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Abstract

The reaction between acetylene ion and ethylene is revisited to investigate possible dynamical effects in one of the reactions, which
considered as benchmark systems for statistical models. Reactant ions are produced by photoionisation with synchrotron radiation and are sel
in internal energy by a coincidence method between threshold photoelectrons and photoions. Measured absolute reaction cross-sections de
with collision energy (0.1-1 eV CM), but increase with acetylene ion vibrational energy for the three exothermic channels i/ inG{i;* and
C,H," ionic products. Even though RRKM calculations are shown to fit rather well experimental results for both the bimoleéigat (GH,)
and unimolecular (gHg*) systems, some experimental results clearly indicate dynamical effects in this reaction farffi@p@duction channel,
in particular the strongly backward peakegHz* angular distribution. We propose an alternative model combining reaction control both by
dynamics and by statistics: the first step in the reactant approach is the capture between reactants, followed by a charge transfer process cont
by dynamics. In a second step, either the two reactants separate leadistdtoi@ic products, or there is a rearrangement into 1,3-butadiene
(C4Hg*) ion which dissociates statistically into;85* + H and GHs* + CH; products. Charge transfer is shown to be possible at intermediate
intermolecular distances, slightly shorter than the capture distance, provided that one takes into account the charge—quadrupole interactic
addition to the ion-induced dipole interaction. This work clearly shows that a good fit of experimental data by RRKM calculations does not pro
that the reaction elementary mechanism is controlled by statistics.
© 2006 Published by Elsevier B.V.
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1. Introduction aim of this work is to present a set of experimental data for the
CoHo* + CoH4 reaction[7], as complete as possible, to give the
The simple picture of reaction elementary mechanisms beinghaximum number of constraints to the application of statistical
controlled by dynamics for small systems (three to four atomsjheories. It involves in particular the effect of internal energy
and by statistics for systems involving more thanfouratfin®  excitation of GH,™ reactant ions on the reactivity.
has been recently more and more questioned by several authorsFrom an experimental point of view, reaction mechanisms
[3-5] (and references therein). In this paper, thélg + CoHs  have been divided into two categories: direct or impulsive colli-
reaction is revisited to investigate possible dynamical effectsions and complex-mediated reactions. The rotation period of the
in a reaction which is considered as a benchmark system farollision intermediate serves as an internal “kinematic clock”,
statistical model§5]. Two questions will be addressed: (i) when which can be used to distinguish between the two types of mech-
is it justified to use statistical theories to describe a reactiomnismgd8]. They manifest themselves by the production angular
mechanism? (i) Is a good fit of experimental data by statisticatlistributions which are asymmetric or symmetric with respect to
models a proof that the reaction is controlled by statistics? Théhe centre of mass for “direct” or “intermediate complex” mecha-
nisms, respectively. The lifetime of these complexes ranges from
101310 106 s and if it is much longer than a rotational period
* Corresponding author. Tel.: +33 1 69 15 56 18; fax: +33169153053. (T = 10120 10 13s), they are referred to as “long-lived com-
E-mail address: odile.dutuit@Icp.u-psud.fr (O. Dutuit). plexes”[8]. In polyatomic systems, when the collision energy
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does not exceed about 1 eV, long-lived complex mechanisms ategh frequency vibrational modes of the reactant ion and the low
usually supposed to dominate the reaction dynamics. frequency intermolecular vibrational modes of the polarisation
As the number of degrees of freedom is very often too big tacomplex. The resulting intramolecular vibrational redistribution
perform a complete quantum theory treatment, statistical mod€lVR) is then slow and the randomisation can be only pagtid].
approaches originally developed for unimolecular fragmentaState-selected experiments are particularly suited to show the
tion (see for example the review paper of Lifsh[®]), are limitation of statistical theoriefl5-17] Hence non-statistical
applied to the intermediate complex. Thus, statistical theorieeffects have been observed for several reactions, such as the
such as the theory developed by Rice, Ramsperger, Kassel aldCO" and GH,* reactions with methar{®], where the reac-
Marcus (RRKM) or the phase space theory (PST), are applied tivity strongly depends on the excited vibrational mode of the
calculate the reaction cross-section and the product ion brancheactant ion.
ing ratio resulting from the dissociation of the compl. The reaction of acetylene iongB,* with neutral ethylene
These theories implicitly suppose a statistical randomisation aiolecules GH4 has been investigated in the gas phase with
the total energy into all vibrational modes of the intermediatedifferent experimental techniques (see for exanjfhi19,6)
complex, prior to its dissociation. However, this randomisationover the last three decades. The dissociation of the intermediate
by intramolecular vibrational redistribution (IVR) can occur on species of this reaction,4Elg*, has also been studied by ioni-
a time scale similar or much longer than the dissociation timesation of different GHg isomers by photons or electron impact
[10]. Moreover, if the initial state is electronically excited, it [20—27] The combined study of the bimolecular ion—-molecule
often also implicitly involves a rapid internal conversion towardsreaction and the unimolecular ion dissociation allows to check
the ground state prior to vibrational energy redistribution in theif the system explores or not the deepest butadiene ion potential
ground state, which is not necessarily the dd44. Therefore  energy well.
the binary assessment of “direct” reactions controlled by dynam- Only the following exothermic channels of theld,* + CoHg
ics and “complex-mediated” reactions controlled by statistics omeaction are considered in this work, which are the only reaction
the ground potential energy surface is obviously too simple. channels observed in the energy range investigated in the present
Our group has studied the reaction of acetylene ions wittstudy (about 1 eV for both the internal and the collision energy):
small hydrocarbon molecules (methane, ethylene and ethane) =~ n
to explore the applicability of the above-mentioned concepts t 2H2" +CoHa — C4Hs™ +H,  AH = -1.76eV (1)
r_nedium-size (about 10 _atoms) polyatomic systems. Their reAG,H,+ + CoHy — CaHa™ + CHs, AH =—169eV (2
tion channels are very diverse, such as charge transfer, hydrogen
atom (H, H and H") transfers and reactions involving the CoHzt + CoHg — CoHa™ + CoHpy, AH = —0.89eV  (3)

