(© 2000 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 73, 2703 —2712 (2000) 2703

Mass-Spectrometric Study on Ion-Molecule Reactions of CHz, C,Hz, and
C;H: with Cg—Cyg n-Paraffins in an Ion Trap

Yuki Tanaka, Masaharu Tsuji,*" and Yukio Nishimura'

Department of Applied Science for Electronics and Materials, Graduate School of Engineering Sciences,

Kyushu University, Kasuga, Fukuoka 816-8580

fInstitute of Advanced Material Study, Kyushu University, Kasuga, Fukuoka 816-8580

(Received July 6, 2000)

Chemical ionization of n-paraffins (CxHaxso: x = 8—18) by the CH3, C;H5, and C3Hg ions has been studied under
a reactant-ion selective mode of an ion-trap type of GC/MS. In all the reactions, (MW — 1)* = CyH3,,, and fragment
alkyl CyH3y,, (v = 3—x—3) ions were observed. The dependence of the relative intensities of CyH3,,, and CyHj,,, on
the reaction time indicated that collisional stabilization takes part in the formation of product ions. The dependence of
CxH3,,; and CyHj,,, distributions on the reactant hydrocarbon ions and reagent chain length was examined. The reaction
mechanism was discussed from the observed product-ion distributions and heats of reactions of each pathway.

The gas phase ion-molecule reactions of n-paraffins in a
methane atmosphere have been extensively studied since the
first chemical ionization (CI) mass spectrometric measure-
ments by Field et al."—* They measured CI mass spectra of n-
paraffins (C,Hpu2: x = 8—12,16,18,20,28,44) at a medium
CH, pressure of 1 Torr ( = 133.33 Pa), where dominant re-
actant ions were CH? (48%), C;H? (40%), and CsHZ (6%).°
The spectra consisted of major MW —1)* = C,HJ,,, ions
and minor fragment alkyl C,H3 ,, (y = 4—x—1) ions with
about equal intensities. In this work, x represents the num-
ber of carbons of reagent n-paraffin, while y stands for the
number of carbons of fragment alkyl ion. Field et al.'? found
that the intensity of the C,H3,,, ion was independent of the
length of the normal alkane and the relative intensities of
C,H3,,, were nearly equal. Therefore, they postulated a ran-
dom attack of the reactant ion along the hydrocarbon chain.
Since the reactant ions have not been separated in the CI
experiments of Field et al.,’” the contribution of each hydro-
carbon ion to the formation of C,H3,,, and C,H3,,, ions has
not been determined.

Clow and Futrell,® and Giumann et al.”® have made de-
tailed studies of ion-molecule reactions of hexane by the CH3
and C,H? ions at low pressures using an ion cyclotron reso-
nance (ICR) spectrometer. In general, the CHZ ion can act as
a Br¢nsted acid leading to protonated [C,Hy.2 +H]* ions,
while the C;H? ion can function not only as a Brgnsted acid
but also as a Lewis acid leading to [C,Hy,2 + HJ* ions by
proton transfer and [CyHpyo — HJ* ions by hydride transfer,
respectively:

CHZ + CyHaxiz — [CxHoxsz + H]" + CH,, ()]
CZH; +CxHoxiz — [CxHoxio + H]" + C;H4, (2a)

C2H} + CxHaxsz — [CxHar2 — H]" + CoHe. (2b)

The ICR results using *C or deuterium labeled reactants pro-
vided information on general formation processes of C,H3,,
and C,H},,, ions by the reactions of the CHS and C,HY ions
with n-paraffins (Scheme 1).5~° According to the ICR stud-
ies, CH? furnishes extremely unstable carbonium ions (2) and
(3) by the attack of H* to a C—H or C—C bond of the alkane
(1) ; the subsequent decomposition by loss of H, or smaller
alkane molecules yields C,H3,,, (4) and various fragment
alkyl C,H3 ,, ions (5), respectively. The C,H3,,; ions (5)
are also produced by loss of alkene from C,H3,,, (4). On the
other hand, C;H? reacts exclusively as a hydride-acceptor
and not as a proton donor, even though protonation channels
are thermochemically allowed. Therefore, the C,H3, ., ions
(4) are produced by hydride transfer and the C,H3,, ions
(5) are formed by loss of alkene from CH% ; (4). Previ-
ous ICR studies by Clow and Futrell,* and Géumann et al.”*

