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Abstract

Experimental and theoretical reexamination of the dehydration reaction of ionized propandicates that both ionized
cyclopropane and ionized propene are produced as fragment ions. Tandem mass spectrometry experiments including cha
stripping, neutralization—reionization, and ion—molecule reactions with ammonia and NO are best interpreted by the formatiol
of a mixture of [GH] ™ fragment ions. The composition of this mixture is nearly insensitive to the internal energy of the
precursor iond. Molecular orbital calculations, conducted at the G2(MP2,SVP) level, confirm that the first step of the reaction
is the 1,4-hydrogen migration [C}@H,CH,OH] ", 1 — [CH,CH,CH,OH,] ", 2; excellent agreement is found with the
experimental critical energy barrier for this reaction. The distonic2omay lead to ionized cyclopropane via a slightly
stabilized ion-neutral comple®; the energy determining step of the cyclopropane formation is the dissociation of complex
3. The second dissociation proces®pfeading to ionized propene, is associated with a 1,2-hydrogen migration leading to the
distonic ion [CH,CH(OH,)CH,]'*, 4; the isomerizatiorl — 4 is the energy determining step of this reaction. Starting from
2, formation of ionized cyclopropane needs 69 kJ/mol whereas the critical energy for ionized propene formation is only 54
kJ/mol. From a strictly energetic point of view, both reactions are allowed for 2a@ming from1, moreover propene ion
formation should be favoured. Statistical rate constant calculations using an orbiting transition state model for the dissociatio
of the loose structur8, demonstrate that the two reaction channels in competition at low, as well as at high, internal energy
of the precursor ion4. (Int J Mass Spectrom 195/196 (2000) 225-237) © 2000 Elsevier Science B.V.

Keywords: Propanadl’; Dehydration mechanism; [El]"; G2(MP2,SVP) calculations; Collisional mass spectrometry; lon—-molecule
reactions

1. Introduction of several mass spectrometric and theoretical studies
[1-9] (Scheme 1).
Elimination of water is one of the most important Deuerium labeling experiments demonstrate that

reactions of ionized alcohols. The behaviour of ion- the loss of water proceeds by a specific and irrevers-
ized propan-1-oll, is representative of this class of ible migration of one hydrogen from the methyl group
reactions and, for this reason, it has been the subjectto the oxygen atom [1,2]. This 1,4-H migration
affords the distonic ion [CECH,CH,OH,] ", 2 which
Torresponding author. E-mail: bouchoux@dcmr.polytech- may b_e also produced, f.or example_, by dissociative
nique.fr ionization of 1,4-butane diol and studied separately. It
Dedicated to the memory of Professor Robert R. Squires. has been shown that both metastable idnand 2
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Scheme 1.

eliminate a water molecule [1]. However, structutes is more stable than ionized cyclopropane by 45
and?2 are distinct species that may be characterized by kJ/mol. It may also reveal important energetic or kinetic
their collisional [1-3] or neutralisation—reionization effects during the competition between paths b and c.

[4] mass spectra. All these results are understandable Two theoretical studies have been previously de-
if the 1,4-hydrogen atom migratioh — 2 occurs voted to the fragmentation of ionized propanol [8,9].

through a transition structure that is the highest point None of them have explored the possibility of forma-

in the path connecting to its dehydration products. tion of ionized propene. The goal of the present work
Determination of the appearance energy for the isto provide new insights into the reaction mechanism
[CsHe ™ fragment ions, produced by photodissecia and energetics of the water loss from ionized propa-
tion of propanol, has been carried out [5] thus pro- nol, 1, by means of (1) new tandem mass spectrom-

viding an accurate value for the energy bardier> 2. etry experiments on ionized propene and cyclopro-
There are conceptually three means 2do expel pane, (2) ab initio molecular orbital calculation at the

a water molecule (Scheme 1). Direct elimination of G2(MP2,SVP) level, and (3) statistical rate constant

H,O leading to a distonic [CKCH,CH,] " ion calculations of the various possible reaction routes.

