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Chemical ionization of 

 

n

 

-alkyl alcohols (
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8–18) by the CH
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, and C
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 ions has
been studied under a reactant-ion selective mode of an ion-trap type of GC/MS.  In all reactions, [M 

 

−

 

 H]

 

+

 

, alkyl
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y
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), and alkenyl C
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) ions were observed.  On the basis of observed initial distributions
and calculated thermochemical data, it was concluded that the major reactions for the formation of C

 

y

 

H

 

2

 

y

 

+

 

1

 

+

 

 were proton
transfer to a hydroxy group in the CH

 

5

 

+

 

 reactions, proton transfer and/or hydroxide-ion abstraction in the C

 

2

 

H

 

5

 

+

 

 reac-
tions, and C

 

z

 

H
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z

 

OH

 

−

 

-ion (

 

z

 

 

 

<

 

 

 

x

 

) abstraction in the C

 

3

 

H

 

5

 

+

 

 reactions, while the major reactions for the formation of
C

 

y

 

H

 

2

 

y

 

−

 

1

 

+

 

 ions were proton transfer to alkyl chain in the CH

 

5

 

+

 

 reactions, hydride-ion abstraction in the C

 

2

 

H

 

5

 

+

 

 reactions,
and alkanide-ion abstraction in the C

 

3

 

H

 

5

 

+

 

 reactions.

 

The gas phase ion-molecule reactions of alcohol in a meth-
ane atmosphere have been studied by Munson and Field.
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They measured CI mass spectra of 

 

n

 

-C

 

10

 

H

 

21

 

–OH at a medium
CH

 

4

 

 pressure of 133 Pa, where dominant reactant ions were
CH

 

5

 

+

 

 (48%), C

 

2

 

H

 

5

 

+

 

 (40%), and C

 

3
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 (6%).  The [M 
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) ions were observed as
product ions.  Here, 

 

x

 

 represents the number of carbons of
alkyl group in a reagent, while y stands for the number of car-
bons of the alkyl group fragment.  When methane was used as
reactant in the CI technique, extensive fragmentation of alco-
hols occurred, and in particular, the intensity of ions in the mo-
lecular weight region (the [M 

 

−

 

 H]

 

+

 

 ions) tended to be rather
small.

 

2

 

  Therefore, Field

 

2,3

 

 used isobutene as reactant to dimin-
ish the amount of fragmentation occurring in the CI mass spec-
tra of alcohols.  He determined the isobutene CI mass spectra
of 23 saturated, monohydroxylic alcohols.  The main product
ions were [M 

 

−

 

 OH]

 

+

 

 

 

=

 

 R

 

+

 

 of ROH, [M 
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, [M 
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.
The medium-pressure CH

 

4

 

 CI mass spectrometric study of

 

n

 

-C

 

10

 

H

 

21

 

–OH by Munson and Field

 

1

 

 has been carried out with-
out selecting reactant hydrocarbon ions.  Therefore, the reac-
tivity of dominant CH

 

5

 

+

 

 and C

 

2

 

H

 

5

 

+

 

 reactant ions for 

 

n

 

-C

 

10

 

H

 

21

 

–
OH has not been determined.  It is known that C3H5

+ ion is in-
volved as a minor reactant ion when CH4 is used as reactant.1

However, no information has been obtained on its reactivity for
alcohols.  To the best of our knowledge, no CH4 CI mass spec-
trometric study has been reported except for the pioneering
work of Munson and Field1 on n-C10H21–OH.