exchange of the heavier C-atoms. In such ion—molecule reac- . . .
tions, in particular the §H,* + CoH, reaction, one expects in a where AH is the exothermicity for each reaction channel, cal-

first step the formation at long intermolecular distance of a nonculated with the heat of formations derived from Lias et al.

covalent polarisation complex §8,—C,Hz)* in the collision [28]. Channels (1) and (2) invplve heavy atqm transfer and most

approach between the reactants. The system can then rearram gbably result from a long-lived intermediate complex mech-

towards the deep well, corresponding to the most stable covale ism. Channel (3) cqrresponds to a_charge transf_er between

molecular ionic structure of the intermediate compleg’, t e reactants. There is another possible exothermic channel,

which is the butadiene ion. In this case, as well as for thids" 1.8,

system, Chesnavich et f12] have developed a statistical model c,H,* + C,H; — C4Hst +Hy, AH=—177eV 4)

with two transition states at long and short intermolecular dis-

tances, called the “transition state switching statistical model’which is measured as a very minor channel in this work, even

This model is used and discussed in the present study, by fittingpough it is the most exothermic channel. A study of the buta-

the experimental product ion branching ratios with the paramediene ion dissociatiof21,23]also shows that this fragment ion

ters of the transition state between the polarisation complex an@ minor with an appearance energy of about 2.5eV above the

the long-lived butadiene intermediate complex. butadiene ionisation potential, corresponding to a substantial
Let us note that starting with the,8," + C;H4 reaction  shift versus the thermochemical energy onset. This channel will

means entering into the4Eg* system on an excited potential not been considered further in the present study.

