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Chemical ionization of 1-olefins (C

 

x

 

H

 

2

 

x

 

: 

 

x

 

 

 

�

 

 8–18) by the CH

 

5

 

�

 

, C

 

2

 

H

 

5

 

�

 

, and C

 

3

 

H

 

5

 

�

 

 ions has been studied under a
reactant-ion selective mode of an ion-trap type of GC/MS.  In all the reactions, alkyl C

 

y

 

H

 

2

 

y

 

�

 

1

 

�

 

 (

 

y

 

 

 

�

 

 3–

 

x

 

) and alkenyl
C

 

y

 

H

 

2

 

y

 

�

 

1

 

�

 

 (

 

y

 

 

 

�

 

 3–

 

x

 

) ions were observed.  For long-chain reagents (

 

x

 

 

 

�

 

 11–18), the C

 

y

 

H

 

2

 

y

 

�

 

1

 

�

 

 and C

 

y

 

H

 

2

 

y

 

�

 

1

 

�

 

 distributions
peaked at C

 

4

 

 or C

 

5

 

 and C

 

7

 

, respectively, which were essentially independent of the reactant hydrocarbon ions.  On the ba-
sis of observed distributions and calculated thermochemical data, it was concluded that the major reactions for the forma-
tion of C

 

y

 

H

 

2

 

y

 

�

 

1

 

�

 

 were proton transfer to a C

 

�

 

C bond and hydride-ion abstraction from the alkyl portion in the CH

 

5

 

�

 

 re-
actions, proton transfer to a C

 

�

 

C bond in the C

 

2

 

H

 

5

 

�

 

 reactions, and addition to a C

 

�

 

C bond in the C

 

3

 

H

 

5

 

�

 

 reactions, while
the major reactions for the formation of C

 

y

 

H

 

2

 

y

 

�

 

1

 

�

 

 were hydride-ion abstraction in the CH

 

5

 

�

 

 reactions, alkanide-ion ab-
straction in the C

 

2

 

H

 

5

 

�

 

 reactions, and addition to a C

 

�

 

C bond in the C

 

3

 

H

 

5

 

�

 

 reactions.

 

The gas phase ion-molecule reactions of 1-olefins in a meth-
ane atmosphere have been extensively studied since the first
chemical ionization (CI) mass spectrometric measurements by
Field et al.

 

1–4

 

  They measured CI mass spectra of 1-olefins
(C

 

x

 

H

 

2

 

x

 

: 

 

x

 

 

 

�

 

 6–10, 12, 16, 20) at a medium CH

 

4

 

 pressure of 1
Torr (

 

�

 

 133.33 Pa), where dominant reactant ions were CH

 

5

 

�

 

(48%), C

 

2

 

H

 

5

 

�

 

 (40%), and C

 

3

 

H

 

5

 

�

 

 (6%).

 

5

 

  The spectra consisted
of alkyl C

 

y

 

H

 

2

 

y

 

�

 

1

 

�

 

 (

 

y

 

 

 

�

 

 3–

 

x

 

) and alkenyl C

 

y

 

H

 

2

 

y

 

�

 

1

 

�

 

 (

 

y

 

 

 

�

 

 4–

 

x

 

)
ions.  In this work, 

 

x

 

 represents the number of carbons of re-
agent 1-olefin, while 

 

y

 

 stands for the number of carbons of
fragment alkyl and alkenyl ions.  Field

 

1

 

 reported that the attack
of the reactant ions upon 1-olefins does not occur randomly
over the structures of the molecules.  Alkyl C

 

y

 

H

 

2

 

y

 

�

 

1

 

�

 

 (

 

y

 

 

 

�

 

 3–

 

x

 

)
ions are produced from the olefins only by proton addition to
the olefin portion of molecule, while alkenyl C

 

y

 

H

 

2

 

y

 

�

 

1

 

�

 

 (

 

y

 

 

 

�

 

 4–

 

x

 

) ions are formed by attack of the reactant ions upon the alkyl
portion of the olefins via hydride-ion or alkanide-ion abstrac-
tion reactions.  Therefore, he suggested that the sum of the in-
tensities of the alkyl ions serves as a measure of the attack at
the double bond, while the sum of the intensities of the alkenyl
ions serves as a measure of the attack of the reactant ions on
the alkyl portion of 1-olefins.  He postulated that for the small-
er olefins attack at the double bond predominates, but as the
size of the alkyl group becomes larger an increasing amount of
attack along the side chain occurs.  Since the reactant ions have
not been separated in his CI experiments, the contribution of
each hydrocarbon ion to the formation of alkyl and alkenyl
ions has not been determined.