We have recently studied CH4 CI mass spectra of n-paraffins
(CxH2x+2; x = 8–18), 1-olefins (1-CxH2x; x = 8–18), and n-
alkylbenzenes (PhCxH2x+1; x=3–13) by the CH5

+, C2H5
+, and

C3H5
+ ions using an ion-trap type of GC/MS.4–6  In this study,

CH4 CI mass spectra of a series of alcohols (n-CxH2x+1–OH;

x=8–18) by the CH5
+, C2H5

+, and C3H5
+ ions are measured

under a reactant-ion selective mode of an ion-trap type of GC/
MS in order to study the effects of the hydroxyl group.  The
dependence of product-ion distributions on the reaction time
was measured in order to determine initial product-ion distri-
butions.  The reactivity of CH5

+, C2H5
+, and C3H5

+ for alco-
hols was discussed from the initial product-ion distributions
and thermochemical calculations of heats of reactions.

Experimental

The CI mass spectrometer and the experimental conditions in
this work were the same as those reported previously.4–6  In brief,
CI mass spectra were obtained using an ion-trap type of Hitachi
M7200 GC/MS under a reactant-ion selective mode.  One of the
reactant CH5

+, C2H5
+, and C3H5

+ ions produced from the subse-
quent fast ion-molecule reactions of CHn

+ (n = 2–4) with CH4

was selectively trapped as a reactant ion in an ion-trap cell.  The
maximum and average kinetic energies of the reactant ions in our
apparatus were evaluated to be 10 and 4.2 eV (1 eV = 96.49 kJ
mol−1) for CH5

+, 6.0 and 2.4 eV for C2H5
+, and 4.3 and 1.7 eV for

C3H5
+, respectively, using a pseudo-potential well method.5

These energies are higher than that in the medium-pressure CI ex-
periments, which were estimated to be less than 1 eV.7  The time
for storing a reactant ion was kept constant at 5 ms.  The ion-trap
cell was kept at 170 °C.  The reagents were diluted in hexane and
injected into the GC with a high-purity carrier He gas.  The partial
pressures of CH4 and He in an ion-trap cell were 9 × 10−3 and 7
× 10−3 Pa, respectively.  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-mol-
ecule reactions.  It is known that the number of ions stored in the
ion trap depends on the radio frequency voltage.8  Thus, the CI
mass spectra obtained in this study were calibrated against NIST
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standard data.9

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 Munson and
Field.1–3  In the medium-pressure CI measurements, the typical
CH4 gas pressure was 133 Pa and the residence time of reactant
ions in the ionization-reaction chamber was about 10 µs.  The total
number of collisions of reactant ions with CH4 during this resi-
dence time evaluated by Field3 was about 200.  In the present low-
pressure CI measurements, the total number of collisions of a
product ion with CH4 and He 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.

Results and Discussion

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

+, C2H5
+, and C3H5

+

with n-alcohols (n-CxH2x+1–OH; x = 8–18) were measured,
[M − H]+, CyH2y+1

+ (y = 3–x), and CyH2y−1
+ (y = 4–x) ions

were observed.  Although the [M − H]+ = CxH2xOH+ ions
were observed, no CyH2yOH+ (y < x) ions were observed.
This indicates that the CyH2yOH+ ions decompose completely
into CyH2y−1

+ by loss of H2O:

CyH2yOH+ → CyH2y−1
+ + H2O. (1)

The ∆H° values of reaction (1) are highly exothermic (approx-
imately −2.1 eV).9  Thus, the CyH2yOH+ ions completely de-
compose into CyH2y−1

+.  This result is contrasted with that for
n-alkylbenzenes,6 where the decomposition of PhCyH2y

+ into
CyH2y−1

+ by loss of PhH was not observed:

PhCyH2y
+  CyH2y−1

+ + PhH. (2)

This can be explained by the lower exothermicity of reaction
(2) (∆H° � −1.3 eV)9 and the stabilization of PhCyH2y

+ by
isomerization into tropylium-type ion.