energy surface, the ground potential energy surface correspond-

ing to the GH4™ + CyH> dissociation limit. This implies either 2. Experimental

a dynamical reaction jump from one surface to the other or an

internal energy conversion process at shorter intermolecular dis- The experimental set-up, called CERISES (acronym for

tances. Nevertheless, quite accurate information on the relevai@ollisions Et Reactions d’'lons &lectionrés par Electrons de

potential minima and transition states of the ground state surfacgeuil’) has already been described in deft2d]. Reactant ions

have been obtain€d 3]. On the contrary, very sparse data areare produced by photoionisation with synchrotron radiation in

known for the first excited state of they@g* system (whichis the VUV range (11.4-12.5eV). They are selected in internal

adiabatically connected to thel8,* + C,H4 entrance channel). energy using the Threshold PhotoElectron Photolon COinci-
Dynamical effects are expected in particular when reactamience (TPEPICO) techniqy80]. Reactions are studied using

ions are vibrationally excited, due to a bad coupling between théhe guided ion beam techniq{&l,32] at controllable collision
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energies ranging from 0.05 to about 1 eV in the centre of mass ~ 1go bbb e,
frame. +———C;D," +CyDy" + C,Ds"

Briefly, the apparatus is divided into three differentially ’
pumped sections, corresponding to source, reaction, and detec-
tion regions. Reactant ions are produced by photoionisation
with synchrotron radiation from a bending magnet beam line of
the Orsay Super-ACO storage ring. Monochromatized light is A '.‘
focused in the centre of the extraction region, which is filled with R
acetylene at a pressure of about-4Torr. A modest dc-field
(1.25V/cm) extracts electrons and ions in opposite directions.
Threshold electrons are selected by a combination of angular .o
and time-of-flight discrimination. In the present work their res- . ‘"‘A\‘A:\.Nm’“
olution is about SQ meV. Internal_ energy selected reac’Fant ions \ o *A*}gﬁﬂx‘gﬁx} e
can be produced in two ways: (i) The photon energy is set to 04, w -
the ionization energy of the acetylene molecule, to obtain only 'gA.—cp;
acetylene ions in the vibrational ground state, (ii) state-selected 'i-::,.
vibrationally excited acetylene ions are produced by threshold o “ulitagansanananansisnanusunan
photoelectron—photoion coincidences (TPEPICO). In the lat- R AR
ter case, false coincidences are minimized by using temporally Collision Energy (eV)
gated eIeCtrOd,eS and a sweeping pulse metho{_j’ and SUbtr_aCE& 1. Absolute cross-sections as a function of collision energy for the produc-
from the coincidence measurements by recording false coinCizn of c,0,* (triangles), GDa* (circles), GDs* (squares) and the sum of the
dence spectra in the same experimental condifid8k three (diamonds) in thedD," (X, v = 0) + C,D4 reaction.

Reactant ions formed in the source are injected into a first
radiofrequency octopole ion guide which contains at its end aneasured continuously and reaction cross-sections are obtained
4.4 cm long scattering cell, filled with the ethylene target gasby using the general formula, which is approximated when the
Pressures were maintained at about“Dorr to ensure single attenuation of the parent ion beam is lower than 10%:
collision conditions. A Baratron gauge is used to measure abso-

