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Ion/Molecule Reactions in Gaseous Isopropyl Alcohol
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The ion/molecule reactions observed in 4 Torr CH, containing known small amounts of i-C3H;OH or
i-C3H,OH/H,0 mixture were studied over the temperature range 40—400 °C. The experiments were carried out

using a pulsed electron beam mass spectrometer.

At

low temperatures (<150°C), the major ions are i-

C3H;OH,*(i-C3H,OH),. By increasing the temperature, the slow growth of ions with m/z=59, 85, and 101 is
observed. These ions are assigned to (CH3),COH*, (CH3),CHCY(CH3),, and CgH,307, respectively. They are
probably produced from reactions of i-C3H;* with isopropyl alcohol. The (CH3),COH* ion may be produced
from the electrophilic attack of i-C3H;* onto the secondary carbon atom of i-CsH,OH. At high temperatures
(=400°C), the (CH;3);COH?* ion becomes dominant.
i-C3H;OH,* + H,0 — H30*(H,0) + C3Hg, is also observed. Ion/molecule reactions involved in the present
experiment are discussed according to the frontier-orbital theory.

The kinetics of the gas-phase ion/molecule reac-
tions of aliphatic alcohols have been studied in various
respects. The condensation reactions of protonated
alcohols ROH,* leading to the formation of proto-
nated ethers R,OHthave been observed.!~?

ROH,;*+ROH — R,0H*+H,0 (1)

The <y-radiation-sensitized pyrolysis of isopropyl
alcohol vapor has been studied by Freeman and
coworkers.”"® At temperatures about 250°C, chain
reactions were found to be important in isopropyl
alcohol vapor. Four modes of radiation-induced chain
decomposition were found.? The stoichiometric
representation of the modes, with G values at 380 °C
are 22‘CgH7OH—> HZO+(i-C3H7)20, 300, i-C3H7OH—+
H,0+C;Hj, 1200; i-C3H,OH — CH,+CH3;CHO, 43; ¢-
C;H,OH —H;+(CH3),CO, 600. For the formation of
diisopropyl ether, radiation-induced cationic chain
reactions 2—4 have been proposed.?’

i'C3H7OH2++i'C3H7OH b d (i-C3H7)20H++H20 (2)

(i'C3H7)20H++i'C3H7OH b d
(-C3H7),OH*(i-C3H,OH) (3)
(i'C3H7)ZOH+(i'C3H7OH)+i'C3H7OH ad

i'C3H7OH2+( l"C3H7OH)+(l"C3H7)2O (4)

Reaction 2 has the mechanism of the bimolecular
nucleophilic substitution (Sx2).

e
~

MeMe

Me Me
Ve U
Foo
H

"

N

Back side attack of
i-PrOH to cation

Sn2

Acid-catalyzed dehydration of isopropyl alcohol,

Reaction 3 is the standard clustering, and reaction 4
is the displacement reaction.

Van der Linde and Freeman® suggested the radical
chain reactions 5—8 for the formation of H,,
(CH3)2CO, and C3H6.

H + i-CsH,0H —— H, + (CH;),COH (5)
(CH3),COH —— (CH3),CO + H ®)
OH + i-CsH;0H —— H,0 + CH,
>CHOH )
CH;
8)

CH,
>CHOH ., CsHg + OH
CH,

Hiraoka and Kebarle found the acid-catalyzed dehy-
dration reaction 9 of t-butyl alcohol in the gas
phase.l? It is a unimolecular elimination (E1).

t-C4HgOH2++H20 g H30+(H20)+i-C4H8 (9)

So far the gas-phase ion/molecule reactions in iso-
propyl alcohol have not been studied before. In the
present work, some detailed examination of the same
reactions were done using a pulsed electron beam mass
spectrometer. It was found that several unique ions
were produced from the ion/molecule reactions in
isopropyl alcohol such as i-CzH;*, (CHj),COHTY,
C6H13+, C6H110+, C6H13O+, (i-C3H7)20H+, and
C¢H;50,% in addition to the proton-bound cluster ions
i-C3H,0H,* (i-C3H;OH),. The mechanisms for the
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formation of these ions were proposed on the grounds
of the thermochemical data and the frontier-orbital
theory. The evidence for the occurrence of the acid-
catalysed dehydration reaction analogous to reaction
9 was obtained for isopropyl alcohol.

