- .. _ ---

lar, the totality of electronic states will not divide into two groups, 

one completely attractive, the other strongly repulsive in at least one 

bond direction. Rather, there will be many states which are attractive· 

even though several antibonding electrons are present. In agreement 

· l 
j 

with this, mass spedra show J..il.,tle--e:v-i4€~gm-ents...aci.sj;og_,..;û:9.11L '--'"L...--t" 1-- " 
- ~ Î...-,.( 1: ,. 

strongly reJ2_uls i ve state.s._aru:Ls.a._haring.J.dnet..ic-energies _ of s~_ral_ ~((..,; ; "\a:, .. ,·· 

volts. This follows both from direct measurement/15) and from the -------symmetrical shape of the mass peaks , since mass peaks containing con-

tributions from ions with large kinetic energies show strong asyrnrnetry. 

Also, since mass spectrometers strongly discrimina te against ions having ,..Cw-1..·' 

appreciable kinetic ener~ (lb) the constancy of total· ionization for 

isomers. · mentioned previously_, indicates that rnost ions are formed 

,. 
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without appreciable kinetic energy. The alternative supposition, that 

i somers exhibiting great differences in breakdown patterns should have 

a similar distribution of ions with appreciable kinetic energy, is ex

tremely unlikely. The breakdown mechanism postulated in this discussion 
·-. -· ~ ·----..__ 

implies t.ha.Lt..11.e_ fragm~qt.ê__are formed with b~ small amounts of kinetic 

~perg,y cha~pt eris~ic of _reactions whose reverse reactions have heats of 

activation l ess than one electron volt. -- ._,__ _______ ---------
In view of the evidence presented above, the hypothesis under 

discussion appears to be a reasonable one. Further justification of 

the picture of mass spectra formed by quasi-equilibrium unimolecular 

decompositions of excited ions will be presented in the sections which 

follow • 

., 
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III. ENERGEI'ICS OF IONIZATION AND DISSOCIATION PROCESSES 

If the proposed picture of mass spectra formed by quasi

equilibrium unimolecular decompositions is valid, one may make the 

following assertions: 
+ 

Let the ion Z be formed through the unimolecul~r reaction 

+ y+ + + sequence X--~ ---z, where X is the parent molecule-ion. Let 

A(X), A(Y) and A(Z) be the appearance potentials of the respective ions, 

i.e. the minimum energy of bonibarding electrons at which these ions are 

formed in a mass spectrum. Then the differences A(Y) - A(X) and 

A(Z) - A(Y) are heats of activation for the processes X+---~ Y+ and 
+- - + ----y --z, respectively. This may be seen if we write down the most --genërâl equation for the energy quantities contained in an appea1•ance 

potential. (l?) For the ion P+ obtained by electron impact from the 

molecule P-Q, A(P) = D(P-Q) + Iz(P~) + ~(P+) + E(Q·GE(P-Q) where 
Î 

A( P) is the appearance potential of the §.' P +. 1 

D(P-Q) is the bond energy- P---Q. ~~ 
I~(P.) is the iopizati,pJLp.o.tential of the ra~ PGG 
E,P+) is the internal excitation energy plus kinètlc energy of the ion 

p+, and similarly for the other frainents. 
. + + + 

Consider now the reaction sequence (PQR )-(PQ ) + R• -~ P 

+ Q• + R·. The difference A(P) - A(PQ) becomes 

D(PQ-R) + D(P~Q-) + I (P•) + E(P+) + E(Q•) + E(R•) - E(PQR) 
z 

+ ' - [D(PQ-R) + I (PQ•) + E(PQ) + E(R•) - E(PQR)] 
z 

which simplifies to 

A(P) - A(PQ) = D(P-Q•) 

\ ... ~. 
+ E(Q•) - E(PQ). 

f 

------ ---· 

J 

--------~ 
~ ' 1 

r 
1 

. f°J I l J. > 

J ') 
' f ,:,) ' ' .I...~ ' . 

' .. ) ' / ,1. t,. • 

0 
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How, on the assurnption that in similar types of dissociation processes_, 

t.he internal excitation and kinetic energy terins are small and of the 

oatne order of magnitude, a difference in appearance potentials involves 

just bond dissociation energies ~d differences between ionization 

potentials. These differences are then just heats of reaction. The 

cancellation of internal excitation and kineti.c energy terms will in 

many cases not hold true because the dissociation involves passage over 

an energy barrier. Thus, more properly, a difference in appearance 

potentials is actually a heat of activation. 

An independent calculation of the heat of reaction can be made 

using only thermal data and ionization potentials. A comparison of the 

heat of activation determined from appearance potential differences with 

this heat of reaction will indicate whether or not the postulated reaction 

path is impossible (6~*< 6H), possible with perhaps some heat of activa

tion for the reverse process (.6H*~ 6H), or very unlikely (6H:;> Ml). 

Using these considerations, Wallenstein(4) discussed the mass 
. 

spectrum of ~ropane and was able to deduce the reactjon sequences invol-

ved in the formation of the principal ion peaks. The method has been 

cx:tended in this paper to a discussion of the mass spectra of normal 

butâne and isobutane. The data used are shown in the accompanying 

Tables 3, 4, 5, and 6. 

One qualifying statement must be made regarding the bond ener

gles in Table 5. Wallenstein( 4) f~und that there was a serious discre

pancy in the bond energies calculated from thermal data and from electron 

. l 
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lmp:ict data for t}}e series D(H-C2H
3

) , D(CH
3
-c2H

3
), D(C2H

5
-c2H

3
); 

u(c
2
H
3
-c2H

3
), D(C3H7--c2H3

)~ D(C2H
3

-CH(CH
3

)2) and D(C2H
3

- c
3
H

5
). · 

? ? 
/ 

1~e thermal values were all dependent on the value D(H-C2H
3

) while the 

olectron impact values were essentially independent of one another. 

Hccalculation of the thermal values using the value for D(H-C2H
3

) 

determined by _electron impact gave results for the other bond ener

gies essentially in agreement with those va.lues determined directly 

by electron impact. Moreover, the recalculated values gave good 

results for the calculations used in discussing the propane breakdovm 

pattern. The equally good agreement found here in connection with the 

butane and isobutane breakdown patterns points stron~ly to the need 

for a redeternrl.nation of D(H-C2H
3

) by thermal methods. 

Mcthane 

* Table 3 

Ionization Potentials 

300.7 1- Pentene 
Tetr deuteromethane 304.7 1-Hexene 
tthane 271.2 1-Heptene 
Propane 258.5 1-0ctene 
n-Butane 249.1 1-Decene 
n-Pentane 243.3 
n-Hexane 240. 5 cis- 2-Butene 
n-Heptane 238.7 trans-2-Butene 
n-Octane 236 .2 trans-2-Hexene 
n--Nonane 235.5 2-0ctene 
n-Decane 235.0 

2-Me-Propene 
Ethylene 244.9 3-Me-2-Butene 
Propylene 226.9 2-Et-1-Butene 
1-Butene 225.1 trans-3-Hexene 

Ionization Potentials of Radicals 

~:cthyl 232.2 :!:: 2.3 Ethyl 

1t 

. 222.8 
221.2 
220.0 
219.6 
219.3 

214.5 
2lh.O 
211.3 

·210.1 

215,6 
204.1 
212.4 
210.3 

(23) 

(24) 

200.0 + 2.3 

1'Jecept where otherwise noted, all energy quantities :.n this paper are 
given in kcal/mole . The numbers in parentheses refer to the biblio-
vr· phy at the end of the paper. 

<• 

y, 
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.. Ethane 
+ 

C2H6 
+ 

C2H5 
+ 

C2H4 + 
C2H3 

Pro:eane 
+ 

C3H8 + 
C3H7 + 
C2H5 

+ 
C2H4 
CH+ 

3 

Pro12ane 
.. + 

C3H8 + 
C3H7 + 
C3H6 

+ 
C3H5 

+ 
C3H4 

+ 
C3H3 

+ 
C2H5 

+ 
C2H4 + 
C2H3 + 
C2H2 

(7) 

268.9 + 2.3 

297.7 + 2.3 

280.4: 2.3 

349.9 ! 4. 6 

(18) 

· 258,j + 2.3 

269 .1 + 2.3 
281.6 + 2.3 

272.4:: 2.3 
392 · +45 

(19) 

2f,O. 6 + 6. 9 -
274.4 + 4.6 
283 . 7 + 6.9 

322.9 ! 6.9 

339.0 !23 
362.1 : 12 

283.7: 4.6 
281.4 : /+.6 -

350.6: 6.9 

332.1 :;:12 

(20) 

-12-

Table J±. 

tws,....,.__~-............. 

Appearance Potentials 

i-Butane 

i-Pentane 

(20) 

253,9 ! 2.3 

242.6 ! 2.3 

(20) 

250.0 ~ 2.3 
· 236.2: 2.3 

304.4 ! 4.6 

(20) 
neo_:Pentane 

237.3 + 2.3 

238.0 .: 2. 3 

( .20) 
2,3-di-I-1e-But ane 

248. 9 + 4.6 . 

226.9 ! 4.6 

(20) 
22 2-di-Me-Butane 

235.0 ~ 2.3 

214.5: 4.6 

(20) 
2, 2, 3--tri-Me-Buta.ne 

+ c
4

H
9 

232.?: 2,3 
c
4

H
8

+ 219.6 ! 4.6 

c
3
H
7

+ 273,1 ! ~.6 

0 
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n-Butane 
+ 

C 4-HlQ 
C4H9 + 
C3H7+ 
C3H6 + 
C3H5+ 
C2H5 + 
C2H4 + 
C2H3 
CH+ 

3 

Propylene 

(?) 

240.1:: 2.3 
278.4 + 6.9 

258.5:: 2.3 

253.9:: 2.3 
303.5:: 2.3 

279°3 _: 2.3 
266.6:: 2.3 
326.8:: 6.9 
460 +46 

(21) 

(18) 

225.1 _: 2.3 
275.8 _: 2.3 

(19) 
Propylene 

Allene 
+ 

C3H4 
+ 

C3H3 
+ 

C3H2 

230.6 ~ 4.6 
272.1·+ 4.6 
286.0 + 6.9 

325.2: 4.6 
345.9 +23 

334.4.: 6.9 
322.9 :12 

(19) 

228.3:: 4.6 
288.3:: 4.6 
325.2:: 4.6 

-13-

Appearance Potentials 2 cont 1d, 

i-Butane 

Butene-1 
+ 

_CL H8 ~ + 
C4H7 + 
C3H5 

+ 
C3HL 

~+ 
C3H3 

+ 
C2H5 

+ 
c2HJ 
CH

3 

( 7) 

2L~O. l :: 2. 3 

266.8 + 6.9 

253.9:: 2.3 

249.3:: 2.3 
313.9 _: 2.3 

294-5.:: 4.6 
278.4:: 4.6 
338.3 + 6.9 

· 460 ::46 

(22) 

222.6,: 2.3 

255,3,: 2.3 
268.7:: 2.3 ,. 

269. 8 :: L~. 6 
318.3 _: 4.6 
276.1 _: 2.3 

313.7:: 6.9 
460 :_45 

(18) 
Isobut;ylene 

.. , + 
204.3 + 2-.3-. C4H8 : ·_. 

+ 26i:i + 2:3 C4H7. . + 
26 5: 5 -~ 2: 3 C3H5 :-

-+ 
268:0 ~ 2:3 C3H4 . 

' + 
327;5 ±.l2" CJH'.3" ·· 

+ 
346 C2H5 _:23 

' + 
279 +12 C2H4 

,t. 

c-2f13 - 350 +12 --
.. 

l 
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Table 5 (25) 

• Bond Energies 

H-CH3 
102 C2H3-C3H3 78.2 

~~ 

l!-Ci15 97.5 C2H3-C3H7 75.5 
~-

-~ 
H-C3H7 · 95.5 c2H

3
-CH(CH

3
)2 72.7 

H-.CH( CH3) 2 90.8 . C2H3-C2H5 57.1* 

* H-C2H3 
91.1 

H-C3H5 78 . .C3~-C3H7 77.4 

H-C(CH3)3 
86.5 c

3
H
7

-CH(CH
3

)2 74.4 
-~~*" 

H-sec-C1+ H9 88 (CH
3

)2CH-CH(CH
3

)2 70.5 
~,~-

H-C4H9 93 (CH
3

)
3

C-CH(CH
3

)2 66.o 

_cH
3
-cH3 

84.4 C3H5-C3H5 41.0 

c»
3
-c2H5 

.. 
79.2 C3H5-C3H7 59.6 

CH
3
-c3H7 

80.6 c
3
H5-CH(GH3)2 56.6 

CH
3

-CH(CH
3

)2 77.5 
-)(-

CH
3
-c2H3 79.0 C(CH

3
)
3
-c (cH

3
)
3 

60.1 

CH
3
-c

3
H5 62.7 

CH
3
-c(cH

3
)
3 

'/4.8 Cl-c
3
H7 77~4 

Cl-C(CH)J 74.7 
• c2HçC2H5 80.4 

C2H5-C3H7 79.2 H-CH 2 88.6 

C2H5-cH(cH
3

)2 76.2 
-~ * C2H5-C2H3 76 .8 Values recalculated by 

C2H5-C3H5 . 61.2 Wallenstein. (4) 
~-X-c2H

5
-c(cH

3
)
3 

72.7 Estimated in this report. 

Table 6 

Standard Heats of Formation 

CH
4 · ·-l 7 .889 C2H4 12.496 

C2H6 -20.236 C3H6 4.8?9 

C3H8 -24.820 l-C
4
H8 0.280 

n-C4Hl0 -29,812 i-C
4
H8 -3-343 

i-C4\o -31.1+52 
Y . 

" 
i - C5Hl2 -36.92 CH2CCH2 45.920 

neo-c
5
H12 -39,67 

,. ,, 
See reference (27). 

0 
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We now discuss the various ionic decomposition reactions 

which produce the mass spectra of normal butane and of isobutane. r 
The appearance potential of this ion in both mass spectra -

corresponds to the vertical ionization potential. Stevenson(?) reports 

the value 240.1 kcal/mole for both ionization potentials. The equality 

in values is surprising, as one would expect the- normal butane rnolecule 

to have a somewhat higher ionization potential. We shall hence use the 

values I/n-c
4 
\o) ·= 249.1 and I/i-c

4 
\o) "" 240.1, where the former 

value is that of Honig. (23) 

C4H9 
+ 

We consider first the ion formèd from isobutane. Combining 

its appearance potential with the appropriate tert-C-H bond energy one 

can calculate an ionization potential for the tert-butyl radical 

86.5 
t-Bu• + H• 

-,. l I z =180, 3 ( cal cd) 

+ t-Bu + H• · 

The same ionization potential may be calculated from the 

f ollowing molecult;!S: • 
. x""\ 

Molecule 

2,2-di-Me-Propane 
2,2-di-Me-Butane 
2,2,3-tri-Me-Butane 
2,2,3,3-tetra-Me-

Butane 
tert-Bu-Chloride 

,/ lv't.. Table 7 

A(C
4

H
9

) 

237.3 
235.0· 
232.7 
225.8 

236.9 

Q,~-~ 

V( ,r ) .D R-C4H
9 

74.8 
72.7 
66.0 
60.1 

74.7 

.. 

/~ 
~ 

, \. 
?) 

;;.,-, ' 

Iz(c4H
9

) (calcd.) 

"162.5 
162.3 
166.7 
165.7 

162.2 

l; 
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The lattér calculations giv,e an average value of 

~
I (tert-Bu) = 163.9 + 1.9 kcal/mole 

z -

Combining this value with the appropriate thermal data and 

-'-----------ionization potential, we can calculate a heat of reaction in the ionic 

ste.te 

-----

I = 240.1 
z 

i-C4Hl0 

y 

i-C
4

H1; 

-
D( tert-Bu-..:-H) 

86 .5 

L\H = 10.3 

(calcd.) 

tert-Bu• + H~ 

I = 163.9 z 

tert-Bu 
+ 

+ H 

Using the actual appear&nce potential, we can calculate a 

heat of activation in the ionic state 

i-C4 HlO 

A(X) = 266.8 

I = 240.1 z 

i-C4H10 
+ 

i + 
tert-Bu 

... 
-r 

L\H = 26.7 (calcd. ) 

+ H• 

1 

We have then an energy of activation for the reverse process-

+ . + /. formation of i-C
4

H10 from tert-Bu and H•- of 26.7 - 10.3 = 16.4 kcaJ,mole. 

The significance of activation energies for reverse processes 

will be discussed in more detail in Section IV of this report. 

The nature of the butyl ion formed from n-butane can unfortunately 

not be dis~ussed in terms of comparison of calculated ionization potentials 

for radicals. However, isotope effect studies indicate that it is probably 

a sec-butyl ion. (28 ) On this assump,~ion one can make a rough calculation of 

- -1,he ionization potential of the sec-butyl radical as follows: 
i!-
The+ values in this section are mean deviations. 

" 

1 
1 . 

f 
f 
L 
t; 

1 , 

1 
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f'rom the table of bond energies, one can estiJnate the datwnn D(sec-Bu---H) 
I"-'/ 'l,, l Wt~ . ~. 

t,o be about 88 kcal/mole. Combining this with A(butyl) gives Iz(sec- Bu) A=-

about 190 kèal/mole. Assuming the ion to be a primary one instead, on 

could estimate th([corresponding bond energy to be perhaps . 5 kcal higher 

snd calculate I (n-Bu) about 185 kcal/mole. On the basis of the isotope z 

studies the evidence is somewhat in favor of the sec-Butyl ion. We 

then the heat of activation calculate 

A(sec-Bu) -8 \ 38.2 kcal./mole. 

There are not enough independent thermal data for a calcula-

tion of the heat of reaction. 

----------- . (. 

The propyl ions are the principal ions forms0. in very many mass 

spectra. On the basis of an ionization potential anomaly, their great 

abundance in mass spectra ex~epting that of propane, and an interesting 

possibility regarding an unusual hydrogen-bridged symmetrical primary

ion structure with much resonance stabilizationJ Wallenstein (4) proposed 

the structure + 

for this ion in the propane mass spectrum. Since that time, some more 

material has àppeared in the literature having a bearing on this -:.1.uestion. 

We shall here review the present status of the structure of the propyl 

ion . With regard to the ionization potential anomaly, we can now calcu

late a number of new ionization potentials of both primary a:!1.d secondary 

propyl 1.ons from appearance potentials and bond energies. we · assume 
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throughout that the ion has the structure resulting from a simple bond 

break with no concurrent or subsequent rearrangement. We have then 

Table 8 

1-(olecule A(C
3
H
7

) D(C H ---R) I Structure · 3 7 · z 

n-Pr-Chloride 256.0 77.4 178,6 primary 
n-Butane 258.5 80.6 177.9 primary 

i-Butane 253.9 . 77.5 176.4 secondary 
i-Pentane 250.0 76.2 173.8 secondary 
2,3-di-Me-Butane 24EL9 70.5 17éL4. secondary 

If we now calculate Iz(c
3
~) from the propane appearance potential 

(Delfosse(l9)) we get, using the two possible bond energies, 

Or, using 

D(?
3

H7--H) = 95.5 
D(i-C

3
H
7

- -H) = 90.8 
I = 178,9 primary 

z I = 183.6 secondary 
z 

stevenson 1s(l8) value, A(c
3

H
7

) = 269.1, we get ïz c 173.6 

primary or I = 178.3 secondary. It is evident that no clearcut decision z 

can be reached on the basis of these calculations, especially since neither 

Stevenson' s nor Delfosse I s data seem more reliable, one than the other. 

