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Résumé

On présente les iésultats d'iie étude de spectroscopic
de masse approfondie effecticée sy des monoterpenes
C,H .. Les spectres de niasse 70 eV, les coaractéiis-
tigues des jons wmétastables ainsi que les specties de dis-
soctation (uduite par collision (CID) we montient
arnecnne nmigration Lmportaite des liaisons donbles das
les ions molécilaires. Les isomeres peivent dowe étie
reconnus dans leirs spectres de masse ot wméne, de
Jfacon plus subtile, daws les spectres de masse d'ions
métastables des tous noldculaives. Cependant, daisle
cas des jons moléculaives dout la dirée de vie est
longite, les donuées permettent de concliore a Uisonie-
visation d’wn certain wombre disomcies bicycligies
sous forme de stiuctiore caractéristiqie din isoneie
monocyclique précis. Clest ainsi giue les fons molécn-
laives des paires 2-caréue et a-teirpiicne, s-carcéme et
y-terpinene aiusi que a-pinene el a-phellandicue pos-
sedent des caraetéristiques d'ions métastables ainsi gue
des spectres de wasse CID tres sewblables wiénie si
leirs spectves de masse 70 ¢V sout trés différents. Les
spectres de masse de stiipage de charge des lons frag-
mentés C,Hy noutrent que lewr strictivre w'est pas celle
duwtoluéne protoné. Les iésultats sont indicatenrs dine
contribution tniportaute provenant d'une structiure
cycloheptatiiéne protonée méine si wne on plusicnrs
autres structires pourraient étie ninpliquées.

Abstract

Adetailed wmass spectial studi of ten C ., H ,, imono-
terpenes lias been carviied out. The 70 eVoinass spectra,
the metastable lon characteristics, awd the collision-
indiced dissociation (CID) mass spectra indicate that
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double bowd niigration does ot occinrto a siguiticant
exteit iv the wmolecular ions. Thus the isoners cai be
distingitished from their mass spectia and, to o lesser
extent, from the wetastable ion wmass spectia of the
wmolecilar ions. However, foi long-lived molecular ions
there is substantial ceidence that «innniher of bicyelic
Isomers isomerize to « stractiuve conmon to a specitic
monocyclic isoner. Thus the wolecitlar ions of the pairs
2-carene and o-terpinenc, J-carene and y-terpiinene,
and a-pinene aid c-phellandiene show very sinilar
metastable ion characteristios aud CLD miass speetia,
althougl the 70 eV nass spectic are substantiall y dif-

ferent, Charge strripping niass spectia of the C,H .,
fraguient ions show that they do not have a protonated

tolunene structiore. The results indicate « sigiiticant
contribition of « protonated cycloheptatvicne structire
although aunothier strnetire o other stiraetinres also niay
be tnvolved.

Introduction

The terpenes are important natural products (1,2);
consequently, theirr electron ionization mass spectra
were studied extensively (3-8) in the early dayvs of the
application of mass spectrometry to the identification
and structure elucidation of organic compounds.
However, most of the studies of the monoterpenes were
carried out prior to the development of more sophisti-
cated mass spectral techniques such ax metastable ion
scanning, Kiuetic energy release measurements and col-
lisional activation techniques which have proven to be
particularly powerful in probing gaseous ion structures
and, thus, providing information on possible isomeriza-
tion reactions of the ions produced in the initial electron
lonization process (9).

The present work reports a detailed mass spectral
examination of ten C o H ;s monoterpenes whose strue-
tures are indicated in Figure 1. As can be seen, a
considerable number of these compounds, himonene
isolimonene, a-phellandrene/a-terpinene/y-terpinens,
Z-carene/3-carene and a-pinene/B-pinene are isomers
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Figure 1. Struceture of ten Cy, 1, monoterpenes.

which differ only in the location of the double bond(=),
Since there are many examples i simpler hyvdrocarbons
of facile double bond migration (1), particular attention
has been paid to the question of double bond migration
in the molecular ions of these compounds. Although the
results indicate that double bond migration does not
oceul’ to a significant extent, the results do show isom-
erization between a number of specific hicvelic and
monocvelic isomers for long-lived molecudar ions.