L . . = 1/nlcen x 1/ 1o

lute pressures. Kinetic energies were varied between 0 and 3 eV
in the laboratory frame (corresponding to the centre of maswhereicg is the effective reaction cell length,the target gas
energyEcm = 0-1.56 eV) with a typical energy spread of aboutdensity and and/p are the number of parent and product ion
120meV (AEcym =62 meV). Product ions are extracted from counts normalized to the photon flux, respectively. The effec-
the scattering cell into a second octopole, mass analyzed Hive reaction cell length is calibrated with the cross-section of
a quadrupole mass filter and accelerated onto a multi-channtéie Ar* + D, reaction giving ArD + D [35]. Deuterated acety-
plate detector. Absolute reaction cross-sections with about 20%¢ne and ethylene have been used to facilitate mass separation.
accuracy are obtained by this method. After careful calibratiorNo significant isotopic effect is expected for the kind of results
of the potentials applied along the ion trajectory, product ionobtained in the present study. This is corroborated by the study
time-of-flight spectra can be transformed to obtain projection®f the GH," + C;D4 and GD,* + CoH4 reactions by Jarrold et
of the velocity distributions on the time-of-flight axj82,7]. al. [6], which gave the same results within experimental errors.
Some of these time-of-flight spectra were obtained with a simOnly absolute values of reaction cross-sections could slightly
ilar guided ion beam apparatus in Chemnitz, where acetylengepend on the isotope, but this uncertainty is expected to be
ions were produced in their ground state by electron impact ankkss than the experimental errbrg. 1shows the measured total
collision relaxation in a high pressure storage so(irce4]. absolute reaction cross-section as a function of collision energy,

Acetylene from Air-Liquide is purified by passage through as well as partial absolute cross-sections for each reaction chan-
a dry ice trap. Deuterated compounds are used without furtharel corresponding to the formation 0§3,4*, CsD3* and GDs*

80 ~ \ -

40 -

Cross Section (A%
>
.

purification (purity >95.5% per D-atom). product ions, respectively. The charge transfer channel giving
C,;D4* dominates at all collision energies and accounts for more

3. Results than 90% of the product ion yield at collision energies above
0.5eV.

3.1. Absolute cross-sections for the CoH»* + CoHy reaction Absolute reaction cross-sections have also been measured as

a function of internal energy at several fixed collision energies.

Two kinds of absolute reaction cross-section measuremen®PEPICO coincidence ion spectra have been recorded at the
are made: reaction cross-sections of ground stgite Creactant ~ four photon energies corresponding, respectively, to theD—3
ions as a function of collision energy and reaction cross-sectiongbrational states of the acetylene ion Co{&ymmetric stretch-
as a function of @H,* internal energy at several fixed collision ing mode. The threshold photoelectron spectrum of acetylene
energies. In the first case, ground stap¢i€ reactant ions are recorded in the photon energy region of the electronic ground
produced by photoionisation at 11.4 eV, which is the (0-0) ionstate shows four main peaks, which correspond to this vibra-
ization potential of acetylene. Parent and product ions are thetional progressiof86]. Absolute reaction cross-sections derived
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eral trend of the cross-section, increasing with internal energy
and decreasing with collision energy, is clearly established.

3.2. Product branching ratios for the unimolecular and
bimolecular systems

The breakdown diagram for the dissociative photoionisa-
tion of C4Hg 1,3-butadiene has been measured by Bombach et
al. [23], using photoelectron—photoion coincidences. We have
complemented this diagram with a higher internal energy of
state-selected parent ion (sB@. 3). This measurement has
been done by photoionisation with synchrotron radiation of
1,3-butadiene at a photon energy of 13.5eV and threshold
photoelectron—photoion coincidences (TPEPICO). For this, we
used another experimental set-up called SAPHIRS, which is a
double electron and ion time-of-flight spectrometer, which has
already been described in detail elsewh@]. The 13.5eV
photon energy corresponds to the asymptotic energy of the

CoHo* + CoHg4 reaction entrance channel. Our results are in good
agreement with what could have been extrapolated at this energy
from the diagram measured by Bombach ef28]. Solid lines
are the result of a RRKM fit which will be presented below.
Product branching ratios for the unimolecular and bimolec-
ular systems are compared Table 1at about the same total
energy of the system, which is the asymptotic energy of the
CoHo* + CoHy4 reaction entrance channel. For the bimolecular
from these coincidence measurements are shovigin2 for  system, it corresponds to reactant ions in their ground state and a
Ecm=0.055¢eV. The total reaction cross-section value for thecollision energy of 0.055 eV. The branching ratio taken from the
acetylene ions in the = 0 ground state at this energy should literature[6] has been measured for the reaction of ground state
be the same with both measurement methods (continuous modeetylene ions at 300 K, which corresponds to a mean value of
and coincidence mode). Coincidence mode measurements syke collision energy of about 0.06 eV. For the unimolecular sys-
tematically give lower values (séégs. 1 and 2 The statistical tem, this energy corresponds to a butadiene ion internal energy of