If the collisional stabilization takes part in the formation of
product ions, an excess energy will be partly relaxed by colli-
sions with CH4 and He gases.  Therefore, fragmentation will
be suppressed in CI mass spectra obtained at long reaction
times (= residence time in the ion trap).  In order to examine
the contribution of collisional stabilization in our CI condi-
tions, the dependence of product-ion distributions on the reac-
tion time was measured.  For example, Figs. 1 and 2 show
product-ion distributions of CyH2y+1

+ (y = 3–x) and CyH2y−1
+

(y = 4–x) in the reactions of CH5
+, C2H5

+, and C3H5
+ with

typical reagents (n-CxH2x+1–OH; x = 8, 14, and 18) at five dif-
ferent reaction times; 0.5, 2, 10, 20, and 40 ms.  The CyH2y+1

+

(y = 3–x) and CyH2y−1
+ (y = 4–x) distributions exhibit single

peaks in most cases.  It is clear from Figs. 1 and 2 that the
CyH2y+1

+ and CyH2y−1
+ distributions depend on the reaction

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

CH5
+, C2H5

+, and C3H5
+ with C8H17OH, C14H27OH, and C18H37OH.  Reaction time �: 0.5, �: 2, �: 10, �: 20, and ×: 40 ms.

Relative 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 the
same reaction time.
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time in most cases.  The decreases or increases in the produc-
tion distributions with increasing the reaction time are shown
by arrows in Figs. 1 and 2.  In all the nine CH5

+, C2H5
+, and

C3H5
+ reactions shown in Fig. 1, the branching ratios of

CyH2y+1
+ having small y values (y = 3–6) decrease, while

those having large y values (y = 7–x) increase in many cases.
On the other hand, the branching ratios of CyH2y−1

+ having
small y values (y = 4–6) decrease, while those having large y
values (y = 7–10) increase in many cases.  These findings indi-
cate that collisional stabilization with CH4 and He participates
in the formation of the product ions.  Similar results were ob-
tained for the other alcohols.  Thus, the initial product distribu-
tions were determined by extrapolating the dependence of
branching ratios of product ions on the reaction time to zero re-
action time, as shown in Fig. 3 for the formation of [M − H]+

from the reactions of CnH5
+ (n = 1–3) with n-C8H17–OH.  The

uncertainties of the initial branching-ratios were estimated to
be within ±8%.  Two major product ions are alkyl CyH2y+1

+

(y � x) and alkenyl CyH2y−1
+ (y � x) ions.  Their initial distri-

butions are determined and the formation mechanisms are dis-
cussed below.

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

4(a)–4(i) 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 are observed in the CH5

+, C2H5
+, and C3H5

+ reactions,
and the intensity distributions are similar among the three reac-

tions.  In all reactions, the CyH2y+1
+ distributions peak at y = 4

for all (x = 8–18) chain reagents.  In the C2H5
+ reactions, the

CyH2y+1
+ distributions shift to higher y values than those in the

CH5
+ reactions.  This implies that the excess energies released

in the C2H5
+ reactions are smaller than those in the CH5

+ reac-
tions for the formation of CyH2y+1

+.  The CyH2y+1
+ distribu-

Fig. 2.   Dependence of product-ion distributions of CyH2y−1
+ (y = 4–x) ion on the reaction time in the ion-molecule reactions of

CH5
+, C2H5

+, and C3H5
+ with C8H17OH, C14H27OH, and C18H37OH.  Reaction time �:0.5, �:2, �:10, �:20, and ×:40 ms.  Rel-

ative 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 reaction time.  The line connecting the points in the graphs is the CyH2y−1

+ formed from the same
reaction time.

Fig. 3.   Dependence of branching ratios of [M − H]+ ions on
the reaction time in the ion-molecule reactions of CnH5

+

(n = 1, 2, and 3) with C8H17OH.  The lines are extrapolat-
ed to zero reaction time to find the initial product-ion dis-
tributions.
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tions in the C3H5
+ reactions further shift to lower y values than

those in the C2H5
+ reactions.  This implies that larger excess

energies are released in the C3H5
+ reactions than those in the

C2H5
+ reactions for the formation of CyH2y+1

+.
Distribution of Alkenyl CyH2y−1

+ (y = 4–x) Ions:     Fig-
ures 5(a)–5(i) show initial product-ion distributions of CyH2y−1