Now, still assuming no rearrangement, we can calculate average ionization 

potentials from the above data, omitting the calculation based on propane, 

getting 

I = 178. 3 kcaly primary 
.z: 

I = 176.2, secondary 
z 

Further evidence cornes from isotope studies. Comparing the 

mas s spectra of various monodeuterated propanes with those of ordinary 

propane, Stevenson and Wagner (28 ) concluded that with 75 volt bombarding 

clectrons . the probability of removing a secondary hydrogen from propane 

is four times that of removing a primary hydrogen. This, then, favors 

the secondary ion structure. 

" 
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· If one compares the ionization potentials of various alkyl_, 

radicals, we have the series 

Methyl 
Ethyl 

n-Bu.tyl 

232.2 
200.0 

185 + 5 

Experimental 
Ex.perimental 

Estimated,. 

It is evident that both propyl ionization potentials are too low to fit 

into this series. Assuming that the decrease in ionization potential i~ 

due entirely to the _ inductive-effect stabilization of the radicals, one 

would expect a continuous series with no abnormally 'low propyl ioniza

tion potential. 

An interesting approach is that of Halpern, ( 29 ) who has briefly 

discussed resonance enei·gies of gaseous carbonium ions. Ascribing the 

difference in similar bond dissociation energies to the difference in re

sonance stabilization of the fragments, he sets up zero levels usj_ng 

D(CH
3
---H) and D(CH

3
---H); and with them calculates the resonance ener-

gies of hydrocarbon radicals and carbonium ions. The basic assumP-tion ---
i n his discussion is that the methyl radjcal and methyl ion have no re-

------ - . -::;:-<-... 
sonance stabilization. The resonance energies are .defined by the equations ---

R(R•) ~ D(CH3---H) - D(R---H) for radicals, and 

R(R+) = I/CH3c) - I/R~) + R(R•) for ions. 

Uaing these equations, he calculates resonance energies 

propyl 
allyl 

radical 

6 
24 

ion 

59 
58 

kcal/mole 
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These quantities are then related to the st~1ctures 
H• 

CH -CH-CH - CH -CH=CH 3 2 2 .:J_,...
8
-.-2 ___ ./ 

CH --CH-êH - CH -r.H=CH 3 2 2 3 =F 2 

for thè propyl radical and ion, respectively, and 

CH
2

=CH
2
-cH

2 
_,_ CH

2
-CH=CH

2 

CH =CH -ÔH - CH -CH=CH 2 2 2 2 2 
1 for the allyl radical and ion • . Halpern then remarks that the ~-conju~ , 

tion energy i ·s greater in unsaturated radicals than in s·atura.ted .. ones ---but apparently egually effective in the corresponding ions. 

It appears to the present writers that, firstly, t.hesë defini

tions of resonance energies are quite reasonable. Furthermore, the dii'

ference in ~-conjugation energies between saturated and unsaturated 

radicals as shown above are real and understandable in simple terms of 

number of equivalent resonating forms, none in the case of the satura

ted radical and two in the case of the unsaturated one. Insofar as the 

ionic forms are concerned, the resonance energy of the propyl ion should 

become comparable again to that of the allyl ion in the case of the 

hydrogen-bridged structure postuJated earlier for the primary proprl ion, 

but the similarity is hard to understanè-. in terras of the conventional 

structure proposed above. Th?-s, then, seems to support the hydrogen-

bridged propyl structure and makes the low ionization potential under

standable in relation to other ionic structures. 

One .further point of intc,rest is the similarity of the hyd:r-o

gen-bridged structure to 11 protonated double-bond" structures which are 

currently being considered for the hydrides of boron. (JO) 

c, 
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It would appear then that the structure: of the propyl ion is 

far from settled yet. In later calculations on the propane mass spec- · 

trwn we shall use both structures. Regarding the structure of the 

propyl ion j_n the butanes, the simplest assun1ption to be made here is 

that the structure is that obtained by a simple bond break. This then 

gives a primary ion from n-butane and a secondary ion from isobutane, 

The heats of activation are, r~spectively, 

A(X)=240.l 
i-C4Hl0-----~ i-C4Hl0+ 

A(X)=253.9 

A(X)=249.l 
n-C41,_o 

! 

A(X)=258;5 

l 6HI =13.8 

i-C
3

H
7

+ + CH
3 

n-C4Hl0 
+ 

l 6fff =9:4 

+ n-c
3

H
7 

+ CH
3 

(calcd.) 
-----=-

(calcd.: ) 

and the heats of reaction 

and 

i-C41,_o 

Iz=240.l 1 
i-C4Hl0+ 

77.5 
i-c3HT 

. l:IH=l3. 6 ! 
- i-C3H7 + 

(cal.cd.) 

80.6 

The agreement is quite good. 

+ CH
3

• 

I =176,2 
z 

+ CH
3

• 

+ CH
3

• 

I =178.3 z 

7 
1 

The asswnption that the structure of the propyl ion is deter

mined by a simple bond break may be examined in still another fashion • 

.. 

i' 
' 

j 
t 

1 
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[lclow are listed a number of hydrocarbons which can forma primary or 

a secondary propyl ion, respectively. It is reasonable to assume that 

the amount of possible fragments which can be fonned from propyl ion 

will be formed to a different extent from the two possible propyl struc

tures. Hence one would expect differences in abundance of mass 43, 39, 

37, 29, 27 and 25 between the two classes of compounds. In Table 9 are 

shown the relative abundances of propyl ions , (mass 43), of a number of 

smaller ions (41, and 39) whose origin is probably the propyl ion and 

several other ions (29, 28, 27, and 26) w0ose rate of formation is pro

bably affected by competition f,rom the formation of propyl ions. (It 

is implied here that the rates of formation of primary and secondary 

propyl ions are different.) In interpreting the results it is assumed 

that the normal hydrocarbons give rise to primary propyl ions 'Wb.ile 

the 2-methyl-substituted hydrocarbons give rise to secondary propyl ions • 

0 

" 
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.. Table 9 (31) 

Relative Abundance of a Number of .Mass Peaks 
in Hydrocarbons Bombarded with 75 Volt Electrons 

Molecule 26 n_ 2.§__ 29 29 41 !J-,2 li2 
l 
1 

n-C4tS_o 6.17 37~1 32.6 · 44.2 12.5 27.8 12.2 100 l 
' 

n-C5Hl2 3.30 34.6 6.0 ?.4.4 14.2 40.5 57.9 100 

n-C6tS_4 5.20 53.113.~ 63.1 24.1 74.0 40.li, 81.5 7 
~ 

n-C78:i_6 3.22 39.3 7.8 46.0 18.8 51.9 24.1 100 

n-C8Hl8 1.94 29.2 6.3 34.5 13.5 38.l 15.6 100 

n-C9H20 1.53 29.1 6.o 36.7 12.9 40.5 15.6 100 

n-ClOH22 1.27 28.0 5.8 38.0 12c7 43.4 16.8 100 

11 n-CllH24 1.38 28~6 5.7 41.0 12.0 45.1 15.7 100 

n-Cl2H26 1.12 25.9 4.5 41.0 ll.O 46.7 15.1 100 

' 12.6 16.2 n-Cl3H28 0.92 27.2 3.9 49.2 51.9 100 

2-Me-Propane 2.36 27 .8 2.6 6.2 16.5 38,1 33.5 100 · 

2-Me-Butane 4.11 42.2 6.2 45.7 21.5 67.3 86.o 100 

2-Me-Pen t ane · 2.17 27.5 3-h 17.6 16.9 31.s 53.3 100 i 
2-Me-Hexane 1.85 27.0 5.5 ·23.9 15,0 36.7 38.0 100 

2-Me-Heptane 1.55 28.1 4.5 27.5 15.3 38.l 41.7 100 

2-Me-Octane 0.80 21.1 4.0 23.1 10.7 34.2 27.5 100 

2-Me-Nonane · 1.21 27.0 5.0 29.6 13.6 42.6 27,7 100 -

Clearly there is some differentiation among the two groups 

evident in masses 27, 29, 39, 41 and 42. This supports the contention 

• that ·the propyl ion structure is determined by a simple bond break • 

.. 

0 
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The propylene ion is formed from both butanes by the loss of 

a methane molecule. Using ionization poténtials we can calculate the 

heat of reaction in n-butane: 

16.8 

and using appearance potential differences we calculate 

activation in the ionic state 

hea.t of 

A(c3H6) - A(n-c411_0) = 253.9 - 249.1 = 4-~cal/mol\ · f 
The difference between the two quantitie~al/ mole, is ?' 

assigned to the heat Of activation for the reverse reaction. "~. ~· - '(- ), '-\) j 

and 

Similarly, for isobutane we calcula.te 

i-C4Hl0 
thermal 

I =240.1 1 
z t -t.H::5.2 

• H_ + 
1-C4·-io > 

(calcd.) 

I =226.9 · z 

A(C
3

H6) - A(i- C
4

H10) = 242.6 - 240.1 = 2.5 kcal/mole. 

It would appear that in tl'i±s case · there is no heat of activa

tion for the reverse process, but rather agreement with thermal data to 

within three kcal. One could get a somewhat dif.ferent result by using 
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Stevenson' s old value A( C}I6) = 249. 3, gi ving a heat of activation for 

the reverse process of 4.0 kcal/mole. This seems somewhat more reason

able, as the. later discussion of activation heats will show. 

C3H5 
+ 

The ionization potential for this radical may be calculated 

from the two values for A(C
3

H5) in the propylene ~ass spectrum obtained 

by Delfosse and Bleakney (l 9) and by Stevenson and Hipple (lB) and from /i /' ( S /1/) ? 1 

A(c
3
H
5
) in the 1-butene mass spectrum. (22 ) Combining these with the <C:"- 1 

! 
1 

appropriate bond energies we get the values 

272.1 78.0 = 194.1 

275.8 78.0 = 197.8 199.3 + 4.5 

268.7 62.7 = 206.0 

There are three possible modes of formation of the allyl ion 

in the n-butane mass spectrum. Using the appropriate appearance poten

tials we can calculate possible heats of activation • 

+ sec-c
4

H
9

-:,.. 

n-C
3

H
7 

+ 

+ 
C3H6 . > 

.t.H f = 25 .1 kcal/mole 

.t.H"f= 45 .0 

.t.Hi = 49. 5 

The heats of reaction for these processes can be calculated 
. 

using the appropriate bond energies, ionization potentials and heats 

of formation. 
88.0 6.8 

.. 

+ H + CH
4 

I ==199.3 z 

l 
1 
f 
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This indicates that the r eaction is energetlcall y possible 

with an activation heat of 9.0 kcal for the reverse process. However, 

one notes that this reaction would be accompanied by extensive rear- -~~ 

rangement; this, in terms of kinetics, would decrease its probability. _.::----

For the second possibility one can get a direct comparison 
If:\._~ ---- . 

by assuming that the propyl iont.:/ropane is a primary one. Then the 

difference in appearance potentials should give the same heat or 

activation. 

A(C
3

H
5

) - A(c
3

H
7

) = 322.9 - 274.4 = 48.5 kcal/mole. 

This compares very favorably with the heat of activation cal

culated directly in the n-butane mass spectrum. We can also calculate 

a heat of reaction using the Iz(n-c
3
u

7
) calculated on page 18 and 

Iz(C3H5): 

12.2 
n-C

3
H
7 C3H5 + H2 

I = 178,3 ! flH=33. 2 t I = 199.3 z z . ·-+ . + 
n-c

3
H

7 (calcd. ) 
C3H5 + H2 

This then l eaves 11.8 .kcal/mole to be assigned to a heat 

activation for adding a hydrogen molecule ontn an allyl ion. 

For the third possibility one can make a direct comparison 

with heats of activation calculated from the propylene mass spectru.m. 

There are two sets of appearance potentials. 

bHf = A(C
3
H

5
) A(C

3
H
6

) = 50,7 (Stevenson(lB)) 

bH. "" A( c
3

H
5

) A( c
3

H
6

) = l+l. 5 (:ôelfosse (l 9)) 

The agreement between these two sets of values is not very good. 

" 
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A heat of reaction can also be calculated from thè cycle 

78.0 
C3H6 C3H5 + H• 

I =226.9 t { I =199.3 z t.H=-50.4 
z . 

+ C Ht + H, -, 1 · " C3H6 
(c~lcd.) 3 5 , · 

') # ') // ,_ 

Bath Stevenson 1 s value for t.Hf·and the t.H* calculated for this reaction 

in n-butane are in good agreement with the thermal calculation. They 

indicate ess entially no heat of activat'ion is associated with the reac

tion involving the addition of a hydrogen atom onto a C~H
5
+ ion, which 

:> -

is to be expected. Delfosse's t.H* is probably in error. 

of this 

In summary, ail three modes of ~orrnation of c
3
H; are possible. 

In isobutane thc:re are also three possible modes of formation 

ion: 

+ + 
+ CH

4 * tert-c
4 

H
9 ::,,-C3H5 t.H = 47.1 

• + + t i-c
3
H7 C3H5 + H2 t.H = 60.0 

+ 
C3H6 

+ 
C3H5 + H t.H:t= = 64.6 

The heat of reaction for the first reaction can be calcula-

ted from the cycle 

9.9 tertT¾ ;.-C3H5 + CH
4 

I =163.9 ! I =199.3 
z 45.;, . 

z 
+ + 

tert-c
4

H
9 (calcd.) 

C3H5 + Cl\ 

which is in good agreement with the heat of activation. This is rather 

surprising since one would expect some heat of activat ion for the r everse 

" 
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reaction, of the order of ten kcal. We conclu.de that this mode of 

formation is energetically poss ible. 

For the second reaction,the heat of reaction is 

16.,9 
i-C

3
H7 )1,, C3H5 + H2 

Iz=l76.2 t ! I ==199.3 
40.0 . z 

i-c3H; 
+ 

(calcd.) 
C3H5 + H2 

This then leaves 20.0 kcal/~ole to be assigned to a heat of activa

tion ·for the reverse process. 

The heat of reaction for the third reaction has already been 

calculated to be 50.4 kcal/mole. This would leave 14.2 kcal/mole to be 

assigned ·to a heat of activation for the reverse reaction. This is 

rather high, but the reaction must still be regarded as energetically 

possible. 

C2H5 
+ 

This ion is obtained from n-butane by a simple C-C bond break. 

The heat of reaction is given by the cycle, 

ao.4 
n-C4Hl0 C2H5 + C2H5 

Iz=249,l t ! I ==200.0 z 
31.3 + + 

n-C48:J.o 
(calcd. ) 

C2H5 + C2H5 

and the heat of activati~n by the difference in appearance potentials 

., 
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We not e here that we have used Honig' s 

The di scussion on page 15 gave indication 

that Stevenson's value(?) was in error. However, either choice of 

A(n-c
4

H10) would have given equally good agreement between the heat 

of reaction and the heat of activationo The present writers feel 

that Honig 1 s value is probably the better absolute value. 

The mode of formation of c2H
5 

+ in the isobutane mass spec-

trum is rather more complex. On the assumption that this ion is formed 

by the loss of a methylene radical from a propyl ion, we c?lculate the 

heat of reaction; 

79.2 
CHJCH2CH

3 
::> CH

3 
CH2 + CH

3 

95.5 i ~ 88.6 
72.3 

CH
3

cH2cH2 
+H CH3CH2 + CH2 

+ H 
( cal cd.) I =178 .3 i + 

i Iz=200.0 z 
94.0 

1 + . 
CH

3
CH2cH

2 
+H CH1 CH

2 
+ CH

2
+ H 

(calcd.) .,, 

Experiment ally, we have the possible heat of activation for this process , 

.l\H = A(C2H5) - A(C
3

H
7

) = 2~4--5 - 253.9 = 40.6 kcal/mole. The nifference 

is much too large, even admitting the possibility of some additional ener

gy required in the isomerization of secondary to primary propyl iôns. We 

conclude that this reaction path is impossible. 

In a similar fashion one can show that this ion is not formed 

from any other primary ions resulting from the decomposition of j_sohutane 

ions. The one remairùng possibility invôlVes a rearrangement of the 
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isobutane ion. + The heat of reaction for the forma.tien of c
2
H

5 
directly 

from isobutane ions may be calculated from the cycle: 

i-C4~0 

I =240.1 t· 
z . 

• H_ + 
i-C4--i.o 

1.6 

liH=l0.6 

( calcd.) . 

combined with the previously calculated heat of reaction for the process 

+ 
> C2H5 + 

. . + 
i-C4f\o 

c
2
H
5

• , where LiH=Jl.3 k_cal/mole. This_ gives 

C2H
5

+ + c2H
5 

• .6H=4l.9 (calcd.). Comparihg 

this to the heat of activation determined directly from the appropriate 

appearance potentials, l.\H=f= A(C2H
5

) ·_ À(i-C
4
H10) = 294.5 - 240.1"" 54,4 

we conclude that there is a heat of activation of 12.5 kcal associated 

with the process corresponding to the reverse of the rearrangement • 

Isotope studies with labeled isobutane of the composition 

show that appreciable amounts of heavy ethyl ions are formed~ 32) This 

is strong support for the rearrangement proposed here on strictly ener

getic grounds. 

+ 
·C2H4 . 

For n-butane the lowest energy process possible is: 

0 
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22.1 
n-C48io C H + 

2 4 C2H6 

I =249.1 l 1 I =244.9 z z 

bH=<J,.7. 9 . + + 
n-:C4Hl0 

( calcd.) 
., C2H4 + C2H6 

The heat of activation from appearance potentials is 

A(C2H
4

) - A(n-C
4

\ 0) = 266.6 -· 249.1 = 17.5 kcal/mole. The 

agreement between the two quantities is excellent. 

The difference in appearance potentials for isobutane 

indicates that a rearrangement may occur here also. Combining the pre

viously calculated heat of rearrangement with the heat of reaction for 

n-butane gives .6H=l0.6 + 17.9 = 28.5. On this ass-~1-.mption one i s left 

with 9.7 kcal/mole to be assigned to a heat of activation for the re

verse process. This compdres fD.vorabJe with the previously calcuJ.ated 

heat of 12.5. + 
We conclude then that the formation of c2H

4 
in i -butane 

is also accompanied by a rearrangement. Isotope studies also support 

this proposed mechanism.(32) 

C2H3 
+ 

Wallenstein( 4) calc':1ated I/C2H
3

) to be 236.2 kcal/mole. 

The present writers feel that several values ought to be consiciered. 

Molecule 

Ethane 
Propylene 
Propylene 
1-Butene 
1-Butene 
Ethylene 
Ethylene 

Table 10 
Calculated Values of 

A(C
2

H
3
) 

349.9 
314.4 
334.4 
313.7 
283.6 
327.6 
321.1 

*Used in Wallenstein 1s calculation (4). 