Experimental

The measurements were made with the pulsed electron
beam mass spectrometer which has been described previous-
ly.11=13) A small amount of isopropyl alcohol or isopropyl
alcohol/water vapor mixture was introduced into 4 Torr!¥
CHj carrier gas through stainless steel capillaries.

Two keV electron beam was pulsed on for 100 ps and off for
3 ms. The electron beam entered the ion source through the
electron entrance slit made of stainless steel razor blades.
The width and the length of the slit were 15 pm and 1 mm,
respectively. The incident electron current at non-pulsed
mode was about 5X107% A. The ions produced were sampled
through an ion exit slit made of razor blades. The width and
the length of the slit were the same as those of the electron
entrance slit. Under the present experimental conditions,
the mean free paths of ions and molecules are greater than
the slit width. Thus the ions pass through the slit by molec-
ular flow and the adiabatic cooling of the escaping gas is
negligible. The lifetime of ions due to the diffusive loss to
the wall was more than a few ms under the present experi-
mental conditions. They were dependent on the ion source
temperature and the gas pressure. The loss of ions due to the
electron-positive ion recombination reaction is negligible
under the present experimental conditions. About 2 ms after
the electron pulse, a short positive pulse (+25 V) was applied
to the ion repeller electrode in order to annihilate all ions
produced in the ion source. The ions escaping from the
field-free ion source into an evacuated region were mass ana-
lysed by a quadrupole mass spectrometer (ULVAC MSQ-
400) and collected in a multichannel analyser as a function
of their arrival time after the electron pulse. The intensities
of all ions are normalized on the measurements so that they
correspond to their relative concentrations in the ion source.
The ion counts collected in a multichannel analyser were
transferred to the microcomputer and the time profiles of the
calculated per cent of the total ionization of observed ions
were recorded on the x-y plotter.

Structural data were obtained by the ab initio MO cal-
culation with the 3-21G and STO-3G basis sets. The
GAUSSIAN 80 program was used.!

Results

When the ion source temperature is low (<150 °C),
the observed major ions are i-CsH;OH,"(i-C3H,OH)...
That is, the standard clustering reaction takes place.
When the ion source temperature is raised, several
new ions are formed. Figure 1 shows the temporal
profile of ions observed in 4.05 Torr of CH,4 containing
2.3 mTorr of 1-C3H;OH and 0.116 Torr of HyO at
302.0°C. The primary ion HzO% is produced from
reactions of the added H,O with CHs* and G,H;*.
These major ions are produced from the methane ion/
molecule reactions. The rapid increase of H;O*(H,0)
(mass 37) and ¢-C3H,;* (mass 43) is observed at the
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expense of the H;O% ion. The onsets of appearance of
ions with m/z=59 and higher masses are slower than
those of H;0%(H,Q) and -C3H;* ions. This indicates
that the ions with m/z=59 and higher masses are the
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Fig. 1.
ionization in a gas mixture containing 4.05
Torr of CHy, 0.116 Torr of Hz0, and 2.3 mTorr of
1-CsH70H at 302.0°C.

(a) Mass 19: HzO*+, mass 37: H3O+(H20), mass
41: C3Hs*, mass 43: i-CsH7*, mass 55: HsO+(Hz20)q,
mass 59: (CH3)2COH*, mass 61: i-C3H7;OHzt.

(b) Mass 77: (CHjs):COH*(H20), mass 79: i-
C3H7OH2+(H20), mass 83: Ce¢Hyt, mass 85: Ce-
Hist, mass 101: GgH130*, mass 103: (:-C3Hr)s-
OH*, mas 119: (CHs)2COH*(:-C3H7OH), mass
121: -CsH7,OH2*(:-CsH-OH).
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secondary ions mainly produced from H;O*(H,0), or
i-C3H;* as precursor ions.