H + H H
P —
S AN /N /TN K
& C@ . _CH, | cH, < cH, | Touy
NI H
N @) 3)
N\ / L\ / . N
CH2| CH, H, Alkane
H
m /[ .
6-}’(7170,5/ [M — H]+ > [CyHZyH]
s, e N - Alkene
e (=CHy1 ") (5)
@
Scheme 1. Reaction scheme of ion-molecule reactions CHz

and C;Hz with n-paraffins.
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for n-paratfins have been limited to a small Cg¢ hydrocarbon.
Therefore, the relative contribution of the reactant CHf and
C,Ht ions to the formation of product ions (1), (2) + (3), (4),
and (5) from larger n-C,Hy,4o (x = 8—18) paraffins has not
been determined.

Recently, the ion-trap detector (ITD), which can operate
at much lower CI gas pressures than those in conventional
medium-pressure CI mass spectrometer, has been used as a
new sensitive CI mass spectrometer.'®~'* Some comparative
studies between medium-pressure CI using magnetic sector
instruments and low-pressure CI in the ITD have been carried
out.'™"? In general, fragmentation increases and no adduct
ions such as M+C,Hs)* and (M+C;Hs)* are observed in the
ITD. These facts were explained by the lack of collisional
stabilization of (M+H)*, (M+C,H;)*, and (M+C3Hs)* ions
due to secondary collisions with CH4 and He gases. The
other reason for the higher fragmentation in the ion-trap ex-
periments is higher kinetic energies of reactant ions. Dorey'?
measured CH4 CI mass spectra of n-C4Hsq at a low CH, gas
pressure of 10~ Torr in an ITD (1 Torr = 133.322 Pa). They
found that the extent of fragmentation was much higher than
that in the medium-pressure CI spectra obtained by Field
et al.'~* Since no appreciable collisional cooling of reactant
ions was found during residence times of 1—100 ms, the
increased fragmentation was explained as a consequence of
the high kinetic energies of reactant ions in the ITD.

Previous low-pressure CH4 CI mass spectra of n-C4Hj3
have been measured by Dorey!® without selecting reactant
hydrocarbon ions. Therefore, the reactivity of each reactant
ion for n-C;4Hj3g has not been determined, as in the medium-
pressure CI experiments of Field et al.!? for n-paraffins.
Although the formation mechanism of C,H3,,, and C,Hj,,,
by the reactions of CHZ and C,H? ions with hexane has
been studied using the ICR method,*® no information on the
reactivity of the C3HY ion for n-paraffins has been obtained.

In this study, CH,4 CI mass spectra of a series of n-paraf-
fins (CHa2: x = 8—18) by the CHZ, C;H{, and C;H? ions
are measured under a reactant-ion selective mode of an ion-
trap type of GC/MS. The dependence of product-ion dis-
tributions on the reaction time was measured and compared
with the previous data of Field et al.'* and Dorey'® in order
to examine the effects of collisional stabilization and kinetic
energies of reactant ions. The reactivity of CHZ, C,HZ?, and
C;3Hs for n-paraffins was discussed from the product-ion dis-
tributions. Preliminary results for some n-paraffins (x = 14—
18) have been communicated.'*

Experimental

CI mass spectra were obtained using an ion-trap type of Hitachi
M7200 GC/MS under a reactant-ion selective mode. The electron-
impact ionization on CH4 provides primary CHj, (n = 2—4) ions,
and the subsequent fast ion-molecule reactions yield the secondary
CHE, C,H:, and C3H} ions:

CH; +CH4 — CH? + CH;3 +0.10 eV, 3)
CH; +CHy —» CH +Hy +1.21 €V, 4
CH;+CH4 d C2H;+H2+H7 (Sa)

Chemical Ionization of n-Paraffins

CoH; +CHy — C3Hi +H, +0.96 V. (5b)

Here, the H® values are evaluated using reported thermochemical
data.'® Since further reactions of CH3, C;HZ, and C3H? with CH,
are very slow, these ions become dominant reactant ions in the
CH,4 CI experiments. The excess energies released in reactions (3),
(4), and (5b) are lower than those of the usual electronic excitation
energies of molecular ions ( > 3 eV), so all of the reactant ions are
expected to be located in their electronic ground states. One of the
reactant ions 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 CHs and He during their
trapping time in the cell. 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
and in an ion-trap cell were 7x 10> and 5 x 10~° Torr, 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 ™ 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 medium-
pressure CI mass spectrometer developed by Field et al."™ In the
medium-pressure CI measurements, the typical CH, gas pressure
was 1 Torr and the residence time of reactant ions in the ionization-
reaction chamber was about 10 ps. Field* evaluated the total num-
ber of collisions of reactant ions with CHy 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 CHs was esti-
mated 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 concen-
trations 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 reaction time or the
concentration of a reagent.

