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Metastable Transitions in Mass Spectra of
Hydrocarbons

By Evelyn G. Bloom, Fred L. Mohler, C. Edward Wise, and Edmund J. Wells

This paper gives a compilation of metastable transition peaks in mass spectra of about

170 hydrocarbons based on experimental data that have been published in the American

Petroleum Institute Catalog of Mass Spectra Data.

been found and identified.

One hundred different transitions have

These are tabulated according to the mass lost in the transition.
Masses lost are 1, 2, 15, 16, 26, 27, 28, 29, 30, 40, 42, 43, 44, 56, 57, and 58.

Nearly all

)

transitions can be ascribed to breaking of one bond with or without the transfer of one

hydrogen atom to the charged or to the neutral fragment. The data include those previously

reported in Research Paper 1888 [1].1

I. Introduction

A previous paper has discussed the metastable
transitions in mass spectra of 56 hydrocarbons [1].
The experimental data published by this laboratory
in the American Petroleum Institute Catalog of
Mass Spectral Data [2] now include nearly 170
hydrocarbons.  All observable metastable transi-
tion peaks have been indicated in the tables, and
the transitions giving rise to the peaks have
been unambiguously identified in nearly all cases.
This paper is a brief summary of the transitions
observed to date, including and greatly extending
the lists in the previous paper [1].

Metastable transition peaks are observed as
small abnormally wide peaks that are in general
at nonintegral mass positions. Hipple and Condon
[3] bave shown that these peaks arise from ions
that dissociate after the ions have passed through
the ion accelerating field. For this reason they
have less than the full kinetic energy and an
apparent mass, m,, which is less than the true
mass and given by the relation

ma:mf2//7ni (1)

where m; is the mass during passage through the
clectric field, and m; is the mass after dissociation.
! Figures in brackets indicate the literature references at the end of this

paper.
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m; may be either the mass of the parent ion or the
mass of a dissociation produet formed in the
ionization chamber before entering the ion accel-
erating field.

value of m, 1is
suflicient to determine both m, and m, since my
In practice a qualitative
intensity rule is very helpful in the identification
of the transition, namely that the height of the
metastable peak depends on the intensity of both

Theoretically the measured

and m; are integers.

the peaks m,and m; and both will have an intensity
of greater than 5 percent of the maximum peak
if the metastable transition is observable. The
experimental evidence for this rule has already
been discussed [1].

The Socony Vacuum Laboratories and the
Atlantic Refining Co. have published mass spectrs
of a number of the hydrocarbons included in the
National Bureau of Standards study and have
included metastable peaks [2]. There is usually
good agreement between laboratories in spite of
the fact that identification of these small peaks is
sometimes a matter of personal judgment and
experience.

The hydrocarbons covered in this study include
59 straight-chain saturated hydrocarbons, includ-
g n-decane, 18 nonanes and all lighter saturates;
34 olefins, including 1-decene, 1-nonene, 4 octenes,
3 heptenes, 13 hexenes and all lighter olefins; 21
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alkyleyclopentanes, 17 alkyleyclohexanes, 20 alkyl-
benzenes, 5 dienes, 3 acetylenes, 6 cyclopropanes
and cyclobutanes, and 3 cycloolefins.

II. Experimental Results

The following tables list 100 different metas-
table transitions that have been observed in hydro-
carbon mass spectra. Many of these recur in
many different hydrocarbons, and over a thousand
different instances of metastable transitions are
noted in the API tables. Here the transitions
are classified according to the mass lost in the
metastable transition. The first column of each
table gives the apparent mass and is the value
computed from the initial and final masses listed
i columns 2 and 3. In the last column is indi-
cated the compounds, or class of compounds,
showing the transition. When a transition occurs
only in one or two compounds or one or two
classes of compounds, these are indicated specifi-
cally. If it occurs in three or more compounds,
only the class of compound is indicated, and if it
occurs in three or more classes it is listed as com-
mon. The abbreviation p is used for the parent
ion. The information on occurrence of metas-
table transitions must be evaluated with due
regard to the above list of compounds studied.
Data on diolefins, acetylenes, and cycloolefins are
very incomplete.