Figure 2 shows the temporal profiles of ions
observed in 4.08 Torr of CH, and 2.0 mTorr of :-
C;H;OH at 307.3°C. The CH5* (mass 17) and C;H;*
(mass 29) ions which are the primary ions produced
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Fig. 2. Positive ions observed after electron pulse
ionization in a gas mixture containing 4.08 Torr
of CH4 and 2.0 mTorr of :-C3H-OH at 307.3°C.

(a) Mass 17: CHs*, mass 29: CoHs*, mass 41: CsHs*,
mass 43: i-CsH7*, mass 59: (CHs)COH*.

(b) Mass 61: i-CsH7OHgzt*, mass 83: CeHn*, mass
85: CgHyst*, mass 99: CgH1;0O%, mass 101: CeH130%,
mass 117: (CH;3):COH*((CH3)2CO), mass 119:
(CH3s):COH*(:-C3H,OH), mass 121: i-Cs3H7OHz*(:-
C3H-OH).

from the ion/molecule reactions in methane are
quickly converted to ions with m/z=41, 43, and 61.
The slower onsets of appearance of ions with m/z=83
and higher masses suggest that these ions are secon-
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Fig. 3. Positive ions observed after electron pulse
ionization in a gas mixture containing 4.06
Torr of CHy, 0.12Torr of H20, and 2.4mTorr of
i-C3H7OH at 413.0°C.

Mass 19: H3O*, mass 37: HsO+t(Hz20), mass 41:
CsHs*, mass 43: i-C3H7+, mass 59: (CH3):COH*.
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Fig. 4. Positive ions observed after electron pulse
ionization in a gas mixture containing 4.1 Torr
of CH4 and 2.0mTorr of :-CsH7OH at 403.0°C.
Mass 17: CHs*, mass 29: CeHs*, mass 41: CsHs*,
mass 43: i-C3H7+, mass 59: (CH3)2COH*, mass 99:
CeH1,0%.
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dary product ions in gaseous :-PrOH. The ions with
m/z=99 and 117 are formed which are not detected in
Fig. 1. The H,0 vapor seems to suppress the forma-
tion of these ions.

Figure 3 shows the temporal profiles of ions
observed in 4.06 Torr of CHy, 0.12 Torr of H,O, and
2.4 mTorr of i-PrOH at 413 °C. The strong growth of
the ion with m/2z=59 is observed.

In Fig. 4 are shown the temporal profiles of ions
observed in 4.1 Torr of CH, and 2.0 mTorr of i-PrOH
at 403.0°C. In this case, the ion with 7/2=99 as well
as that with m/z=59 are observed as major product
ions.

Discussion

C;H;* Ion m/z=43. In Fig. 1, the rapid increase
of the i-C3H;* ion, at the expense of the H;O% ion is
observed. This indicates that the i-C3H;* ion is pro-
duced by reaction 10.

H,0+i-CqH,0H — i-C;H;*+2H,0
AH°=—0.9 kcal mol™! (10)
(1 cal=4.184 J)

The thermochemically estimated bond energy of the
species i-C3H;*--- OH, is 23.8 kcal mol~!. Since the
proton transfer reaction 11
H30++i-C3H7OH i i-C3H7OH2++H20
AH°=—24.7 kcal mol~! (11)
is exothermic by —24.7 kcal mol~!, the protonated iso-

propyl alcohol produced from reaction 11 has more
than enough energy to dissociate toward i-C3H,* and
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OH,.

As is shown later in reactions 13, 16, 17, and
23, i-C3H;" reacts with i-PrOH in various patterns.
It is of interest to examine its electronic structure with
the theoretically optimized geometry. i-PrOH and i-
PrOH," are also investigated. Three carbon atoms
and H, are in the common plane. As an electrophile,
i-C3H;t has two reactive sites. The reactivity is dem-
onstrated by the shape of the lowest unoccupied MO
(LUMO) and the next lowest unoccupied one
(LU+1)MO. Anions or bases attack C3H;* potentially
from two directions. These are indicated by bold
arrows in the figure above.