(Scheme 1, path a) is not expected because this

species is not a stable structure but, rather, a transition

state connecting ionized propene and ionized cyclo- 2. Experiments and computations

propane [10]. In order to avoid the formation of a

primary carbocation, the neutral loss may be assisted All the mass spectra were recorded on a large scale
by either a 1,2-H shift (Scheme 1, path b), or a tandem mass spectrometer (Micromass AutoSpec 6F,
cyclisation process (Scheme 1, path c). In fact, the Manchester) combining SiX sectors of
cyclopropane structure has been assigned to theE,B,c,E,c,c;E3B,C,E, geometry (E, electric sector;
[CsHe ™ fragment ions coming from dissociation bf B, magnetic sector; ¢, collision cell) [11]. General
on the basis of its charge stripping mass spectrum conditions were: 8 kV accelerating voltage (unless
[1,2]. This seems surprising because ionized propeneotherwise stated), 200 mA trap current, 70 eV ioniz-
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ing electron energy, and 200 °C ion source tempera- Typically, when taking into account the experimental
ture. Propanol was introduced into the ion source via uncertainties, spectra a and b may be considered
a heated (180 °C) septum inlet, whereas propene and“identical” for Sl(a,b) values less than15. Note that
cyclopropane were introduced via the gas line used in this limiting value corresponds to an uncertainty of
chemical ionization mode. +15% on the peak intensities.

Collisional activation (CA) and charge stripping Standard ab initio calculations have been carried
(CS) spectra were recorded by scanning the field;of E - oyt using thesaussian 94 series of programs [14]. The
after collisional activation with oxygen in the collision geometries of the different species investigated were
cell c;. Neutralisation reionization (NR) mass spectra st optimized at the HF/6-31G* level; the zero point
were obtained by neutralizing the beam of selected energy (ZPE) has been calculated at this level after
ions with xenon in ¢ and performing reionization  gq4jing by a factor 0.8929 [15]. The geometries were
fragmentation with oxygen ing¢ with unneutralized then refined at the MP2(FrozenCore)/6-31G* level to
|ons. being removed by floating an |nterm(_ad|ate cali- take electron correlation effects explicitly into ac-
bration source at 9 kV. In all these experiments, the count. Restricted (RHF, RMP2) and unrestricted

proFiuct |.ons were cpllected n t.he. fifth field-free (UHF, UMP2) procedures were used for closed- and
region with an off-axis photomultiplier detector. In .
open-shell systems, respectively.

the MS/MS/MS experiments, ions produced in the )
P P It has been established that accurate heats of

field-free region situated between, Bind E were ¢ : ¢ hell be obtained f
selected by reducing the field of, Bnd scanning & ormathn of open-shell systems can be obtaine _rom
calculations at the G2 level of theory [16] or its

The installation of an rf-only quadrupole collision .
cell inside the instrument, between &d E, has also vana-nts, G_Z(MPZ) [1.7] and G?('V'F_’Z’SVP) [18]. for
species with low spin contamination [19]. For the

been reported elsewhere [12]. In this configuration, WS _ _
the neutralization cell cis replaced by a demagpnifi open-shell species investigated here, the unprojected

cation lens. The experiments using the quadrupole (S2 values were within 0.75-0.78, indicating negli-
consist of the selection of a beam of fast ions (8 kv) gible spin contamination. Owing to the size of the
with the first three sectors, the retardation of these system considered, we decided to choose the
ions to~5 eV, and the reaction with a reagent gas in G2(MP2,SVP) technique that has been proven to give
the cell. The pressure of the reagent gas in the cell is satisfactory results in this type of system [6]. In the
estimated to be around 18 Torr. After reaccelera G2(MP2,SVP) theory, the energies are calculated at
tion to 8 kV, all the ions present in the quadrupole are the QCISD(T) level using the split-valence plus po-
recorded by scanning the field,BHigh energy CA larization (SVP) 6-31&{) basis set. Corrections for
spectra of mass selected ions can also be recorded bybasis set deficiencies are evaluated at the MP2/6-
a linked scanning of the fields of the last three sectors 311+ G(3df,2p) level. A higher-level corrections
(EBE, resolved mode) or by a conventional scanning (HLC), that depend on the number of paired and
of the field of the last electric sector after mass ynpaired electrons, is finally introduced. The total
selection with the second magnet. energy E[G2(MP2,SVP)] is given by:

The comparison of the various collisional decom-
position spectra was done using a similarity index E[G2(MP2,SVP)]= E[QCISD(T)/6-31Gd)]
[13], SI, calculated by the relationship:
+ E[MP2/6-311G(3df,2p)]

% 100 — E[MP2/6-31Gd)] + HLC + ZPE

\/[ziNl (& — by/min(a, b)]?
Si(a, b)=

N

. » The HLC correction is calculated from:
where aand h represent the intensities of thepeaks

appearing in the mass spectra of species A and B.HLC = — Anz;—Bn,
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Table 1
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CA (O,) spectra of the molecular ions of cyclopropane, propene, and oflthkg@]™ ions produced in the ion sourc&S) (accelerating

voltage: 8 kV)

m/z 41 40 39 38 37 36 28 27 26 25 24 16 15 14 13 12
Cyclopropane 72 27 100 27 17 3 10 100 50 14 5 1 100 56 20 5
Propene 68 31 100 29 19 3 14 100 55 18 7 3 100 63 28 11
1S 68 24 100 29 18 3 11 100 52 16 6 2 100 59 16 3

with ng andn,, being the number o and« valence
electrons, respectivelyng < n,), and the parameters
A andB equal to 5.13 10° and 0.19 10° Hartree,
respectively [18].

RRKM calculations were done using the Stein—
Rabinovitch algorithm [20] to estimate the sums,

> Py H(E-Ep)

and the densitied\;(E), of vibrational states asseci
ated with the single rate coefficiekt_;:

ki_j = X Py *(E-Eg)/h- Ni(E)

The normal mode frequencies given by molecular
orbital calculations were used in these calculations
(HF/6-31G* scaled by a factor of 0.8953 [15], tor-

sional modes were treated as low-frequency vibra-
tions). For orbiting transition state calculations [21]

the rotational constants were obtained from the opti-
mized MP2/6-31G* geometries.

3. Results and discussion
3.1. Tandem mass spectrometry experiments
The behavior of ionized propene and ionized cy-

clopropane upon collisional conditions has been in-
vestigated using collisional activation (CA), charge

pane. All the experiments have been performed on the
six sector tandem mass spectrometer at the University
of Mons (see Sec. 2).

3.2. Collisional activation spectra

In agreement with previous data [22,23], the high
energy CA spectra of ionized cyclopropane and pro-
pene are found to be too close to allow a clear
identification of these structures. This is attested to by
a similarity index, SI(Cy,Pr}= 54, only marginally
above the limit under which two spectra may be
considered identical owing to the experimental uncer-
tainties (Sl= 15). Obviously, the same observation
stands for the ionized dehydration product of ionized
propanol (Table 1).

3.3. Charge stripping spectra

As already observed [22,23] the most intense peak
of the CS spectra (Table 2) corresponds 6l€ ions
(m/z20) and a slightly more intense signainatz20.5

Table 2

CS (O,) mass spectra of [{E1g]* ions from cyclopropane,
propene, and propanol, either in the ion sourt®)(or in the
field-free region {m*)

oHY R Sy m/z 21 20.5 20 19.5 19
stripping (CS) and neutralization—reionization (NR)
. . Cyclopropane 2 10 38 24 26
mass spectra. In order to co_mplement the mformauon Propene : . a1 24 o5
afforded by these spectra, ion—molecule reactions at 1g 1 8 42 22 27
near thermal energies of th@'z42 ions with dimethyl 1S, 5600 eV 3 15 41 21 20
1m* 4 19 33 21 23

disulfide, ammonia, or nitric oxide have also been

investigated. The choice of these particular reagents

was based on previous data indicating that they allow
the identification of ions presenting a distonic char-
acter like the ring-opened molecular ion of cyclopro-

218, 5600 eV means that the J84] * ions produced in the ion
source by dissociative ionization of propanol are subjected to an
accelerating voltage of 5600 V; their kinetic energy is thus equal to
that of [C;Hg] " ions produced in the field-free region from ionized
propanoll of 8000 eV kinetic energy.
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Table 3
Part of the NR (XeQ) mass spectra of [{Elg] " ions from cyclopropane, propene, and propanol, either in the ion soljeof in the
field-free region {m*)

m/z 42 41 40 39 38 37 36
Cyclopropane 7 24 11 32 13 10 3
Propene 20 17 9 30 12 9 2
1S 19 26 10 27 9 7 2
1S, 5600 eV 22 33 11 23 7 4 1
Im* 19 32 11 24 7 5 1