I/C2H) 
Iz(C2H) 
226.1 
235. Jl~ 
255.3 
236. 91~ 

206.9 
236.5* 
230. 5 

0 

Reference 
(7) 

(33) 
(19) 
(22) 
(33 ) 
(34) 
(33) 
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These give an average value I = 233.1 + 9.6. · 
z 

_Turning now to the formation of this ion in the n-butane mass 

there are three possible modes of formation: 

+ + ,f 
C2H5 ~ CH + H2 .6H = 47. 5 2 3 

+ + .6Hf = 60.2 C2H4 >- C2H3 + H. 

n-c
3

H7 
+ 

C2H3 
+ 

+ CH
4 

LiI{:j: == 68~ 3. 

The heat of reaction for the first reaction can be calculat ed 

from the cycle: 
26.-3 

C2H5" c2H~ + H2 

I =200~0 t LiH=59. 4 . i I =233.1 
z + z 

+ 
G2H5 

(calcd.) 
C2H3 ~ H2 

For the second reaction, we have 

91.1 
+ H. 

I =244.9 z 
I "-'233.1 

z 
.6H=79.3 

+ H. 

For the third reaction, we have 

15.0 
n-C

3
H

7 C2H3 + CH 
4 

Iz =l.78,3 i t I =233.1 
fiH::069 . 8 

z 
+ 

n- c
3

H
7 (calcd. ) 

C2H3 + CH
4 

A fourth possibility, the propylene ion as a precurso:• yields 

the calculat ed values~ liH~ = 72.9 LiH = 85.2. 

It is seen that the only agreement is with the path through 

propyl ion as an intermediate. 

" 

' 

l 
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Similarly, in.the case of the isobutane mass spectrum, we 

have the four possibilities: 

+ + f 
C2H4 ~ C2H3 + H .6H = 59o9 LiH => 79-3 

+ + 
C2H5 ~C2H3 + H2 liHt- = 43.8 liH == 59. 4 

+ + 
C3H6 -,-C2H3 + CHJ fiH f = 9 5 • 7 liH = 85~2 

+ + 
M(F= 84.4 76 .• 6. C3H7 ~ C2H3 + CH t:.H = 

4 
The last heat of reaction was calculated from the cycle 

i-C3H7 
I =176.2 1 

z . t 
i-C3H; 

69.8 

4.7 

+ . . + and n-c
3
8? __ __,,,_,... C

2
tl
3 

+ CH
4

, which was calculated above . 

Of the four possibilities, comparison of heats of activation 

with heats of reaction shows the first two reaction paths to be impossible. 

The paths proceeding by_ way of propylene and propyl ions are energetically 

possible. We assign heats of activation for the reverse processes in the 

usual mannero 

In the next section of this paper we shall discuss the results 

of these energy calculations. In connection with that discussion it 

will be convenient to give here a few more calculations using appearance 

potentials and thermal data. 

From the neopentane mass spectrum we have A(i-c
4

H8) = 238.0. 

One can calculate a heat of reaction for.the overall process from the 

sequence 
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18.4 I =215.6 . 
neopentane ___ ,_ i-C

4
H
8 

+ CH
4 

z ___ i-c
4

H
8 

+ + CH
4 

givi~g a.total 6H of 234.0 kcal/mole. Comparing this with the.actual 

appeara~ce potential, one notes a difference of 4.0 kcal/mole which 

is assigned to the heat of activation for the reverse process, 

In the 1-butene mass spectrum, A(C
3

H
4

) = 269.8. Assuming 

the latter ion to have the allene structure, we can calculate the heat 

of activation for the reaction 
+ + ·. 

CH2 = CHCH2cH
3 
-- CH2=C=CH2 + CH

14 
· 

te be A(c
3

H
4

) - Iz(1- c
4

H8) = 41.+.7. The heat of reaction may be calcu

lated from the cycle 

I =225.1 z 

27.8 

6H=31.0 

(calcd.) 

The difference of 13.7 kcal/mole m.1y be assigned to the heat of activa

tion for the r everse process. 

Similarly, in the isqbutene mass spectrum we find that 

A( c
3

H
4

) = 268. 0 kcal/mole. T1:le completely analogous calculat_ions are 

31.4 

t 
and 6H 

i-C
4

H8 CH2=C=CH2 + CH4 
Iz=204.3 l j Iz=228.3 

6H=55.4 
i-C

4
H
8

+ ______ >- CH
2

=C=CH
2

+ + CH
4 ( calcd.) 

= A(C
3

H
4

) - Iz(i-C
4

H8) = 268.0 - 204.3 = 63.7 kcal/mole. We have 

here a heat of activation for the reverse process of 8.3 kcal/mole • 

" 

. J 
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IV. HEATS OF ACTIVATION 

In the calculations of the previous section it was seen that 

a number of the reac.tions appeared to require that their reverse reac

tions have heats of activation associated with them. The quantitative 

significance of this observation is of course restricted by the probable 

errors inherent in the calculations. The minimum number of quantities 

other than thermal data necessary for the calculation of a heat of acti

vation for the reverse process is two; ,one of these is an ionization 

potential and < the other an appearance potential. This is illustrated by 

the generalized cycles shown below which suffice for the calculation of 

llH and Lü{ • 

I (X--Y) z 

I (X-Y) z 

thermal 
X--Y --------~X·+ Y• 

i 
(X-Y)+ 

X-Y 

t 
(X-Yt 

----, __ ôH J -f 
- - ------~ X + Y· 

(calcd.) 

+ 
-------~ X + Y• 
- (calcd.) 

I (X•) 
z 

Mi./: _;. ~H = A(X) - I (X•) - D(X-Y) = heé .t of activation for the reverse 
z 

·'f . 
pro cess. One could now make an estimate of the reliability of ~H -~H. 

Unfortunately the data used in the calculations of the preceding section 

have various estimated errors, making quantitative comparisons di~ficult. 

However, about ~5 kcal/mole seems to be a reasonable general estimate of 

the probable errer in the calculated heats of activation for reverse 

pro cesses • 

0 
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Among the more common breakdown processes in the mass spectr-a 

discussed previously are reactions involving the loss of a methane mole

cule from a hydrocar bon ion. The heats of activation ca.lculated for 

the reverse reactions are given in Table 11, along·with heats of reac

tion, equations for the reactions and the mass spectra in which these 

reactions occur. 

Mass Spectrum 

C3H8 

C3H8 

i-C4\o 

n-C48io 

n-C4\o 

n-C4\o 

i-C4Hl0 

l-C4H8 

i-CL,_H8 

neo-c
5
H12 

Table 11 

Reverse Reaction 
-.6H 

kcal/mole 

4.9 
+ 

------:iP>" .c
3

H
7 

69.8 

. + > i~C
3

H7 76.6 
+ n-C3H7 69.8 

+ 
~ n-c

4
H10 -5.4 

+ > sec-CL~H9 16.1 

+ >- tert - c
4 

H9 45.3 

:;,... l-C
4
H
8 

+ 

i-C
4

H8 
+ 

flH* 
kcal/mole 

10.9 

6.5 

?.8 

* -1.5 

10.2 

9.0 

1.8 

· 13. 7 

8.3 

4.0 

~éThis value should be taken to be zero to within experimental error. 

Considering the previous estimate of the probable errors in

herent in these calculations, a detailed discussion would be pointless. 

However, there can be no doubt that there is a heat of activation of five 

to ten kcal/mole associated with this type of reaction. Variations in 

magnitude are to be expected but the scatter of values listed above is 

probably without significance. 

" 

1 
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With the help of these results one can account for a serious 

discrepancy in the energy calculations. In n--butane we have the sequencc 

and in isobutane 

~ 
L\H 0==2.5(?) 

L\H=5.2 L\H=50.4 

The n-butane sequence tells us that at least some of t~e c
3
I\ + 

,+, 
in its mass spectrum is formed from c

3
H6• Only a negligible amount of 

reverse activation heat should be required for the addition of a hydrogen 

atom to a polyatomic ion such as c
3

H5+ and this is indeed borne out by 

the close agreement betwee·.1 L\H and L\H t. In the i-butane sequence, how

ever, one finds a reverse activation heat of 14.2 for the same process. 

+ + 
Al.so, the energetics of the preceding step, i-c

4 
f\o --;> c

3
H6, would 

lead one te conclude that there is no heat of activation for the process 
'· 

The latter is in sharp contrast te the conclusions indicated in Table 11, 

Both difficulties are resolved by assuming that the appearance 

+ potential of c
3

H6 in the i-butane mass spectrum is in error. We suggest 

that a redetermination of th~s appearance potential would lead to a value 

of about 255 kcal/mole, compared with the present values of 2h9-3 and 
(20) 

242.6 kcal/mole. 

0 
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Turning now to the heats of activation calcuJ.ated for the 

·+ + 
formation of c2H

4 
and c2H5 in the isobutane mas s spectrum we note 

that herej too, there appears to be a heat of activation for the re

verse process having the same order of magnitude as those associated 

with the loss of a methane molecule. This is understandable in view 

of the rearrangement required for these two reactions to .occur. A 

consideration of appearance potentials for these two ions in both mass 

·spectra indicates that the rearrangement preceding the formation of 

+ ' c2H
4 

in isobutane does not lead first to an n- butane ion. If we writé 

the heats of activation 

n- butane i-butane 

+ + t + + ~Ht:=38.3 n-C4Hl0 ,... 
C2H4 · t.H =17.5 i-C48i_o ~ c2I\ 

+ + •• i-c4¾; + LiHf:54. 4 n-C48io ~ C2H5 ~H =J0.2 > C2H5 

it is readily seen that rearrangement to an n-butane ion preceding the 

formation of c2H
4

: would mean that one had butane ior.s :":}:~~-38. 3 kcal/mole 

+ + 
of internal energy which could then decompose to either c2H

5 
_or c2H

4
, 

in view of the activation heats calculated for these reactions from the 

n- butar.e mass spectrum. However, the ethyl ions do not appear until 

there are isobutane ions formed which have 54.4 kcal/mole or more inter

nal excitat ion energy. Clearly, thei.1., the activated complex for the 
. + 

formation of ClI
4 

in isobutane does not lie along a reaction path which 

Qt any stage passes through a configuration corresponding to an n-butane 

ion. Similar reasoning for the process l eading to the formatio~ of 

+ c
2

H
5 

in isobutane does net rule out the possibility of n- butane ion 

as an intermediate • 

(1 



---

• 

1 

• 

• 

·-39-

One may suppose that one s t age in the f ormat-J ::m of the act iva

ted complexes of these rearrangement reacti ons invol ves simultaneous 

lengthening of a C-H and C-CH
3 

bond and formation of a new bond, a con

figuration somewhat similar to the activated complexes for the previously 

discussed reactions which lead to the loss of a methane molecule with 

a heat of activation of the order of 10 kcal/mole for the r·everse process. 

A further interesting comparison is-found in reactions which 

involve the loss of larger hydrocarbon molecules. Only one such réaction 

occurs in the mass spectra discussed here. Writing it in the form of 

the reverse reaction, we have 
liH t 

Mass SEectrlTIIl React ion kcalônole 

+ 
+ C2H6 >- n-C1./\; n-C4\o C2H4 -0.4 

This heat of activation is zero to within experimental error. Comparing 

this to the results for the addition of a methane molecule to a hydro

carbon ion a reasonable conclusion is that the negligible activation encr

gy in the present case is due to a larger contribution of polarization 

energy in the activated complex . Assuming that the activated complex here 

involves essentially a stretched C-C
2

H
5 

bond and a stretched C-H bond, 

one would expect a gr eater polarization energy contribution due to polari

zation of the ethyl r adical by the positive charge on the other part of 

the activated complex than in the analogous situation where the activated 

complex involves the less polarizable·methyl radical attached to a 

stretched C- CH
3 

bond. 

In dis cussing the formation of tert- c
4

H
9

+ from i-c
4

H1~ it was 

concluded that there was a heat of activation of 16. l+ kcal/mole associatcd 

0 

1 
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with the reaction 

The origin of this heat of activation can be seen in the forward reac-

tion, loss of a hydrogen atom. The tert-butyl ion in its most stable 

configuration is probably planar whereas the isobutane ion is tetra-

hedral. In removing the tertiary hydrogen atom from the isobutane ion 

one is left with a tert-butyl ion in a pyramidal configuration. With 

reference to the most stable configuration of the tert- butyl ion this 

corresponds to an ion which is vibrationally excited. Hence the acti

vation heat. In calculating the ionization potential of the tert-butyl 

radical from appearance potentials obtained in larger molecules ( see pàge1~;) , 

the constancy of the results leads one to believe that there is essenti

ally no heat of activation for the reverse reactions 

+ tert-c
4
H
9 

+ CH
3 

• ~ (2,2-di-Me-Propane) 
+ 

+ + 
tert-c

4 
H
9 

+ C2H5. >- (2, 2-di-Me-Butane) 

+ + 
tE::rt-c

4
H
9 

+ i - c3H7" ~-~ (2, 2, 3-tri-Me-Butane ) 

+ + tert-c
4

H
9 

+ tert-c
4

H
9

• -~ (2, 2, 3, 3~,tetra-Me-Butarie) 

+ 
Cll• ( tert-Butyl Chloride)+ tE;Jrt-c

4 
H
9 

+ :;;,,.. 

This is in accord with the results in Table 12 which show that ~w= is zero 

to within experimental error. 

Table 12 
MÎ:f: 

Mass S2e ctrum Reverse Reaction kcalL'.mole 

n- CL~HlO n~c
3

H
7 

+ 
+ CH

3
• 

+ 
~ n-C1/10 -0.4 

+ . + 
-1.1 n- C4Hl0 C2H5 + C2H5. -~ n-C4 8:i_o 

i--C4 HlO i-C
3

H
7

+ + CH
3

• . + 
·--> i-C41,_o 0.2 

,, 
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Here again the difference is probab] y due to polarizatfon energy. 

Finally, there are a series of reactions involving the loss 

of a hydrogen molecuJ.e from a hydrocarbon ion. The reverse reactions 

and heats of activation are given below. 

Table lJ 
bH:f; -bH 

Mass SEectrum Reverse Reaction kcallmole kcallmole 

C3H8 C3H6 
+ 

+ H2 C3H8 
+ 

-2.8 28.0 

C3H8 
+ . + 

16.5 C/I5 + H2 ..... 
C3H7 33.2 

C3H8 
+ + 

C2H3 + H C2H5 59.4 . 7.5 2 
+ + 

.,, 

C3H8 62.4 
"-

C2H2 + H2 >- C2H4 0 

+ + 
n-C4Hl0 C3H5 + H2 > C3H7 33.2 11.8· 

+ + 
·i-C4Hl0 C3H5 + H2 > C3H7 40.0 20.0 

*This value is very doubtful; the appearance potential ~sed in the cal

culation had ari est:imated error of 12 kcal/mole. (l9) 

i '· 

The results for the reactions forming . propyl ions are of interest. 

Following up the assumption in the previous section that the structure of 

the propyl ion is determined by a simple bond break for the forward reac

tion, the first two reactions above yield the primary propyl ion as the 

final product while the last reaction yields a secondary ion. Ideally, 

then, the first two reactions should have the same heat of activation· while 

the last reaction need not have the same heat of activation as the first 
+ 

two. We see that the difference in values for bHT for the first two reac-

tion~, 4.7 kcal/mole, is within the limits of probable error estimated 

for- the values of bttfat the beginning of this section • 

0 
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In figures 1_ and 2 we have summarized t he calculat i o: .s n,aè.e 

in the previcus section for the mass spectra of normal butane and iso

butane. Figure 3 is a sinùlar sùmmary , for the propane mass spectrum 

taken from the work of Wallenstein. (4) In each box_ the following in

formation is given: formula of the ion, its relative abundance (R.A.) 

in arbitrary units(Jl) and its appearance potential A.P. in kcal/mole. ., 

Also shown are the reaction paths and the heats of reaction and heats 

of activation calculated for them in the previous section. Heavy con-

necting lines indicate the principal reaction paths, light connecting 

lines those energetically possible but of lesser importance and broken 

lines those paths which are ~nergetically impossible. 

A qualitatjve discussion of the breakdo~n schemes can be given 

in terms of unimolecular competing reactions. In general, the rate con

stant for a reaction depends on two factors, the heat of activation and 

the entropy of activation or frequency factor . The first of these fac

tors has already been discussed in detail. The frequency factor will 

tend to favor r eact i ons involving just a simple bond rupture over those 

reactions involviRg Ghe loss of a neutral rnolecule. The first type of 

reaction, qualitatively speaking, proceeds through activated complexes 

which, compared ta the reactant mole cule-ion, are 11loosened up!1• Tnis 

corresponds ta a positive entropy of activation. The activated complexes 

for the second type of reaction,·on the other hand, generally may be pic

tured as molecule- ions in which additional weak bonds have been established, 

vibration frequencies increased and sorr..e free internal rotations changed 
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C + ~ C +1 , n- 4 H10 t sec- 4 H9 .6H=38.3 , 
R.A. 12.3 .6H=? . R.A . 2.4 
A.P. 249.1 · A.P. 2 78. 
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.6H1'= 4. 8 
~ H =-5.4 

bH+= 25.1 
.6H = 16.1 

L; "]) 
n-C ~ H7 

R.A . 100 
A.P. ·258.5 

4 2~ C H c · ''j 

3 s . t ~c R.A. 12.2 6H'49.5 3 ~~ 
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...._ 

~H •= 6 8. 3 -. ' -: :::'-------
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1 
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~"' ~ r ' ;;l. 
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6-H= 30. . · 
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. . A .P, 2 79. A.P. 266.6 . A.P 32S.8 
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Figure 1 
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i-C H t 1 4 10 r 
R.A. 2.73' 6.H'=26.7 tert-C4H; 
A.P. 240.1 .6H=I0.3 .., R.A. 3.00 

1 

A.P.266.8 

b.Ht= 13.8 
.6H= 13.6 

i-C H + 3 7 

R.A.100 
A.P. 253.9 

D.Hî=84.4 

,ôJ-t = 2 , 5 ( ? ) 
.6H = 5. 2 

.6.H"'= 4 7.1 
L.H =45.3 

C3 H + 6 i ~ 
R.A. 33 

5 
l}.H=64.6(?) C3H5 

A.P.2426 .6H=50~4 R.A. 38.4 
.6Ht= 6 O. 0 A.P. 313.9 

~ .6H = 76.6 
D.H-54

9
4 · 

6.H=40. 0 
.6H~=95.7 
6H=85.2 6H=4L · 

C2Ht 
J 

R.A. 6.16 
A.P. 294.5 

.6Ht= 38.3 
11H =28.5 

C2 H4+ 

R.A. 2.62 
A.P.. 278.4 

+ C2 H3 
4t-J~=_4_3.§ __ J R.A. 27 8 
~H=59.4 7 A.P. 3 3@.3 

/ 
/ ' 

/ ,,,. .. 
,,,.,,,.----.6H1;: 59.9 

/ 

,,,.,,,.,,,. .6H =79.3 

Figure 2 
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.b.H =25.2 .6.H = -2,8 

' + 
C 3 H a-r LH* = 15.8 C 3 H 7 

R.A. 24.5 ,6,H = 16 6 R.A. 19.3 
A.P. 258.5 · A.P. 274.3 

~Ht= 25.2 

6H =20. 
..ô.H"= 15. 8 

~ 

6H =4.9 

C2 H 5+ 
R.A. 84.5 
A.P, 2 83. 