T I Trrrjpruorrr | rrrryrrrrr I rrrr|rrrrr ] LIRS B B
0.0 0.2 0.4 0.6
Internal energy (eV)

Fig. 2. Absolute cross-sections as a function ebg" internal energy for the
production of GD4* (triangles), GD3™ (circles), GDs* (squares) and the sum
of the three (diamonds) in thesD,™ (X, v) + C2D4 reaction at a mean collision
energy of 0.055eV.

error is higher for coincidence measurements, due to a much

lower signal, but this does not entirely explain the discrepancy. R S R S LS S L B S S
C4H6+

A plausible explanation could be that only product ions arriving
in a 1 ms time gate are recorded in the coincidence mode, very
slow product ions might not be detected in this mode, leading
to lower signals for products. However, relative values for the
total and partial reaction cross-sections of ground state acetylene
ions as a function of collision energy are in excellent agreement
(not shown here). Both total and partial reaction cross-sections
for each of the three channels increase with increasing vibra-
tional energy of acetylene ions. To our knowledge, an increase
of the reaction cross-section with internal energy of the reac-
tants has never been observed for exothermic channels with
polyatomic systems. This is only the case for small systems
with three or four atoms, which are totally governed by dynam-
ics[37—39] Therefore the present result is very surprising. The
cross-section value fordDs* productions for the €D, ™ v = 3
state is probably too low, due to experimental uncertainties.
It gives an estimate of the error bars on the absolute values T
of reaction cross-sections measured by this method, which are
very difficult to estimate otherwise. For each vibrational state of
C2D2+, coincidence spectra have been recorded at several Co”I:_ig. 3 Branching ratio in the dissociative [_)hotoionis_ation of 1,3-butadiene as a
. . . . . function of photon energy between parention$ig’ (diamonds) and fragment
sion energies. All absolute reactlon cross-sections obtalneq frof) GHq* (triangles), GHs* (circles), and GHs* (squares): experimental
those measurements (not showrrig. 2) show a decrease With  yajues from{23] (open symbols) and from this work (full symbols) and RRKM
collision energy, as for the ground state reactantions. So the gegalculations (full lines) (see text for details).

0.6 —

Branching ratio

0.4 —

0.2 —

12.0 125 13.0

Photon energy (eV)
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Table 1 100 C;D* "
Product ion branching ratios for bimolecular and unimolecular reactions = fﬂjf CeXs
Branching ratio (%) %_{ %0 .
CoXa* CaXs* CaXs* g e W
o ¥
Bimolecular reactiof(this work) 61 25 14 }—f 40+ CcHD* CafDs
Bimolecular reactioh (Refs.[6,7]) 64 20 16 § e C.HD.*
Unimolecular reaction(this work) 22 49 29 o 204 CH,D;" 2+ ® co,
2 For the GD,* + CD4 reaction atEcm=0.062eV. 1l S
b For the GHa* + CyH4 reaction at 300 Kcy, = 0.06 eV). 0
¢ For the 1,3-butadiene ion with 4.44eV internal energy, close to the -
CyHo* + CoH4 asymptotic energy. ¥ 10
© 80
2 o C4HD;*
4.44 eV (13.5-9.06 eV). Even though some measurements haveg e
been performed for deuterated species, which does not exclude a o
small isotope effect, the difference between the bimolecularand § CyH,D* Chy" s G
unimolecular product branching ratio is obvious: the bimolec- & i =2
ular reaction strongly favours the,B4* product ion, which is i
the minor product for the butadiene ion dissociation.
3.3. D/H scrambling in the CoH,t + CoHy reaction
§ 80+ CﬂHZD.‘:
Hydrogen atom scrambling in the,8," + C,D4 reaction is ° CH,D," CaH:D;*
checked by using normal acetylene and deuterated ethylene.§ %0 CHD, C.HD,"
Isotopomer branching ratios for each product ion are plotted 2 4, CHD
as histograms irFig. 4 for two different collision energies g
and ground state acetylene ion reaction. The third histogram g 24
displayed for each product ion results from a simple combinato-
rial calculation, assuming a complete statistical distribution of 0 E,=0.055 eV E,.=0.386 eV Sk