Geometries of i-PrOH and ¢-PrOH,* are shown

below.

7A

i-PrOH3}

By protonation of i-PrOH, the C-O bond is elon-
gated, 1.45A—1.59 A. The decrease of the C-O bond
population, 0.24—0.05, is remarkable. This bond
weakening suggests that the thermal decomposition of
i-PrOH,* to i-C3H;* and H,0 in reaction 15 shown
later is likely as well as the proton transfer in reaction
11. It is natural that the proton should attack the
oxygen atom of i-PrOH. However, it is a question
whether the attacking pattern is exclusive or not. To
examine this, the shape of the highest occupied MO,
HOMO, and the next highest occupied MO, (HO—1)-
MO of i-PrOH is drawn. The shape indicates that
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the oxygen lone-pair electron is the best target for
an electrophile (e.g., proton) and the next favorable
site is the secondary carbon atom. The carbon may be
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attacked by a proton. In the next sub-section, this
reactivity is described.

(CH;):COH* Ion m/z=59. The production of the
ion m/z=>59 from the ion/molecule reaction of -PrOH
is stated. As the case of i-C3H;*, the initial rapid
increase of this ion is due to the proton transfer reac-
tion. What kind of species is formed by the protona-
tion on the secondary carbon of -PrOH? To answer
this question, the geometry of the species is optimized
with the MO of the 3-21G basis set. A following iso-
merization reaction is found during the optimization.
That is, two C-H bonds begin to be cleaved to give a
hydrogen molecule. This geometric change occurs
without the energy barrier. The secondary carbon gets
the electronic density from two methyl groups through
the hyperconjugation and pushes out H, by the
exchange repulsion. Thus, the ion m/z=59 is the
protonated acetone. Three reactions, 12—14, are pos-
sible to form the protonated acetone. Their difference
lies in the source of the proton.

H30 ++l-C3H7OH—>(CH3)2COH++H2+H20
AH°=—17 kcal mol™!

i-C3H7++i-C3H7OH->( CH3)ZCOH++H2+C3H6
AH°=-3.9 kcal mol™!

(12)

(13)
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i-C3H;OH,*+i-C;H,0H—
(CH,),COH++H,+i-C;H,0H
AH°=7.3 kcal mol-!

1. 27A

(14)

Reaction 12 is more exothermic than reaction 10,
however, the frontier orbital [(HO—1)MO or HOMO]
of i-PrOH suggests that reaction 10 is more favorable
than reaction 12. The ion-permanent dipole interac-
tion between H;O% and i-PrOH also favors reaction
10. This explains the greater initial increase of i-
C3;H;* than (CH;),COH* (Fig. 1,a). Since reaction 14
is endothermic by 7.3 kcal mol™!, the contribution
of the reaction for the formation of protonated acetone
is negligible under the present experimental condi-
tions.

The gradual increase of the m/z=59 ion following
the initial rapid growth is also observed (Fig. 1,a).
Since the reactive ion which survives after 0.2 ms is
i-C3H;*, this ion is a possible precursor for the gradual
formation of the m/z=59 ion in reaction 13.

The gradual decrease of i-CsH;OH,* (mass 61) and
1-C3H,OH,* (¢-C3H;OH) (mass 121) may be due to the
consumption of these ions by the unimolecular
decomposition reaction 15 of i-C3H,OH,* at high

temperatures.