. < 

~(= 76 .. 3 
~=69.8 

.6.Ht= 117. 9 
.6.H = 7 7. 9 

CH+ 
3 

R.A. 5.2 
A.P. 392.2 

Figure 3 

',.6.Ht= 4 8.4 
"-..,_..6H =68,3 

' 
C2 H2+ 
R.A. 7. 3 
A.P. 332.1 

i~ .. .,..,«ll,'~.Q<:Y~~--.... 

C3 H4+ 

R.A.2.52 

C3H3-t

R.A.17.0 

+ 
C3H2 
R.A. 5.29 

C H + 
3 

R~A. 3.38 J 

C H+ 
2 

R.A.0.79 

[:3:J 
'fcH47 
~ 

..!... ... 
\Jt 
1 
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to torsional. vibrations. These are all effecti> gi vinG rise to a nega-~ 

tive entropy of activation (or a smaller f requency factor, compared to 

the first t ype of reaction). A detailed discus sion of a number of acti

vated complexes is given in Section VI of this report. 

It wi.11 be recalled that in some cases several energetically 

possible reaction paths were found leading to the formation qf the same 
+ 

production. Examples of this are the reaction pg.ths leading to c
3

H
5 

ions in both butanes. In te:cms of the picture of competing unimolecu-· 

lar reactions it is most reasonable that the main path of formation among -

alternative paths such as these is the one coming from the precursor 

having the greatest abundance. This criterion was also used in assigning 

relative importance to the paths leading to the formation of' Q~H; ions 

in all three breakdown patterns. 

Conside~ing now just the main reaction paths it is possible to 

correlate qualitatively the relative amounts of decomposftion along the 

various competing reaction paths with the energ;r and entropy factors dis

cussed above. For example, we note the relative abun~ances of c2H; and 

+ . c
2

H
4 

ions in the mass spectra of normal and isobutane. Their much smaller 

abundance in the isobutane spectrum may be compared to the fact that the 

heats of activation required for their formation in isobutane are higher 

than in normal butane, relative to the other competing r eactions of the 

-+ 
parent ion. Moreover, the formation of c2H

5 
in isobutane nece3sitates 

a rearrangement of the parent ion with which one may associate a negative 

entropy of a ctivation whereas in the normal butane mass spectrum the 

reaction is simply a bond rupture. The frequency factor for the reactions 
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+ 
leading to the formation of c2H

4 
ions in both mass spectra cannot be 

compared as readily. 

As an exarnple of the comparative importance of ene~gy and 

frequency factors ·one can compare the relative amounts of reaction leading 

+ + . to the formation of c
3

H6 ions and of c
3

H
7 

and its productions -in the 
'- .,,,, 

n-butane mass spectrlIDl. There the heat of activation is slightly lower 

+ 
for the formation of c

3
H6 ions but the activation process involves a 

1 J 

negative entropy of activation. The reverse is true for the propyl ions. 

It appears that the entropy factor is more important here. A siJnilar 

situation also holds for the relative abundances of c2H; and c
2

H{ ions 

in the n-butanemass spectrum. 

Another general feature of the breakdoW11. patterns is that the 

parent ion decomposes either by rupture of one bond or by the loss of a 

neutral molecule. The daughter ions decompose mainly by the loss of 

neutral mole cules. This i.s in accord with the idea that the breakàown 

processes are quasi-·thermal in nature. In the case of the parent ion, 

rupture of one bond leads to formation of an ion with an even number of 

electrons while loss of a neutral molecule leads to the formation of 

olefinic ions. The daughter ions having an even number of electrons no 

longer have bonds weakened by a lone electron occupying a half-filled 

molecular orbital while the olefinic ions, ¼~th an unpairèd electron, 

are strongly stabilized by ~-orbital resonance. Thus the mos t likely 

decomposition reactlons remaining are those involving loss of neutral 

molecules. One would prec:ü.ct that in olefinic or conjugated molec1iJ..es 

the parent ions decompose to a lesser extent by simple bond-rupture re

actions and to a greater extent by loss of neutral moleclÙ.e3 than do 

paraffin parent ions. 

.. 
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V, ABSOLUTE RATE THEORY AND THE DECOMPOSITION OF ISOLATED SYSTEMS 

The previous sections of this report have dealt ~~th the 

qualitative aspects of the description of mass spectra as the result 

of unimolecular decompositions of excited molecule-ions . It was f ound 

that a sequence of consecutive competing unimolecular decomposition 

reactions could be deduced by means of which the more important frag

ment ions of a mass spectrum are forrned. Also, heats of reaction and 

heats of activation were calculated for the several decomposition réac

tions leading to the formation of the mass spectrum of normal butane 

and of isobutane. In this section we shall develop a rate equa.tion 

appropriate for the decomposition of isolated systems having a large 

but finite number of degrees of freedom. 

The behavior of an isolated system is properly described in 

terras of a microcanonical ensemble~35 )·· with systems unii'ormly distribu

ted over ail states having energies between E and E+&E and having nuclear 

c'onfigurations corresponding to the chemical structure of the system 

whose unimolecular decomposition we wish to discuss. For a reaction to 

occur, this system must have at least one other stable configuration. 

We assume that the rate of transition of the reactant system among its 

accessible states is rapid enough so that those transitions leading to 

reaction (unimolecular decomposition ir. this case) have only a negligible 

effect on the distribution of the unreacted systems among the states. 

This is consistent with the fundamental hypothesis, stated earlie~, that 

the molecule-ions undergo many radiationless transitions before decom

posing. A further implication of this hypothesis is that one can no 

" 
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longer consider the reaction to be taking place on a given potential sur

face such that, in the terminology of absolute reaction rate theory, the 

entire course of the reaction is describable by the motion of a mass point 

on such a surface. (36 ) This fôllows from the numerous crossings among 

the various surfaces which surely exist for many-:lectron systems such as 

1 the excited molecule-ions under discussion. However, as a starting point 

we assume that a "reaction coordinate 11 and an 11activated complex11 , defined 

in terras of a saddle point on a potential surface, may be selected such 

that the reaction can be described in terms of a translational motion 

along this reaction coordinate through the saddle. 

If the system lias a sufficient number of degrees of freedom, 

the number of accessible states lying in the energy range E to E+éE can 

be represented by a density function p(E)9E. The activated c~~plex will 

now be defined by a total energy lying between E and E+ôE, with potential 

energy t::
0 

and kd.netic energy between Et and et +ôE\ localiz·ed in the reac

tion coordinate. The corresponding number of accessible states is given by 

t 
p (E,€ 0:,Et) Pt(€t)8E8et·· 

Considering just for the moment a specific group of activated 

complexes having translational energy between 8t and et+ôst in the reac- · 

, tion coordinate, the rate of reaction, k(st)ôst' proceeding through this 

group of activated complexes will be given by the fraction of molecules, 

N(E.t), which are in this activated state multiplied by the rate, r(st), 
. . 

at which this group of activated comrlexes passes through the saddle in 

the direction corresponding to the forward reaction •. 

,. 
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pt(E E0 ,Et )P t {Et)8 E 8 Et 
= ----'-__;_----'--..c._--- ' r (Et). 

p(E) 8E 
(1) 

The overall rate of reaction, k, is then obtained by integrating over 

all possible values of the translational energy, 

k 
E-E

0 J k (Et )dE t 

E-E 
J 0 

+ . ). ( ) p (E ,e0 ,Et Pt et · 
• r{e t)de t 

p(E) 
(2) 

0 0 

The quantities pfst) and r(ct) are readily evaluated. Th~ 

translational energy levels for a particle in a one-dimensional box of 

length l are given by the well-lmown formula 

translational quantum .number 

= extension of the reaction coordinate 

" reduced mass" for the translation 

The density of translational states,. pt(&t) is then given by 

The rate at which activated complexes pass through the saddle 

poi.nt în the forward direction is gi ven by 

1 
-
2 

( 3) 

( 4) 

( 5) 

where the factor i: arises from the fact .. that only one-half of the activa

ted complexes pass through the saddle in the forward direction corresponding 

to reaction. 

1 

' 
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The overall rate of reaction then becomes 

k = ( 6) 
0 

p(E) 

1 
h • df.t • 

The rate equation derived above is perfectly generaf, requiring 

only the existence of a large enough number of degrees of free~om toper

mit the use of state-density functions and the possibility of defining a 

reaction coordinate and an activated complex. Its application to actual 

systems of interest requires several drastic àpproximations. 

We have assumed the internal degrees of freedom of the systems 

to consist of loosely coupled harmonie oscillators and internal free rotors 

whose energy is given by classical fonnulae. Furthermore, very little is 

known about the state-density functions for the ele·ctronic states of the 

molecule~ions or the activated complexes. We therefore assume the elec

tronic state-density functions for a given molecule-ion and any activated 

complex formed from it to cancel out.. Lastly, we take the motion of the 

nuclei to be the same in all accessible electronic states for a given 

molecule-ion or an activated complex. 

In considering the density of accessible states of the reac

tant molecule-ions and of the activated coflplexes one cdll completely ig

nore the translational motion of their centers of gravity. It remains 

the same by the demands of conservation of linear momentum. No transla

tional energy is accessible to transfer into other degrees of freedom4 

Likewise, angular momentum is conserved. Thi~, however, does 

result ~n some transfer of energy into other degrees of freedom, namely, 

,. 

f 

1 
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into potential energy of the molecule-j_on reaction c.oordinatc. 

Classically, 

+ t Iw = I w , E = ½ Iw2 , .,-o t E·~ = i½ I1w½2 
.,- ot 

1 
- (Iw)2 

2It 

+ 

(7) 

(li) . 

- I . 
f ) . (9) 

I 

In general, in the activated state one of the bonds will have been some-

what stretched so that E t' ro The net result , then, 

is equivalent to a lowering of the potential barrier or decrease in the 

heat of activation for unimolecular decomposition. Thus the quantities 

e
0 

used in the definition of p(E, E
0

, t;t) must include this correction. 

Consider a system having N internal degrees of freedom. It 

will be described by N quantum nlllllbers n1, n2, n
3
, ....• nN. The number 

of states of this system having a total internal energy less thE.n E 
0 

is given by the integral 

.. 
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W(E) 

where the integration is over tpe region E (n1 , n 2 , _ • . • _., n6 )'5 E0 •. 

If the energy is separable, then 

E ( n 1 , n 2 ' • -· • . n K) = € 1 ( n 1 ) + € 2 ( n 2 ) + • • •• · + € N ( n I) 

and 

= dé l 1 = dé K 1 
dél dn

1 
= -- dn . ••• dEK dnJJ - --- dn 

dn 1 
d ! ' . . d11 6 dn 1 n . 

1 K 

dé l d€}{ 

The volume integral èan then be written 

" 

(10) 

. {11) 

(12) 

i 
l 

! 
1 

l 
f 

1 
f 
1 

j 
1 

f 

1 
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with the r estrictions 

c ~ E ,_ o ·' 

The integral .(13) is of a forrn known as a Dirichlet integral. 

Tolman( 35 ) ~ives the integrated forrn 

I = JJ ... J i -1 
X n 

n (14) 

I = r(i 1 ) r(i 2 ) ••• r(in) Fi 1+i 2 + 

r(i
1 

+- i
2 

+ . •. _+ i,,) 

+ . 
in 

where i. > 0 (but not necessarily integral) and the integration is over 
l 

the region x. > . 0, 

We now require an explicit forrn for·the integrand of (13). 

Let us consider a system of N harmonie cscillators havtl.rig 

frequencies v1, . v2, ••.•• vN. 

From quantum mechanics, we have for the energy of an harmonie 

oscillator 

(15) 

1 
~ 
! 

1 
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S0 

dé. 
_1, = 
dn.;, 

(17) 

And the integral (13) becomes 

= If ... f 1 

Using the result (15) ''le have finally 

N l 1 
Il- •---• · E8 ( 19} 

i,., 1 v i r r N+ 1J 

If we now consider a molecule-ion as a system of N loosely coup

l ed harmonie os cillators, we have for the uumber of accessible states for 

internal (vibration~l ) energy lying between E and E+ôE 

p(E)oE dW(E) oE = 1 
= dE hN 

1 
·· ---

(N:_l) ! 
( 20) 

" 

1 
' -l 
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In the simplest case, th: activated complex would differ from the 

molecule-ion in that one vibrational degree of freedom has become a 

translation along the reaction coordinàte and some of the energy E has 

become localized in this translation and in heat of activation for the 

decomposition react,ion. The density--of-states expression her~,. then, is 

·one for a system of N-1 loos~ly coupled harmonie oxcillators having an 

energy E - 8 
0 

- 8t. We have then irrnnediately 

1 J/-1 
O• -- O• .rr. 

(N:...2) ! . i := i 

( 21) 

Substituting (20) and (21) irito expression (6) for the rate of 

reaction, we _have 

- 1 
k 

h J 
0 

k .. 
(N-1 ) 
EK-1 

1 

(N-2 ) ! . 

1 1 

x-1 
•. TI 

j =- 1 

h9 • - (N-1) ! 

JI 
TI 

0 

1 . - EK- 1 
(22) 

(~3) 

<• 

· l 
! 

1 
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H 
II 1) i <'-1E-E 0 . 

(N-l) i = 1 -(E-E -Et) 
k - [ 0 ] 

EH-1 N-1 
+· N 

0 
- 1 

n v i 
j"' 1 

( 24) 

N 
n. v . 

E 
E o) 

N-1 i=l t -·k = ( N- 1 
+ E .n 1) • 

j=l 
J . 

(25 ) 

which is the final result. 

We shall now deri ve a more generaL equation. for . ·the case where the 

internal degrees of freedom of the molecule-ion and the activated complex 

consist of both vibrations and free internal rotations. 

We shall use the classical approximation for the energy of a free 

internal rotor 
( 26) 

where Ij is the red11ced moment of inertia of the }h rotor. Thcn 

(27 ) 

Using (13), (17) and (_27), the number of accessible states for 

a system of L internal rotors and N--1 harmonie oscillators having a total 

internal em:rgy ~ E can be written 
0 

0 

1. 
1 
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= If ... J (28) 

which can be written 

(29) 

or 

L 21r2 J. 
I' li L 1 / K /2 1 1 

TI JJ .. ·.J n -/2 rr E~ dE l dE 2 · • . • .• dEn W(E
0

) TI (--1,) (-) €. 
h2 hvj 

1, J 
i=l j =L f-1 . i= 1 j =L + 1 

(30) 

Application of the integration fonnula (15) -yield~ · 

W(E
0

) 

L l' K 21r2 I . ,2 1 
IV(E

0
) = TI <7> TI (-) 

hvj {= 1 j=L+1 

L 

crr?· 
r(N - f. + 1) 

2 

.. 

L 
.2+N .. L •. E . 
0 

• EN- f 
0 

(31) 

( 32) 

1. 
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Then the number ·of accessible states lying between E an<l E+c5E l.s 

p(E)SE = dW(E) SE 
-dE 

' L 21r 2 I · ·½ 
p(E)SE · = ·TI · (--1.} 

h2 i =i 

K 
(~) TI • · 

hvj 
j =L+1 

Similarly, for the activated state 

,1: 
2 + % K-1 L 1 

p(E, E-0, é t)SE TI 
277 . I t 

-) TI (-t) = ( Ji2 
f=l g=Lt+1 hvg 

where L t· \ L. 

lJ. x.;.1'.-~ 772 2 
E S'E 

(N - f,_) 
(33) 

2 

L+ 
L f· 

772 N~--2 
d-· (E-E 6- Et)' 2 

r(N-2-1) 
(34) 

Substitut inf; (33 ) arid (31+) ·into expression (8) for the rate 

constant, we get 

SE 

( 35} 

0 
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• 
which simplif ies to 

(1 

. + . L L~ t' ' N 

y L t - L r{N-- ) rr I , 2 rr vj 
2 t = 1 

f 
i=J/+1 k ·- 2 - . TT 

Lt 1, . 

I~--
x-1 +· !-_(-L) r(N-- ) rr 

g=yÎ+1 
vi' if:!:'~ - . / 2 . i. 

i = 1 

t J - 1 
L i · 

E _ <:. JI -~ - 1 L-L 
• . ( _ _ o) -• · (E _ . E ) 2 

E o 

(36) 

• 

• 

" 
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VI. UNIMOLECULAR DECOHPOSITION OF HYDROCARBON IONS 

As is apparent from the nature of the previously derived r ate 

equation, its quantitative ap:plication -requires a rather detailed know

ledge of the nature of both the reactant and activatèd ions, with regard 

to moments of inertia for internal rotations and vibrational frequencies. 

Again, exact knowledge is not available (noting that both systems are 

molecule-ions) and reasonable approximations will have to be made. 

The appearance potentials of various ions in the propane mass 

spectrum indicate that, in order for the· parent ion . to de compose at_· any 

rate whatsoever, the parent ion will have to have an, internal excitation 

energy of at least 15.8 kcal/mole. The barrier opposing free rotation of 

methyl groups in propane is about three kilocalories. (37) It is probable 

that · this bar-rier is even lower in the propane ion, at least in part due 

to the somewhat increased bond distances. One can then safely assume 

free internal rotation in those ions which have enough internal excita

tion energy to undergo unimolecular decomposition. On the other hand, 

it will be shown later that in some activated complexes one or both free 

internal rotations have become torsional vibrations. We shall assu.~e 

that the stopping of one free internal rotation only does not affect the 

other to any appreciable extent. 

The question of vibrational frequencies offers more serious 

difficu1ties. No vibrational frequencies have been measured for hydro

carbon molecule-ions of the type under discussion. We shall take the 

various frequencies to be roughly equal to the corresponding frequencies 

.. 
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in the neutral molecules. In the activated complexes one or more normal 

modes will be radically changed~ among them, of course, the normal mode 

which becomes the translation along the reaction coordinate. The extent 

to which this change perturbs the other modes can be at least qualita

tively estimated. The errer here is minimi.zed by the fact t~at the rate 

expression involves ratios of corresponding frequencies of reactants and 

activated complexes. 

We shall now turn to the calculation of the rate constants for 

the various reactions occurring in the formation · of the propane mass spec

trum. The energies of activation are taken from the breakdown scheme 

shown on page 45. 

The activated complex differs from the normal propane ion in 

several respects. The degree of freedom which has beoome the translation 

along the reaction coordinate is obviously a C-C stretching vibration, 

-1 to which we assigna frequency of about 900 cm In the acti vated state 

this c...:c bond will have been stretched to several times. its equilibriu;n 

internuclear separation. 
(~6) . 

Glasstone, Laidler, and Eyring.., give a value 

of 4-5 Î for bond distances in activated complexes for free-radical re

combination reactions. Their value applies, of course, to neutral mole

cules rather than to ions, but the order of magnitude of the separation 

is certainly comparable. Now, the stretching of this C-C bond will affect 

certain frequencies in the activated complex. The C-C-C chain bending 

frequency will be decreased due to an increased moment of inertia of the 

0 

. 1 
l 
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lengthened chain. We assume this frequency to be one-half that in the 

reactant mole cule-ion. The two rocking frequencies of one methyl group 

will be lowered because this methyl group is now much further removed 

from the other parts of the molecule-ion whose repulsive forces give 

rise, at least in part, to the restoring force constant determining the 

rocking frequency. We take the rocking frequencies of one methyl group 

in the activated complex to be reduced to one-third their value in the 

reactant. 