Experitmental

All experimental work was carried out using a VG
Analytical ZAB-2FFQ mass spectrometer, which has
been deseribed in detail previously (11). The features
of the instrument essential to the present work are that
it 18 a reversed-geometry (magnetic scctor preceding
the electric sector) double-focussing mass spectrometer
with a collision cell located at the tocal point in the field-
free region between the magnetic and electvic sectors.

Electron tonization mass spectra were obtained using
70 eV electrons and a source temperature of 200°C and
were recorded using the double-focussing mass spec-
trometer, The combined EL/CI source was used in the
electron impact mode. Unimolecular metastable frag-
mentation reactions of the ions of interest were recorded
for reactions oceurring i the drift region hetween the
magnetic and electrie sectors by the MIKES technique
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(12). In thix technique the ion of interest s mass-
selected by the magnetic sector at 8 keV kinetic encrey
and the produets of unimolecular flragmentation in the
drift region were identified according to their kinetic
energy by seanning the electric sector. The Kinetic
energy releases associated with selected unimolecular
flragmentation reactions were determined, under condi-
tions of good energy resolution, from the peak widths
at halt height after correction for the inhevent energy
spread of the ion beann according to the relation (13)

\V("”"' - (\/vlnvl2 - \thi)‘; ‘1‘

where W ..., 18 the measured width of the daughter ion
beam and W, is the width of the parent ion niain beam,
all measured at half height.

Collision-induced dissociation reactions of mass-
selected jons were similarly obtained by the MIKES
technique by introducing He into the collision cell to a
pressure sufficient to attenuate the main beam by
approximately 20%. In these studies the collision cell
was floated at —1000 V to separate, on the energy scale,
fragmentation reactions occurring outside the cell
(mostly unimolecular) from those occurring inside the
cell (eollision-induced). The data presented inn the follow-
ing correspond to processes occurring only within the
cell.

Charge stripping mass spectra of the m/z 93 lons
were obtained by the MIKES technique using, sepa-
rately, 0., N, and He as collision gases at pressures suf-
ficient to give approximately 40% attenuation of the
mass-selected ion beam. In these studies the cleetric
sector voltage was scanned over a4 narrow range near
/2 where E is the voltage necessary to transmit the
respective singly-charged ion.

The monoterpenes were obtained from the Fluka
Chemical Corporation and were used as received. They
were introduced into the source from a heated metal
inlet system maintained at 160°C. No evidence for ther-
mal decomposition, as reported by Ryhage and von
Svdow (3) using GC/MS, was observed.

Results and Discussion

Partial 70 eV EI mass spectra of the ten C [ \H ; 1so-
mers are presented in Table I The spectra are in good
agreement with those reported for some of the isomers
by Thomas and Willhalm (4), Hill et «/. (6) and Ryhage
and von Sydow (3), particularly if one takes into account
that the latter workers used 20 eV electron ionization.
Our spectra for limonene (1) and 3-carene (7) are in good
agreement with those reported by von Bunau ef «/. (7).
but our spectrum for 2-carene (6) differs substantially
from the speetrum they report: the reasois for this dif-
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Table I, 70 ¢V Masx Spectra of Monoterpenes.
m/z 1 2 3 4 5
137 2.7 5.7 2.9 5.7 4.0
136 24 .4 52.0 23.0 53.0 35.4
121 19.4 48.6 2,0 100.0 31.2
108 4.4 14.0 4.4
107 16.0 60.4 2.0 12.2 6.0
106 2.1 2.0 4.3 2.0
105 4.3 11.8 2.2 19.8 8.2
85 7.6 9.2 3.0
94 21.2 20.9 8.0 9.8 8.0
93 55.8 82.4 100.0 96.0 100.0
92 16.1 9.8 26 .4 15.6 20.1
91 15.0 32.7 34.4 43.4 34.0
82 1.8 2.3
81 1.7 15.0 6.0 2.6
80 11.7 14,2 1.8 7.2 7.0
79 23.6 100.0 7.6 27.5 20.0
78 2.3 7.6 4.1 7.4 5.6
77 12.4 33.6 30.4 34.4 30.0
69 6.4 3.0 2.1
68 100.0 37.1 4.0
67 42.0 31.6 6.1 2.2
66 2.3 4.4 1.8
65 5.6 11.8 3.7 11.8 7.0
55 6.1 25.4 9.6 3.2
53 20.7 23.2 3.0 10.4 6.0
51 5.4 20.2 4.0 11.0 6.2
43 2.1 13.0 3.8 24 .4 25.0
41 22.6 38.4 7.9 26.8 16.2
40 4.6 8.0 3.5 2.1
39 22.6 39.9 9.1 23.0 14.7