Houriet and Gäumann

 

6

 

 have reported the CI mass spectra of
C

 

7

 

–C

 

9

 

 1-olefins using H

 

2

 

O, CH

 

4

 

, CD

 

4

 

, or CD

 

3

 

OD as ionizing
gas.  They observed C

 

x

 

H

 

2

 

x

 

�

 

1

 

�

 

, C

 

x

 

H

 

2

 

x

 

�

 

, C

 

x

 

H

 

2

 

x�1
�, CyH2y�1

�,
and CyH2y�1

� ions, when CH4 was used as a CI gas.  On the ba-

sis of the energetics and isotope effects, the reaction mecha-
nism of the CH4

�, CH5
�, and C2H5

� reactions with 1-olefins
were discussed.  However, detailed information on the reaction
mechanism was not obtained, because the reactant ions were
not separated.  Budzikiewicz and Busker7 have reported the
isobutane CI mass spectra of octadecenes.  The spectra were
similar to the CH4 CI mass spectra in showing CyH2y�1

� (y �
5–x) and alkenyl CyH2y�1

� (y � 5–x) ions.  In addition, a
prominent [C18H36 � C4H9]� adduct ion was observed.

Recently, the ion-trap detector (ITD), which can operate at
much lower CI gas pressures than those in conventional medi-
um-pressure CI mass spectrometer, has been used as a new
sensitive CI mass spectrometer.9–11  Some comparative studies
between medium-pressure CI using magnetic sector instru-
ments and low-pressure CI in the ITD have been carried
out.9–11  In general, fragmentation increases and no adduct ions
such as (M � C2H5)� and (M � C3H5)� are observed in the
ITD.  These facts were explained by the lack of collisional sta-
bilization of (M � H)�, (M � C2H5)�, and (M � C3H5)� ions
due to secondary collisions with CH4 and He gases.  The other
reason for the higher fragmentation in the ion-trap experiments
is higher kinetic energies of reactant ions.

All of previous medium-pressure CH4 CI mass studies on 1-
olefins have been carried out without selecting reactant hydro-
carbon ions.  Therefore, the reactivity of dominant CH5

� and
C2H5

� reactant ions for 1-olefins has not been determined.  It is
known that C3H5

� ion is involved as a minor reactant ion when
CH4 was used as a CI gas.  However, no information has been
obtained on its reactivity for 1-olefins.

In this study, CH4 CI mass spectra of a series of 1-olefins
(CxH2x: x � 8–18) by the CH5

�, C2H5
�, and C3H5

� ions are
measured under a reactant-ion selective mode of an ion-trap
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type of GC/MS.  The dependence of product-ion distributions
on the reaction time was measured and compared with the pre-
vious data of Field et al.1–4 in order to examine the effects of
collisional stabilization and kinetic energies of reactant ions.
The reactivity of CH5

�, C2H5
�, and C3H5

� for 1-olefins was
discussed from the product-ion distributions.  Preliminary re-
sults for some 1-olefins (x � 15–18) have been communicat-
ed.12 

Experimental

CI mass spectra were obtained using an ion-trap type of Hitachi
M7200 GC/MS under a reactant-ion selective mode.  The CI CH4

gas was introduced directly in an trap cell.  The electron-impact
ionization on CH4 provides primary CHn

� (n � 2–4) ions.  One of
the reactant CH5

�, C2H5
�, and C3H5

� ions produced from the sub-
sequent fast ion-molecule reactions of CHn

� (n � 2–4) with CH4

was selectively trapped as a reactant ion in an ion-trap cell.  The
time for storing a reactant ion was kept at a constant time of 5 ms.
If reactant ions in vibrationally excited levels are formed, they will
be thermalized by collisions with CH4 and He during their trap-
ping time in the cell.  The ion-trap cell was kept at ≤ 170 ˚C.  The
reagents were diluted in hexane, which has a much shorter reten-
tion time than those of 1-olefins, and injected into the GC with a
high-purity carrier He gas.  The partial pressures of CH4 and He
and in an ion-trap cell were 7 � 10�5 and 5 � 10�5 Torr, respec-
tively.  The reaction time corresponding to the residence time in
the ion-trap was varied from 0.5 to 40 ms.  The mass spectra were
measured at low reagent concentrations of about 1000–10000 pg
cm�3 in order to reduce secondary ion-molecule reactions.

The operating conditions in the ion-trap cell used in this work
were significantly different from those of the conventional medi-

um-pressure CI mass spectrometer developed by Field et al.1–4  In
the medium-pressure CI measurements, the typical CH4 gas pres-
sure was 1 Torr and the residence time of reactant ions in the ion-
ization-reaction chamber was about 10 µs.  Field4 evaluated the to-
tal number of collisions of reactant ions with CH4 during this
residence time to be about 200.  In the present low-pressure CI
measurements, the total number of collisions of a product ion with
CH4 was estimated to be about 1–100 times within the reaction
time of 0.5–40 ms from a simple gas-kinetic hard-sphere collision
model.  CI mass spectra were measured under the conditions
where concentrations of reactant ions were much higher than
those of product ions.  Therefore, it was difficult to determine rate
constants from plots of a decay of a reactant ion against the reac-
tion time or the concentration of a reagent.