The free internal rotations of bath methyl groups rernain essen

tially unchanged in the activated complex. 

The stretching of the C-C bond in the activated complex will 

lower the rocking and twisting frequencies of the center methylene group 

of the propane ion. The reason for this is similar to that given above 

in the discussion of methyl group rocking frequencies. However, the ex

tent of the effect is more difficult to eetimate and we shall neglect 

it here. 

In sumrnary: 

Reactant 

-1 
v1 C-C stretching, 900 cm 

. -1 
v

2 
C-C-C bending, 375 cm 

-1 
v3, v

4 
cH

3 
rocking, 1000 cm 

The energy of activation is 

ergs/molecule. 

Activated Complex 

Translation along the reaction 
f _1coordinate 

v 2 200 cm 

v 4
3

~ v~
4 

300 cm-l 

25. 2 kcal/mole = 1. 7 57 x 10-
12 

In order to get the correct reacti on rate for the production of 

this ion, as well as other ions, one has to introduce a 11 symrnetry factor, 11 

0 



.... 

• 

·-

l 

.. 

•• l-( « • JS •• Si: t tiièt - ...... 

-64-

a, into the rate equation to take into account the number of different 

ways the products may be formed. The 11 symmetry factor" is defined as 

the number of distinguishable activated complexes which can be formed 

from a reactant all of whose atoms have labels (or are numbered, or are 

distinguishable.) In the case at hand this symrnetry factor has the 

value 2. 

The number of internal degrees of freedom is twenty-seven and 

two of these are internal rotations in bath the reactant and the acti- -

v-ated complex. 

The rate equation is 

25 
E - t

0 (-- ) 
E 

. . 15 E - ê o 
= 1.122 x 10 ( -E-~ 

25 
) 

We assume that in this reaction the hydrogen atoms coine off 

adjacent carbon atoms, leaving a propylene ion. In the activated complex 

the two hydrogens which will eventuall;t corne off as a molecule have formed 

a weak bond between one another and, at the sa.me time, their respective 

bonds to the carbon atoms have become weakened and lengthened. 

The frequency changes are best discussed in the followiog terms: 

Consider the bending frequencies of the two hydrogens which take place in 

a plane containing the C-:C bond. These motions may be combined into a 

t, 

1 
L 
! 
1 
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11 sy1mnetrical 11 and an 11 antisymmetrical 11 mode with respect to the plane 

which is the perpendicular bisector of the C-C bond. In the normal ion 

we take both modes as having the frequency 1400 cm-1, approximately that 

of a C-H ·bending frequency in the propane molecule. The qvalitative ef

fects of the formation of the weak H----H bond and concurrent weakening 

of the C--H bonds can now be readily visualized. The frequency of the 

11 symmetrical 11 ·mode will be considerably higher due to the presence of 

the H-:--H bond. There will also be a much smaller opposing effect due 

to the weakening of the C--H bonds. We talce the net result to be an 

-1 increase in frequency to a value of about 3000 cm The 11 antisy;mnetri-

cal" mode, on the other hand, is affected mainly by the changes in the 

C--H bonds. These changes lower the force constant to some extent. We 

-1 take this mode to have a frequency of 1000 cm in the activateq complex~ 

The other pair of C-H bending vibrations, parallel to the plane 

which is the perpendicular bisector of the C-C bond, will also be some:... 

what changed by the lengthening of the C-- H bonds and the formation of 

the H---H bond. We shall neglect these. 

In a completely analogous fashio·:i, the two C-H stretching vibra

tions can Le combined into 11 synunetric 11 and 11 antisymnetric" modes with 

respect to a plane which is perpendicular to both C-H bonds (considering 

the C:-H bonds as parallel.) It is clear that the 11 symmetric" mode be

cornes a translation along the reactio~1 coordinate . The 11 antisymrrietric 11 

mode remains substantially unchanged in the activated complex; it becomes 

a hydrogen molecule rotation in the products • 

0 
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The·stretching vibration of the·c-c bond between the carbons 

from which two hydrogen atoms are lost will be somewhat increas ed in the 

activated complex. One may visualize this in crude terms by .saying that 

the carbon orbitals which form the C-H bonds in the reactant now inter

act to some extent with one another and interact less with the hydrogens, 

forming an "almost double bond 11 • We take this stretching frequency to 

-1 have been increased from 900 to 1200 cm , somewhat less than halfway to 

6 -1 the C==C stretching frequency of 1 00 cm found in propylene mole cules. 

The formation of the H---H bond as well as the transition from 

a C-C single bond to an 11 almost double bond" should be sufficient to 

stop the free rotation of one methyl group. We asswne this change to be 

-1 from free rotation to a torsional vibration of abo,_1t 500 cm c 

The heat of activation for this reaction is 25,2 kcal/mole ·= 

1,757 x lo-12 ergs/molecule • 

We take the reduced moment of inertia for free rotation of 

the methyl group to have the same value as in the propane molecule. 

(38 ) . -w 2 
Pitzer gives the value 4.7 x 10 gm.cm . 

Reactant 

V]_ C-H stretc.bing, 11 s;ymmetric'l, 
. :...1, 

3000 cm • 

v2 C-H bendi.ng, 11 symmetric 11 , 

-1 
1400 cm • 

v3 C-H bending, "antisymmetric 11 , 

1400 cm-l 

CC t th . 900 cm-l v4 - s re c ing, 

CH
3 

free rotation 

Activated Complex 

Translation along the reaction 

coordinate 
+ -1 

v r2 3000 cm 

.F 1000 
" 3 

-1 cm 

-1 
11 C=C 11 stretching, 1200 cm 

torsion, 500 cm 
-1 

The symmetry factor,a = 12 • 
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There are twenty-seven inr- P 1--nal degrees of freedom. Two of 

these are free rotations in the reactant and one in the activated complex • 

The rate equation is 
51 

vl v2 v3 v4 l(N- ~) (È - ê ) 
2 

k = cr • l 1 .2 0 

v}v
3
fv

4
t v

5
=1=- • 

.. • 2 
V2rr2I 1( 1t y-;- (N- - ) E25 

. 2 

------

+ The C2H
4 

ion formed in, this reaction is assumed to have an 

olefinic structure. On t:lis assumption a methyl radical and a hydrogen 

atom are lost from adjacent carqon atoms. We take the reaction coordinate 

to be derived from a C-C stretching vibration, although in all probability 

it is not simply derived from any one normal mode. Also, the .freely r.ota

ting methyl group "hich loses the hydrogen atom is probably constrained 

to a torsional vibration in the activated complex because of the weak bond 

formed between one of its hydrogens and the other methyl group. In the 

resulting bridged stru.ct1.ITe, the nature of the normal modes will change 

in very complex fashion. For want of more exact knowledge, we assume the 

product of all these frequencies to remain unchanged exceptas indicated 

below • 

\ 

\ " 
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Reactant 

·-- -1 v1 C-C stretching, 900 cm 

.... 1 
v

2 
C-C stretching, 900 cm 

-68-

Acti vo.ted Complox 

Translation along the reaction 
coordinate 

v f 2 
11 C=C 11 stre~ching, 1200 cm-1 

~ -1 CH
3 

free rotation v-t 
3 

CH
3 

torsion; 500 cm 

The heat of activation for this reaction is 15.8 kcal/mole= 

1~102 x l0-12 ergs/molecule. 

0 = 6. 

There are two free rotations in the reactant and one in the 

activated complex. 

The rate equation is 

vl v2 1 

v}'J}. Vr 
E - ê 25 

k5 = 9.360 X 10
18 

(---0
) 

E 

1 

25 
l(N- 12) E - &o 

· . . . (--) 
rcN-1f > 

2 
1 

(E - é /2 
0 

E 

-----

In Section IV of this report the probable structure of the propyl 

ion was discussed. It was concluded that no decision could be reached be

. tween a simple secondary propyl ion structure and a primary hydrogen

bridged structure. In view of this we shall give rate eguations for the · 

formation of both ion species and apply each in the later calculations. 

The formation of the primary hydrogen-bridged structure requires 

that the free rotation of both methyl groups of the propane ion become 

torsional vibrations, if one assumes that t~e activated complex has a 

,. 
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structure r es embling that of the prod"'J.ct . On this assurnption, also, the 

C-C-C chain bending vibration will be stiffened in the activated complex 

by the formation of t.he hydrogen bridge. The reaction coordinate is 

probably derived from a C-H stretching vibration. Without question, 

other normal modes will have changed in the activated complex but, again, 

we are without more detailed knowledge and shall assume th~n negligible 

in overall effect on the rate. 

Reactant 

-1 v1 C-H stretching, 3000 cm 

-1 
v

2 
C-C-C bending, 400 cm 

Two CH
3 

free rotations 

We have then, 

Activated Complex 

Translation along the reaction 
coordinate 

î -1 v 
2 

700 cm 

+ ~ -1 
v 3, vT

4 
torsions, 500 cm 

The symmetry factor is assumed to have the value 9. 

The heat of activation is 15.8 kcal/mole = 1.102 x 10-12 

ergs/molecule • 

The rate equation is 

1 1 

1T . 

. f . 
r(N- ,!; ) 

2 

E - é 25 
( o ) (E - ê ) 

0 

.E 

k = 
3 

E _ E. 25 
2~716 X 1024 ( O) 

E 
(E - E. ) 

0 

If, on the other hand, the propyl ion is simply a secondary ion, 

one can reasonably assume that the translation along the reaction coordinate 

-1 
is derived from a C-H stretching vibration, v = 3000 cm , and that the 

other normal modes and free rotations are unchanged in the activated com

plex. The symmetry factor here is 2. 

c, 
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The rate equation is 

k = 0 V ( 
4 1 

25 E-é ___ o_) 

E 

E-é 
k4 = 1.800 X 10l4 ( O 

E 

We now turn to 

25 
) 

+ H 
2 

+ H 
2 

+ H 
2 

These reactions pose no new problems of any·difficulty. Con-

sider a c
3

H8+ ion which has an internal excitation energy E. In forming 

+ a daughter ion such as c2H
5 

a fraction of this energy, the heat of acti-

vation for the particular decomposition reaction, must be concentrated in 

the degree of freedom represented by the reaction coordinate. The remain

der of the energy, amounting to E - e , may be distributed in any fashion 
0 

whatsoever arnong the internal degrees of freedom. On the avera~e, 1/N of 

this remaining energy 1.tlll be located in each degree of freedom, assum:i.ng 

one can neglect the possibility of non-classical excitation. As we have 

previously seen, some of these degrees of freedom become translations and 

rotations in the product fragments. Assuming for . simplicity that all 

degrees of freedom are equally excited, the amoµnt of internal excitation 

energy remaining in a fragment having M internal deg.cees of freedom (M<.N) 

is simply (E - e )(M/N). Thus, lmowing the heats of activation for a 
0 
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+ H 
2 

--------- - - -

one can calculnte the rate 

of decomposition of an ethyl ion coming from a propane ion of specified 

internal energy, since the average value of the internal energy of the 

The discussion of the nature of the activated complex here is 

completely analogous 

+ +Î' 
C3H8 . > C3H8 

to that already given in connection with the reaction 

+ >- c
3

H6 + H
2

• The reduced moment of inertia for 

free rotation of the methyl group is estimated to be about 5 x lo-40 gmcin2• 

The number of internal degrees of freedom is fifteen and one of these is 

a fr ee rotation in the reactant but not in the activated complex. In outline, 

Reactant 

- 1 
v1 C-H stretching, 3000 cm 

v
2 

C-H ben~ing, 11 symmetricrr, 
1400 cm 

v
3 

C-H bending, 11 antisymrnetric 11 , 

1400 cm-1 

-1 v
4 

C-C stretching, 900 cm 

Internal free rotation 

Activated Complex 

Translation along the reaction coordinate 

vÎ
2 

JOOO cm-l 

,1- -1 
v T 1000 cm 

3 

V f ,,C=C 11 stretching 1200 cm-l 
4 ' 
f -1 v 
5 

torsion, 500 cm 

The heat of activation is 
. ~2 

69.8 kcal/mole = 4.658 x 10 ergs/molecule. 

The symmetry factor is a= 6. 

The rate equation is n 
l(N- 1) 1 

VlV2VJ\\ 1 
E' -ê 2 -é )2 1 2 ( 0) (E' k6 :::, a • 

. i(N- ½ =t) 
• 

t-tt-t- \/2rr
2

I 
0 

v2 v3 v4 v5 '{rr E' 

" 

1 • 

4 
1 

1 
1 

1 

1 

1 

~ 
1 

l 
1 

1 

l 
' 
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27 
2 

) ( E' 

1 
·2 

- ê ) 
0 

------

The activation energy of this reaction has been calculated 

to be 57.8 kcal/mole = /+.031 x lo-12 ergs/molecule. 

It will be recalled that this ion has previously been assigned 

an ethylene-like structure. Also, previous discussions of reactions in

volving the loss of a pair of hydrogens from adjacent atoms indicated 

that the activated complex was one in which there was no free rotation 

about the C-C bond to which the two hydrogens belonged. There arise two 

possibilities here concerning the reactant ethylene ions. The C-C bond . 

is now one resembling a three-electron bond since this is an ion. There 

·appears to be no obvious answer to the question of whether this three

electron bond suffices to stop internal rotation in the unactivated ion 

or not. One might argue here that the total internal energy required 

for the ion to decompose further witn an appreciable :rate is so high that 

free rotation is more probable. Rowever, the situation is certainly not 

clear. Hence we shall calculate ·rate constants for both possibilities, 

reactants having free internal rotation and reactants having a ·torsional 

. ~( ~ ) 11 C=C 11 vibrati:on of, say, 500 cm compared to 825 cm in ethylene • 

In both cases, of course, the activated complex is precisely the same • 

" 
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Case I The reactant molecule has a C- C torsion: 

Reacta.nt 

v
1 

C-H stretching, 3000 cm-l 

-1 v
2 

C-H bending, 1400 cm 

v
3 

C-H bending, 1400 cm -1 

v
4 

"C=C" stretching, 1200· cm -l 

- 1 
v

5 
11 C=C 11 torsion, 500 cm 

Activated Complex 

Transla~ion along t he reaction coordinate 

-1 cm 

- 1 
cm 

v*
4 

11C:;:C 11 stretching, 1800 cm-l 

v:f: 11 C:;::C 11 torsion 1000 cm -l 
5 

Since there is no internal rotation, the symmetry factor is 

merely cr= 2. 

a • 

The rate equation is then 

5 
lTv. 

J_ 

i=l E1 - e. 
11 

(--0-) 
E' 

E'- & 
k
7 

= 3.916 X 1013 ( O ) 
E' 

11 

Case II The reactant has internal rotation; 

Reactant 
_, 

v1 C-H stretching, 3000 ~m 

v
2 

C-H bending, 1400 cm 
-1 

v
3 

C-H bending, 1400 cm-l 

-1 
v
1
-+ 11 C=C 11 stretching, 1200 cm 

Internal rotation 

Activated Complex 

Translation along the 

v \ 1000 cm-l 

v \ 3000 cm-l 

v t
4 

11 C:;:C 11 stretching, 

t . -1 v 
5

·torsion, 1000 cm 

reaction cpordi nat"e 

-1 
1~00 cm 

The reduced moment of inertia for the internal rotation was esti

mated at 1.43 x 10-40 gm.cm2, using the dimensions of the ethylene molecule. (39 ) 
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Because of inter1:1-al rotation, the syrnmetry factor is now a-= 4 • 

The rate equation is then 

1 

~1/1 
21 

L r:1 (N- 2) 
·- • 1f • Vrr T1 (N- - ) 

1 2 

1 

E 1 ·- 8 2 
k
8

· = 1.655 x 1019 ( .. o) _(E 1 

E' . 

2 
-8 )' 

0 

-E' · ·-e: 
( .. 0 ) 

E' 

21 1 
2 2 

(E' - 8 ) o· 

The activation energy of this reaction has been calculated to 

6 / 
-12 be 48. kcal mole= 3.389 x 10 ergs/molecule. 

In view of the uncertainty regarding the nature of the propyl 

ion, 
+ we shall calculate the rates· of form~tion of c

3
H
5 

from both the pri-

mary and secondary propyl ions. We assume here that in bath cases the 

+ final product has the allylic structure CH2CHCH2 • 

Case I Formation from the primary hydrogen-bridged propyl ion which has 

no internal rotation~ 

Reactant Activated Com:elex 

v C-H st retcl).ing, 3000 -1 Translation along the 
1 . 

cm 

C-H bending, 1400 -1 
V f2 3000 -1 

v2 cm cm 

reaction coordinate 

ï 

v·t
3 

1000 -1 
C-H bending, 1400 -.... 

\13 cm cm 

c-c stretching, 900 cm -1 v Î 11 C=C 11 stretching, v4 4 
1200 cm-l 

The symmetry factor here is ·a= 4. 

0 
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The rate equation is 

1 23 
viv}vé· E' -t 

k9 ( 0 ) = (J . 
1 E' 

vlv2v3v4 

23 E' -e 
k9 = 1,762 X 1014 ( 0) 

E' 

Case II Formation from a secondary propyl ion with free interna.l rotation, 

Here, in order to get an allylic ion, the two hydrogens have to 

corne from the end carbon atoms. Hence, bath internal rotations will be 

stopped in the activated complex. Furthermore, the formation of a weak 

bond between two end-hydrogens will somewhat stiffen the C-C-·C chain 

bending vibration. The other quantities change in rather obvious fashion, 

as summarized below. The reduced moment of inertia was est-,imated to be 

-LiO 2 4.7 x 10 · gm.cm. 

The symmetry factor here is cr = 9. 

Reactant 

C-H stretching, 3000 -1 
vl crr.. 

C-H bending, 1400 -1 
v2 cm 

C-H bending, 1400 -1 
v3 cm 

-1 
v
4 

C-C stretching, 900 cm 

-1 
v

5 
C-C-C b01ding, 400 cm 

Two methyl group rotations 

Activated Complex 

Translation along the reaction coordinate 

* . 1 
v 

2 
3000 cm-

t -1 
v 

3 
1000 cm 

~ -1 v ..,., 11 C=C 11 stretching 1200 cm 4 , 
t= -1 v 
5 

700 cm 

~ L ~ v~6, v~
7 

Vibrations, 500 cm 
1 

· I 
i 
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The rate equation is 

5 
ïf v. r (23) i=l l 1 = 0 . 
if î 

1f r (24) v. 
J 

j:e2 

23 
(E' - é) 

= 1.505 X 1024 O 

E,22 

1 

------

23 
(E' - é ) 

0 

Using these rate equations, rate constants for the various 

unimolecular decompositions have been calcu.lated for a series of values 

of the intermü excitation energy, E, of the propane par-ent ion. The 

results are tà.bulated in Appendix I. It is evident from the preceding 

discussion that the numerical coefficients of the rate equations are · 

given with far greater precision than is warranted by our knowledge of 

the parameters. The approximate nature of the numerical calculations 

will be discussed further in the next section • 

0 
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VII. -CALCULATION OF THE PROPANE MASS SPECTRUM 

At this point it is of value to briefly recapitulate the develop

ment of the discussion so far. 