+

(y = 4–x) obtained for short (x = 8–10), medium (x = 11–14),
long (x = 15–18) chain reagents.  The CyH2y−1

+ (y = 4–x) ions
are observed in the CH5

+, C2H5
+, and C3H5

+ reactions.  In all
reactions, the CyH2y−1

+ distributions peak at y = 4,5 for all (x
= 8–18) chain reagents.  In the CH5

+ reactions, the CyH2y−1
+

distributions are sharp, and the CyH2y−1
+ distributions in the

C2H5
+ and C3H5

+ reactions are broader than those in the CH5
+

reactions.  The extent of fragmentation of CyH2y−1
+ in the

C2H5
+ reactions is either similar to or lower than that in the

CH5
+ reactions.  This implies that the excess energies released

in the C2H5
+ reactions are similar to or smaller than those in

the CH5
+ reactions for the formation of CyH2y−1

+.  The extent
of fragmentation of CyH2y−1

+ in the C3H5
+ reactions is higher

than that in the C2H5
+ reactions, indicating that the excess en-

ergies released in the C3H5
+ reactions are larger than those in

the C2H5
+ reactions.

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

+ (y =
3–x) ions and the sum of the intensities of all the CyH2y−1

+ (y =
4–x) ions formed from each of the straight-chain alcohols stud-

ied.  In all reactions, total alkyl ions intensities decrease, while
total alkenyl ions intensities increase with increasing x.  As the
size of alkyl group becomes larger, an increasing amount of at-
tack at the alkyl chain occurs.  On the other hand, such a sig-
nificant change is not expected in the total amount of attack at
the hydroxy group.  The experimental results led us to con-
clude that alkyl ions are formed from the attack at the hydroxy
group, while alkenyl ions are formed from the attack at the
alkyl chain.  These mechanisms are consistent with the predic-
tions from reaction schemes, which will be shown later.

Comparison with the Previous CI Experiments:     Field1

measured CI mass spectra of alcohol (n-C10H21–OH) at a me-
dium CH4 pressure of 133 Pa.  For example, his CI mass data
of n-C10H21–OH are shown in Figs. 7(a) and 7(b), along with
our corresponding data for the CnH5

+ (n=1–3) reactions, in
order to examine the effects of collisional stabilization and
kinetic energy of reactant ions.  The extent of fragmentation in
the CyH2y+1

+ and CyH2y−1
+distributions observed in this work

is higher than that observed by Field et al.1  One reason for the
higher extent of fragmentation observed here may be lack of
collisional stabilization under our experimental conditions.
The other reason may be the difference in the kinetic energy of
reactant ions.  The maximum and average kinetic energies of
reactant ions in our apparatus, given in the experimental sec-
tion, are higher than those in the medium-pressure CI experi-
ments, which were estimated to be less than 1 eV.7

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

+, C2H5
+, and C3H5

+ with C8–
C18 alcohols.  (a),(d),(g) �: C8H17OH, �: C9H19OH, and �: C10H21OH;  (b),(e),(h) �: C11H23OH, �: C12H25OH, �: C13H27OH,
and �: C14H29OH;  (c),(f),(i) �: C15H31OH, �: C16H33OH, �: C17H35OH, and �: C18H37OH.  The largest CyH2y+1

+ ions corre-
spond to the CxH2x+1

+ ions.  The line connecting the points in the graphs is the alkyl CyH2y+1
+ (y = 3–x) ion formed from the same

alcohol.
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Possible Mechanism and Energetics of Each Ion-Mole-
cule Reaction:     The possible formation processes of
CyH2y+1

+ and CyH2y−1
+ by the XH+ (X = CH4, C2H4, and

C3H4) reactions are shown in Scheme 1.  The CyH2y+1
+ ions

can be formed via proton transfer to a hydroxy group (A-1),
hydroxide-ion abstraction (A-2), and CzH2zOH−-ion abstrac-
tion (A-3).  Here, z represents the carbon number of the alkyl
group abstracted from a reagent.  The CyH2y−1