Results and Discussion

Contribution of Collisional Stabilization and Initial
Product-Ion Distributions:    When CI mass spectra resulting
from ion-molecule reactions of CH5

�, C2H5
�, and C3H5

� with
1-olefins (CxH2x: x � 8–18) were measured, alkyl CyH2y�1

� (y
� 3–x) and alkenyl CyH2y�1

� (y � 3–x) ions were observed.  If
the collisional stabilization takes part in the formation of prod-
uct ions, excess energy is partly relaxed by collisions with CH4

and He gases.  Therefore, fragmentation will be suppressed in
CI mass spectra obtained at long reaction times.  In order to
examine the contribution of collisional stabilization in our CI
conditions, the dependence of product-ion distributions on the
reaction time was measured.  Figures 1 and 2 show product-ion
distributions of CyH2y�1

� (y � 3–x) and CyH2y�1
� (y � 3–x) in

each reaction at five different reaction times: 0.5, 2, 10, 20, and
40 ms, respectively.  The CyH2y�1

� (y � 3–x) and CyH2y�1
� (y

Fig. 1. Dependence of product-ion distributions of alkyl CyH2y�1
� (y � 3–x) ion on the reaction time in the ion-molecule reactions

of CH5
�, C2H5

�, and C3H5
� with C8, C14, and C18 1-olefins.  Reaction time �: 0.5, �: 2, �: 10, �: 20, and �: 40 ms.  Relative in-

tensities were branching ratios of each ion for total product ions.  Arrows indicate an increase or a decrease in product-ion distri-
bution with an increasing the reaction time.  The line connecting the points in the graphs is the CyH2y�1

� formed from the same re-
action time.
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� 3–x) distributions exhibit single peaks, except for the
CyH2y�1

� (y � 3–x) distributions in the C3H5
� reactions, which

have second weak peaks at low y values (y � 3, 4).  It is clear
from Figs. 1 and 2 that the CyH2y�1

� and CyH2y�1
� distribu-

tions depend on the reaction time in most cases, though the
changes in the C2H5

� reactions are very small in comparison
with those in the CH5

� and C3H5
� reactions.  The decreases or

increases in the product-ion distributions with increasing the
reaction time are shown by arrows in Figs. 1 and 2.  In the
CH5

� and C3H5
� reactions, the branching ratios of the small

CyH2y�1
� (y � 3–5) fragment ions decrease, while the large

CyH2y�1
� (y � 6–x) ions increase with increasing the reaction

time.  This implies that small CyH2y�1
� (y � 3–5) ions result

from dissociation of long-lived precursor CxH2x�1
� and large

CyH2y�1
� (y � 6–x) ions.  In the CH5

� and C3H5
� reactions,

the branching ratios of major CyH2y�1
� peaks having medium

y values increase, indicating that they are collisionally stabi-
lized at long reaction times.  In the C3H5

� reactions, the rela-
tive intensities of minor CyH2y�1

� peaks at y � 3, 4 decrease,
while those of major CyH2y�1

� peaks at y � 6–x increase.  This
shows that the former small ions arise from the fragmentation
of the latter larger ions.  It should be noted that the ΣCyH2y�1

�

and ΣCyH2y�1
� values in the CH5

� and C3H5
� reactions in-

crease by 23–77% due to a significant increase in the medium
CyH2y�1

� ions and decrease by 14–43% due to a significant de-
crease in the small CyH2y�1

� ions, respectively, with increasing
the reaction time.  This implies that small CyH2y�1

� and medi-
um CyH2y�1

� ions arise from the same precursor ions in the

CH5
� and C3H5

� reactions, and the collisionally stabilization
enhances the ΣCyH2y�1

�/ΣCyH2y�1
� ratios.  The initial product-

ion distributions were determined by extrapolating the depen-
dence of branching ratios of product ions on the reaction time
to zero reaction time, as is shown for the case of the C3H5

�/1-
C14H28 reaction in Figs. 3a and 3b.  The uncertainties of the ini-
tial branching-ratios were estimated to be within �8%.

Distribution of Alkyl CyH2y�1
� (y � 3–x) Ions:     Figures

4a–4i show initial product-ion distributions of CyH2y�1
� (y �

3–x) obtained for short (x � 8–10), medium (x � 11–14), and
long (x � 15–18) chain reagents.  The CyH2y�1

� (y � 3–x) ions
were observed in the CH5

�, C2H5
�, and C3H5

� reactions.  In
the CH5

� reactions, the intensity distributions peak at y � 3 for
the short-chain x � 8, 9 reagents and the maximum distribu-
tions shift to y � 4 for the medium chain x � 10–14 reagents.
For the long-chain x � 15–18 reagents, the maximum distribu-
tions shift to y � 5 and the peaks at y � 5 monotonically de-
crease with increasing the reagent chain-length.  Although the
CyH2y�1

� (y � 3–x) distributions in the C2H5
� reactions are

similar to those in the CH5
� reactions, they are broader than

those in the CH5
� reactions for long-chain x � 11–18 reagents.

Therefore, the relative intensities of CyH2y�1
� peaks at y � 5

decrease, while those of large CyH2y�1
� (y � 7–x) ions become

larger in the C2H5
� reactions.  It should be noted that the

CyH2y�1
� distributions in the C3H5

� reactions become sharp
and shift to low y values in comparison with those in the
C2H5

� and C3H5
� reactions.  The distributions are nearly the

same for all x � 8–18 reagents having a sharp peak at y � 4.