Results and Discussion

Contribution of Collisional Stabilization and Initial
Product-Ion Distributions: When CI mass spectra result-
ing from ion-molecule reactions of CHf, C;H3, and C3HZ
with n-paraffins (C,Hj,.2: x = 8—18) were measured, weak
CiH3,,, ion peaks and a number of strong fragment C,H;,
ion peaks were observed in most cases. If the collisional
stabilization takes part in the formation of product ions, ex-
cess energy is partly relaxed by collisions with CH4 and
He gases. Then, fragmentation will be suppressed and the
branching ratios of C,H3,,, ions and large C,H3,,, ions will
be enhanced. In order to examine the contribution of colli-
sional stabilization in our CI conditions, the dependence of
product-ion distributions on the reaction time was measured.
Figures 1.1, 1.2, and 1.3 show product-ion distributions of
C.H3,,, and C,H3,, in each reaction at five different reac-
tion times: 0.5, 2, 10, 20, and 40 ms. In our preliminary
study for n-paraffins (C;Hpyo: x = 14—18)," no significant
reaction-time dependence was found in the product-ion dis-
tributions. However, more detailed experiments in this study
demonstrated that the C,H3,,, and CyHj,, distributions de-
pend on the reaction time in most cases, though the changes
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Fig. 1.3 Dependence of product-ion distributions of C,Hj3,,, involving C,H3,,, on the reaction time in the ion-molecule reactions of
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is C;H3,,| and C,Hj,,, formed from same reaction time.

in the C,HY reactions are less pronounced than those in the
CH: and C;H? reactions. The branching ratios of almost
all C,H3,, ions depend on the reaction time in the CHJ
reactions, while those of CyHj,,; having medium y values
and low y values strongly depend on the reaction time in the
C,Hz and C;H3 reactions, respectively. In most cases, the
branching ratios of the largest C;H3,,, ions increase, while
the small C,H3,,, fragment ions (y < 6) decrease with in-
creasing the reaction time. They are shown by arrows in
Figs. 1.1, 1.2, and 1.3. On the basis of these findings, we
conclude that small C,H3,,, fragment ions result from dis-
sociation of long-lived precursor C,Hj3,,, and large C,H3 ,,
ions and that these precursor ions are stabilized by secondary
collisions with CH4 and He gases at long reaction times. The
initial product-ion distributions were determined by extrap-
olating the dependence of branching ratios of product ions
on the reaction time to zero reaction time, as shown for the
case of the C;H3/n-C¢Hs4 reaction in Figs. 2(a)—(c).
Distribution of C,H; .,: Figures 3(a)—(i) show initial
product-ion distributions of C,Hj3,,, and C,H3,,,, obtained for
short (x = 8—10), medium (x = 11—14), and long (x = 15—
18) chain reagents. The uncertainties of the initial-branching
ratios were estimated to be within +8%. The following

general tendencies are observed in Figs. 3(a)—(i).

1) In the CHS reactions, the C,H3,,, (y=3—x—3) ions
were observed in most cases. The intensity distribution peaks
at y =4 for the shortest chain x = 8 reagent and the maximum
distribution shifts to y =5 for x =9—11 reagents. With
increasing the carbon chain x from 12 to 14, the distributions
become wider and rather flat for y < 7. For all the long
chain x = 15—18 reagents, the distributions monotonically
decrease with increasing y.

2) Inthe C;Hj reactions, the CyHj, | (y = 3—x—3) ions
were observed in most cases. For short chain x = 8—10
reagents, the intensity distributions shift to high y value in
comparison with those in the CHY reactions. For almost
all longer chain x = 11—18 reagents, the distributions peak
at y="7 and high mass number of C,Hj,, ions grow with
increasing x. The distributions of y < 7 are smaller than those
in the CHz reactions for all the reactions.