(&)
. -H:0
b
T path (b,
(D)

Scheme 1.
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i‘C3H7OH2+—>i-C3H7++OH2
AH®°=23.8 kcalmol™! (15)

CsHistlon m/z=85. The gradual growth of the
m/z=85 ion, probably C¢H3t, is also observed as
shown in Fig. 1,b. As in the case of the m/z=59 ion, no
other probable candidates are conceivable for the pre-
cursor ions except for the i-C3H;" ion. It seems likely
that the reaction of -CsH;* with i-C3H;OH produces
the C6H13+ ion.

i'C3H7++i'C3H7OH—§C6H13++H20
AH°=—27 kcal mol™! (16)

The mechanism for the CgH;3* formation by reaction
16 may be described in Scheme 1. In the process of the
elimination of Hy0 in the associated complex A, the
intermediate complex may have the structrure B in
which i-C3H;* is interacting with propylene. Accord-
ing to the Markownikov rule, the less substituted sp?
carbon in propylene may be attacked by the cation, i.e.,
the path (a). This leads to the formation of the secon-
dary carbonium ion C. The enthalpy change of reac-
tion 16 leading to the formation of C is calculated to be
—9.7 kcal mol~l. Here, the heat of formation of C is
estimated to be 174 kcal mol™! by the method proposed
by Nakata and Kobayashi.!® The species C has the
structure of protonated 4-methyl-1-pentene, CH,=CH-
CH,-CH(CH3);. The proton affinity of this com-
pound is expected to be much lower than that of i-
PrOH.1? Thus the rate constant of the proton transfer
reaction CgHy37+i-PrOH=:-PrOH,*+CgH,, may be of
the order of 10~ cm3/molecule-s. From this value, the
lifetime of the decay of the CgHj3t ion due to the
proton transfer reaction can be calculated to be =20 ps
under the present experimental conditions. Since the
condensation reactions such as reaction 16 are usually
much slower than the collision rate (=109 cm?/moi-
ecule-s), the steady state concentration of the ion C
would become very low under the present experimen-
tal conditions. However, as shown in Fig. 1,b, CgH,3*
shows a gradual increase. This indicates that CgH ;3"
has a much more stable structure than C. If the central
sp? carbon of propylene is attacked by i-C3H;* and the
hydrogen atom on it migrates to the terminal sp? car-
bon of propylene (path b), the tertiary carbonium ion
E would be formed. From the calculated heat of for-
mation of E, 156.7 kcal mol~1,'® the enthalpy change
of reaction 16 can be estimated to be —27 kcal mol~..
E is about 17 kcal mol~! more stable than C. E has the
structure of protonated 2,3-dimethyl-1-butene, CH,=
C(CH;)CH(CHj3),. Since the proton transfer reaction
of C¢H,37(E) with i-PrOH is endothermic by about 7
kcalmol~!, the long lifetime of CgH;3*(E) can be
expected under the present experimental conditions.
This explains the time profile of CgH,3* shown in Fig.
1,b. Thus we would like to conclude that C¢gH;3* has
the structure E. It would be worthwhile noting that
the nominal Markownikov rule may not be applied to
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the reactions of propylene (or terminal olefins) with
the secondary carbonium ions. The rule is concerned
usually with the orientation of the proton (electro-
philic) addition to the double bond. However, when
the electrophile is a large species with the secondary
carbon, the rule would become exceptionally invalid.
The present reaction seems to favor the formation of
thermochemically more stable tertiary carbonium ions
(by the anti-Markownikov rule) through the hydrogen
migration in the intermediate complex.

The CgH;5t ion starts to be observed at =180 °C and
becomes a dominant ion at =~300°C. At higher
temperature, its intensity decreases and becomes nil at
~400°C. Some finite lifetime for the intermediate
complex of (-C3H;* -+ i-C3H;OH)* seems indispensa-
ble for the formation of CgH;3* in the condensation

reaction 16.
CeH,;0* Ionm/z=101. The slow production of the

m/z=101 ion in Figs. 1 and 2 may be explained by
reaction 17.

i-C3H7++i-C3H7OH d C6H13O++H2 (17)
Reaction 17 would consist of two steps. One is the Hj

elimination leading to the formation of the tertiary
carbonium ion, (CH3);Ct-C(CH;3),OH. The other is
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the closure of the epoxide ring. During the optimiza-
tion, the open cation is found to be converted
smoothly to the protonated epoxide. The hydroxyl
group cannot stay alone due to the intramolecular
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The minor product ion with m/z=83 may be pro-
duced from the dehydration of CgH;307.