Fig. 2. Dependence of product-ion distributions of alkenyl CyH2y�1
� (y � 3–x) ion on the reaction time in the ion-molecule reac-

tions of CH5
�, C2H5

�, and C3H5
� with C8, C14, and C18 1-olefins.  Reaction time �: 0.5, �: 2, �: 10, �: 20, and �: 40 ms.  Rela-

tive intensities were branching ratios of each ion for total product ions.  Arrows indicate an increase or a decrease in product-ion
distribution with an increasing the reaction time.  The line connecting the points in the graphs is the CyH2y�1

� formed from same
reaction time.
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For longer chain x � 11–18 reagents, the distributions of long-
chain CyH2y�1

� (y � 9�x) ions are nearly zero.
Distribution of Alkenyl CyH2y�1

� (y � 3–x) Ions:     Fig-
ures 5a–5i show initial product-ion distributions of CyH2y�1

� (y

Fig. 3. Dependence of branching ratios of product ions on the reaction time in the C3H5
�/1-C14H28 reactions.  (a-1), (a-2): alkyl

ion, (b-1), (b-2): alkenyl ion, (a-1) �: C3H7
�, �: C4H9

�, �: C5H11
�, and �: C6H13

�.  (a-2) �: C7H15
�, �: C8H17

�, �: C9H19
�, and

�: C10H21
�, (b-1) �: C3H5

�, �: C4H7
�, �: C5H9

�, and �: C6H11
�, (b-2) �: C7H13

�, �: C8H15
�, �: C9H17

�, and �: C10H19
�.  The

lines are extrapolated to zero reaction time to find the initial product-ion distributions.

Fig. 4. Initial product-ion distributions of alkyl CyH2y�1
� (y � 3–x) ion in the ion-molecule reactions of CH5

�, C2H5
�, and C3H5

�

with C8–C18 1-olefins.  (a), (d), (g) �: C8H16, �: C9H18, and �: C10H20,  (b), (e), (h) �: C11H22, �: C12H24, �: C13H26, and �:
C14H28  (c), (f), (i) �: C15H30, �: C16H32, �: C17H34, and �: C18H36.  The line connecting the points in the graphs is the alkyl
CyH2y�1

� (y � 3–x) ion formed from the same 1-olefin.
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� 3–x) obtained for short (x � 8–10), medium (x � 11–14),
and long (x � 15–18) chain reagents.  The CyH2y�1

� (y � 3–x)
ions were observed in the CH5

�, C2H5
�, and C3H5

� reactions.
In the CH5

� reactions, the intensity distributions peak at y � 5,
6 for the short-chain x � 8–10 reagents and the maximum dis-
tributions shift to y � 7 for the longer-chain x � 11–18 re-
agents.  The CyH2y�1

� distributions in the C2H5
� reactions are

very similar to those in the CH5
� reactions.  The CyH2y�1

� dis-
tributions for x � 11–18 are similar in the CH5

� and C2H5
� re-

actions, indicating that the alkenyl-ion distributions are essen-
tially independent of the chain length for x � 11–18 in these
reactions.  The CyH2y�1

� distributions in the C3H5
� reactions

are slightly different from those in the CH5
� and C2H5

� reac-
tions.  In addition to the first main peaks at y � 7, as observed
in the CH5

� and C2H5
� reactions, the second minor peaks at y

� 4 appear for long-chain x � 11–18 reagents.  Therefore, the
relative intensities of the first peaks at y � 7 are smaller than
those in the CH5

� and C2H5
� reactions.  The CyH2y�1

� distri-
butions for x � 11–18 are similar, indicating that the alkenyl-
ion distributions are essentially independent of chain length for
x � 11–18 in the C3H5

� reactions, as in the cases of the CH5
�

and C2H5
� reactions.

Total Alkyl and Alkenyl Ion Intensities:    In Figs. 6a–6c
we plot the sum of the intensities of all the CyH2y�1

� (y � 3–x)
ions and the sum of intensities of all the CyH2y�1

� (y � 3–x)
ions formed from each of the straight-chain 1-olefins studied.
In the CH5

� and C2H5
� reactions, total alkyl ion intensities de-

crease, while total alkenyl ion intensities increase with increas-
ing x, being consistent with previous observations of Field1

without separating the reactant CH5
� and C2H5

� ions.  Field1

suggested that alkyl CyH2y�1
� (y � 3–x) ions are produced

from the 1-olefins only by proton addition to the olefin mole-
cules, while alkenyl CyH2y�1

� (y � 4–x) ions are formed by at-
tack of the reactant ions upon the alkyl portion of the 1-olefins
via hydride-ion or alkanide-ion abstraction reaction.  It is be-
lieved that allylic hydrogen is most readily abstracted.1,8  As
the size of the alkyl group becomes larger, an increasing
amount of attack along the side chain occurs, so that the
ΣCyH2y�1

�/ΣCyH2y�1
� ratios increase.  Although the relative

contribution between CH5
+ and C2H5

� was not determined in
his CI experiment, we found here that the dependence of
ΣCyH2y�1

� and ΣCyH2y�1
� on the reagent chain-length was

similar for the two reactions.  However, the ΣCyH2y�1
�/

ΣCyH2y�1
� ratios in the CH5

� reactions was about a half of
those in the C2H5

� reactions for x � 8–18 reagents.  It should
be noted that the ΣCyH2y�1

� and ΣCyH2y�1
� values remain con-

stant for x � 8–18 reagents in the C3H5
� reactions.  This dif-

ferent tendency suggests that the reaction mechanisms leading
to alkyl and alkenyl ions in the C3H5

� reactions are different
from those in the CH5

� and C2H5
� reactions.