ference are not clear. It is particularly interesting to
note that the terpenes which ditfer only by the relative
position of double bonds show distinetly different nass
spectra, indicating that there is little double bond migra-
tion in the molecular ions prior to fragmentation. This
Is particularly noticeable for the isomeric pan: limonene
(1) and isolimonene (2). The isomer trio a-phellandrene
(3) a-terpinene (4)/y-terpinene (5) also show substantial
differences as do the isomer pairs 2-carene (6)/3-carenc
(7) and a-pinene (8)/3-pinene (9), although in these latter
two cases it might not be possible to identify a particular
isomer without having the spectra of the other iromers
recorded under the same conditions.

The unimolecular metastable 1on fragmentation reuc-
tions of the molecular ions of the terpenes as observed
in the second field-free region of the mass spectrometer
are recovded in Table II. A number of these metastable
ion fragmentation reactions have been obzerved by pre-
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6 7 8 9 10
6.5 2.6 1.1 1.1 2.4
56.0 21.8 8.0 9.0 21.8
90.0 22.6 14.0 11.8 24.5
4.0 8.0
12.2 7.6 6.0 4.4 30.0
4.8 2.0 2.0
27 .4 10.2 8.0 2.3
2.6 2.4 2.0 1.8
11.0 11.8 9.6 13.6 19.8
100.0 100.0 100.0 100.0 100.0
13.6 22.2 32.0 9.0 12.2
40.0 30.0 25.0 18.0 27.0
3.6
5.6 5.6 3.8 2.2 10.4
8.0 20.3 9.9 9.6 17.4
38.0 26.0 19.8 20.2 40.3
6.4 4.2 3.2 2.3 5.7
37.7 27.6 23.2 18.0 23.8
2.0 37.4 7.6
2.3 2.4 4.0 2.0 15.6
8.2 8.0 6.4 8.3 26.0
5.6
9.2 4.8 4.0 4.2 7.€
10.2 6.0 5.2 4.4 11.5
12.1 9.1 7.9 8.0 14.0
8.1 4.3 4.7 4.0 6.4
23.6 19.7 14.0 8.3 10.6
30.0 40.4 16.0 44.3 34.4
4.0 2.3 2.1 2.0 5.7
30.4 19.7 15.6 17.8 25.3

vious workers (3,6.7) as diffuse peaks in the normal
mass spectra but relative intensitiex have not been
reported and some metastable peaks were missed
because of overiap with normal peaks in the mass spee-
tra. 1Yor example, the fragmentation reaction 136 —
94 pives m® = 9457136 = 64.97 and 12 ob=scured by the
normal mass spectral peak at mez 65, Harvis of o/ (1.h)
have reported the unimolecular hragmentation reactions
of the molecular ion of limonenc obtained using a B I
linked sean in a double-focussing instiwment of normal
geometry. The relative intensities they have reported
are not in agreement with our measurenients: in addi-
tion they report a number of fragment ions (¢.g.. 'z
122 and Y5) which we do not observe.