In Section II we discussed the .evidence on which was based the 

hypothesis that the excited hydrocarbon ions formed by electron impact 

do not dissoéiate irra:nediately after excitation. Rather, there is a time 

interval following ionization and excitation during which this excitation 

energy is distributed in a random fashion throughout the ions by radia

tionless transitions among the electronic states. The corollary of this 

hypot'hesis--that this random distribution of excitation energy resulted 

in a series of unimole cular decompositions of excited ions which were 

of a quasi-thermal nature--was shown in Section III , to be applicable to 

the n- butane and isobutane ma:;s spectra. Heats of activation were cal

culated for all unimolecular decomposition reactions leading to the im

portant ions found in these mass spectra. 

As a first step in a quantitative treatment of unimolecular 

decompositions of isolated systems, such as the ions formed in a mass 

spectrometer, there was derived in Section V a rate ec:,uation for such 

reacti ons. In Section VI the rat~ constants were calculated for all the 

important decomposition reactions· of t he propane mass spectrum. 

We shall now discuss trie problems relating to the calculation 

of an actual mass spectrum. 

After formation in the electron beam, the parent ions are drawn 

out 'by a potential of the order of f i ve volts into a slit system where 

" 
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they are focus sed and accelerated through a potential of severa1 hun

dred to several thousand volts. This system is termed the electro

stat-ic accelerating system of the ion gun. Following this·, the ion 

·eitber passes th~ough a field-free reg~on and then into the magnetic 

anàlyzing field (or directly into the magnetic analyzing field, de

pending on the design of the mass spectrometer) and finally is col

lected. For ions of an m/e ratio of about 40, a time interval of 

roughly 10-5 seconds elapses between formation and acceleration in the 

electrostatic accelerating system. Ions formed during this time in

terval by unimolecular decomposition of the parent ions will be detected 

at their expected place on the mass scale, giving rise to the normal 

mass spectrum. Ions fonned in the field free region ~~11 be detected 

in the form of diffuse peaks at non-integral m/e values. They are· 

termed metastable ion~; a detailed discussion of these ions will be 

given in a subsequent section of this paper. Sorne ions formed shortly 

after entry into the magnetic analyzing field will also appear as meta

stable ions. 

· We li.mit consideration now j11st to the integral m/e fragment 

peaks. These are the result of unimolecular decompositions which have 

taken place between time t
0 

= 0 and t 1 = 10~5 seconds, with a correction 

for the decomposition occuririg between time t 1 and another time t 2 which 

may be taken to correspond approYimately to the period elapsïng between 

formation of the ioas in the electron beam and collection at the detec

tor end of the spectrometer. The time t
2 

is of the order of 2 x 10-5 

(t 
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seconds, in view of mutual compensati on of much longer paths and highe:r 

velocities as compared with the situation existing between time t and 
0 

t 1 • The parent ion peak is due to those parent ions which have not de--

composed at time t 2• 

In the following treatm~nt the above picture is simplified to 

the extent of considering the parent peak as due to those parent ions 

which remain at the end of time t 1 and the fragment peak as due to de

compositions occurring up to time t 1 . The neglect of decomposition oc

curring between t 1 and t 2 will then be shown to .lead to very little errer. 

The discussion in Section VI indicated that two activated com

plexes were possible for the formation of propyl ions. Different rate 

constants were calc1 '.lated for the formation of the two possible ions, 

primary (k
3

) and secondary (k
4
). The difference in these rate constants 

will, of course, affect the calculated mass spectrum. We have therefore 

done the calculation for both possibilities. 

As a first step in the complete calculation, one calculates a 

"breakdo~m graph 11 • This . i s a graphical summary of the extent to which 

the consec11ti ve c·ompet:ing un:imolecular breakdown process will proceed in 

-5 time t
1 

= 10 seconds, plotted against the internal excitation energy E 

of the parent ion. The breakdowr. schemes used were 

+ k3 + k9 + + + 
C/lB~k )=ra n-c3H~. . + .[c3H5 -: c3H3 ~ c3H ] 

[ C3H6 ~ C3H4 ~ C3H2 ] 
+ k6 + 

C2H5 ------,~ C2H3 
+ ,kg + . 

C2H4 ---- C2H2 

with the results shown in figure 4, and 

0 
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Figure 4. Fraction of the several fragment ions formed from propane Ions 

in 10- 5 seconds as a function i of internai excitation energy. 
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+ k4 . + klO + + c
3
1tJ C3H8 > i-C

3
H

7 [C3H5 C3B3 

~[C3H6~ 
+ + 

C3H4 _C3H2 ] 

C H + 
k6 + 

k 2 5 kg 
C2H3 

5 + + 
C2H4 C2H2 

with the-results shown in figure 5. 
+. + 

Although rate constants for the formation of c
3
H
4

, c3H
3

, 

c
3

H2+ and c
3

H+ could not be calculated, these ions are almost certainly 

the result of the above reaction sequenc~s (_see Section VIII). We 

have calculated the amounts of c
3

H6+ and c
3

H
5

+ formed, with the·know

ledge that some of these ions decompose further, as shown. Thus the 

calculated relative abundances of c
3

H6+ and c
3

H
5

+ correspond to the surri 

+ + + + of the separately observed mass peaks c
3

H6 , c
3

H
4

, c
3

H2 and c
3

H
5

, 

+ + . c
3
H
3

, c
3
H, respectively . 

. The number subscripts on the rate constants refer to calcula

tions for definite activated complexes; their structures ware discussed 

in Section VI and reference made to the num0rical values of the rnte con-
. .,q _tlf. .. . 

stants tabulated in Appendix I, 

.For a system of four ccmpeting unimolecular reactions, t ~e 

amount of reactant left at time t is gi ven by the equation 

(1) 

where n is the amount of time. 
0 

For a series of consecutive reactions 

kl k2 
A --- '>- B - ---- C 
nl n2 n3 

1. 
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the ·amount s of A, B, and C present at time t are given by 

-klt 
nl = n e (2) 

0 

kl -klt -k t ' 
n2 = n ~ [e 2 ] (3) 

0 k2 - kl -e 

-kt -k2t 
k2 1 kl 

n3 = n -n -n = n [1- e +-
k2 - kl 

e ] (4) 
0 1 2 0 k2 - k l · 

where n is the amount of A present at zero time. (4o) 
0 

The breakdown graphs were calculated in the following manner: 

For a given value of internal excitation energy E, the corresponding 

values of k1, k2, k
3 

and k
5 

(or k1, k2, k
4 

and k
5 

for figure 5) , tabu

lated in Appendix I, ;.;ere inserted into equati on ( 1) and the fraction 

of parent ions r emaining at t = 10-5 computed. The arnounts of the vari

ous products formed were then computed using equations (3) and (4), and 

the rate constants shown in the reaction schemes on page 81• It will 

be r ecalled that the excitation energy of a fragment ion (which deter

minen its rate of decomposition) could be calculated from the excita

tion energy of its precursor. The numerical values of the rate constants 

for the decomposition of the fragment ions were hence tabulated along 

with values for the excitation energy of the parent ion .. in Appendix I. 

The amount of decomposition was calculated at interval s of 0.5 x 10-12 

ergs/molecule excitation energy for the parent ion. It is apparent 

from the unim:olecular nature of the r eactions that at each point of 

figures 4 and 5 along the abscissae the ordinates for the curves should 

add up· to unity. A sample calculation is shown in Appendi x II. 

.. 

· 1 
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An interesting feature of the breakdown graphs is the abrupt 

manner in which the onset of secondary reactions decre a.ses the amount 

of precursor ions l eft at Ume t = 10-5 seconds, For example, the 

+ -12 c2H5 ions formed from propane ions having 11 x 10 ergs/molecule 

internal excitation energy do not have enough energy to decompose fur

ther •. On the other hand, those formed from propane ions having 13 x 

-12 10 ergs/molecule have enough energy to decompose almost completely 

t CH +.· · 10-5 d o 
2 3 

ions in secon s, This is due to the very sensitive de-

-pendence of t he rate constants on the internal excitation energy, as 

may be seen from the equations in Section VI. 

With the breakdown graphs at hand we can now discuss the sim

plification, made above, of disregarding the decomposition occurring 

between time t 1 and t
2

. Any chaDge in the time scale will result in 

the shift of the almost-vertical portions of the breakdown curves, cor

responding to the onset of a secondary reaction. The r ate of change of 

the rate constants with excitation energy is very rapid in the range 

where the rate cons tants are of the order of -1 sec Th;us, firstly, 

the breakdown graphs will change but slightly in ~ppearance in going 

from time t 1 to t
2

, indicati~g that a neglieible correction is intro

duced by allowing for reactiôn occurring during this time interval. 

Secondly, t he essential nat·J.re of the results is quite insensitive to 

variations in the absolute values of t 1 and t 2, pennitting confident 

use of the r ough approximation that. t 1 is 10-5 seconds. 

A most serious gap in any theoretical discuss ion of mass spectra 

centers about the problem of energy transfer . One would like to have a 

.. 
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distribution function for the fraction of parent ions formed with 

various amounts of internal excitation energy as a result of elec

tron impact. An attack has been made on this problem only for the 

hydrogen and heliwn atoms. (41-) However, using the breakdown graphs 

shown in figures 4 and 5 one can determine a distribution function 

such that the experimentally determined mass spectrum is obtained. 

This mode of approach is, of course, extremely arbitrary. It may, 

though, serve as a semi-empirical approach to getting such distribu

tion functions for a variety of molecules such as, say, a sériés of 

paraffin hydrocarbons. Throughout such a series one would not expect 

radical differences in the distribution functions. Every one of these 

distribution functions must satisfy certain criteria discussed below. 

The upper limit of the distribution function is ~efined by 

the energy of thé impacting electrons minus the ionization potential 

of the parent ion. 

The lower limit of the distribution function is zero. This 

implies that there is essentially zero probability for the production 

of ions having no internal excitation energy. That this is the case 

is readily deduced from the fact that, in general, the potential mini

mum corresponding to the equilibrium configuration of the molecule~ion, 

does not lie directly above the minimum corresponding to the equilibr~um 

configuration of the neutral molecule. Hence a vertical transition 

must produce at least some int'emal excitation. This is nicely demon~

strated by the small but consistently positive differences between mass 

spectrometric and spectroscopie values for a number of ionization 

0 

'· 
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potentials, as shown in Table 14. 

Table 14 

Molecule I Mass I Optical 
S~ectrometric S~ectroscopic 

kcal/mole 
Nitrogen 359~8 359,3 

Carbon Dioxide 319.4 318.0 

Acetylene 263.6 262.9 

_Benzene 217.5 213.1 

Ethylene 244,9 242.4 

Propylene ·226.9 222.6 

3-Methyl-2-Butene 204.1 202.7 

(23) 

Difference 

0.5 

.1.4 

0.7 

Information obtai_ned from stopping power measurements on high 

energy particles, the amount of double ionization found in mass spectra 

and the relative amount of fragmentation in mass spectra all indicate that 

the mean of the distribution function lies in the range of five to ten 

electron volts. 

The average amount of energy spent per ion pair produced by 

high energy radiation !s generally of the order of 30 electron volts. This 

value is largely independent of the characteristics of the incident primary 

radiation and of the fast charged particles whose impact is the irrrnediate_ 

cause of the ionizati on. The ionizati on potentials of hydrocarbons are of 

the order of ten electron volts, Then, _assuming that of the remaining ener

gy loss roughly one-half goes to processes involving excitation without 

ionization, the average arnount of excitatior, accompanying ionization is of 

the order of ten volts. (42, 43) 
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The mas s peaks corresponding to doubly ioni zed frag,nents in 

hydrocarbon mass spectra rarely have an intensity exceeding one or two 

percent of the largest peak. (44) Even allowing for the fact that there 

are contributions to integral mass peaks from doubly ionized fragments 

having integral m/e values, the small intensity of the directly obser

vable peaks indicates that ·total double ionization is ·of the order of 

only a few percent of total ionization. Horeover, the almost complete 

lack of ions with appreciable kineti c energies rules out the possibility 

that initial double ionïzation followed by decomposition into two char

ged fra_gments forms an important contribution. to the observed mass spec

trum. It is concluded that very few molecules receive sufficient energy 

to become doubly ionized. 

The nature of the important peaks in mass spectra indicates that 

they correspond to ions fonned by the rupture of very few bonds of the 

parent ion. Indeed , the appearance potentials of the major peaks in hy

drocarbon mass s re ctra all lie within six or seven electron volts of the 

ionization potential of the parent molecule. This also supports the range 

five to ten volts as an average value fJr the amount of internal excita

tion transferred by the ionizing electron. 

-
The fvllowing extremely si~ply distribution functions were used 

in calculating an actual mass spectrum by graphical integration: . 

i. 

ii. 

Unit probability in the range 0 -
Zero probability above 

Unit probability in the range 0 
0.5 probability in the range 16 -
Zero probability above 

20 X 10-l2 

20 X 10-12 

-12 16 X 10_12 
20 X 10_12 20 X 10 

ergs/molecule 

1 

1 

! 
1 

1 

r 
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iii. O. 9 probability in the range O - 4 x 10=~~ ergs/moJ.ecule 
Unit probability in the r ange l~ - 14 x 10 _1; · 
O. 5 probability in the range 14 - 20 x 10 _

1
; 

Zero probabi li ty above 20 x 10 - . 

(1 x 10-
12 

ergs/molecule ~ 0.624 electron volts g 14.4 kcal/mole) 

i ii iii 

l.0i----------
LJ 

l'(E) -

0 1----------'--

E: X 1012 20 0 0 20 0 20 

Figure 6 

Using the above distribution functions and the resQlts illus

trated in figure 4 and Appendix III, we get the mass spectra 

Table 15 

Calculated and Observed Relative Abundances in the ProEane Mass SEect-rum 
+ + + + + + + p + Distribu- C3H8 n-c

3
H

7 C3H5 C3H6 C2H5 c2I\ C2H3 c2 -i2 
tion 

+C3H3 + +CH+ 
Function 3 4+ 

+CH+ +C
2
H2 '.2 ·-

i 0.102 0.064 0.059 0.062 0.249 . o. 161 0.272 o.o-n 
ii 0.114 0.071 0.056 0.057 0.277 0.178 0. 220 b.027 

iii 0.112 0.074 0,056 0.056 0.300 0.185 0.19,:.. 0.024 

Ex:ptl. c3i) 0.090 0.071 0.103 0.042 0.310 0.183 0. 122 0.027 

Total ionization normalized to unity. Ex:perimental peaks omitted total 0.052 

" 

( 
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Using the above cti'stribution functions and the results tabulatcd 

in figure 5 and Appendix III we get the mass spectra 

Table 16 

Calculated and Observed Relative Abundances in the ProEane Mass S~ctrum 
+ i - c

3
H

7
+ + + + + + + Distri- C3H8 C3H5 C3H6 C2H5 C2H4 C2H3 c2~2 bution + + 

Function +C3H3 . +C3H4 
+CH+ + 

2 +C~/2 

i 0.097 0.245 0.213 0.042 0.128 0.038 0.212 0.024 
ii . 0.108 0.272 0.208 0.037 0.142 0.042 0.170 0.020 

iii 0.106 o. 283 · 0.208 0, 036 0 .154 0.045 0.150 0.018 

Ex:ptl~31) 0,090 0. 071 0.103 0.042 0.310 0.183 0.122 0.027 

Total ionization norrnalized to unity. Ex:peri~ental peaks omitted total 0.052. 

The agreement for the breakdown graph of figure 4 and the distribu

tion function iii is r emarkably close , considering all the approximations 

involved. The agreement for the brea.kdown graph of figure 5 is not nearly 

as good. 

Considering that, with but one exception, the par&~eters origin

ally chosen for the activat ed compiLexes were used in this calculation, the 

agreement is quite good. The one parameter whose value was changed after 

original assignment was the frequency f actor for the reaction c
3

H8+ ~ 
+f + c

3
H

8 
~ c

2
H5 + CH

3
• Prior calculations on the assumption that the 

activated complex did not differ with regard to any vibrational frequen

cies gave much poorer results . A posto~iori, it appeared reasonable that 

that the methyl rocking frequencies were lowered in the activated complex, 

-as is discussed in Section VI. Under these circumstances, the agreement 

is somewhat fortuitous but still quite indicative of the validity of the 

theory . 

0 

i 
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Recalling the dÎscussion concerning the nature of the propyl 

ion in the propane mass spectrum, the present results would indicate 

that neither type of ion is definitely ruled out. 

At this point the arbitrary nature of the calculation is surely 

apparent. One is dealing with many more parameters than unknowns. How

ever, this much should be stated~ 

Insofar as vibrational frequencies and moments of inertia are 

concerned, their function as arbitrary parameters is very much restricted 

by criteria of self-consistency among the various activated complexes 

and also by what might be termed consistent analogy to the values experi

mentally obtained on the corresp~nding neutral molecules. 

A most decisive test of the validity of the method will be 

found in the calculation of another mass spectrum in a similar manner, 

using only mutually consistent values of the parameters involved. 

' 

" 
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• 
VIII. TEMPERATURE DEPENDENCE, ISOTOPE EF'FECT and HETASTABI.E TRANSITIONS 

• Several other aspects of mass s:p3ctra are explainable in terms 

of this .theory, namely, temperature dependence, isotope effects and 

metastable .transitions~ 

The essential feature of temperature dependence in mass spectra 

is the marked decrease in parent ion intensity with increasing tempera-

ture. (45 ) Fragrrient ion intensity e;lianges are much smaller and may have 

either sign. In terms of this theory, increasing the temperature shifts 

the energy distribution function maximum to slightly higher values and 

· causes the distribution function to rise less steeply from its zero value at 

zero energy. As may ·be seen from the breakdown graphs, this results 

in a smaller relative abundance of the parent ion in the calculated 

mass spectrum. Changes in intensities of the other mass peaks will 

depend on how the change in the energy distribution function affects 

the integrals of the product of the distribution function with the 

breakdown graphs shovm in figures 4 and 5. 
' As can r eadily be seen from the nature of the rate equation 

used in this discussion, a detailed discussion of isotope effects would 

require a far better knowledge of 'the physical parameters and the de

tailed nature of the various activated complexes than is presently avail

able. However, one interesting series of experirnents can be quite simply 

discussed. Introducing a deuterium atom into a hydrocarbon speeds up the 

dissociation of any one of the remaining hydrogens. However, this deu

terium atom cornes off less readily than did the hydrogen it repla~ed. (2B) 

0 

... 
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The first effect is best. discussed in terms of a quantity called 

"non--fixed" energy. Following Marcus, (4b) we define the non-fixed ener

gy of an harmonie oscillator as the total vibrational energy of the oscil

lator minus its zero-point energy. Let us return to Section V and the 

derivation of the expression of the number of accessible states for a 

system of coupled harmonie oscillators having a total vibrational ener

gy equal to or less than E. The equations (17), (18) and (19) show imme

diately that the zero-point energy is not taken into account there. In 

other 1...c>rds, the expression for the total number of accessible states and, 

hence, for the density of states is given in terms of the above defined 

non-fixed energy. Now, to a high degree of approximation, we rnay take 

the distribution function for energy.transfer by electron L~pact to be 

the same for the deuterated and non-deuterated compo"Llltd• The difference 

in behavior is due to the difference in non-fixed energy present in the 

oscillators when they are in thermal equilibrium at a t':':'mperature T, as 

is the case with mass spectrometer gas semples before they enter the 

ion gun. The average energy of an harmonie oscillator is given by 

hv 
lhv E = + 

hv 
2 

kT 
e -1 

where the first part of the expression is "the non-fixed energy. We now 

assert that the oscillator with the lower frequency has the higher non

fixed energy at the same temperature. For simplicit-y let us compare two 

oscillators of freguencies v and 2v. Then the assertion requires proving 

(t 
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Cancelling terms, 

hv 

hv 
kT 

ht 

hv 
kT 

-1 

-1 

1 
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> 2hv 

2hv 
kT 

e -1 

> ç2hv 

hv 
kT 

(e -l)(e 

1 >---
hv 
kT 

hv (e +l) 
kT 

hv 
kT 

+1) 

Bute )1 for finite values of v and T and the inequality is demonstrated. 