Loss of mass 1 (table 1). The loss of H in a
metastable transition is very rare in view of the
fact that in every spectrum there are many large
peaks differing by one mass unit. In addition to
the four transitions listed in table 1, the Socony
Vacuum Laboratories [4] list two such transitions
in propylene; 42t—41t4+1 and 40T—39"4-1.
Although the transitions were not observed in our
work, there is no reason to doubt these observa-
tions. These metastable transition peaks coin-
cide with large normal peaks and it requires careful
study of the peak shape to prove that they exist.
The second of these transitions gives an apparent
mass of 38.0. An alternative explanation would
be 427—40"-+2 with an apparent mass of 38.1.

It 1s of interest that the transition 68T—67
occurs in nearly all the C;Hg isomers that have
been studied, for these include a wide variety of
compounds; spiropentane, cyclopentene, methyl-
enecyclobutane, several pentadienes, and 1-pen-
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tyne. In all these spectra the loss of H from the
parent ion is a very probable transition, often the
maximum peak.

TasLe 1. Transitions involving loss of mass 1

1 ‘ \
| Ma mi | my | Oceurrence
— T
(IR 562 () B 68+ 67+ | From p of CsHs isomers.
1 1755 S 78+ 77t | From p of benzene,
| 88.0. . _____ 90+ 89+ | Alkyl benzenes.

90.0 . _____ 92+ 91t | From p of toluene.

|

Loss of mass 2 (table 2). 'Thisis by far the most,
common type of metastable transition and is ob-
served in most cases where there are two strong
peaks differing by two mass units.

TasLe 2. Transitions involving loss of mass 2

Ma m; my ‘ Occurrence 1

\

281 26+ Common. |

29+ 27+ Do. |

30+ 28+ From p of ethane. 1

39+ 37+ Common. |

37| 41+ 39+ Do. J

39.1 = 43+ 41+ Do. 1

47.1 51+ 49+ Vinyleyclohexene. |

48.1 52+ 50+ 1,5-Hexadiene, benzene. ‘

49.1 53+ 51+ 2,3,3-mes-1-butene, CsHg's. ‘

511 55t 53+ Common. [

63.1__ 67+ 65+ Do.

65.1 69+ | 67+ Hexenes,

66.1 70+ 68+ Cyclics. |

74.1 78+ 76+ From p of benzene. ;

75.1 79t 7t Common. |

|

7.1 81+ 79+ CgH o isomers. |

88.0. 92+ 90+ | From p of toluene. }

89.0 | 93+ 91+ Alkyl benzenes. |

101.0-.. _ 105+ 103+ Do. !

1100 114+ 112+ From p of 2,5-me; hexane, E

S : |

Loss of mass 15 (table 3).  In the earlier work [1]
all instances of loss of CH; in a metastable transi-
tion involved the parent ion, but cyclics and the
heavier olefins were not included. As these
molecule ions can dissociate into ions of lighter
olefins (or ions isomeric with the lighter olefins),
it is not surprising that this dissociation is fol-
lowed by a metastable transition characteristic
of the lighter olefin. In all instances of loss of
CHs, the initial state is a molecule ion or at least
an isomer of a molecule ion.
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TaBLE 3.  Transitions involving loss of mass 15
Ma mi ny Oceurrence
28.2_____ 54+ 39+ | From p of CiHyg's and from CgHyo's
‘ and vinyleyclohexene.
30.0- ’ 56+ 41+ Cyeclics and olefins.
3.9 58+ 43+ From p of n-butane.
43.2_____ 70+ 55+ Cyeclics and olefins.
5.7 ___. 82+ 67+ | From p of C¢H ¢’s.
56,7 . 84+ 69+ Cyeclics and olefins.
58.6. 86+ 71+ From p of 2,3-me; butane.
70.3_____ 98+ 83+ Cyeclics and olefins.
72.3_____ 100+ 85+ From p of 2-methylhexane.
78.1___ . 106+ 91+ From p of CsHjg alkyl benzenes.
84.0 112+ 97+ From p of Cg eyelics and olefins.
86.0. - __ 114+ 99+ From p of 2-me heptane and 2,5-me;-
hexane.
91.9_____ 120+ 105 | From p of CgH,2 alkyl benzenes.
105.7 - 134+ 119+ From p of CyoH s alkyl benzenes.
|