The metastable ion spectra of Table 11 show distinet
spectra for double bond isomers, indicating that double
bond migration has not ocemned even for the long-lived
molecular ions fragmenting in the second field-free



36 Cecilia Busic & Mew G, Harvison
Table 11 Metastable [on Fragmentation of mz 136 Malecutar fons.
Fragment Ion m/z and Neutral Loss
Compound 121 108 107 106 94 93 g2 80
~CHs ~C2Ha ~C2Hs ~C2Hs -CsHe -CsHy -CsHs ~Cs4Hs
1 36.0 2.0  30.4 2.4 100.0 6.0 18.2 3.9
2 75.2 33.2 100.0 2.0 56.0 38.0 18.2 4
3 32.0 10.6 31.0 2.0 20.6 23.8 100.0 3.
4 100.0 8.2 31.2 1.4 7.8 22.0 11.8 3.
S 100.0 8.6 52.0 3.8 26.8 34.0 62.0 36.
15 100.0 12.2 26.4 2.0 6.0 27.8 15,4 6.
7 100.0 8.0 38.4 2.0 28.0 45.9 57.8 37.
8 32.0 2.2 10.5 12.8 12.4 100.0 7.
] 100.0 11.2 47 .8 2.0 8.8 31.2 47 .4 84.
10 100.0 4.0 28.2 4.0 33.6 8.3 25.2 6.

Table 111

Kinetic Energy Release [or Fracmentation Reaction

(4) and that for 3-carene (7) Is similarr to that for

CioHygme = Gl v UH, v-terpinene (5). This suggests that for each of these
pairs the long-lived molecular ions may be iromerizing
Compound Ty (meV) to a common structure or mixture of struectures prior
— — to fragmentation on the metastable ion time scale. We
1 20.0 + 1.6° suggest the possibility that the bicyelic isomers may be
’ 50.5 + 3.2 isomerizing to the respective monocyclic izomers as out-
: lined in Scheme 1. Clearly, the mass spectral data of
3 3.3 * 5.0 Table I show that these isomerization reactions are not
4 53.8 + 4.9 oceurring to a significant extent for the moleeular lons
fragmenting in the ion source.
5 55.1 ¢ 6.2 Further evidence for significant integrity of the
54.5 + 3.3 molecular ion structures comes from measurement of
. 57.8 + 4.8 the kinetic energy r.eleases a;‘sociated with the metasta-
N ble ion fragmentation reaction
8 46.5 * 3.4
» 51.1 + 2.3 CrHyg " — Cyllyy ™+ CHype
10 17.6 + 1.4

o standard deviation of teiplieate determinations

region. However, there are a number of cases where
monocyvelie and bievelic isomers give similar metastable
lon spectra. Thus, the spectrum obtained for a-pinene
(8) is similar to that observed forr a-phellandvene (3),
that for 2-carene (6) is similar to that for a-terpinene

As shown in Table 111, these exhibit significant varia-
tion from isomer to isomer, although the T, values for
the bieyclic and moneyelie isomers discussed above tend
to be similar; all peaks were Gaussian in shape. In ¢on-
trast with this variation, the kinetic energy releases
associated with the unimolecular fragmentation
reaction:

CyoHy  =— CuHyy 7 + CoH5e

Canadian Journal of Applied Spectroscopy
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were all in the range 20.4 to 27.5 meV, suggesting a
common precursor structure in this fragmentation reac-
tion. This is not particularly surprising since, clearly,
substantial structural rearrangement of the molecular
ions is necessary before elimination of an ethvl radical
can oceur; by contrast, a methyl radical, in principle, can
be eliminated without significant structural vearran-
gement.

Table 1V and V present the relative flragment ion
intensities observed for metastable ion fragmentation
of the m/z 121 and m/z 107 fragment ions formed in the
ET mass spectra of the ten isomers. There is little var-
iation in the relative fragment ion signals from isomer
to iromer and it is likely that all m/z 121 frragment ions
have a common stiucture as do all m/z 107 fragment
ions. The results of Tables 1T and IV show that there
are two routes to the m/z 93 (C;Hy ") fragment ion,
which in many cases is the base peak in the mass spec-
trum; one of these pathways involves direet elimination
of C;H+ from the molecular ion while the second
involves sequential elimination of CHy« and C.H,.