3) Inthe C3Hg reactions, the C,H},, | (y = 3—x—3) ions
were observed in most cases. The intensity distributions of
short chain x = 8—10 reagents are similar to those in the CHz
reactions, though the y = 3 and 4 distributions for x =9 and 10
are larger than those in the CHY reactions. The distributions
are nearly the same for medium chain x = 11—14 reagents
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having a sharp peak at y = 4. The distributions of long chain
x = 15—18 reagents are also similar to each other, here the
y =4 peak becomes weaker and distributions become rather
flat in the y = 6—12 range.

Distribution of C,Hj ,, =(MW-—1):  Figure 4 shows
the dependence of branching ratios of C,Hj,,, on the carbon
chain length x in each reaction. The branching ratios of
C,H3,,, generally increase with increasing x in all the three
reactions. The dependence of branching ratios of C,Hj,,,
on x in the C;H? reactions is similar to that in the CHZ
reactions, though the branching ratios in the C,H? reactions
are either comparable with or large in comparison with those
in the CHY reactions in most cases. There is a significant

Bull. Chem. Soc. Jpn., 73, No. 12 (2000) 2707

difference in the branching ratios of C,H}, ,, between the
C3HZ? reactions and the CH? and C,H? ones. Although the
branching ratios of C;H3 ,, in the C3H? reactions are small
for low x < 15 reagents, it rapidly increases up to 30% with
increasing x from 15 to 18. This may be due to a change
in the responsible reaction mechanism for the formation of
C.H3,,,, as discussed later.

Comparison with the Previous CI Experiments: Field
etal."” measured CI mass spectra of n-paraffins (C,Hy,,5: x=
8—12,16,18,20,28,44) at a medium CH, pressure of 1 Torr.
For example, their CI mass data of n-CgHs4 and n-CgHsg
are shown in Figs. 5(a) and 5(b) along with our corresponding
data for the C,H? (n = 1-—3) reactions. The CI mass spectra
of Field et al.'? consisted of major (MW —1)* =C,H3_,, ions
and minor fragment alkyl C,Hj,,, (y =4 or 5—x—1) ions
with about equal intensities, as is shown in Figs. 5(a) and
5(b). The extent of fragmentation of n-paraffins in our CI
spectra was higher than that in their CI spectra. Although
they observed the C,H3,,, (v =4 or S—x—1) ions, the large
C/Hj,,; (v=x—2 and x—1) ions could not be detected in
any spectra of this study, as demonstrated in Figs. 5(a) and
5(b) for the cases of x=16 and 18. They found that the
variation in intensities of C,H3 ., was quite small except for
the large intensity of C,Hj, ,,. However, we found here that
the variation in intensities of C,HJ, ,, was large and that the
intensity distributions of C,HJ, strongly depended on the
reactant hydrocarbon ions. One reason for the higher extent
of fragmentation observed here will be lack of collisional
stabilization under our experimental 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 evaluated from the following
relations derived from a pseudopotential well method: '

— _eVr 6.109x 107V
D, = e N Y (6)
AZZMf ZoMf
Emax = 2eD, (7a)
8
Eaveragc = ﬁeD:n (7b)
2

Here the depth of the pseudopotential well in the z-direction
D, is calculated in V, V is maximum a.c. voltage between the
electrodes, Zy is half distance between end-cap electrodes
in m, M is the ion mass in a.m.u., and f is the applied field
frequency in MHz. In the present study the values for these
parameters were Zo =0.007, V = 131 (CHY), 223(C,H%), and
315(C3H3), £ = 0.909, and the Epax and Eyyerage Values were
10 and 4.2 eV for CHY, 6.0 and 2.4 eV for C,HZ, and 4.3
and 1.7 eV for C3HY, respectively. These energies are higher
than those in the medium-pressure CI experiments, which
were estimated to be less than 1 eV."