This then me ans that, with respect to the · non-deuterated rnolecule, the mono

deutero molecule has a greater amount of non-fixed energy. Hence, since 

the activation heat and frequency factors are the same in both cases, the 

decomposition proceeds more readily in the monodeuterated molecule. 

The second effect is due to a combination of two factors, one in 
, 

the frequency factor a!).d the other in the ~nergy factor of the rate equa-

tion. The frequency factor is decreased because the C-D stretching fre

quency is less than the C-H frequency and this is the degree of freedom 

which becomes the translation in the reaction coordinate. Now, the energy 
·-,,.., 

facto; of the rate equation rnay be ta~en to .be of the form 

' Il 

E - e
0 (--) 

E 

0 
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Using the non-fixed energy and heat of activation of the nondeute:rated 

molecule as a base of reference, the heat of activation fôr the same 

reaction is increased for a deuterium atom by the difference in zero

point -ene~gies. The non-fixed energy can again be written in tems of 

the average energy of an harmonie oscillator. Using the two frequencies 

vD and vH' the energy factor becomes 

n 

E - E 
hvH hvD 

+~ ( VD - vH) + 
0 2 

hvH hvD 
kT 

-1 
kT 

-1 e e 

E -
hvH hvD 

+-

hvH hvD 
kT kT 

e -1 e -1 

Usi~g the previously derivea result that the non-fixed energy is greater 

for the oscillator with the lower frequency, we can write symbolically 

E-E +B-C 
0 

E- ·+ B < 
E -e 

0 

F 

where the Bis the difference in.non-fixed energy and C the difference in 

zero-point energy. Thus, quite generally, the energy factor is lowered. 

Hence, the rate of loss of deut erium is smaller than for the non-deutera

ted case. 

We now turn te a discussion of metastable transitions leading to 

non- integral mass peaks. 

0 
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Consider an ion of mass M formed in the electron. bemrr which is 

accelerated through a potential drop V and analyzed in a magnetic field 

H. In the ma.gnetic field, the ion has a path of radius of curvature R 

given by 1 1 - -
R _ cMv _ c(2MT) 2 _ c(2Mev) 2 

- eH- - eH - eH 

where Ris the radius of curvature of the path 
C is the velocity of light 
.Vis the velocity of the ion 
Mis the mass of the ion 
Vis the accelerating voltage 
T is the kinetic energy of the ion 
e is the charge of the ion 
His the magnetic field strength. 

If now this ion decomposes into a smaller ion of mass m after 

acceleration but before entry into th~ magnetic field, it has a kinetic 

energy ~:- = emV /M and it is deflected by the magnetic field into a path 

with a radius of curvature given by 
1 1 - -.,,_ 2 2 2 

R = c(2rnT~ ) . = c(2rn eV/M) 

eH eP. 

~-
Consider now a fictitious ion of mass m which is accelerated through the 

/ 

potential V and whose mass is s.uch that it is defle cted into a p,~th having 

the same radius of curvature as that of the ion which decomposed in transit. 

We can write for its radius 4.f m,,.rvat ure 
1 

c(2m*ev'J2 

R = ---------- • 
eH 

7~ 
Equating (2) and (3) and solving for m we readily find 

-~ 2 
m =- m /M 

" 
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This is the apparent mass of an ion which has decomposed in the time in

terval between electrostatic acceleration and deflection by the magnetic 

field; in other words this is the apparent mass of a metastable ion in 

terms of the masses of the original and productions. 

The diffusehess o~ the metastablè peaks is due partly to decom

po~itions which occur while the parent ion of th~ transition is still in 

the electrostatic accelerator or shortly after the ion has entered the 

magnetic analyzing field and partly to small amounts of kinetic energy 

resulting from the decomposition. 

These cortsiderations are illustrated by the metastable transi

tions found in propane, normal butane and isobutane, tabulated below. 

Table l'.Z (47) 
i} 

Molecule Transition m 
+ + 

H2 39.2 Propane C3H7 C3H5 + 
+ + 25.2 Propane C2H5 ,,.. C2H3 + H2 

+ + 
31.9 n-Butane c4 IS.o C3H7 + CH

3 + + _30.4 n-Butane C411_Q C3H6 + CH
4 

n-Butane c3H
7 C3H5+ + H2 39.2 

+ + 25.2 n-Butane C2H5 C2H3 + H2 
. 11. + + 31.9 i-Butane i-C4 0 C3H7 + CH

3 
i-C4Hl0+ 

+ 
30.J+ i-Butane C3H6 + CH

4 + 
i-Butane C3H7+ C3H5 + H2 39.2 

+ + 
+ H2 25.2 i-Butane C2H5 C2H3 

To these may be added a tabulation of other masses lost in 

met astable transitions in various hydrocarbons including paraffins, cyclo-

paraffins, olefins, cyclo-olefins. aromatics and alkynes of all varieties. 

0 
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Met astable transi tians are f ound invo-1.ving the loss of H, H2, CH3' CHI+' 

C2H2, _C2H3, c2Hh' C2H5, c2H6, c3H4, c3H6, c3H7, c
3
H8, c

4
H8, c

4 
H9" and 

c
4

H10• (4a, 49 ) Whether the sim1ùtaneous los~ of .more than one atom in 

metastable transitions is correctly described by considering the rteutral 

fragment to be just one polyatomic fragment (a radical or molecule ) is 

by no rneans immediately apparent. It is noteworthy, though, that the 

fragments lost are, in general, the same as those lost in reactions 

where the energetics demanded that the neutral fragments are forme~ with 

as many chemical bonds ·as possible. Direct evidence is available in only 

a few instances; the evidence is again concerned with appearance potentials. 

In the following table are given values for the appea~ance potentials of 

various integral mass peaks é .• nd metastable transitions measured by Fox · 

and Langer. (5o) 

Molecule 

n-Butane 

• 1 

i-Butane 

Table 18 

(39.2) 
(31.9) 
(30.4) 

(39. 2) 

" 

A(X) kcal/mole 

253.7 + 2.3 
253.7 ~ 2.3 
253.7 ! 2.3 
313.7 ~ 4.6 
366.7 !l2 
316.0 +12 . -
253,7 + 4.6 

253.7 t 4.6 

246.8: 4.6 
251.4 ! 4.6 
313.'(: 4.6 
313.7 + 6.9 
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Molecule 

Butene-1 

cis-Butene-2 

i-Butene 

1,3-Butadiene 
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Table 18 ~contd.) 

Ion or Metastable Transition 

+ 
C4H8 

+ 
C3H5 

+ + 
+ CH

3 C 4 Hg ..Lo.-,._ C3H5 
+ 

C4H8 
E: H + 

+ 3 5 + c
4 

H8 ----,>, c
3

H
5 

-+- CH · 
3 

+ 
C4H8 

+ 
C3H5 

+ + 
C4H8 ~ C3H5 + CH

3 
+ 

C4H6 
+ 

C3H3 
+ + 

C4H6 ~ C3H3 + CH
3 

iÇ 
A{Xl kcalL'.'.mole m 

225.3 :!: 2.3 

270.3 :!: 4.6 

(30.0) 268.2 :!: 4.6 

213.1 :!: 2.3 

267.3 .:!: 2.3 

(30.0) 264.5 :!: 2.3 

202.5 :!: 2.3 

262.0 :!: 4.6 

(30.0) 248.2:: 2,3 

212.2 :!: 2.3 

274.4: 4.6 
(28.2) 265.2 _: 4.6 

At first glance, the magnitude of the appearance potentials for 

the metastable transitions is very close to t~ose for ions formed br pro

cesses in which the neutral fragments had the maximum number of chemical 
I 

bonds. Thus it is certainly valid to consider the neutral fragments to 

be single radicals or molecules • 

. A second result of great signifi~ance is that the appearance 

potentials for metastable transitions coincide within experimental error 

with the appear~nce potentials of the productions, not of the initial 

ions. In terrns of the proposed theory the explanation is the following: 

We have seen in preceding sections that the integral mass peaks 

of a mass spectrum could be interpreted in terms of unimolecular decompo

sitions of parent ions having a distribution of internal excitation energies • 

" 
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The rate t heory showed that the unirnol ecular rate const ants were dependent 

on the amount of internal excitation energy. It then follows that there 

will be various r anges of internal excitation energy for the various ions 

such that the ions will undergo decomposition within the time interval 

necessary for them to appear as metastable transitions. Moreover, these 

permissi ble ranges will include but a small fraction of the ion·s. It 

must be emphasized that in the strict sense of the t erm, every decompo

sition reaction is a metastable transition. However, the· metastable tran

sitions detected in a spectrometer are only those among all which have 

half-lives of the order of 10-6 seconds. Hipp1/ 5l) showed that the meta

stable transitions 31.9 and 30.~ i n the butane mass spectrum could be 

assigned a half-life oi 2 x 10- 6 seconds. · This value, however, is strongly 

dependent on the instrument. The proposed theory predicts that carefully 

planned experiments could detect metastable transitions having all sorts 

of half-lives. 

Elaborating on the picture of competing unimolecular r eaction~ 

one can state the followiqg principle: 

If an ion · ca.1 decompose by several competing reactions, meta

stable transitions will appear only for those reactions which r equire the 

least energy. 

This follows from the fact that an ion which has only enough 

energy to decompose slowly by a high-energy reaction will be removed much 

more rapidly by the low-energy reaction . 

0 
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C H + 
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+ C 2 H4 
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+ C3 HG 

R.A. 5.82 
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m*=39.2 R.A.=0.14 
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Figure 7 
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The main difficulty obstruct ing a thorough interpretation of 

metastable transitions in various mass spectra is an experimental one. _ 

Metastable peaks are generally not more than a few percent of maximum 

peak height. (48) This indicates that many possible metastable transi

tions may be obscured by instrument background. Furthermore, some 

apparent masses of metastable origin, though of reasonable intensity, 

may be obscured by other mass peaks. Notwithstanding these limit ations, 

several interesting observations can be made. 

Figures 7, 8, and 9 repres~nt the-principal ions in the propane, 

n-butane and isobutane mass spectra. Also indicated are the nain reaction 

paths by which these ions are formed along with the heats of activation . 

calculated for these reactions and the metastable transitions observed in 

the mass spectra. 

The principle conceming metastable transitions and heats of 

activation is clearly illustrated in several places. In the n-butane 

mass spectrum, the parent icn can decompose by four paths requiring heats 

of activation of 4.8, 9,4, 30, 2 and 38 . 3 kcal/mole, respectively. l-1eta

stable transitions are found. for the paths requiring 4.8 and 9.4 kcal/ mole 

and not for the other pair. In "the same spectrum the propyl ion can de

compose by two paths requiring 45.0 and 68.3 kcal/mole. A metastable 

transition is found for the former but not the latter. In the isobutane 

mass spectrwn, the propyl ion can deccmpose along two paths requiring 60.0 

and 84.4 kcal/mole respectively. Again the lower energy path is accompànied 

by. a metastable transition but the other path is not. 

.. 
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In the propane mass spectrum no metastable transitions are 

found for the parent ion. This is somewhat surprising. The energy 

principle would require the transitions to be c
3

H
8 

+ __ c
3
H
7 

+ with 

an m* of 42.02 which would certainly be obscured by the c
3
H6+ peak. 

+ + * The other possible transition, c
3

H8 - · c2H
4 

has ·an m of 17.82. 

There is no data on the mass spectrum in the vicinity of this mass 

range, possibly because the region of e/m between 17 and 19 corres

ponds to no real ion; a.nother possibility, 'of course, is just that 

this peak is small enough to be obscured by instrument background. 

Another interesting feature is fou_~d in the metastable tran

sitions leading to c2H
3

+ and c2H2+ ions. In the propane mass spectrum 

these transitions are just further illustrations of metastable transi

tions coinciding with lowest energy processes. In the butane and iso

butane mass spectra they appear in an entirely different light. Here 

the productions are formed mainly along other reaction paths, as shown· 

in figures?, 8, and 9. But, as far as the ethyl and ethylene ions are 

concerned, this mode of d~composition is still their lowest energy path 

and hence, they decompose in this fashion. This brings out the fact that 

the simple unimolecular decomposition sc~emes formulated here are only a 

first approximation, although, we believe, a good one. At voltages such 

as used in standard mass spectra, many of the smaller ions a~e formed by 

several reactions. 

Finally, the sequences of metastable reactions proceeding by 

loss of single ,hydrogen molecules indicate how ions consisting of carbon 

chains with but few hydrogen atoms attached are formed • 
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The metastable transitions as a whole are a most cogent support 

for various aspects of the interpretat ion of mass spectra presented in 

this report. 

We believe that, using available data on metastable transitions 

·for large hydrocarbons along with the detailed information pres_ented here, 

the essential f eatures of the breakdown reacticns leading to the mass 

spectra of these molecules can be reconstructed • 

0 
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IX. SUMMARY 

The treatment of mass spectra presented here was based on 

the hypothesis that following ionization and excitation, the excitation 

energy of.the large molecule-ions was distributed in a random fashion 

by means of radiationless transitions among the numerous electronic states. 

On the basis of this hyràthesis, the mass spectrum of a large 

molecule was considered to be the result of a series of quasi-equilibrium 

unimolecular decompositions of vibrationally excited molecule-ions. Ap

pearance potenti.al differences in various mass spectra were interpreted 

as heats of activation for unimolecular decomposition reactions. The re.ac

tion sequences leading to the formation of the principal ions in the mass 

spectra of butane and isobutarie were deduced, and heats of reaction and 

heats of activation calculated for the various steps. The resulting schemes 

were found to be consistent \:ith the scheme previously deduced for propane 

by Wallenstein and the heats of reaction and activation also were in essen

tial agreement with those c~lculated by Wallenstein. (4) 

A rate equation appropriate for the decomposition of isolated 

systems having a large but fini.te nurnber of degrees of freedom was discussed 

and applied to the unimolecular reactions leading to the propane mass spec

trurn. Activated complexes for t:1e various reactions were postulated and 

reasonable values of the physical parameters were assigned and usrjd in 

q~antitative calculations of the severa~ rate constants. 

Lacking more exact knowledge, some very simple distribution func

tions for internal excitation of the parent molecule-ions were applied to 

(t 



• 

• 

-107-

an actual calculation of the propane mass spectrrnn, assumed to be the 

result of a series of unimolecular decomposj.tions ocèurring j_n a time 

t = 10-5 seconds. The excellent agreement between the calculated and 

observed mass spectrum was strongly indicative of the validity of the 

theory, although the numerical values of the parameters invol~ed were 

very tentative. 

· The effect of temperature on mass spectra was discussed in 

terms of changes in the energy distribution function for the parent 

. mole cule-ions. 

The effect of deuteration on rate of hydrogen loss in hydro

carbon mass spectra was discussed in terms of differences in non-local-· -

ized energy among various isotopically substituted molecule-ions and 

differences in the frequency factors of the rate equations. 

Met astable transitions were shm-m to be a nat ur::il consequence 

of this theory since it postu.lated that mass spectra were formed by a 

whole family of such metastable transitions having a continuous range 

of half lives; the small relative abundance of experimentally observed 

metastable transitions was shown to be due to experimental factors . A 

number of examples were discussed supporting the corollary that these 

metastable transitions would occur only for the lowest energy processes 

among a number of competing unimolecular reactions. 

Further experiments and calculations which would put the rro

posed theory on a firmer footing include calculation of the mass spectra 

of butane and isobutane in the same manner as was done here for propane • 
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This would remove much of the arbitrariness in the assumed values of the 

physical parameters. A thorough study of the variation of mass spectra 

with electron voltage would be .a severe 'test of the correctness of the 

breakdown graphs and would give further information relating to the 

shapes of the excitation energy distribution functions. Electron impact 

studies at energies just above the appearance potential of certain ions 

in isotopically labelled molecules would give much information concern.ing 

the nature of the ac.tivated complexes postulated for the various reactions. 

These studies might also be amenable to a more quantitative treatment of 

the isotope effect along the lines described in this report. 

0 
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APPENDIX I 

RATE CONSTANTS FOR UNIMOLECULAR DECOMPOSITION OF HYDROCARBON IONS 

In this appendix are given numerical values of the various rate 

constants discussed in Section VI of this report. The rate constants, 

including those for secondary reactions, are tabulated as functions of 

the internal excitation energy E of the propane molecule-ion. The 

general rate equation is 

For decomposition of the parent ion, E1 = E. For reactions involving de

composition of productions, E' is simply calculable using the considera-

tions outlined on pages 70 ff. 

i 

1 

2 

3 
·4 

5 
6 

7 
8 

9 
10 

1012. 
~ . X 

Ol ergs/mole cule 

1.757 

1.757 
1.102 

1.102 

1.102 

4.658 

4.031 

4.031 

3.389 

3.389 

z. 
l 

1.122x1015 

4.077x1019 

2.716x1024 

l.800xl.014 

9.360x1018 

2.653x1019 

3.916x1013 

1.655x1019 

i. 762x1014 

1. 505x1024 

* n ...E... Page 

;;,5 o 62 

25 o. 5 64 

1 68 

25 O 68 

25 0.5 67 
13.5 0.5 71 
11 

10.5 

23 

22 

0 · ('2 

0.5 72 

O 74 

1 75. 

* Refers to the location of the discussion of the activated complex and the 

derivation of the rate equati on • 
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EX 1012 kl k2 k k4 k5 . 
6 -8 . 2,616 X 10-l O 4, 938 X 103 /" 1 2.0 1. 4 l X 10 3,6/1J X 10:> 1.795 X 10 ~ 

• 2,5 7,521 X 10 l 2, 356 X 10 0 l. 856 X 10 6 8.800 X :Lü7 5.4.1.l X 106 

3.0 3,0l,/+ X 10 5 1. 233 X 104 5,5;1..6 X 107 l. 9?.6 X 109 1.380 X 108 

3.5 3,025 X 10 7 l.451 X 10 6 8 5,109 X 10 1./~2 X lOlO 1.1)7 X 109 . 
i 8 3,199 X 107 9 5,706 X lQlO 5,050 x 109 
1 

4.0 5,878 X 10 2,495 X 10 

4,734 X 109 8 8,229 X 109 1.605 X 1011 1.539 X lOlO 1 4.5 2,849 X 10 

' 5,0 2,236 X lOlO i.463 X 109 2,b96 X lOlO 
. 11 

3,660 X lOlO 
1 3,564 X 10 
! . 