Further evidence concerning the integrity of the
molecular ion struetures comes from the 8 keV eollision-
induced dissociation (CI1D) mass spectra of the molec-
ular ions reported in Table VI. The double bond isomers
give distinet spectra, however, as in the metastable
lon spectra, the pairs a-phellandrene/a-pinene,
a-terpinene/2-carene and +y-terpinene/3-carenc yive
tairly similar spectra. This is consistent with formation
of a common structure or mixture of structures for cach
of these pairs for the long-lived molecular ions subjected
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Table IV. Metastable lon Fragmentation of CH .~ (mz 121 Tons,

Fragment Ion and Neutral Loss

Compound 119 105 93 79
H2 CHa Cz2Ha4 CaHe
1 11 56 100 17
2 12 57 100 18
3 16 88 100 12
4 13 78 100 10
5 15 84 100 11
3 14 84 100 10
7 17 100 86 3
8 18 100 87 16
) 10 54 100 16
10 6 32 100 29
Table V. Mctastable Ion Fragmentationol C.H - (mz 107) [ons.

Fragment ion and neutral loss

Compound 105 91 79
H2 CH4 CaHy

1 78 100 7
2 68 92 100
3 75 100 55
4 80 100 a1
5 80 100 35
6 80 100 40
1 17 100 32
8 80 100 36
9 77 100 74
10 81 100 59

to collisional activation. It is interesting to note that the
C-Hy '« (m/z 68) fragment ion is of only low intensity
in the CID mass spectrum of limonene espite being the
base peak in the EI mass spectrum; clearly, this frag-
ment is formed only from ions of quite high internal
energy. Sehwarz ef al. (15) have reported the CID mass
spectra of a selection of € H ;" » isomers, however,
they were unable to separate the unimolecular and
collision-induced components of the spectra so their
results cannot be eompared with our results.

Studies of the C.Hy*t (n/z 93) Fragment Tow

The C-H, ' ion is a major fragment ion in the mass
spectra of many C,,H; monterpenes. As detailed
above, there are at least two pathways to this ion. direct
elimination of C,H;+ and sequential elimination of CH.,-
and C.H . Schwarz ef «f. (15) have reported a study of
the unimolecular and collision-induced dis=ociation of the
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S keV CID Mass Spectra of CoH,,

Charge Stripping Mass Spectra of C5 11,

Table VI.
m/z 1
121 43
119 6
117 3
115 2
107 37
105 10
103 4
g5 16
94 57
33 100
g2 36
g1 52
83 6
81 9
80 11
79 15
77 13
68 3
Table V1.
Compound
1
2
3
4
5
6
8
g
10

Toluene.H*

Cyclo-

heptatriene.H* 69.

a o

19
12

46,

27.

21.

23.

25.

20.

38.

29.

54.

45,

100.

3

woo,

NS

100
43
27

4

100
11
6

3

16

19
4

36

22

1

1

- Molecular Tons.

8
2
6
5

S

20

6

o)}

100

10

15
14

32

20

(m z 93 Lons (O collision gus).

i~

93
13

26
20

100
37
28

16
12
10

N OO

100
56
25

100
20
27

% of base peak (2 standard deviation)

9342

1 %

8

t+

[e)]
1+

N
I+

[e)]
I+

w0
I+

(@)
1+

~
i+

.9

go+2
15.

12,

11.

11.

12.

10.

13.

12.

13.

14.

25.

16.

3

1

1+

i+

i+

I+

1+

1+

1+

1+

I+

i+

1+

I+

91+2

100.0

100.0

100.0

100.0

100.0

100.0

100.0

100.0

100.0

100.0

77.1

100.0

1+

DO M

9042
58.7

54.2
53.4
52.7
52.3
53.7
55.9
57.7
57.4
57.9

62.3

62.9

I+

+

1+

i+

1+

1+

+

1+

1+

I+

I+

i+

7.
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Table VIII.  Chavge Steipping Mass Spectia of C-Hy, © iz 931 [ons (He collision gas).
% of base peak (* standard deviation)