2See footnote to Table 2.

is observed in the case of propene. The SI(Cy,Pr) is first sight, the recovery signal for the ions derived
equal to 105. from propanol in the ion source matches that of
If one considers the relative abundances of the ionized propene more accurately. This is confirmed
various signals, a better correlation is found between by a SI{LS,Pr) value of 28. In fact, it is observed that
the spectra of ionized cyclopropane ions and the the m/z42:m/z41 ratio is of diagnostic significance
product of dehydration of propanol in the ion source. with a value is 0.3 for cyclopropane and 1.2 for
However, the comparison is not perfect: the SI(Cy, propene. For the [{H¢] ™ ions originating from
1S) is equal to 41, i.e. a value larger than the limiting propanol, then/z42:m/z41 ratio is equal to 0.7. This
value of ~15. When looking at thelfH,O] " ions value, intermediate between that of cyclopropane and
produced in the field-free region, a significant in- propene, may be accounted for by a mixture of both
crease of then/z20.5 signal is observed. Part of this structures. It should be noted that the spectra of the
increase is apparently related to the reduced kinetic 5600 eV energy ions (source or field-free region) are
energy of the ions as attested to by the CS spectrum ofvery similar [SI(S,56001m*) = 15], pointing again
source producedlfH,0] " ions of 5600 eV kinetic to the formation of the same mixture of structures in
energy. The similarity index between the two latter both regions.
spectra, Si{m*, 1S,5600), is equal to 18, indicating
that the [-H,O] " ions produced either in the ion 3.5 |on—molecule reactions
source or in the field-free region behave comparably.
It appears difficult to assign unambiguously a struc- 351, Jon—molecule reactions with dimethyl
ture to the investigated [Els] " ions; the less haz disulfide (DMDS)
ardous conclusion is that no pure ionized propene is  All the [C;Hg] " radical cations react with DMDS
produced by water loss from propanol, and that py charge exchange producingz94 ions. This is in
formation of a mixture of cyclopropane and propene keeping with the relative ionization energies: 9.86 eV
is more probable. Moreover, the composition of this for cyclopropane [24], 9.73 eV for propene [24], and
mixture appears to be similar at high and low internal 8.18 eV for DMDS [25]. Transfer of a methylthio

energy of the precursor ioh radical to ionized cyclopropane is not observed and
therefore these reactions do not allow the identifica-
3.4. Neutralization—reionization spectra tion of the isomeric [GHg] " ions.

The relative intensity of the recovery signal is 3.5.2. lon—molecule reactions with ammonia
lower in the NR spectrum of cyclopropane ions than lonized methylene transfer to ammonia starting
in the spectrum of propene ions (Table 3). The other from ionized cyclopropane has already been reported
signals have a similar appearance and for this reason[26] and is indeed clearly reproduced on our hybrid
the SI(Cy,Pr) is not very large [SI(Cy,P#s 69]. At tandem mass spectrometer. Proton transfer is also
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Table 4

lon—-molecule reactions of [Elg] ™ ions from cyclopropane,
propene, and propanol (either in the ion sou®, or in the
field-free region1m*), with ammonia (abundances ratios
measured for the methylene transfer and the proton transfer
reactions)

m/z31:m/z18
Cyclopropane 3.6
Propene 0.06
1S 0.7
1m* 0.3

observed formingn/z18 ions. In the case of propene
ions, the proton transfer is the dominant process,
however, a small peak is still observednatz31, but
the ratiom/z31:m/z 18 is significantly different from
that measured for ionized cyclopropane (Table 4).

It appears from the examination of Table 4 that the
behavior of the I-H,O] ™ ions formed in the ion
source or in the field-free region is comparable. The
m/z 31:m/z 18 ratio is clearly intermediate between
that of cyclopropane and propene. It may thus be
concluded that a mixture of both structures is pro-
duced in both cases.