Dorey'? measured CH, CI mass spectra of n-Ci4Hsq in an
ITD at residence times of 1, 10, and 100 ms without sepa-
rating reactant ions. In his ITD experiment, CHf and C,H?
would be major reactant ions. In Figs. 6(a) and 6(b) are
compared his CI spectra with the initial product-ion distri-
butions in the reactions of CH%, C;H%, and C;HI with n-
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the carbon chain length x in CyHax.,. Reactant ion O: CHE,
[J: C;HE, and A: CsH%.
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Ci4H3q obtained in this study. There are some differences in
the product-ion distributions between his CI spectra and our
data. The maximum distribution of C,H3,,, ions is placed
at y =5 and distributions drop with increasing y in his CI
spectra. On the basis of our data, the C,H3,, distribution
in the CHZ reaction also peaks at y = 5, though its branching
ratio is smaller than that in his ITD experiment. On the other
hand, the C,Hj,,, distribution in the C;H{ reaction peaks at

y =8, which is larger than that in his ITD experiment. He
reported that collisional stabilization is insignificant because
no appreciable change in the product-ion distributions was
found during the maximum 100 ms residence time. Actually,
the reaction-time dependence of distributions of C,H3,,, is
small for medium y values of 6—10 in his data. How-
ever, the branching ratio of C;Hj,,, increases and those of
C,H3,,, (v=4,5) decreases with increasing the reaction time,
as shown by arrows in Fig. 6(a). These results are consistent
with our present findings that the collisional stabilization par-
ticipates in the formation of product ions. The lower extent
of fragmentation in the CH3 and C,H3 reactions observed in
our study implies that the kinetic energies of reactant ions are
lower than those in the CI experiments of Dorey." Since he
has not reported the detailed conditions in his ITD measure-
ments, detailed comparison of the experimental conditions
between our and his CI experiments was difficult.
Energetics and Mechanism of Each Ion-Molecule Re-
action: It is known that ion-molecule reactions of CHz
and C2H3 with n-paraffins provide C,H3,,, and C,H3,, frag-
ment alkyl ions. However, their relative contributions have
not been determined. The most important finding in this
study on the Cg—C\3 n-paraffins is that not only the CHZ
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and C,H1 reactions but also the C3H? reactions give C;H3,,,
and CyH3,,, ions. The distributions of C,H3,,, and C,H3,,,
were found to depend on the reactant hydrocarbon ion and on
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the reagent chain length.. The following two reaction path-
ways are possible in the ion-molecule reactions of CHZ with
n-paraffins leading to C,H3,,, and C,HJ,

(a) Proton transfer followed by H; or alkane elimination:

CHE + CyHaxs — CiHi,.s + CH., )
Ctzx+3 - C)CHEX+] + H27 (9d)
CxHips — CyH3yur + CroyHage ypo. (9b)

(b) H™ transfer followed by alkene elimination:

CH;r + CXH2X+2 — CXH;x«f-] + CH4 + Hz7 (IOa)

CXH;X+1 - CyH;yH + Cx—yHax—y). (10b)

Although such multiple dissociation processes as CyHE’y Rl
Cy'H3,,; (V' <y) +neutral hydrocarbon may also contribute
to the formation of small C,H3,,;, they are excluded from
the above pathways for the sake of clarity. The ener-
getics of processes(8)—(10) was calculated using reported
thermochemical data.'”” The results obtained are shown in
Figs. 7(A), 7(D), and 7(G) for the cases of x =8, 14, and 18
reagents. Similar energy relationships are obtained for the re-
actions of other n-paraffins. It is clear from Figs. 7(A), 7(D),
and 7(G) that the energetics of CH? reactions is essentially
independent of x of reagent. The formation of CHJ is highly
endoergic in all the reactions, because the heat of formation
of CHJ is much larger than the other C,H3,,, ions. The
AH values of C,Hj | — Cy_1Hj,_+CH,—22.32kJ mol ™"
are similar to those of C,Hy,,; — C,_1Hy,_ | +CH, —-20.49
kJmol ! and C,Hpy — Cy_Hpy—1)+CHy —20.99 kI mol~!
for y=2—x—1." Therefore, the change in the AH values
of processes (a) and (b) is small in the y = 2—x —2 range.
However, the former value is slightly larger than the latter
two values, so that the AH values of processes (a) and (b)
slightly decrease with increasing y. On the basis of the above
energetics, the formation of long chain C,H3,,, cations will
be themochemically more favorable than that of long chain
neutrals, if the branching ratios of CyHj,,, are controlled
thermochemically. In the CHY reactions, C,H3, ; ion and
C,H3,,, (y =3—x—3) ions are observed in most cases. The
lack of CH} (y=1) ion can be explained its high endoergic-
ity. Although there is no significant difference in the heats
of reactions for the formation of C;H$ and C3H7, the former
ion is absent in all the CI experiments. This can be explained
by the lack of stabilization of C,H! ion by isomerization,
while more stable s-C3;H7 ions can be formed. It should be
noted that processes (a) are exoergic, while processes (b) are
endoergic without taking account of the formation of more
stable isomers. Combining previous isotopic studies with the
energetics given in Figs. 7(A), 7(D), and 7(G) led us to con-
clude that ion-molecule reactions of CH? with n-paraffins are
controlled thermochemically, so that low energy processes
(a) take place exclusively.