C6H13O+—>C6H11++H20 (18)

(i-CsH7):OHt Ton m/2=103. The (:-C3H;),;OH" ion
(mass 103) shows the initial rapid increase which is
followed by the slow decrease (Fig. 1,b). Freeman®
proposed the cationic chain reactions 2—4 for the
formation of diisopropyl ether. The obtained experi-
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mental results can be interpreted by the Freeman’s
proposal. The initial rapid increase of the (i-
C3H;);OH?* ion may be mainly due to reaction 2 and
partly to reaction 19.

i-C3H,*+i-C3H,OHY(i-C;H;),OH (19)

protonated
diisopropyl ether

The slow decrease of (i-C3H7),OH* may be due to reac-
tions 3 and 4. The contribution of the direct proton
transfer reaction 20 may be negligible, because the
reaction is highly endothermic.
(i-C3H,);OH* +i-CyH,;0H—i-CaH,0H, +(i-CgH;),0
AH°=15.2 kcal mol™! (20)

GeH ;0.1 and CéH ;O Ions m/z=117and 99.  Strong
growths of m/z=117 and 99 ions are observed in Fig.
2,b. The (CH3),COH™ ion as a precursor may explain
the formation of these ions.

(CH3)ZCOH++i-C3H7OH—>C6H1302++Hg (21 )
(CH3);COH*+i-C3sH,;0H—C¢H,;O*+H,+H,0 (22)

e Me Me
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The attack of the secondary carbon of i-PrOH by the
protonated acetone yields the proton-held acetone
dimer cation (m/z=117) (A—B). This reaction may be
followed by the dehydration to give the m/z=99 ion.
The dehydration involves two mechanisms. One is the
keto-enol isomerization of the protonated acetone.
The other is the subsequent attack of acetone onto the
unsaturated carbon of the enol form in C. The latter
reaction is similar to the nucleophilic displacement on
the carbonyl carbon. It is well known that the
CgH,;07 ion with m/z=99 is formed from the ion/
molecule reactions in gaseous acetone.'$-20 We think
that this ion D is produced by the same mechanism as
shown above. It is noteworthy that the length of the
C*-0O bond is 1.27A in the optimized geometry of D.
The double bond makes the cationic nature small,
leading to the stability of the species. The geometry of
the m/z=99 ion is described by the resonance structure.

H H
H— C/ He C/
\ —0 3> o0
/ Ne / 0\
Me C— Me Me C Me
/
Me Me

Freeman®? found that the isopropyl alcohol vapor
starts to suffer the thermal decomposition on the wall
of the reaction vessel above =300°C. It would be pos-
sible that (CH;),COH* (mass 59) and (CHj),-
COH* .- OC(CHj3), (mass 117) ions observed in Fig. 2
originate from the acetone produced from the thermal
decomposition of :-PrOH in the reaction chamber. If
this was the case, acetone should exist in the system
regardless of the presence or absence of the H,O vapor.
However, the m/z=117 1on could not be detected in
Fig. 1 where the H,0 vapor is present in the system.
This clearly indicates that the m/z=59 and 117 ions in
Fig. 2 are produced from the ion/molecule reactions in
gaseous :-PrOH. In Figs. 3 and 4, the situation is more
serious since the ion source temperature is high
(=400 °C). If an appreciable amount of acetone were
produced, all the protonated species should be quickly
converted to the protonated acetone due to the high
proton affinity of acetone. However, the steady con-
centrations of ions such as H;O*(H,0) and i-CzH;*
are established in Fig. 3. It is likely that the thermal
decomposition of :-PrOH toward acetone is negligible
under the present experimental conditions.