Comparison with the Previous CI Experiments:    Field1

measured CI mass spectra of 1-olefins (CxH2x: x � 6–10, 12,
16, 20) at a medium CH4 pressure of 1 Torr.  For example, his
CI mass data of 1-C16H32 are shown in Figs. 7a and 7b, along
with our corresponding data for the CnH5

� (n � 1–3) reactions,
in order to examine the effects of collisional stabilization and
kinetic energies of reactant ions.  The CI mass spectra of Field1

consisted of alkyl CyH2y�1
� (y � 3–x) and alkenyl CyH2y�1

� (y
� 4–x) ions, as shown in Figs. 7a and 7b.  The CyH2y�1

� and
CyH2y�1

� distributions in his spectra were similar to those ob-
served here in the C2H5

�/1-C16H32 reactions, except for the ap-
pearance of relatively strong C16H31

� and C16H33
� peaks.  It is

Fig. 5. Initial product-ion distributions of alkenyl CyH2y�1
� (y � 3–x) ion in the ion-molecule reactions of CH5

�, C2H5
�, and

C3H5
� with C8–C18 1-olefins.   (a), (d), (g) �: C8H16, �: C9H18, and �: C10H20,  (b), (e), (h) �: C11H22, �: C12H24, �: C13H26, and

�: C14H28 (c),  (f), (i) �: C15H30, �: C16H32, �: C17H34, and �: C18H36.  The line connecting the points in the graphs is the alkenyl
CyH2y�1

� (y � 3–x) ion formed from the same 1-olefin.
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therefore reasonable to assume that the major reactant ion for
the formation of product ions was C2H5

� in his CI experiment.
We found here that the extent of fragmentation in the C2H5

�/1-
C16H32 reaction is slightly higher than that observed by Field.1

One reason for the higher extent of fragmentation observed
here will be lack of collisional stabilization under our experi-
mental conditions.  The other reason will be the difference in
the kinetic energy of reactant ions.  The maximum and average
kinetic energies of reactant ions in our apparatus were evaluat-
ed to be 10 and 4.2 eV for CH5

�, 6.0 and 2.4 eV for C2H5
�,

and 4.3 and 1.7 eV for C3H5
�, respectively, using equations re-

ported previously.13  These energies are higher than those in
the medium-pressure CI experiments, which were estimated to
be less than 1 eV.14

Energetics and Mechanism of Each Ion-Molecule Reac-

tion:    Possible formation processes of CyH2y�1
� and

CyH2y�1
� by the MH� (M � CH4, C2H4, and C3H4) reactions

are shown in Scheme 1.  The CyH2y�1
� alkyl ions can be

formed via proton transfer to a C�C double bond (1), hydride-
ion abstraction (2a), alkenide-ion abstraction (3a), and adduct-
ion formation (4a) and (4b).  On the other hand, the CyH2y�1

�

alkenyl ions are produced via hydride-ion abstraction (2b), al-
kanide-ion abstraction (3b), and adduct-ion formation (4c).
The rearrangement shown in Scheme 1 represents hydride and
alkyl sifts leading to more stable isomers (e.g. primary → sec-
ondary → tertiary ions).  It is known that the C2H5

�/n-paraffins
reactions leading to CyH2y�1

� ions proceed exclusively though
hydride-ion abstraction:13

C2H5
� � CxH2x�2 → CxH2x�1

� � C2H6, (5a)
CxH2x�1

� → CyH2y�1
� � Cx–yH2(x�y). (5b)

It should be noted that the intermediate CxH2x�1
� ions pro-

duced from reaction (5a) are the same as those produced from
MH� � CxH2x proton-transfer reaction (1).  However, no reac-
tion leading to CxH2x�1

� and CyH2y�1
� was observed in the

C2H5
�/n-paraffins.  Therefore, the following proton-transfer

reactions by loss of H2 were excluded from the possible forma-
tion processes of CyH2y�1

�:

MH� � CxH2x → CxH2x�1
� � M 

(M � CH4, C2H4, and C3H4), (6a)
CxH2x�1

� → CxH2x�1
� � H2 (6b)

CxH2x�1
� → CyH2y�1

�
 � Cx�yH2(x�y). (6c)

The energetics of each process for the formation of CyH2y�1
�

and CyH2y�1
� was calculated using reported thermochemical

data.15  The results obtained are shown in Figs. 8A–8I and 9A–
9I for the cases of x � 8, 14, and 18 reagents.  Similar energy

Fig. 6. Total alkyl and alkenyl ion intensities in the reac-
tions of CH5

�, C2H5
�, and C3H5

� with C8–C18 1-olefins.
�: alkyl ion, �: alkenyl ion.