'7,/+34 X lOlO 5.226 X 109 10 11 7,330 X lOlO 1 ~-5 4,462 X 10 6,723 X 10 . 
! 6.o 1.941 X 1011 1.453 X lOlO 8,333 X lQlO 1.127 X 1l2 1.297 X 10

11 
• 

6.5 4,249, x 1011 3,362 X 10 10 l.4l0 X 10 il 1,731 X 1012 2,091 X 1011 

7.0 8.166 X 1011 6,792 X lOlO 
. 11 

2,212 X 10 12 2. l,86 X 10 3,139 X 1011 

7. 5 . 1.419 X 1012 11 1.236 X 10 3,267 X 1011 3,386 X lOl?. 4,454 X 10ll-
' 2,278 X 1012 2,068 X 1011 4.609 X 1011 12· 6,048 X 10ll l 8.0 4,428 X J.0 
l . 

3.436 X 10~2 3,241 X 1011 6,244 X 1011 5,594 X J.012 7,913 X 1011 l 8.5 1 
1 12 4.8].l" X 1011 11 6, 87/+ X io12 1.004 X 1012 1 9,0 . 4,918 X 10 8.191 ;~ 10 

9,5 6.757 X 1012 6,833 X 1011 1,046 X 1012 8,251 X 1012 1.243 X 1012 

10.0 8,959 X 1012 9,344 X 1011 . 1.304 x 1012 9,716 X 10 12 
· l. 507 X 1012 

10.5 1,153 X 1013 1.239 X 1012 1.552 X 1012 1.095 :c 1013 1. 7/+5 X 1012 . 
1.447 X 1013 1.598 X 1012 1.921 X 1012 1.286 X 1013 2,104 X 1012 

11.0 

11.5 13 ·2, 017 X 1012 2,271 X 1012 1.4/+'7 X 1013 2,427 X 1012 
1.778 X 10 .. l 12.0 13 ' 2~ 492 X 1012 12 13 2.'171 X 1012 

t 2,143 X 10 2,655 X 10 . 1.614 X 10 
1 12.5 2,544 X 1013 3,029 X 1012 3,083 X 1012 1.792 X 1013 12 
t 3,l/46 X 10 
î 13.0 2,976 X 1013 3,625 X 1012 3,528 X 1012 1.966 X 1013 3,526 X 1012 

' j 13.5 3,436 X 1013 4,2'76 X 1012 4,006 X 1012 13 · 3,922 X 1012 2,1/.i.2 X 10 
, 

14.0 3,926 X 1013 4,990 X 1012 ·4 • 511 X 1012 2,318 X 1013 4,2'(8 X 1012 
• 
~ 

14; 5 4. 4/41 X 1013 5,760 ·x 1012 - 12 2,/+95 X 1013 4-• 7/.,8 X 10
12 

{ 5,044 X 10 . ' 
l 15,0 

. l? 
6 • 5f34 X 1012 5,600 X 1012 2.67l X 1013 5,179 X 1012 

4,981 X 10 ., 

i 15,5 13 7.464 X 10
12 6.187 X 1012 13 5,619 X 1012 

5,543 X 10 2,8l18 X 10 · 
i 16.0 6,12/+ X 1013 12 6,798 X 1012- 3,02h X 1013 6.069 x -1012 

8,398 X 10 

16.5 6,722 X 1013 - 9,376 X 1012 7,428 X 1012 3,19'7 X 1013 6,521, X 1012 

1 . 
17.0 7, 337 X 1013 13 8.08} X 1012 3,370 X 1013 6,985 X 1012 

1 1.041 X 10 

17.5 8 ,114 X 1013 1.1'70 X 1013 8,759 X 1012 . 3, 5141 X 1013 7 .L,54 X 1012 

18.0 8.605 X 1013 1. 246 X 1013 12 3,710 X 1013 7, 0 28 X J.012 
9, 460 X 10 

. ! 
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(Continuod ) 
• 

Ex 1012 kl k2 le 

18,5 9,258 X 10 13 1.376 X 1013 1,018 X 1013 

19.0 9, 874 X 1013 l.Ji90 x 1013 1.091 X 1013 

19.5 1,059 X 1014 1.620 X 1013 1.167 X 1013 

.. l 20.0 1.126 X 1014 1.748 X 1013 13 1.245 X 10 

~ 20.5 1.195 X 1014 1,879 X 1013 1.326 X 1013 

21,0 1. 263 X 1014 2,013 X 1013 1,404 X 101~ 

21. 5 14 1.331 X 10 2,149 X 1013 l.487 X 1013 

22 . 0 1.400 xlo14 2.289 X 1013 1.570 X 1013 

22.5 · 14 2,432 X 1013 1.656 X 10i3 l./+70 X 10 

23.0 1.538 X 1014 2,576 X 1013 1.742 X 1013 

23.5 1,608 . X 1014 2,724 X 1013 1.831 X 1013 . 

24.0 1.677 X 1014 2,875 X 1013 1.920 X 1013 

28.0 
·1 

2,220 X 10 4 4.134 ·x 1013 2,67? X 1013 

32.0 2,735 X 1014 5.467 X 1013 · 13 3,J,95 X 10 

"36.0 3,212 X lOj_i+ 6.828 X 1013 4,356 X 1013 

40.0 3,IJ50 X 1014 8 , 202 X 1013 13 
• 5,255 X 10 

1.4. 0 4,050 X 10l/+ 9, 564 X 10 13 6,179 X 1013 

48.0 4,).l8 X 1014 14 1.092 X 10 7,124 X 1013 

• 

• 

. ...,:- .. ~- . 

k4 

3,8T7 X 1013 
. 13 

4,0/+l X 10 

4,203 X 1013 

· 13 4,365 X 10 . 

4,532 X 1013 

4,678 X 1013 

4,831 x 10 13 

4,981 X 1013 

5,128 X 1013 

13 . 5,272 X 10 

5,/i.18 X 1013 

5,557 X 1013 

6,595 X 1013 

13 7 ,495. X 10 

8,271 X 1013 

8,955 X 1013 

13 9,5J.5 X 10 

1.007 X 1014 

0 . 
0 

~-,-·- -

k5 

8,4lÜ X 1012 

8,890 X 1012 

9,369 X 1012 

9,865 X 1012 

1.035 X 1013 

. 1.085 X 1013 

1.134 X 1013 

1,184 X 1013 

13 J..23/+ X 10 . 

1;283 X 1013 

1.333 X 1013 

1.382 X 1013 

l.7ï8 X 1013 

2,167 X 1013 

2,540 X 1013 

2,904 X 1013 

3,251 X 10l_3 

3,586 X 1013 

·, 
' 

1 

i 
1 

. ! 
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Ex 1012 k6 k7 kg k9 k.lO 

1 

4.0 -------------- ______ .. ________ 

4.5 
.., ______________ 

------------ ! 
5.0 1.230 X 10-24 ------------ i 

1 

f 5.5 . - 6 j 
f 

1.248 X 10 -------------
6~0 l.569 X 10-2 .J 

------------- . 
1 6.5 2 1.015 X 10 - ------------

7.0 7.225 X 103 3.235 X 102 i ; 
r. 

7.604 X lc? 
! 

7.5 1.565 X 10;.> [-

8.0 6 _l.615 X 10 8.459 X 10 4 

8.5 7 5.757 X 105 1.025 X 10 

1 
9.0 ------------- ------------ ------------ ------------ -------·-----
9,5 ------------- ----------- ------------- ------------- . -------------

10.0 ------------
1 

------------ ------------- ------------ -------------
10.5 

6 . 
3.722 X 10-3 3.215 X 10-3 .. 2.196 X 10-

n.o -1 . 1 1 
' 2,14l X 10 5,494 X 10 4.869 X 10 
f 11.5 1 5,804 X 103 3 
1 6,506 X 10 ) , 270 X 10 

l 
12.0 2,638 X 103 1.165 X 105 1.084 X io5 

• 3,906 X 104 6 9.63H x 105 12.5 1.014 X 10 
5 6 6 

13.0 3,125 .x 10 5,361 X 10 5,209 X 10 

f 6 2.0/µ X 107 2,024 X 107 13.5 1.635 X 10 

l 
6 6 ,152 X 107 7 1/+.0 6.612 X 10 6.225 X 10 
7 8 1.616 :x. 108 

14.5 2.114 X 10 1.568 X 10 

5.755 X 107 8 8 
15.0 3.484 X 10:: 3.658 X 10 

l l,376 X 108 8 8 
15.5 6.979 X 10 7,_457 X 10 

16.0 8 1.281 X 109 - ;L.393 X 109 2.964 X 10 

16.5 8 2. 210 x.109 9 . i 
t 

5.842 X 10 2.4lf2 X 10 

17.0 1.076 X 109 3,595 X 109 4.039 X 109 

t 17.5 9 5,561 X 109 9 
t l. 864 X 10 6,3\2 X 10 
} 18.0 3-~70 ·x 109 8.255 X 109 9.559 X 109 

t HL5 4,834 X 109 1.183 X 10lO 1.390 X 10lO 

t 19.0 7. 323 X 109 1.647 X 10lO 1.962 ~ 1010 

19.5 1.074 X 10lO 2.229 X lOlO 2,694 X 10lO 

.. 
, __ .. .. 

... -r-,..~~- --.,-,.,,-.r··~··.~__:. ... -1:- .. ---~ ..:.-- .. -,,... ... - ... - ........ ,._.. .,,...___""'!-"""' ,,,.. _ __ • __ ,:,_ ~•·"' '!: 
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l 
f 
1 

i 

1 
! 
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-: 
1 

' 

. 
' 

l 
-i 
l 
.i 
1 

1 
l 
1 

l 
j 

1 
j 

l 
! 
j 

J 

• l . 

E xlo12 

20.0 

20,5 

21.0 

21.5 

22,0 

22,5 

23.0 

23,5 

24.0 

28.0 

32.0 

36.0 

40.0 

41+.0 

48.0 
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(Continued ) 
k6 k7 kg k9 k _10 

1. 530 X lOlO 2,947 X 10lO. 3,609 X lOlO 

2,124 X 10lO 3,817 X lOlO 4,735 X 10lO . 

2.879 X lOlO 4,852 X lOlO 6,094 X lülO 

), 823 X lOlO 6,074 X lOlO 7,725 X 10lO 
· 10 
4,985 X 10 7; 476 X 10lO 9,628 X 10lO 

6, 39? X lOlO 9,090 X 10lO 11 1.184 X 10 

8.082 X 10lO 1.091 X 1011 l, 439 X 1011 

l,Oo6 x 1011 1. 297 X 1011 1.729 X 1011 

1. 239 x 1011 1.526 X 1011 2,057 X 1011 

4,625 X 1011 4,249 X 1011 6,205 X 1011 

1..154 X 1012 8,565 X 1011 1,341 X 1012 

. 2,269 X 1012 12 1.429 X 10 · 2,378 x · 1012 

3,826 X 1012 2,111 X 1012 J,710 X 1012 

5, 805 X 1012 2.'87l X 10~2 . 5,298 X 10
12 

8.169 X 1012 3,682 X 1012 7,103 X 1012 

... 
.,.......,,__'""~-.. .... - ..... ..... __..... ...... .,.,......,c...----.....ç·•----.- ..... -~ ~ ... .. . 

- ,~ .. --- _w_,. _,__., """..,."\'-->-f1~V1'.-.....,. .. -~i:...,-• ""'--- - ... ---·--:--

f 
1 
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APP1'NlüX . I l 

CALCULATION OF I ON FRAGMENTATION 

We illustrate here the calculations used in determining the 

breakdown curves shown in figure 4 on page 80. In this example we 
_r.. 

calculate the amount of fragmentation taking place in 10 ~ seconds for 

a propane ion having an internal . excitation energy of 12 x 10-12 er~s/ 

molt::cule. Using the breakdown scheme shovm on page 79 and the results 

tabulated in Appendix I, we have for the various unimolecular r ate 

constants 

kl 2.143 X 1013 -1 
k6 2.638 X 103 sec 

k2 2.492 X 1012 
kg 1.084 X 10 5 

k3 2.655 X 1012 
k9 > 107 

k5 2.771 X 1012 

The amount of J>ropane ion left at time t = 10-5 seconds is 

given by 
- (kl+k2+k3+k5)t 

n=ne =O ·o 

Since all reactions are unimolecular, the relative amounts of 

various products formej in 10-5 seconds are given by 

0.08 

0.09 

0 

1 
1 
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kl ' -kt -k6t kl 
(C2H5+) [ (e 1 = 

k6-kl 
-e ) J [k +k +k +k J 

l 2 3 5 

kl -k6t k - [ 1 ] ,., 
k1-k6 

e 
kl+k2+k3+k5 

= 0.71 

(C2H3+) = 0.02 

k3 -kt -kt k ' 
(C3H7+) = 3 9 )] 3 

[k -k (e -e [k +k +k +k] 
9 3 1 2 3 5 

,.., k3 -k9t k3 
:: 0 [k -k ] e [k +k +k +k] 

3 9 1 2 3 5 

·(C3H5+ + C½H3+ + C3H+) = k k kk3 k = 0.09 
.:> 1+2+3+5 

k5 -k t k5 
= --"-- [ e 5 -e -k8 t] [.,---,--...,._...,.._.] 

kg-k5 k +k +k +k 1 2 3 5 

-kgt e • r= 0.03 

Since the propane ion decomposed completely, these relative 

amounts are the absolute amounts of various ions formed from an initial 

amount of excited propane ions arbitrarily taken to be unity. 

0 
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APPENDIX III 

GRAPHICAL INTEGRAT ION OF THE BREAKDOWN GHAPHS 

· In ~his appendix are tabulated the areas under the various 

ion-abundance curves in figures 4 and 5. These when combined with a 

distribution function for internal excitation energy of the parent ion 

determine the relative abundance of U1e various ions in the propane 

mass spectrum. 

Figure 4 

Graphical Integratiml - .list oî Relative Areas Under Each Curve · for 

0 ta 1 

1 to 2 

3 

4 

5 
6 

7 
8 

9 

-12 / Abscissa Intervals of 1 x 10 ergs molecule 

.050 

0.002 

0.245 

0.300 

0. 285 

0.225 

0.175 

0.048 

0.000 

Bridged c
3

H
7

+ Ion 
, + H + 

C3d6 C2 5 

0.003 

0.025 

0.158 

0. 379 

0.523 

0.610 

0.663 

0.693 

0.713 

0.724 

0.483 

0.002 

0.002 

0.702 

0.673 

0.547 

0.369 

0.250 

0. 195 

0.148 

0. 128 

0.109 

0.001 

0.002 

0.002 

0.250 

0.737 

o. 71+0 

0.016 

0. 085 

0.084 

0.079 

10 

11 

12 

13 

14 

15 

16 

17 

18 

0.002 

0.010 

OJ027 

0.040 

0. 052 

0.062 

0.070 

0.077 

0.083 

0.090 

0.094 

0.097 

0.100 

0.105 

0.108 

0.002 

0.096 

0.120 

0.105 

0.098 

0.092 

0.087 

0.085 

0.083 

0. 081 

o. (}30 

0.080 

0.741 0.075 

0.742 0.073 

o.·142 0.070 

" 

-
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Figure I+ ( contd. ) 

Ex 1012 C3H8 
+ c

2
H7 

+ C
2
H6 

+ 
C2H5 

+ 
c2Hfi: 

+ c
2
H5 

+ . + 
c2H

2 C2H2 
+ 

19 . 0. 111 o.œo 0.741 0.068 

20 0.115 o.œo o. 740 0.066 

21 O.ll7 o.œo 0.739 0.065 

22 0.120 0.080 0.737 o.o64 

23 0.122 0.081 0.735 0.063 

24 0.124 0.082 0.732 0.062 

25 0.126 0.004 0.729 0.060 

26 0.129 0.085 0.726 0.060 

27 0.132 0.086 0.724 _o.o6o 

28 0. 134 0.087 0.721 o.o6o 

29 0.137 0.088 0.719 0.059 

30 0. 139 0.009 0.717 0.059 

31 0. 141 0.090 0.715 0,058 

32 0.143 0.091 0,712 0.058 , 
33 0.145 0.092 0.709 0.057 

34 0.147 0.093 0.707 0.057 

35 0.149 0.094 0.705 0.057 

36 0.150 0,095 0.702 0.057 

37 0. 151 0.096 0.700 0.056 

38 0.153 0.097 o.698 0.056 

39 0.154 0.0}8 o.695 0.056 

40 0.156 0.090 0.693 0. 055 

0 
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Fic ~e 5 
t 

Graphical I nt egration - List of Relative Areas Under Each Curve for 

Ab · -12 / scissa Intervals of 1 x 10 ergs molecule 

+ 

. + + 
Sec-c

3
H

7 
Ion 

+ + 

Ex 1012 + + + + 
c:ls c:l1 C3H6 ?2H5 c2H!± c:l5 C3Hî . C2H2 

0 to 1 1.000 . -----
1 to 2 0.944 0.050 0.006 

1 
3 0.001 0.935 0.001 0.058 

4 0.921 0.004 0.074 

5 0.885 0.001 0.030 0.084 

6 0.808 0.006 0.091 o., 089 

.7 ' 0.716 0.014 0.179 0.087 

8 0.556 0.023 0.268 0.082 0.066 

9 0.016 0.031 0.340 0.077 0.532 

10 0.040 0.398 0.073 o.4s7 

11 0.047 0.445 0.069 0.438 
' 12 0.055 0.483 0.056 0.395 0.002 0.009 

13 o. 06:.. 0.309_ 0.002 0.372 0.191 o.o61 
• • 

14 0.068 0.003 0.335 0.537 0.061 

15 0.073 --- 0.312 0.559 . 0.060 

16 0.077 ·----- 0.292 0.572 0,059 

17 0.082 0.276 0.585 0.058 

18 0.086 0.263 0.595 0.057 

19 0.090 0.251 0.602 0.056 

20 0.094 0.242 0.609 0.055 

21 0.098 0.233 0.61-5 0.054 

22 0.101 0.225 0. 621 0.054 

23 0.104 0.218 0.625 -0.053 

24 0.106 0.212 0.629 0.053 

25 0.110 0.206 0.632 0.052 

26 0.112 0.200 0.635 0.052 

~ 
f 

1 
1 

" 
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Figure 5 ( contd.) 

Ex 1012 + + + + + + + 
C2H2+ C

2
H8 c:l7 c:l6 C2H2 - C2Hft ..... C:/J c2H

2 
t' 

27 0.115 0,196 0.636 0,051 . 
28 0.118 0.192 0.638 0.051 

29 0.120 0.188 0.640 0.051 

30 0.123 0.184 0.61+1- 0~051 

31 0.125 0.181 0.642 0,051 

32 0.127 0,178 0.644 0,051 

33 0.129 0.175 0,645 0.051 

34 0.131 0.172 0.645 0.051 

35 0.133 0.169 0.645 0.051 

36 0.135 0.167 · 0.645 0.051 

37 

38 

39 ---- --,---
40 

' 

r 
t 

1 

1 

J 
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