It is of interest to note that the CgH;;O% ion (mass
99) is observed in Fig. 4, but not in Fig. 3. The pres-
ence of H,0 vapor seems to suppress the formation of
this ion. It is described that the CgH ;O ion is pro-
duced through the formation of several intermediate
complexes such as A—C. When such interme-
diate complexes are formed in the atmosphere of
highly polar H,O vapor, the neutral species in the
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complex may suffer the displacement reaction with an
H,0 molecule. For example, the loose complex of
(CH3);COH* ---i-C3H,OH (A) may be converted to
(CH3),COH™*.--OH; by the displacement
reaction, (CH3),COH* - i-CgH;OH+H;0—(CH3), COH*
---OH,+:-C3H;OH. Such reactions of interme-
diate complexes may interrupt the formation of the
CeH,0% ion. This also explains the absence of the
m/z=99 and 117 ions in Fig. 1. This kind of reactions
may become important when the lifetimes of the
intermediate complexes are long enough that the
complexes suffer multiple collisions with third-body
gas molecules. The destruction of the complex, A, B,
or C by a water molecule may be regarded as a solvent
effect in the gas-phase ion/molecule reactions.

C;H;* Ion Re-Visited. After the rapid decrease, the
intensity of ¢-C3H;* becomes time-independent as
shown in Figs. 1—4. The rapid consumption of the
ion is mainly due to reaction 23, proton transfer.

i-C3H7++i-C3H7OH—>i-C3H7OH2++C3H6
AH°=—11.7 kcal mol™! (23)

The contribution of reactions 13, 16, 17, and 19
may be relatively minor compared to that of reaction
23. The lifetime of i-C3H;* due to reaction 23 is
estimated to be less than 20 pus under the present exper-
imental conditions. Since the steady-state concentra-
tion is established for i-C3H;*, the rate of the regenera-
tion of i-C3H;* by reaction 15 must be comparable to
that of the consumption by reaction 23.

Van der Linde and Freeman® proposed the radical
chain reactions 5—8 for the formation of H,,
(CH3),CO, and C3;Hg in the vy-radiation-sensitized
pyrolysis of gaseous -PrOH. In the present experi-
ments, the strong growth of (CH3),COH* is observed
at high temperatures in ion/molecule reactions in
gaseous i-PrOH. Alternative cationic chain reactions
13, 24, and 15 may be possible for the formation of
(CHj3),CO and H;, in the y-radiation-sensitized pyroly-
sis of gaseous -PrOH.

(CH;),COH*+i-C3H;0H—i-C;H,;0H,++(CHj),CO

AH®=5.5 kcal mol™!  (24)
Besides, the rapid chain reactions 23 and 15 for the
formation of C3Hjg are established at high temperatures
in gaseous -PrOH. The formation of C3Hg in the
v-radiation-sensitized pyrolysis of i-PrOH could also
be accounted for by the cationic chain reactions 23
and 15.

It would be of great interest to measure the tempera-
ture dependences of the rate constants of reactions 13,
16, etc., and determine the energy barriers for the
corresponding reactions. However, the measurements
of the rate constants for these reactions are difficult due
to the regeneration of the i-CsH;* ion by reaction 15.
Besides, the product ions such as (CH3),COH?* and
CeHy3t are slowly consumed by the proton transfer
reactions with :-PrOH. This also makes the kinetic
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measurements difficult. Thus we are discouraged to
perform the detailed measurements of rate constants to
obtain the meaningful information on the reaction
kinetics.

Acid-Catalyzed Dehydration Reaction of i-C3H;OH.
It should be noted that the steady-state concentration
of H;O*(H,0) (m/z=37) is established in Fig. 3. If the
H;0%(H,0) ion establishes the equilibrium with
H;0%, the concentration ratio of H;0*(H,0)/H;0*
can be estimated to be about 3 to 1 under the present
experimental conditions. Thus, the H;0*(H,0), ions
should be rapidly converted to i-CsH,;OH,* by the
proton transfer reaction 11. The expected lifetime of
H,0%(H,0), is less than 100 ps under the present ex-
perimental conditions. The steady appearance of
H;0*(H,0) indicates that the H;O*(H,;0O) ion is
quickly reproduced from some ion/molecule reac-
tions. The regeneration of H;O*(H,0) may be due to
reaction 25.