+ ions can be
formed via proton transfer to an alkyl group (B-1), hydride-ion
abstraction (B-2), and alkanide-ion abstraction (B-3).  In our
previous study of the reactions of CH5

+, C2H5
+, and C3H5

+

reactions with n-paraffins,4 we found out that the formation
channels of smaller Cy′H2y′−1

+ ions (y′ < y) through the frag-
mentation of CyH2y+1

+ are closed:

CyH2y+1
+  Cy′H2y'−1

+ + H2, (3a)

CyH2y+1
+  Cy′H2y'−1

+ + Cy−y′H2(y−y′)+2. (3b)

The only fragmentation processes observed were:

CyH2y+1
+ → Cy′H2y′+1

+ + Cy−y′H2(y−y′). (4)

Thus, the formation of Cy′H2y′−1
+ via CyH2y+1

+ ions is exclud-
ed from the list of possible reaction schemes.

The heats of reactions of each process for the formation of

dominant CyH2y+1
+ and CyH2y−1

+ ions were calculated using
reported thermochemical data.9  The results obtained are
shown in Figs. 8(A)–8(I) and 9(A)–9(I) for the cases of x = 8,
14, and 18 reagents.  Similar energy relationships are obtained
for the reactions of other n-alkyl alcohols.  For example, ∆H°
values in Fig. 8(A) represent the heats of reaction of the fol-
lowing reactions leading to various CyH2y+1

+ (y � x) ions from
x = 8 reagent:

CH5
+ + n-C8H17–OH → CxH2x+1

+ + H2O + CH4,
→ CyH2y+1

+ + C8−yH2(8−y) 
+ H2O + CH4.

(Reaction A-1 in Scheme 1) (5)

There are three possible C3H5
+ isomers, whose ∆H° values are

9.8, 10, and 11 eV for CH2wCHCH2
+, CH3CwCH2

+, and pro-
tonated cyclopropene ion, respectively.9  Since the most stable
CH2wCHCH2

+ isomer is a significant ion produced from CH4

CI gas,10 all thermochemical calculations for C3H5
+ are carried

out using the above ∆H° value of CH2wCHCH2
+.

The ∆H° values in Figs. 8(A)–8(I) and 9(A)–9(I) are shown
only for the formation of unstable –CH2

+ (= CyH2y+1
+) and

–CHwCH+ (= CyH2y−1
+) ions, n-paraffins, and 1-olefins as

ionic and neutral products for the sake of clarity.  However,
more stable isomers having secondary and tertiary alkyl
groups may be formed.  Since the ∆H° values of secondary

Fig. 5.   Initial product-ion distributions of CyH2y−1
+ (y = 4–x) ion in the ion-molecule reactions of CH5

+, C2H5
+, and C3H5

+ with C8–
C18 alcohols.  (a),(d),(g) �: C8H17OH, �: C9H19OH, and �: C10H21OH;  (b),(e),(h) �: C11H23OH, �: C12H25OH, �: C13H27OH,
and �: C14H29OH;  (c),(f),(i) �: C15H31OH, �: C16H33OH, �: C17H35OH, and �: C18H37OH.  The largest CyH2y−1

+ ions corre-
spond to the CxH2x−1

+ ions.  The line connecting the points in the graphs is the alkenyl CyH2y−1
+ (y = 4–x) ion formed from the

same alcohol.
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and tertiary carbocations are lower than those of primary ones
by about 0.87 and 1.3 eV, respectively,9 many endoergic pro-
cesses change to exoergic ones for the formation of large
CyH2y+1

+ and CyH2y−1
+ ions via stabilization due to isomeriza-

tion.  The ∆H° values for proton transfer channels (A-1) and
(B-1) increase in the order of CH5