3.5.3. lon—molecule reaction with nitric oxide

Nitric oxide has been used in some instances for
the characterization of distonic or distonic-like spe-
cies; transfer of ionized methylene from ionized
cyclopropane to nitric oxide has been observed [27].
In this work, however, charge exchange/¢30) is by
far the most favourable process (Table 5).

lonized propene does not transfer a methylene
group at all to nitric oxide. The behavior of the source

Table 5

lon—molecule reactions of [Elg] " ions from cyclopropane,
propene, and propanol (either in the ion sou®, or in the
field-free region1m*), with NO (abundance ratios measured for
charge exchange and methylene transfer reactions)

m/z30:m/z44
Cyclopropane 9
Propene no peak amn/z44
1S 28
Im* 1.5

G. Bouchoux et al./International Journal of Mass Spectrometry 195/196 (2000) 225-237

produced I-H,O] * ions is intermediate between that
of cyclopropane and that of propene. The ions formed
in the field-free region also react via both reaction
channels but the formation @fi/z44 ions is notably
enhanced with respect to cyclopropane. Only a mix-
ture of cyclopropane and propene structures could
explain all these observations.

3.6. Conclusion

In summary, collisional activation at high kinetic
energy appears to be of limited use for the character-
ization of cyclopropane and propene molecular ions.
Less ambiguous conclusions are derived from the
NRMS mass spectra. More convincing indications are
provided by ion—molecule reactions using ammonia
and nitric oxide which demonstrate efficient and
specific behaviour for ionized cyclopropane or ion-
ized propene.

The main conclusion of this experimental study is
that the [GHg]™" ions produced by water loss from
propanol,1, react as a mixture of ionized cyclopro-
pane and propene. Moreover, the composition of the
mixture seems to be roughly independent of the
lifetime of the decomposing ions.

4. Molecular orbital calculations

A detailed investigation of the reaction paths pre-
sented in Scheme 1 has been done by means of ab
initio molecular orbital calculations. Four minima
were located on the MP2/6-31G* potential energy
surface: conventional structurg, distonic ion 2,
ion-neutral complex between ionized cyclopropane
and water,3, and a covalently bonded association
between ionized propene and water: the distonic ion
4. The optimized MP2(fc)/6-31G* geometries of
these different stationary points and the transition
structures connecting them are presented in Fig. 1.
The corresponding total and relative energies esti-
mated at various levels of theory are summarized in
Table 6.

A general view of the reactions considered is given
in Scheme 2.
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Fig. 1. Optimized MP2/6-31G* geometries of the relevant stationary points of i@ * potential energy surface (bond lengths in A, bond
angles in degrees).
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Table 6
Total energy (Hartree) for structueand relative energies (kJ/mol) of species6 calculated at various levels of theory

1 2 1/2 3 4 2/3 2/4 5 6
HF/6-31G* —192.77451

0 -53 86 -13 -89 11 27 38 -21
ZPE" (AH° 298 K 265 (284) 268 (282) 260 (274) 257 (278) 257 (278) 259(273) 248(268) 251(272) 249 (270)
MP2/6-31G* —193.33031

0 -16 110 32 -35 38 80 94 53
QCISD(T)/6-31G* —193.39365

0 -14 76 30 -35 40 75 91 48
MP2/6- —193.58556

311+G(3df,2p) 0 -23 115 17 —40 21 58 68 29

G2(MP2,SVP) 0 K —193.601202 —18 76 7 —48 17 36 51 8

0
G2(MP2,SVP) 298 K 0 -25 71 9 —46 12 37 52 9

2From HF/6-31G* vibrational frequencies scaled by a factor of 0.893.
b Contribution to enthalpy (ZPE- AE,,, + 4 - RT) at 298 K, the factor 0.9135 has been used to estimatd Eyg, term.