i-C3H,0H,*+H,0—H;0*(H,0)+C3H,
AH°=2 kcal mol™! (25)

H H
\,0/
H /
\O/H H /A
H / %
Ha / ’/' H\ ______ o 0\
HSG / SoH
\_ \7
g 0\0 — o = CsHg + H30' (H0)
R / H H\
Me Me

The i-C3H,OH,* ion produced from reaction 23
decomposes unimolecularly to produce i-CzH;*.
When the i-C3H,;OH,* ion collides with an H,0
molecule within its lifetime, the dehydration of i-
C;H;OH,* may take place. Since the product ion
H;0%(H;0) from reaction 25 reproduces the i-
C3H;OH,* ion by reaction 11, H;O acts as a catalyst
for the formation of propylene. Reaction 25 is anal-
ogous to acid-catalyzed dehydration of alcohols in
solution. A similar reaction is also found for ¢-butyl
alcohol in the gas phase.1?

Summary and Conclusion

The positive ion/molecule reactions in gaseous iso-
propyl alcohol were studied in detail. The new infor-
mation obtained in the present work may be summar-
ized as follows.

1) The isopropyl alcohol has two reactive sites for
the nucleophilic reactions, i.e., the oxygen atom and
the secondary carbon atom. The protonations onto
the O and s-C atom yield i-C3H;* and (CH;),COH*
ion, respectively. The condensation reactions of i-
C3H;* with i-PrOH leads to the formation of CgH;3*
and C;gH,30% ion. The reactions of i-CsH;* with ¢-
PrOH may be summarized as the Scheme 1.
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condensation

C attack
—_—

2) The condensation reactions of the secondary
product ion (CHj),COH* with -PrOH produce
Ce¢H 30,7 and CgH;,O% ion. The CgH;30,* ion may
have the structure of the proton-bound acetone dimer
cations. The dehydration of C¢gH,30,* yields CgH,;,0*
through the keto-enol isomerization of the protonated
acetone molecule in the complex CgH;30,*. The
CgH;,0% ion (m/2=99) is known to be one of the
major product ions from the gas-phase ion/molecule
reactions in acetone.!8=21) We think that this ion has
the same structure as the one produced in the present
system. It was found that the presence of H,O in the
system greatly suppresses the formation of CgH 305"
and CgH;;O% ion. This may be due to the displace-
ment reactions of the intermediate ions with the H,O
molecule. This may be regarded as the solvent effect in
the gas-phase ion/molecule reactions.

3) The acid-catalyzed dehydration reaction, i-
C3H7OH2++H20—>H30+(H20)+C3H6, was observed.
The similar reaction has also been observed for t-
C,H,OH but at much lower temperature.?

4) Acetone and propylene are produced with high
G values from the vy-radiation-sensitized pyrolysis of
i-PrOH vapor.””® The formation of these compounds
may be explained by the cationic chain reactions 13,
24, 23, and 15. The radical chain reactions 5—
8 suggested by van der Linde and Freeman? for the
formation of these compounds are not unique because
the rate constants of hydrogen abstraction reactions
such as reactions 5 and 7 are relatively small.??

5) The Markownikov rule may not be applied to
the reactions of terminal olefins with the secondary
carbonium ions. When the electrophile is a large
secondary carbonium ion, the reaction seems to favor
the formation of thermochemically more stable ter-
tiary carbonium ion through the hydrogen migration
in the intermediate complex.
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MO calculations were carried out on the FACOM

C attack +
—
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. +
i-CgHy + CgHg + Hy0

+
(CHg,COH™ + CgHg + Hp

O attack +
e

CeHiz + Hy0

CgH

sHz0  + H

M-382 computer at the Data Processing Center of
Kyoto University and on the HITAC M-200H compu-
ter at the Institute for Molecular Science.
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