Compound 93+2 92+2 91+2 90+2
1 34.5 £+ 1.0 21.9 * 0.2 100.0 96.2 1.0
2 19.8 + 2.6 156.6 £+ 1.0 100.0 85.5 = 3.2
3 156.3 + 0.4 13.9 ¢+ 0.4 100.0 85.6 * 0.9
4 17.2 + 1.1 14.4 + 1.1 100.0 82.6 + 2.1
5 18.4 + 0.6 14,7 * 0.2 100.0 83.4 * 2.1
[$] 13.9 £ 0.9 12.7 + 0.4 100.0 80.7 * 2.9
1 28.z * 1.6 18.1 £ 0.3 100.0 87.4 = 2.1
8 23.2 * 1.2 16.9 + 0.1 100.0 87.8 + 2.1
9 40.4 + 2.1 19.4 = 0.5 100.0 g2.1 * 1.5
10 34.8 + 0.6 21.1 * 0.8 100.0 892.9 + 1.9

Toluene.H* 81.7 + 6.7 39.4 + 2.0 86.7 + 2.0 100.0

Cyclo-

heptatriene.H* 38.8 * 1.7 19.6 = 1.7 92.2 + 3.4 100.0

C7Hy 7 ions formed in the mass speetra of ten acvelic
and cyclic monoterpenes. From metastable ion kinetic
energy release measurements theyv concluded that dif-
ferent structures were involved in the Ho-climination
reaction and in the CH |-climination reaction. The CID
spectra of the C;H,, ' ions from the terpenes and a num-
ber of reference ions were identical preventing clear
identification of the stable C-H,, ' structure(s) involved.

In the present work we have compared the unimo-
lecular, collision-induced dissociation and charge strip-
ping reactions of the C;Hy, ' ions from the terpenes witli
the hehaviour of two model C-H,, ' ions- protonated tol-
uene and protonated cveloheptatriene. Ineach case the
protonated species was prepared by CH chemical ion-
ization. We have observed that the unimolecular frag-
mentation of all C-Hy * ions, including the model ions,
vields C;H. ", C-H; " and C;H5 ", with the relative
abundances showing little variation from species to spe-
cies. Further, the CID mass spectra of all C-H,, ' ions
were identical within experimental error, including the
ions derived by protonation of toluene and cvelohepta-
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triene. However, substantial differences were observed
in the charge stripping mass spectra. It is well-
established (16) that charge stripping mass spectra frre-
quently provide izomer distinction where C1D mass
spectra do not. This presumably arises from the fact
that the charge stripping process involves the depoxi-
tion of a large amount of energy (greater than 12 eV
(17)) in the ion and thus samples ionz of lower internal
etiergy than are sampled in the CID process. These
lower energy ions have less of a propensity to undergo
tsomerization prior to activation,

Table VII records the charge stripping mass spectia
obtained using O. as the collision pas. The protonated
toluene and protonated cyeloheptatriene ions are clearly
distinguished from each other. The spectra of the 1ons
derived from the monoterpenies are i reasonable agree-
ment with each other and, clearly, are in much better
agreement with the spectrum obtained tor protonated
eycloheptatiiene than with the spectrum obtaimed for
protonated toluene. However, there ave still substantial
differences in intensities for the C-Hy, ~ = ion: it is not
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clear whether these differences represent effects of
internal energy differences on the charge stripping mass
spectra or whether they indicate the presence of a sec-
ond C;Hgy " structure for the terpenes.

The charge stripping mass spectra obtained with N,
as collision gas showed only very small differences for
the model ions and, thus, allowed no structure differ-
entiation. Table VIII records the charge stripping mass
spectra obtained with He as the collision gas. Again a
clear distinction can be made between the two model
ions, protonated toluene and protonated cvelohepta-
triene. The spectra obtained for the C-H, ' ions from
the monoterpenes clearly are not in agreement with the
spectrum obtained for protonated toluene. However,
the agreement with the spectrum obtained for proton-
ated eycloheptatriene is not as satisfactory as one would
like. Whether this disagreement is due to internal
energy effects or to the presence of more than one struc-
ture is not clear. We are inclined to have more faith in
the latter intepretation. Thus, in agreement with
Schwarz ef al. (15) we are not able to definitively iden-
tify the C-Hgy ™ structure(s) involved, although the pres-
ent charge stripping experiments rule out a major
contribution from a protonated toluene structure.
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