Fig. 7. CH4 CI mass spectra of 1-C16H32 obtained by Field
et al. (Ref. 1) in a medium-pressure without selecting reac-
tant ions and initial distributions in the CH5

�, C2H5
�, and

C3H5
� reactions obtained in this study.
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relationships are obtained for the reactions of other 1-olefins.
For example, ∆Ho values in Fig. 8A represent the heats of reac-

tion of the following CH5
�/1-C8H16 reactions leading to vari-

ous CyH2y�1
� ions:

Scheme 1. Possible reaction pathways for the ion-molecule reactions of MH� (M � CH4, C2H4, and C3H4) with 1-olefins.
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CH5
� � 1-C8H16 → CyH2y�1

� � C8�yH2(8�y) � CH4,
(process 1 for x � 8 in Scheme 1),

CH5
� � 1-C8H16 → CyH2y�1

� � C8�yH2(8�y)�2 � CH4 + H2,
(process 2(a) for x � 8 in Scheme 1).

There are three possible C3H5
� isomers, whose ∆Ho values are

946, 969, and 1069 kJ mol�1 for CH2�CHCH2
�,

CH3C�CH2
�, and protonated cyclopropene ion, respective-

ly.15  Since the most stable CH2�CHCH2
� isomer is a signifi-

cant ion produced from CH4 CI gas,16 all thermochemical cal-
culations for C3H5

� are carried out using the above ∆Ho value
of CH2�CHCH2

�.  The ∆Ho values in Figs. 8A–8I and 9A–9I
are calculated for the formation of unstable –CH2

� (�
CyH2y�1

�) and –CH�CH� (� CyH2y�1
�) ions, n-paraffins, and

1-olefins as ionic and neutral products.  However, more stable
isomers having secondary and tertiary alkyl groups will be
formed, so that many endoergic processes become possible via
stabilization due to intramolecular rearrangement.

It is clear from Figs. 8A–8I that the ∆Ho values for the for-
mation of alkyl CyH2y�1

� ions are essentially independent of
the reagent chain-length x and the product-ion chain-length y,
except for the highly endoergic processes for the formation of
CH2

� and Cx�1H2(x�1)�1
� � CH2.  However, the ∆Ho values

given in Figs. 8A–8I slightly decrease with increasing y in the
y � 1–(x � 2) range.  The ∆Ho values given in Figs. 8A–8I in-
crease in the order of CH5

�, C2H5
�, and C3H5

� reactions due
to an increase in the proton affinity (PA) in the order of CH4

(PA � 543.5 kJ mol�1), C2H4 (680.5 kJ mol�1), and C3H4

(775.3 kJ mol�1).15  Therefore, more processes become endo-
ergic for larger reactant ions.  However, an intramolecular rear-
rangement makes such processes possible.  Figures 9A–9I
demonstrate that the ∆Ho values for the formation of alkenyl
CyH2y�1

� ions are essentially independent of the reagent chain-
length.  The ∆Ho values are highest for the formation of the
smallest CH� ion and decrease more rapidly than those in the
cases of CyH2y�1

� ions with increasing y.  When unstable CH2

radicals are formed in reaction (2b), the ∆Ho values become

Fig. 8. Energy relations in the ion-molecule reactions of CH5
�, C2H5

�, and C3H5
� with 1-C8H18, 1-C14H30, and 1-C18H38 leading

to 1-CxH2x�1
� and 1-CyH2y�1

�.  �: (1) Proton transfer, �: (2a) hydride-ion abstraction, �: (3a) alkenide-ion abstraction, (4a), (4b)
adduct-ion formation.  The largest CyH2y�1

� ions correspond to the CxH2x�1
� ions.  The line connecting the points in the graphs is

the CxH2x�1
� and CyH2y�1

� formed from the same reaction pathway.  The difference between processes (3a) and (4a), or (3a) and
(4b) wasn’t described because processes (3a) and (4a), or (3a) and (4b) produce the same product.
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very large at y � x � 1.  It should be noted that all the reac-
tions are exothermic for the formation of CyH2y�1

� (y
� 5–(x � 2)).  The lack of small fragment ions y < 5 in the
CH5

� and C2H5
� reactions can be explained by its endoergicity

and low possibility of stabilization by rearrangement for short-
chain CyH2y�1

� ions.  Figures 8D–8I and Figs. 9D–9I indicate
that a significant rearrangement is required for the formation of
alkyl CyH2y�1

� ions in many reactions, while such a rearrange-
ment is unnecessary for the formation of alkenyl CyH2y�1

�

ions.
In the CH5

� reactions, CyH2y�1
� must be formed via process

(2b) because it is the only possible process for the formation of
CyH2y�1

�.  On the other hand, both processes (1) and (2a) are
possible for the formation of CyH2y�1

� in the CH5
� reactions.