hydrogen atoms. WhereagXz* and GXs* isotopomer prod-
uct ions are very close to completely statistically scrambledFig. 4. Experimental branching ratio for the production @XG* (top), GsX3*
there is almost no scrambling in theX4* product ion for-  (middle), and GXs* (bottom) products where X =H or D in the8z* (X, v =
mation. These results are in very good agreement with isotopi@) + C2P4 reaction at two mean collision energies of 0.055 and 0.389 eV and
scrambling results measured by Jarrold ef@jlat 300 K. The calculated values using simple statistical assumptions (see text for details).
dominant GX4* product ion is GD4*, corresponding to a sim-

ple charge transfer betweenpldy™ acetylene ions and D4 one isotopomer ion is plotted for each product ion: results for
ethylene molecules. The amount of scramblegH§D," and  C;D4* product ions, which are the major ions for this reaction
CoHD3" products is much smaller and their relative intensitychannel, GHD," in the case of the §£X3* formation and the
versus the non-scrambled4* ions decreases with collision sum of GH,D3* and GHoD4* in the case of the £X5* prod-
energy. This collision energy dependence clearly indicates thatct channel, in order to get better statistics. The centre of mass
C,D4* products on one side,s8,D," and GHD3s" products  velocity projection is indicated as a dashed line and dot-dashed
on the other side, come from two different reaction mechanismdines give nominal positions for backward and forward scattering
In the case of gHs* product ions, the measured branching ratioalong the detection axis, assuming the translational exoergicity
between the two isotopomers slightly differs from the combi-to be equal to zero. All results fors®3* and GXs* product
natorial calculated ratio, but a rigorous approach would requiréons give velocity projection distributions, which are symmet-
to take into account the zero point energies before drawing angic versus the centre of mass velocity at all collision energies.

further conclusion from this simple measurement. This is the signature of an elementary mechanism involving a
long-lived intermediate complex. On the contrary, the velocity
3.4. Product ion time-of-flight spectra projection distribution for @D4* product ions is asymmetric

with a minor symmetric contribution, indicating an angular dis-
Direct insight in the elementary reaction mechanism istribution, which is strongly backwards peaked. Such an angular
obtained from the angular distribution of product ions. This isdistribution is expected for charge transfer occurring at long dis-
the reason why we measured the time-of-flight spectra for eactance. The results for the three differendG* isotopomer ions
product ion at several collision energies for theHz" + C;D4 are plotted irFig. 6. The main GD4* product ion exhibits asym-
reaction. Measured ion time-of-flight spectra are converted intonetric distributions, the two minor scrambled products giving
velocity projection distributions along the detection axis andsymmetric distributions versus the centre of mass velocity. This
the results are shown iRigs. 5 and 61n Fig. 5, results for  clearly indicates that two different elementary reaction mech-
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Fig. 5. Product velocityz(’lp) or energy €4) distributions in the centre of mass frame foii* (left), C3HD,* (middle), and GXs* (right) products where X =H

or D in the GH,™ (X, v = 0) 4+ C,D4 reaction at different mean collision energies & indicated in the figure. On each panel, the vertical dashed line represents
the origin of velocities in the centre of mass frame and the two vertical dot-dashed lines represent the product velocity limits when the reaotiuttéaigic
energies are equal.