Loss of mass 16 (table /). The first two transi-
tions listed in the table recur in many compounds,
but other instances of losing CHy are obviously
very rare and a specific property of a few mole-
cules. The transition giving 82.3 is of interest
because all eight of the CiHys eyclohexanes have
been studied, and this is a conspicuous peak in
trans 1,3-dimethyleyclohexane and eis  1,4-di-
methyleyelohexane and is missing in all the others
including the ¢is 1,3 and wans 1,4 isomers. The
cis and frans isomers give mass spectra that are
quite similar in other respects. The designation
trans 1,3-dimethyleyclohexane is the revised desig-
nation for the compound of boiling point 124.45°

C |5].

TaBLE 4.  Transitions involving loss of mass 16

| |
Ma | msi my | Occurrence
| 27.7 ‘ 55+ 39+ Pentenes and hexenes.
‘ 29.5 | 57+ 41+ Common.
304 . | 58+ 42+ | From p of n-butane.
‘ 82.3. _.__| 112+ 96+ ‘ From p of trans 1,3-me: cyclohexane
‘i and cis 1,4-me; cyclohexane.

Loss of mass 26 (table 5). The second of these
transitions has been listed [1]. The occurrence of
transitions involving loss of C,H, from benzene
and alkyl benzenes is probably a consequence of
a structure containing a ring of CH radicals
dissociating by breaking carbon bonds.
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TaBLE 5.  Transitions tnvolving loss of mass 26

Ma ‘ mi } myg ‘ Occurrence
- —— S
13.8 . ! 53+ 27+ | C;Hsg isomers.
153 55+ 29+ Common.
33.8 . 77+ 51+ Alkyl benzenes.
4.7 78+ 52+ | Benzene and alkyl benzenes.
464 91+ 65+ | Alkyl benzenes.
594 . 105 79+ Do.

Loss of mass 27 (table 6). The first transition
was reported in the earlier paper [1].  The second
transition oceurs in dimethyl and ethyl benzenes.
The fact that the final mass is CgHj suggests that
radicals are replaced by H atoms in a rearrange-
ment of H atoms during the dissociation process.

TaBLe 6.  Transitions involving loss of mass 27

Ma ‘ mi ‘ my l Occurrence
13.5._ R 54+ 27+ From p of C4Hg isomers.
57.9 . 105+ 78+ CsHjo benzenes.

| |

Loss of mass 28 (table 7). Loss of CoHy is a
common metastable transition reflecting the com-
mon occurrence of CH,.C'H, in molecular structure.

TaBLe 7.  Transitions involving loss of mass 28
— —— : e — —_—
Ma ms ‘ my ‘ Occurrence
| |
244 ______ 69+ 41+ | Olefins and eyelics.
252 ... 70+ 42+ 1 From p of cyclopentane and from
| other cyclics.
26.0______ 71+ 43+ \ From straight-chain saturates.
364 83+ 55+ | Olefins and eyclices.
378 84+ 56+ From p of Ce cyclics and a few other
‘ molecules.
85+ 57+ ‘ From straight-chain saturates.
91+ 63+ | Toluene.
97+ 69+ Octenes and 1-nonene.
98+ 70+ Olefins and eyelics.
56.6 105% 77 Alkyl benzenes.
593 108+ 80+ From p of vinyleyclohexene.
63.0______ 112+ 84+ | From p of Cs cyclies and from olefins
| and 1-decene.
69.6_______ 119+ 91+ Alkyl benzenes.
76.2 126+ 98+ From p of butyl cyclopentanes.
89.6_______ 140+ 112+ | From p of 1-decene.
|

Loss of mass 29 (lable 8). Loss of the ethyl
radical, C,H;, always comes from a parent ion,
and in nearly all cases it could come from simple
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breaking of a carbon bond. Vinylcyclohexene does
not contain a CHj radical in its structure, and a
rearrangement, or double dissociation must be
involved.