On the basis of energetics, protonation to a C�C bond (1) is
more favorable than hydride-ion abstraction (2a).  The time de-
pendence of CyH2y�1

� and CyH2y�1
� distributions indicated

that not only process (1) but also process (2a) takes part in the

formation of CyH2y�1
�.  The relative contribution of the latter

process was estimated to be 14–43%.  It is clear from Figs.
8A–8C and Figs. 9A–9C that process (2a) is endoergic, while
process (2b) is exothermic in most cases.  Therefore, rear-
rangement from primary to secondary and tertiary CyH2y�1

�

ions is required for the formation of CyH2y�1
� via process (2a).

Such endoergic processes will be suppressed by collisional re-
laxation of precursor large CyH2y�1

� ions at long reaction
times, while collisional relaxation will have little effect on the
formation of small CyH2y�1

� ions via exothermic processes.
Thus, the ΣCyH2y�1

�/ΣCyH2y�1
� ratios increase with increasing

the reaction time.  The branching ratios of large CyH2y�1
� ions

slightly increase, while those of small Cy′H2y′�1
� (y′ < y) ions

decrease with increasing the reaction time in the CH5
� and

C3H5
� reactions, as shown in Figs. 1a–1c and Figs. 1g–1i.

This suggests that further fragmentation from large CyH2y�1
�

ions to small Cy′H2y′�1
� ions occurs:

Fig. 9. Energy relations in the ion-molecule reactions of CH5
�, C2H5

�, and C3H5
� with 1-C8H18, 1-C14H30, and 1-C18H38 leading

to 1-CxH2x�1
� and 1-CyH2y�1

�.  �: (2b) hydride-ion abstraction, �: (3b) alkanide-ion abstraction, (4c) adduct-ion formation.  The
largest CyH2y�1

� ions correspond to the CxH2x�1
� ions.  The line connecting the points in the graphs is the CxH2x�1

� and CyH2y�1
�

formed from same reaction pathway.  The difference between processes (3b) and (4c) wasn’t described because processes (3b) and
(4c) produce the same product.
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CyH2y�1
� (y � 5–8) → Cy′H2y′�1

� (y′ � 3,4) � Cy�y′H2(y�y′) 
for 1-C8H16, (7a)

CyH2y�1
� (y ≥ 6) → Cy′H2y′�1

� (y′ � 3–5) � Cy�y′H2(y�y′) 
for 1-C14H28, (7b)

CyH2y�1
� (y ≥ 8) → Cy′H2y′�1

� (y′ � 3–6) � Cy�y′H2(y�y′) 
for 1-C18H36. (7c)

These secondary fragmentation processes are collisionally
suppressed at long reaction times.

In the C2H5
� reactions, CyH2y�1

� can be formed via process-
es (1), (2a), (3a), and (4a), and CyH2y�1

� can be produced via
(2b) and (3b).  The CyH2y�1

� and CyH2y�1
� distributions in the

C2H5
� reactions are similar to those in the CH5

� reactions,
though the CyH2y�1

� distributions are broader.  The ΣCyH2y�1
�

and ΣCyH2y�1
� values decrease and increase, respectively, with

increasing the chain length, as in the case of the CH5
� reac-

tions, indicating active sites for the formation of CyH2y�1
� and

CyH2y�1
� are a C�C double bond and an alkyl chain, respec-

tively.  The energetics of processes (2a) and (2b) in the C2H5
�

reactions are similar to that in the CH5
� reactions, as shown in

Figs. 8A–8F and 9A–9F.  Therefore, if processes (2a) and (2b)
participate in the formation of CyH2y�1

� and CyH2y�1
�, a simi-

lar decrease or increase in the branching ratios of CyH2y�1
� and

CyH2y�1
� will be found in the reaction-time dependence.  The

lack of significant reaction-time dependence of the branching
ratios of CyH2y�1

� and CyH2y�1
� suggests that processes (2a)

and (2b) are unimportant in the C2H5
� reactions.  The remain-

ing alkanide-ion abstraction process (3b) will be most signifi-
cant for the formation of CyH2y�1

� ions.
Processes (1), (3a), and (4a) are possible for the formation

of CyH2y�1
� in the C2H5

� reactions, because process (2a) can
be excluded from responsible reactions.  The alkenide-ion ab-
straction process (3a) is energetically unfavorable in compari-
son with the competitive alkanide-ion abstraction process (3b).
In our previous studies of the reactions of C2H5

� with mono-
subsituted benzenes, proton transfer to unsaturated bonds pre-
dominates over the association and alkanide-ion abstraction re-
actions.17–20  The dependence of branching ratios of ΣCyH2y�1

�

and ΣCyH2y�1
� on the chain length in the C2H5

� reactions are
different from those in the C3H5

� reactions, where the associa-
tion is a dominant process, as discussed in the next paragraph.
On the basis of these facts, it is reasonable to assume that pro-
cess (1) is the major process for the formation of CyH2y�1

� in
the C2H5

� reactions.  The fact that the ΣCyH2y�1
�/ΣCyH2y�1

�

ratios in the C2H5
� reactions are higher than those in the CH5

�

reactions implies that relative reaction rates of alkanide-ion ab-
straction process (3b) to the proton-transfer process (1) in the
C2H5