The following three reaction pathways are possible in the
ion-molecule reactions of C,HZ with n-paraffins for the for-
mation of C;H3,,, and C,H3,,:

(c) Proton transfer followed by H, and alkane elimination:
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Fig. 7. Energy relations in the ion-molecule reactions of CHz, C;

;, and C3H§ with n-CgHig, n-Ci14Hsg, and n-C;gHag leading to

n-CyHj,, and n-CyH3, . (A),(D),(G) O:(a) Proton transfer followed by Hy or alkane elimination, [1: (b) H™ transfer followed

by alkene elimination, (B),(E),(H) <: (c) Proton transfer followed by H, and alkane elimination, (3: (d) H™

transfer followed

by alkene elimination, A\: (e) alkanide ion transfer followed by alkane elimination, (C),(F),(I) <: (f) Proton transfer followed by
alkane elimination, [1: (g) H™ transfer followed by alkene elimination, A: (h) alkanide ion transfer followed by alkene elimination.
The largest CyH},,, ions correspond to the CyH3,,, ions. The line connecting the points in the graphs is CyH3,; and CyH3,,,

formed from same reaction pathway.

C2H3 + CyHaxso — CiHj 3 + CoHa, an

CxHiyi3 — CiHiyy + Hy, (12a)

CiHys — CyHopt + Cao yHaoype. (12b)
(d) H™ transfer followed by alkene elimination:

CH? + CxHowio — CeHiy + CoHe, (13a)

CxHipo1 — CyHiyut +CamyHoy). (13b)

(e) alkanide ion transfer followed by alkane elimination:

CzHg +CxHoxz — CyH;yH + Cx—y+2H2(x-—y+2)+2 . (14)

Multiple dissociation processes such as C,Hj, ., — C,/H3
(y/ <)+ neutral hydrocarbon, which may be responsible for
the formation of small C,Hj,,, ions, are excluded from the
above pathways for the sake of clarity. The energetics of the
above processes are shown in Figs. 7(B), 7(E), and 7(H) for
the cases of x =8, 14, and 18 reagents. Similar relationships
are obtained for the reactions of other n-paraffins. In all

the reactions, only processes (e) are energetically accessible
for the formation of n-C,H3,,,. Previous isotopic studies on
n-C¢H 4 demonstrated that processes (d) exclusively occur.
The formation of n-C,Hj,,, is endoergic. However, that of s-
C,H3,,, and --C Hj,,, cations will become exoergic, because
AH values of secondary and tertiary carbocations are lower
than that of primary ones by 0.87 and 1.3 eV, respectively.?
Thus, product C,H3,.,; ions will be such more stable isomer
ions in the C,HZ reactions. There are no significant differ-
ences in heats of reactions between processes (¢) and (d)
except for great differences in the formation of the large n-
CiHay1 and CH3 ., (y =x—1) ions. Although the heats
of formation of small C,H3,,, (y = 1—3) ions are known,
those of larger CyH3,,,, ions have not been determined prob-
ably because of the instability of C,H3 ,; (v >4). The facts
that the formation of C,H3,,, and C,Hj ,, takes place by
H™ abstraction are probably due to the facts that the heats
of reactions leading to C,Hj,,, through processes (d) are
smaller than those through processes (c) and that the energy
barriers for the formation of unstable intermediate C,H3_,,
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protonated ions are higher than those in the H™ processes.
There are three possible reaction processes in the C3HZ
reactions, as in the cases of the C,H? reactions:
(f) Proton transfer followed by alkane elimination:

C3H: + CxHaxer — CyrHiyes + C3Hy (15)