anisms are involved for the €l4* product channel: the major experimental data, in particular absolute reaction cross-sections
mechanism corresponds to a long distance charge transfer pras a function of internal and collision energy, there are more
ducing GD4* with no hydrogen atom scrambling and a minor constraints for the modelling. With this new information, we
mechanism involves a long lived intermediate complex produchave revisited the calculations of Jarrold et[é]. by using the

ing the scrambled products. same transition state switching model with the schematic chem-
ical reaction path shown iRig. 7. Along the reaction path, there
3.5. Unimolecular and bimolecular statistical calculations are two transition states (TS): a tight transition state (TTS) close

to the deep butadiene ion well and a loose orbiting transition

Even though among the three exothermic channels of thetate (OTS) located at the centrifugal barrier close to the sepa-
CoHo* + CoHg reaction, the @H4™ + CoHo product channelis a  rate products. At each collision energy and angular momentum,
priori due to a charge transfer process which should be controlletthe rate limiting step is the transition state of minimum flux.
by dynamics, we decided to perform statistical calculations. Thén this model, GH3* and GHs* product ions come from the
main reason is that this system has been up to now considereéissociation of GHg* 1,3-butadiene ion, which corresponds to
as a test case for reactions controlled by statistics and modelléde deep well, whereas;84* ions come mainly from the dis-
by the “transition state switching mod€B]. Jarrold et al[6] sociation of a less bound §8,—C,H4)* polarisation complex
have fitted the product branching ratios for both the unimoleculaion. In the bimolecular reaction, the first step is the formation
and bimolecular systems. As there are now much more preciss the polarisation complex, which can either dissociate into
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Fig. 6. Product velocityl(’lp) or energy £%) distributions in the centre of mass frame foftGD2" (left), C;HD3*™ (middle), and GD4* (right) products in the
CoHot (X, v = 0) + C,D4 reaction at various mean collision energigsas indicated in the figure. Same indications asHigr 5otherwise.

4 JCaHs +CH,

CoHy" + CoH,

Potential Energy (eV)

[CoHp - CoH*

[1,3-butadiene]*
Intermolecular distance

CgHs" + CHy
CyHs" +H

Fig. 7. Schematic cut of the potential energy surface for thgHgE" system
connecting the main four product asymptotes along a reaction coordinate. A .
tight transition state (TTS) connects the deep 1,3-butadiene ion well and th&here E is the total energy above the reactaf, the tran-

polarisation complex (§Ha- - -CoHg)*.

CoHy4* + CoH» or be followed by isomerization into butadiene
ion prior to dissociation leading tosEi3* and GHs* ions. These
authors proposed this two-well model for two reasons. First, this
is the only possibility for fitting the measured product branch-
ing ratios, which give @H,* ions as the main products for the
bimolecular reaction and as the minor ones for the unimolecu-
lar case. Secondly the only very partial H/D scrambling of the
CoX4* products could be explained by assuming that there is
complete scrambling in the deep well and no scrambling in the
shallow well.

With this model, dissociation rates are calculated using the
famous RRKM formuld1]:

K(E, J) = oN*(E — E5 — Eo)/ hp(E — Ej)