The first step of the reactior], — 2, has been = O-bonded hydrogens (which bears a large positive
studied previously [6] and thus only a brief comment charge) and thp orbital of the carbon atom C(3) (Fig.
is given here. The MP2/6-31G* structure of ionized 1) where the lone electron is located (which consti-
propanoll exhibits a long C(1)-C(2) bond (1.759 A, tutes a polarizable centre). The 298 K heats of
Fig. 1) and a short C(1)-O bond (1.342 A). This formation of 1 and 2 have been calculated at the
situation has been also observed at the MP2/6-31G** G2(MP2,SVP) level, using atomization and dissocia-
level [8]. The most stable form of the distonic i@n tion reactions [6]. The values obtained;H°(1) =
presents a “gauche” conformation. In this situation a 713+ 4 kJ mol'* and AH°(2) = 688+ 4 kJ
stabilizing interaction is allowed between one of the mol ™2, reveal that, as suggested by Baer et al. [8], the

o+

I I
o \ +  OH,

3 5

Scheme 2.
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76

kJ/mol
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X

+ OH,

Fig. 2. Potential energy diagram for isomerization and water loss processes from ionized prog&2¢MP2,SVP) results, kJ mot].

tabulated values (731 and 714 kJ mblrespectively)
[24] are overestimated.

The calculated transition structurb’2 adopts a
half-chair conformation withO...H and C...H

sponds to A, electronic state in which one CC bond
is lengthened. Accordingly, the MP2/6-31G* opti-
mized geometry of ionized cyclopropane contains two
CC bonds of 1.476 A and one of 1.830 A. In channel

distances (1.693 A and 1.165 A, respectively) close to |, water loss from the distonic iof is achieved by a
those encountered in the reactant nearest in energy,CO bond elongation coupled with a cyclisation pro-

i.e. ionized propanol. This 1,4-hydrogen migration
is predicted to have an activation barrier of 71 kJ
mol~*. By using the G2(MP2,SVP) heat of formation
value recalled aboveH°(1) = 713 kJ mol?, we
obtain AH°(1/2) = 784 kJ mol* in correct agree
ment with the experimental threshold measured for
the dehydration of ionized propanol (776 kJ mbl
[5]. As it will be seen below, this 1,4-hydrogen
migration 1 — 2 is confirmed to be the energy
determining step of the dehydration of ionized propa-
nol (Fig. 2).

Before entering into the description of the reaction
channel | (Scheme 2) it is instructive to recall a
structural peculiarity concerning ionized cyclopro-

pane. The most stable structure of this species corre-

cess. We thus investigated a reaction path in which,
starting from2, the C(1)-C(3) distance is progres-
sively shortened. It is observed that, simultaneously,
the C(1)-O and the C(1)-C(2) bonds are lengthened
whereas the OC(1)C(2) bond angle decreases. At a
C(1)-C(3) distance of 1.63 A the potential energy
passes through a maximum and, at smaller distances,
it slightly decreases until finally falling into a local
minimum corresponding to the ion-neutral comp8x

In this symmetrical structure, the water molecule
interacts with one CC bond of the cyclopropane cation
in the CCC plane. Note that the CC bond concerned
[C(1)-C(3), Fig. 1] is the longest of the cyclopropane
ring, its value (1.815 A) being slightly lower in the
complex than in the isolated ion. The G2(MP2,SVP)
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energy of3 with respect to the separated products (the denced by the calculations, and as usual in these
“complexation energy”) is equal to 44 kJ mdl A circumstances, no transition structure could be found
comparable value was obtained from experiments [5] by the procedures implemented in the Gaussian rou-
and estimated from previous theoretical calculations tines.
[8]. The transition structure connectirtgand 3 (2/3) In summary, the G2(MP2,SVP) calculations pre-
is situated only 10 kJ mof* above3 and consequently ~ sented above demonstrate that the dehydration of
closely resembles this latter structure (Fig. 1). The ionized propanol may occur by two energetically
formation of ionized cyclopropane plus a water mol- accessible pathways. For both reactions, the energy
ecule, the final stat§, is a simple separation of the determining step is the preliminary 1,4-hydrogen
components of comple8. This process is not ex- migrationl — 2. All the distonic ion2 thus produced
pected to be associated with a reverse energy barrierhave enough energy to undergo water elimination to
and thus the energy requirement for dissociatio? of ~ form either ionized cyclopropane or ionized propene.
into 5 is only the endothermicity of the reaction. The In the first case, the energy barrier starting fréns
continuous increase of the potential energy during the simply the corresponding endothermicity (i.e. 69 kJ
step3 — 5 is confirmed by the calculation in which mol™%). In the second case, the energetic barrier
the water-cyclopropane distance is progressively in- corresponding to the isomerisati@— 4 (i.e. 54 kJ
creased. However, we were not able to cleanly char- mol™") is higher than the exothermicity. Conse
acterize a transition structure for this dissociation quently, from a strictly energetic point of view, the
step. formation of ionized propene is expected to be more
Reaction Il (Scheme 2) involves a 1,2-hydrogen favourable than ionized cyclopropane. Obviously, the
shift concomitant with the water loss from struct@re kinetic aspects of the two possible dehydration chan-
This reaction path has been explored by progressively nels need to be examined further in order to under-
moving one H atom from C(2) to C(1) (Fig. 1). As a stand the experimental observations. This is the sub-
consequence, the C(1)-O bond simultaneously in- ject of the next section.
creases. During this process, the potential energy rises
rapidly until arriving at a maximum corresponding to
the transition structur@/4. In this latter, the C-H 5 statistical rate constant calculations
bond to be broken [C(2)-H] is shorter than that to be