� reactions are larger than those of hydride-ion abstrac-
tion process (2b) to proton-transfer process (1) and hydride-ion
abstraction process (2a) in the CH5

� reactions.
In the C3H5

� reactions, CyH2y�1
� can be formed via process-

es (1), (2a), (3a), and (4b), and CyH2y�1
� can be produced via

(2b), (3b), and (4c).  The CyH2y�1
� distributions in the C3H5

�

reactions shift to lower y values than those in the CH5
� and

C2H5
� reactions, though excess energies for proton-transfer

process (1) are lower than those in the CH5
� and C2H5

� reac-
tions.  This implies that process (1) is insignificant in the
C3H5

� reactions.  The CyH2y�1
� distributions in the C3H5

� re-
actions are similar to those in the CH5

� and C2H5
� reactions,

though a second peak appears at a low y � 4 value.  The most
significant finding observed in the dependence of branching ra-
tios of ΣCyH2y�1

� and ΣCyH2y�1
� on the chain length was that

they were essentially independent of the chain length.  Accord-
ing to our previous studies on the C3H5

� reactions with ben-
zene monoderivatives,17–20 association processes are often ob-
served as a major exit channel in the C3H5

� reactions.  It was
explained by higher PA and the delocalization of a positive
charge, which reduce the probability of proton transfer chan-
nels.17–20  On the basis of the above results, it was concluded
that association processes (4b) and (4c) are dominantly respon-
sible for the formation of CyH2y�1

� and CyH2y�1
� in the C3H5

�

reactions.
The time dependence of CyH2y�1

� and CyH2y�1
� distribu-

tions indicated that small Cy′H2y′�1
� and Cy′H2y′�1

� ions arise
from secondary fragmentation of larger CyH2y�1

� and
CyH2y�1

� ions: e.g.,

CyH2y�1
� (y > 7) → Cy′H2y′�1

� (y′ � 4,5) � Cy�y′H2(y�y′), (8a)
CyH2y�1

� (y � 6–10) → Cy′H2y′�1
� (y′ � 4) � Cy�y′H2(y�y′).(8b)

In addition, we found that the relative formation rates of alke-
nyl ions to those of alkyl ions increase by collisional relaxation
of precursor (C3H5 � CxH2x)� ion.  Since the formation of
alkyl ions are endoergic, some isomerization must occur.  On
the other hand, the formation of alkenyl ions are exoergic.  The
collisional relaxation of precursor (C3H5 � CxH2x)� ion will
reduce the probability of endoergic channels.  Therefore, the
branching ratios of alkenyl ions increase by collisional relax-
ation.

Concluding Remarks:    The gas-phase ion-molecule reac-
tions of CH5

�, C2H5
�, and C3H5

� with 1-olefins (CxH2x: x � 8–
18) have been studied in an ion-trap type of GC/MS by sepa-
rating each reactant ion.  In all the reactions, alkyl CyH2y�1

�

and alkenyl CyH2y�1
� (y � 3–x) ions were observed.  The de-

pendence of the relative intensities of CyH2y�1
� and CyH2y�1

�

on the reaction times indicated that collisional stabilization
took part in the formation of some product ions.  The total
alkyl and alkenyl ion intensities decreased and increased with
increasing the reagent chain-length in the CH5

� and C2H5
� re-

actions, while they were independent of the chain length in the
C3H5

� reactions.  Summarizing the above results, the product-
ion distributions, and the energetics, one can conclude that ma-
jor reactions for the formation of CyH2y�1

� and CyH2y�1
� de-

pend on the reactant ion.  The dominant formation processes of
alkyl ions were proton transfer to a C�C bond and hydride-ion
abstraction from the alkyl portion in the CH5

� reactions, pro-
ton transfer to a C�C bound in the C2H5

� reactions, and ad-
duction to a C�C bound in the C3H5

� reactions, while major
reactions for the formation of alkenyl ions were hydride-ion
abstraction in the CH5

� reactions, alkanide-ion abstraction in
the C2H5

� reactions, and adduction to a C�C bound in the
C3H5

� reactions.  The dependence of CyH2y�1
� and CyH2y�1

�

distributions on the reactant ion and the reagent-chain length
was small for x � 11–18.  The CyH2y�1

� distributions peaked
at low C4 or C5 and the CyH2y�1

� distributions peaked at C7.
The same stable C4 and C5 alkyl ions and C7 alkenyl ions were
probably formed from the reactions of CnH5

� (n � 1–3) ions
with C11–C18 1-olefins, although further experimental and the-
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oretical studies are required for the determination of molecular
structures of C4 and C5 alkyl ions and C7 alkenyl ions.  Since
the formation of such stable alkyl and alkenyl ions is unfavor-
able for short-chain C8–C10 1-olefins, smaller fragment alkyl
and alkenyl ions are observed as major products.  The present
results provide new information on the reactivity of hydrocar-
bon ions for olefins; they are important in understanding or-
ganic reactions by carbocations.

The authors acknowledge financial support from the
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