TaBLE 8.  Transitions involving loss of mass 29
Ma mi my ’ Occurrence
24 ST 70+ 41+ From p of pentenes.
98+ 69+ From p of C;His eyclopentanes.
100+ 71+ From p of n-heptane.
57.8 .- 108+ 79+ From p of vinyleyclohexene.
61.5._____. 112+ 83+ From p of CsHys olefins and cyclics.
114+ 85t From p of n-octane and 3,4 me; hexane.
120+ 91+ From p of propylbenzenes.
126+ 97+ From p of n-butyl eyclopentane.
128+ 99+ From p of n-nonane.
134+ 105+ From p of CyoHys alkyl benzenes.
88.0. ... 140+ slihits From p of sec. butyl cyclohexane and
1-decene.
89.9 ____.. 142+ 113+ From p of n-decane.

Loss of mass 30 (table 9). This is another
metastable transition that always comes from
parent ions. Loss of C,H; from a hydrocarbon
requires either a double dissociation or a rearrange-
ment of hydrogen atoms in the dissociation process.
In most of the CiH,g isomers that give this and in
the last two transitions listed, there is only one
CH, radical in the structure; and in vinyleyclo-
hexene there is no CH; radical so that rearrange-
ments seem to be involved in these cases.

TasLe 9. Transitions involving loss of mass 30
Ma mi my Occurrence
245 ____ 72+ 42+ From p of n-pentane.
36.5- - 86+ 56+ | From p of n-hexane.
49.0_______ 100+ 70+ From p of heptanes.
56.3. 108+ 78+ From p of vinyleyclohexene.
112+ 82+ | From p of CsHis isomers.
114+ 84+ From p of octanes.
126+ 96+ From p of n-butyl eyclopentane.
140+ 110+ | From p of sec. butyl cyclohexane.

Loss of mass 40 (table 10). 'There is only one
instance of the loss of Cs;H, in a metastable
transition. It gives a conspicuous peak, and the
initial and final states are abundant ions so the
evidence is quite conclusive.
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Tasre 10. Transitions involving loss of mass 40

Ma m; my Oceurrence

338 N 97+ 57+ ‘ 2,4,4-mes-2-pentene.

Loss of mass 42 (table 11). The loss of C;Hy is
a fairly common type of metastable transition
observed in a variety of compounds containing
seven or more carbon atoms.

TasrLe 11. Transitions tnvolving loss of mass 42
Ma % i my Occurrence

21.7 85+ 43+ Heptanes, octanes and nonanes.

12 97+ 55+ Olefins and cyclics above Cr.

32.0 98+ 56+ From p of C7Hys isomers and 1-decene.
32.8 99+ 57+ Octanes and nonanes.

40.3 108+ 66+ From p of vinyleyclohexene.

43.8 112+ 70+ From p of Cs eyclics. '

4.6 113+ ‘ 71+ Nonanes.

Loss of mass 43 (table 12). There are only
three instances in which the propyl radical C;H;
is lost, and these all involve parent ions.

TaBLE 12. Transitions involving loss of mass 43
‘ =
Ma ) mi my Occurrence
— - N S |
54.7 126+ 83+ From p of propyleyclohexanes. ’
67.2 140+ 97+ From p of i-butyleyclohexane. |
|

Loss of mass }/ (table 13). Loss of C;Hg, like
the loss of C,Hg, requires a double dissociation or
a rearrangement of atoms in the dissociation
process.

TaBLE 13. Transitions involving loss of mass 44

Mg mi mf Occurrence

100+ 56+
126+ 82+

From p of heptanes.
From p of n-propylcyclohexane.

Loss of masses 56, 67, and 58 (table 14). There
are only a few instances of metastable transitions
involving the loss of four carbon atoms and all

these occur from parent ions of C;H,, isomers
losing C Hg, C,Hy, and C.H,. Loss of a butyl
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radical, C,H,, from these molecules involves
simple breaking of a carbon bond. Loss of C,Hy
or O H,, would involve a rearrangement or double
dissociation.