formed [C(1)-H] and the water molecule, rather than  The kinetic aspects of the water loss frarmay be
escaping from the nascent propene molecular ion, jnyestigated further by RRKM calculations of unimo-
begins to move toward C(2). After passing the point |ecylar rate coefficients on the ab initio potential
2/4, the potential energy falls quickly because two energy surface of Fig. 2. Because both reactions | and
bonds are being created in structueC(1)-H and Il are initiated by the common step — 2, it is of
C(2)-O. Structuret is the point of lowest energy in jnterest first to examine the two dissociation channels
the part of the potential energy surface explored for of the distonic ion<.

the present study. This structure is a distonic ion, as  The rate coefficientsk, . andk, ¢ for the two
attested to by the strong localization of the radical step processe? = 3 — 5 and2 = 4 — 6 may be

centre on C(3). The C(2)-O and C(2)-C(3) bond approximated by the steady-state expressions:
lengths (1.659 A and 1.460 A, respectively) are very

close to the values found for the homolog distonic ion Kz—s = (Kz—5* Kz .5)/(Kz.5 + Kz + K5 _.5)
[CH,CH,OH,] " at the same level of theory (1.613 A _

and 1.459 A) [28]. The last step of the reaction Il is ko6 = (Ko Kool (ko s - Kamp + Kae)
the C(2)-O bond elongation which, as for the disso- where thek;_,; terms represent the elementary rate
ciation of complex3, is a process continuously constants for thé — | reactions.

endothermic. No reverse activation barrier is evi- Complex3 is separated from the distonic i@by
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an energy barrier smaller than the critical energy k,_ are of the same order of magnitude. In fact, the

associated wittB — 5. This leads to the inequality
ks, => kg .. On the other handk,_,; must be
greater thak,_.; because (1) the critical energy of the
former process is smaller and (2) i@nis less stable
than 2 (by 25 kJ mol'%). Consequently the internal
energy content of an ioBis necessarily less than that
of its precursor ior2.

The rate coefficienk,_,5 thus reduces to:

2, Pys (E~Eq))/h+ No(E)

whereE,, is the energy difference betwe@nand>5.
This expression is that for a rate constant involving
reactant2 and transition structurd/5. Unfortunately

k2—>5

it has been shown that the flatness of the potential
energy surface near the dissociation limit prevents us

from locating a transition structurd8/5. In such a

situation it is preferable to use a theory that is able to K,
model barrierless dissociations and needs only char-
acteristics of the products in the estimation of the sum Ky
and density of vibrational-rotational states. Thus, in

order to evaluaté,_,5, we have used the statistical

use of the orbiting transition state theory allows the
reaction rate coefficierk,_.5 to be greater thak,_4
in an internal energy range ef1.5 eV. It is clear that
starting from2 or from 1 the formation of a mixture
of ionized propene and cyclopropane is expected.
This is particularly true for dissociating iords which
necessarily have internal energy larger than the barrier
for 1,4-H migrationl — 2 (vertical bar att = 0.98
eV in Fig. 3).

The overall rate constant for the net dehydration
reaction ofl to give 5 and 6, may be approximated

by:
(k1%2) ( k2~>5 + k2~>6)/

(kl~>2 + I(2~>1 + k2~>5 + k2~>6)

Simple calculation shows that the terkg_g +

_.g IS greater thatk,_,, or k,_,, by no less than five
orders of magnitude. One may consequently write
dehyar = Ki_.p; the corresponding curve is also pre
sented in Fig. 3. It can be seen tikgt, 4 Starts from

a value close to 10s ! and rises very slowly with

I(dehydr:

phase space theory developed by Chesnavich et aljyternal energy, attaining only bs  for E = 5.0

[21].