CXH;:H} - CngxH +Ha, (16a)

CxHjpy — CyHEyH +Cx—yHax—yp2- (16b)
(g) H™ transfer followed by alkene elimination:

C3H; + CyHoxr — CyHjyyy + C3He, (17a)

CxHoyi — CyHyu + ComyHa—y. (17b)

(h) alkanide ion transfer followed by alkene elimination:
C3H§ + CxH2x+2 - CyH;yH + Cx—y+3H2(x—y+3)~ (18)

Multiple dissociation processes such as C,H3, | — C/H3,, |
(y' < y) + neutralhydrocarbon are excluded from the above
processes for the sake of clarity. The energetics of the above
processes leading to n—CyH“zLy+l is shown in Figs. 7(C), 7(F),
and 7(I) for the cases of x=28, 14, and 18 reagents. There
are three possible C3H? isomers, whose H® values are 946,
969, and 1069 kI mol ! for CH,=CHCH}, CH3;C=CH3, and
protonated cyclopropene ion, respectively.'® Since the most
stable CH,=CHCH} isomer is a significant ion produced from
CHy, CI gas," all thermochemical calculations for C3HZ are
carried out using the above H° value of CH,=CHCHj. Al-
though all processes (f), (g), and (h) leading to n-C,H%,,, are
endoergic, the formation of C;H3,,, and C,Hj,, was found
in this study. On the basis of the observed C,H3,,, distri-
butions, the extent of fragmentation in the C3H? reactions
was determinated to be higher than that in the C,H? reac-
tions for short x = 8—14 reagents. This indicates that more
excess energies are released in the C3HZ reactions. Since
the kinetic energies of C3Hz are expected to be lower than
those of CyH?, the higher extent of fragmentation cannot
be attributed to the difference in the initial kinetic energies
of the reactant ions. It can be explained by assuming that
CyH3,,, ions are dominantly formed through lower-energy
direct alkanide-ion transfer processes (h). It should be noted
that the extent of fragmentation in the C3H? reactions be-
comes low in comparison with that in the C,HY reactions for
long x = 15—18 reagents. This implies that dominant forma-
tion processes of C,Hj,,, ions are proton transfer (f) and/or
H™ abstraction (g). On the basis of the energetics of each
reaction [Figs. 7(C), 7(F), and 7(I}], the latter process is more
favorable than the former process, because the formation of
precursor C,Hj,,, ions through process (g) is about 1.5 eV
more stable than that through process (f). Therefore, it will be
the dominant pathway for x = 15—18 reagents. The change
in dominant process from (h) to (g) for long chain reagents
cannot be explained from the heats of reactions, because the
energy relationships leading to C,H3,, | are similar for all the
reagents (x = 8—18), as shown in Figs. 7(C), 1(F),and 7(1). It
may arise from a difference in the energy barrier in entrance
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channels, which depends on chain length. Further detailed
theoretical studies on energy barriers are required to explain
why such a drastic change in reaction mechanism occurs
between x = 8—14 and x = 15—18 in the C3HZ reactions.

Concluding remarks: The gas-phase ion-molecule re-
actions of CHz, C;H%, and C;H? with n-paraffins (C,Hj»:
x = 8—18) have been studied under a reactant-ion selective
chemical ionization mode of an ion-trap type of GC/MS. In
all the reactions, (MW —1)* =CHj,,, and fragment alkyl
CyH3,,; (v =3—x—3) ions were observed. The dependence
of the relative intensities of C,H? ,, and CyH3,,, on the re-
action times indicated that collisional stabilization takes part
in the formation of product ions and that small C,H7,,, ions
arise from decomposition of C,Hj3,, and large CyHZ; +- The
branching ratios of C,Hj_,, generally increased with increas-
ing carbon chain length x. The C,Hj,,, and C,H3,,, distri-
butions depended strongly on the reactant hydrocarbon ions
and reagent chain length. Although the extent of fragmenta-
tion in the C3HZ reactions was higher for short chain x < 15
reagents than that in the C;H? reactions, it was lower than
that in the C;HY reactions for long chain x > 14 reagents.
This was explained as a consequence of reaction change
from direct alkanide ion abstraction to hydride abstraction,
though further detailed studies including isotopic studies are
required in order to confirm this prediction.
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