Tasre 14. Loss of masses 56, 57, and 58
Ma Transition Occurrence
— S .
50.4.___| 140t—>84+t4-56 From p of 1-decene.
i 49.2____| 140+—>83+4-57 From pof 1-decene and butyleyclohexanes.
| 48.0.___| 140+—>82+4-58 From p of butyleyclohexanes.
|

III. Discussion

The interest in compiling data on occurrence of
metastable transitions is that the transitions give
some evidence as to the mechanism by which
molecule ions dissociate. In the case of disso-
ciations that give normal peaks, the dissociation
takes place within the ionization chamber in less
than 1077 sec. If, however, the half-life for the
dissociation transition is of the order of 107¢ sec,
then some of the transitions take place after the
ion has traversed the ion accelerating field, and
metastable transition peaks are observed. Be-
cause of this delay the different kinds of transitions
are sorted out and distinguished from each other.
If the initial mass is the parent ion, then a single
dissociation is involved. If it is not, then there
are at least two stages involved in the dissociation
process, one within the ionization chamber and
one delayed transition. This multiple dissocia-
tion occurs more frequently than single dissocia-
tion. The above results show that often the
metastable transition is not a simple dissociation
but involves either a rearrangement of atoms or
a multiple dissociation. The following considera-
tions show that a rearrangement involving transfer
of one hydrogen atom can explain most of the
-ases other than simple dissociation.

By far the most common type of metastable
transition is the loss of two hydrogen atoms.
It is known from appearance potential measure-
ments that hydrogen atoms are commonly lost
from the molecule 1on as Hy, and not 2H [6]. This
suggests that in all metastable transitions in-
volving loss of mass 2 there is a rearrangement to
form H, in the dissociation process. As the loss
of H in a metastable transition is very rare, it is
not attractive to assume that loss of 2H in two
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separate processes is common. It seems more
probable to assume that the affinity between H
atoms favors removal of pairs of atoms in the
form H..

Appearance potential measurements also give
some evidence as to transitions involving loss of
CH, (table 4). Stevenson and Hipple [7] find
that in the butanes the transition 58%—4274-16
gives CHy and not CH;+H. This suggests that
all metastable transitions involving loss of CH,
involve a similar process. The affinity of the
methyl radical for H removes an additional atom
in the dissociation process. Transitions involving
loss of mass 30 (table 9), 44 (table 13), and 58
(table 14) probably involve the same mechanism.
All except one of these transitions can be explained
by transfer of only one H atom in the dissociation

process. Removal of mass 30 from vinyleyclo-
hexene involves more complicated rearrange-
ments.

The losses of CHj (table 3), C,H; (table 8),
C;H; (table 12), and CyH,g (table 14) from parent
ions can in most cases be ascribed to simple
breaking of a carbon bond. Two exceptions are
the loss of CH; from cyclopentane and cyclo-
hexane. The mass spectra of these are much like
1-pentene and 1-hexene, and it seems probable
that in the cyelics the ring breaks with a rearrange-
ment of H atoms to give CH; at one end and CH
at the other and that the metastable transition
follows this. Loss of CH; from 1,3-butadiene and
loss of C,H; from vinyleyclohexene also involve
rearrangements.

The losses of C,H, (table 5), CoHy (table 7), and
C3H; (table 11) can come from simple breaking
of a carbon bond in cases where the initial ion is
not a parent ion. In cases where it is a parent
ion, a rearrangement of hydrogen atoms or a
double dissociation is required since breaking one
bond in a hydrocarbon gives radicals with an odd
number ot H atoms, except in the case of breaking
a ring.

Nearly all the observed metastable transitions
can be accounted for as single dissociation proc-
esses. In this dissociation one additional hydro-
gen atom may be transferred to either the charged
or uncharged fraction of the dissociating ion. This
transfer of a hydrogen atom is very common.
Only a few of all the observed transitions require
more complicated rearrangements, and in these
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cases an isomerization of the initial ion probably
precedes the dissociation.

The results show that ions dissociate in a great
variety of ways, either in several successive stages
or by loss of a rather large fragment in one step,
but loss of more than three carbon atoms in one
metastable transition is rare and only observed
in a few Cy; hydrocarbons.

The intensity rule relating height of the
metastable peak to the intensity of the initial and
final ions is quite general, and there are only a
few instances where metastable transitions are
distincetive of a given compound when the normal
spectra are similar. That the peak at 28.2
(table 3) 1s missing in 1,2-butadiene and present
in other C,Hg isomers has been noted [1]. The
discussion of table 4 mentions another distinctive
difference found in two Cg cyclohexanes. In
general metastable transition peaks are not useful
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in identification of unknown compounds in a
chemical analysis, but it is essential to include
them in a careful description of the spectrum.
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