+, C2H5
+, and C3H5

+ reac-
tions due to increasing in the proton affinity in the order of
CH4 (PA = 5.7 eV), C2H4(7.1 eV) and C3H4 (8.0 eV).9  On the
other hand, there are no significant differences in the ∆H° val-
ues among the hydroxide-ion abstraction (A-2), CzH2zOH−-ion
abstraction (A-3), hydride-ion abstraction (B-2), and alkanide-
ion abstraction (B-3).  It is evident from Figs. 8(A)–8(I) and
9(A)–9(I) that the ∆H° values are essentially independent of
chain length of fragment ions y for the formation of CyH2y+1

+,
while they generally decrease with increasing y for the forma-

tion of CyH2y−1
+ without taking isomerization into account.

In the CH5
+ reactions, reactions (A-1) and (B-1) are only

possible for the formation of the CyH2y+1
+ and CyH2y−1

+ ions,
respectively.  It is clear from Figs. 8(A)–8(C) and Figs. 9(A)–
9(C) that reactions (A-1) and (B-1) are exothermic without
taking isomerization into account.  Thus, the formation of
CyH2y+1

+ and CyH2y−1
+ ions proceeds through proton-transfer

to a hydroxy group (A-1) and through proton-transfer to alkyl
portion (B-1), respectively.

In the C2H5
+ reactions, the CyH2y+1

+ ions can be formed via
reactions (A-1), (A-2), and (A-3).  It is clear from Figs. 8(D)–
8(F) that CzH2zOH−-ion abstraction (A-3) is more favorable
than reactions (A-1) and (A-2) on the basis of energetics.  A
comparison of the CyH2y+1

+ distributions between C2H5
+ and

CH5
+ reactions indicated that the excess energies released in

the C2H5
+ reactions are smaller than those in the CH5

+ reac-
tions.  The ∆H° values of reactions (A-1) and (A-2) in the
C2H5

+ reactions are higher than the ∆H° values of reactions
(A-1) in the CH5

+ reactions.  There is only a small difference
in ∆H° values (0.5 eV) between reactions (A-1) and (A-2).
Therefore, it is reasonable to assume that CyH2y+1

+ ions are
dominantly formed via proton transfer (A-1) and/or hydroxide-
ion abstraction (A-2) in the C2H5

+ reactions.
In the C2H5

+ reactions, the CyH2y−1
+ ions can be formed via

reactions (B-1), (B-2), and (B-3).  It is clear from Figs. 9(D)–
9(F) that hydride-ion abstraction (B-2) and alkanide-ion ab-
straction (B-3) are more favorable than reactions (B-1) on the
basis of energetics.  The ∆H° values for the formation of
CyH2y−1

+ from reaction (B-2) in the C2H5
+ reactions are simi-

lar to or higher than those of (B-1) in the CH5
+ reactions.  A

comparison of the extent of fragmentation of CyH2y−1
+ be-

tween the C2H5
+ and CH5

+ reactions indicated that excess
energies released in the C2H5

+ reactions are similar to or
smaller than those in the CH5

+ reactions.  Consequently, it is
reasonable to assume that CyH2y−1

+ ions are dominantly

Fig. 6.   Total alkyl and alkenyl ion intensities in the reactions
of CH5

+, C2H5
+, and C3H5

+ with C8–C18 alcohols.  (a)
CH5

+, (b) C2H5
+, and (c) C3H5

+.  �: alkyl ion, �: alkenyl
ion.