The highest stability oft with respect ta2 (30 kJ
mol™%) results in the inequalityk, ., > Kk, ...
Further, for the same reason, any i@rof internal
energyE leads to an iort of internal energye’ =
E + 30 kJ/mol. Thus the two rate coefficierks_,,
andk,_.s that possess similar critical energies are in
the orderk,_,, << k,_ This is particularly true at

low internal energy. Consequently, to a good approx-

imation, we can consider that:

> Poysf(E-Egy)/h - Ny(E)

with Eg,, being the critical energy for the reacti@n—
4.
The resulting rate coefficient&,_; and k,_

k2~>6 - k2~>4

calculated under these conditions, and using the

G2(MP2,SVP) critical energy valuek, = 69 kJ
mol~* (0.71 eV) andE,, = 54 kJ mol'* (0.56 eV),
are presented in Fig. 3.

eV. A comparison of theep, 4 VErsusk curve with

the experimental data reported by Baer et al. [5,29] is
instructive. The authors determined the dissociation
rate of energy selected propanol ions by photoelectron
photoion coincidence measurement. They observed
that this rate ranges between £2x0* and 2.16 s™*

near the dissociation threshold, clearly in agreement

with our calculated minimum rate constant value of

10° s~ This agreement indirectly confirms the-va
lidity of the coupled RRKM/MO approach used in the
present study.

6. Conclusion

Several pieces of evidence are presented support-
ing the view that the dehydration of ionized propanol
not only produces ionized cyclopropane but also
ionized propene. Charge stripping and neutralisation—

As demonstrated by these plots, the calculation reionization mass spectra and, principally, ion—mol-

indicates that, very rapidly above 0.8 ek, ¢ and

ecule reactions with ammonia and NO, are best
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e - ko_¢ (propene, E; =0.56 eV)
---- k,_,s (cyclopropane, E, =0.71 eV)
— Kgenyqr (Overall dehydration rate, E, = 0.98 eV)
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I I I [ I
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Internal Energy of ion 2, E (eV)

Fig. 3. Statistical rate constants for dehydration reactions from distonic iopGBFCH,OH,] ", 2, and overall water loss from ionized
propanol,1.

understood if a mixture of the two [Elg] " ion [3] V. Wysocki, H.I. Kenttanaa, J. Am. Chem. Soc. 112 (1990)

structures is produced. Molecular orbital calculations n Zlb(\)/' demiotis. P.O. Danis. R. F 3 Tso. FW. MeLaf
. . esaemiotis, P.0O. Danis, R. Feng, J. 1so0, F.VV. McLarl-

at a reasonably hlgh_level qf theory, G2(MP_2,SVP), ferty, J. Am. Chem. Soc. 107 (1985) 8050

show that the formation of ionized propene is ener- (5] J.D. Shao, T. Baer, J.C. Morrow, M.L. Fraser-Monteiro,

getically favoured. Detailed statistical rate constant J. Chem. Phys. 87 (1987) 5242.

calculations demonstrate that the two dehydration routes [6] G- Bouchoux, N. Choret, unpublished. _
7] T. Takeuchi, S. Ueno, M. Yamamoto, T. Matsushita, K.

are esgentlally competitive in all lntelrnal gngrgy regimes, Nishimoto, Int. J. Mass Spectrom. lon Processes 64 (1985) 33.
even if the loose nature of the dissociating structure [g] J.A. Booze, T. Baer, J. Phys. Chem. 96 (1992) 5710.
leading to ionized cyclopropane is fully taken into  [9] J.A. Booze, T. Baer, J. Phys. Chem. 96 (1992) 5715.

account by an orbiting transition state model. [10] A. Skancke, J. Phys. Chem. 99 (1995) 13 886.
[11] R.H. Bateman, J. Brown, M. Lefevre, R. Flammang, Y. Van

Haverbeke, Int. J. Mass Spectrom. lon Processes 115 (1992)
205.
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