Fig. 7.   CH4 CI mass spectra of n-C10H21–OH obtained by
Field et al. (Ref. 1) in a medium-pressure without selecting
reactant ions and initial distributions in the CH5

+, C2H5
+,

and C3H5
+ reactions obtained in this study.
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formed via hydride-ion abstraction (B-2) in the C2H5
+ reac-

tions.
In the C3H5

+ reactions, the reactions (A-1), (A-2), and
(A-3) are possible for the formation of CyH2y+1

+ ions.  It is
clear from Figs. 8(G)–8(I) that CzH2zOH−-ion abstraction
(A-3) is more favorable than reactions (A-1) and (A-2) on the
basis of thermochemical data.  The extent of fragmentation of
CyH2y+1

+ indicated that the excess energies released in the
C3H5

+ reactions are similar to or higher than the excess ener-

gies released in the C2H5
+ reactions.  The ∆H° values for the

formation of CyH2y+1
+ from reactions (A-3) in the C3H5

+ reac-
tions are smaller than those of (A-2) in the C2H5

+ reactions,
and there are no more low-energy reaction pathways leading to
CyH2y+1

+ in the C3H5
+ reactions.  It is therefore reasonable to

assume that CyH2y+1
+ ions are dominantly formed via lowest

energy CzH2zOH−-ion abstraction (A-3) in the C3H5
+ reac-

tions.  The higher extent of fragmentation in the C3H5
+ reac-

tions than in the C2H5
+ reactions is attributed to higher extent

Scheme 1.   Reaction scheme of the ion-molecule reactions of XH+ (X = CH4, C2H4, and C3H4) with alcohols.
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of isomerization in the former reactions.
In the C3H5

+ reactions, the reactions (B-1), (B-2), and (B-3)
are possible for the formation of CyH2y−1

+ ions.  It is clear
from Figs. 9(G)–9(I) that alkanide-ion abstraction (B-3) is
more favorable than reactions (B-1) and (B-2) on the basis of
energetics.  The ∆H° values for the formation of CyH2y−1

+

from reaction (B-3) in the C3H5
+ reactions are similar to or

smaller than those of (B-2) in the C2H5
+ reactions.  The extent

of fragmentation of CyH2y−1
+ implied that the excess energies

released in the C3H5
+ reactions are larger than those in the

C2H5
+ reactions.  Consequently, it is reasonable to assume that

CyH2y−1
+ ions are dominantly formed via lowest energy al-

kanide-ion abstraction (B-3) in the C3H5
+ reactions.

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

+, C2H5
+, and C3H5

+ with alcohols (n-CxH2x+1–
OH; x=8–18) have been studied in an ion-trap type of GC/MS
by separating each reactant ion.  In all reactions, CyH2y+1

+ (y =
3–x), CyH2y−1

+ (y = 4–x), and [M − H]+ ions were observed.

The lack of CyH2yOH+ ions indicated their complete decompo-
sition into CyH2y−1

+ by loss of H2O.  The dependence of the
relative intensities of product ions on the reaction times indi-
cated that collisional stabilization took part in the formation of
some product ions.  On the basis of the product-ion distribu-
tions and the energetics, major reaction mechanisms for the
formation of CyH2y+1

+ and CyH2y−1
+ ions were discussed.  The

dominant formation processes of CyH2y+1
+ ions are proton

transfer to a hydroxyl group in the CH5
+ reactions, and proton

transfer and/or hydroxide-ion abstraction in the C2H5
+, and

CzH2zOH−-ion abstraction in the C3H5
+ reactions.  On the

other hand, the dominant formation processes of CyH2y−1
+ ions

are proton transfer to alkyl chain in the CH5
+ reactions, and

hydride-ion abstraction in the C2H5
+ reactions, and alkanide-

ion abstraction in the C3H5
+ reactions.  Further detailed exper-

imental and theoretical studies are required to confirm the
above prediction.

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

+, and C3H5
+ with n-C8H17–OH, n-C14H27–OH, and n-C18H37–

OH leading to n-CyH2y+1
+.  �: (A-1) Proton transfer, �: (A-2) hydroxide-ion abstraction, �: (A-3) CzH2zOH−-ion abstraction.

The largest CyH2y+1
+ ions correspond to the CxH2x+1

+ ions.  The line connecting the points in the graphs is the CyH2y+1
+ formed

from the same reaction pathway.  ∆H° values are shown in eV units (1 eV = 96.485 kJ mol−1).
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