sition state (TS) energyk; the rotational energy, which is
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not available for the dissociatiol”(E — Eﬁ — Ep) the num-  Both channels are treated as orbiting transition states (OTS)
ber of internal states in the transition state between zero angith the phase space theory (PST), the centrifugal barrier being
E — E’f — Eo, p(E — Ej) the density of internal states in the dominant. The adjustable parameters are the energy and the fre-
reactant) the Planck constant, andis the symmetry factor. quencies ofthe TTS between the two wells. Asthe TTS structure
This factor (ratio of reactant to TS symmetry numbers) compenis not known, its frequencies are obtained by multiplying the
sates for the neglect of rotational symmetry in the calculation ofrequencies of the butadiene ion by a common factor. The main
densities and sums of states. constraints for the parameters values are to fit both unimolecular
Dissociation rates are calculated using the QCPE 557 praand bimolecular ion product branching ratios, i.e., four kinds of
gram package written by Chesnavich et[dlL]. This program experimental data: the butadiene ion breakdown diagram, the ion
uses the extended Beyer-Swinehard algorifit] to perform  product branching ratios as a function of collision and internal
an exact quantum mechanical counting of the states. Vibraenergy, and the £44* product ratio coming from the deep well
tional degrees of freedom are treated as harmonic oscillatond from the shallow well. All those experimental data could
and rotations as rigid rotors. In the unimolecular calculationshe reasonably fitted with a common set of parameters. All input
C4Hs molecules are assumed to be in the vibrational groungbarameters and values of adjusted parameters, in particular the
state before ionization and a thermal distribution of the ions igrequency multiplication factor, are given Appendix A
assumed for the rotation. In the bimolecular calculations, no The calculated ion branching ratio for the butadiene ion frag-
rotational energy is given to the;B8, molecules before ioniza- mentation is shown iffig. 3 (solid lines). If the GHg*, C4H5*
tion and to the GH,4 target molecules before reaction. This is and GHs* are well fitted, it is not so good for £&Ei4*. Our
justified in this case, as we are in the limit where the total angulaexperimental measurement for this fragment ion abundance is
momentum is essentially equal to the orbital angular momenwell reproduced, but the steep rise from threshold measured by
tum. The thermal kinetic distribution is not included, because iBombach et al[23] is very different from the smooth increase
is negligible compared to the mean collision energy. For bottobtained in the calculations. It was not possible to perfectly fit
the unimolecular and bimolecular cases, integration over anguldhe whole curve for this ion.
momentum is done using the Gauss—Legendre approximation. With the method of Chesnavich et §l1], absolute reac-
For aloose transition state, called orbiting transition state (OTS}jon cross-sections are calculated by multiplying the product
the approximations of Klotgl3] (low angular momentum limit)  branching ratios by the Langevin capture cross-section. There-
and of Grice et a[44] (high angular momentum limit) are used, fore the total reaction cross-section as a function of collision
for the unimolecular case and bimolecular case, respectively. energy is simply the calculated Langevin cross-section and can-
We have profited from the relatively abundant informationnot be compared to the experimental absolute cross-section val-
from the literature, to fix as many of the input parameters asies. As the Langevin capture model does not take into account
possible. From kinetic energy release distributions, it is knowrthe internal energy of the reactants, the calculated total reac-
that GHs* has a reverse activation barrier of 0.25 eV, whereagion cross-section is a constant as a function of internal energy.
CsH3* has nong6]. The GHs™ TS can be assumed to be a Therefore calculations are compared to experimental ion product
tight vibrator TS (GHs*—TTS) located at the top of the barrier. branching ratios and not to absolute cross-sectiéigs. 8 and 9
Most of the literature concerning the unimolecular reaction isshow the calculated branching ratios between the three ion prod-
focused on the dissociation path leading togdbks. Bowers ucts, as a function of collision energy angtG* internal energy,
and co-worker$6,45] used the transition state switching model respectively. Calculations are shown as solid lines and experi-
to describe the change from a loose transition state (corresponmhental data as symbols. All those results are reasonably well
ing to the dissociation step) to a tight transition state (assignefitted. It is not as good for the £&£i4* ratio coming from the
by the authors to the isomerization from the 1,3-butadiene iotwo wells, which is shown irFig. 10for collision energies up
to the 3-methylcylopropene ion), as the internal energy of théo 5 eV. The experimental data are derived from the D/H scram-
C4Hg* ion increases. This model implies that at higher inter-bling experiments with the assumption that there is complete
nal energies, an isomerization reaction from the 1,3-butadiengtatistical scrambling in the deep well and no scrambling in the
ion leading to the 3-methylcylopropene ion should be rate limshallow well. In this model, the small deviation between theory
iting. While first efforts failed to confirm predictions based on and experiment at low collision energies could be due to the
this model[46], Russell et al[47] found evidence for it and existence of some scrambling in the shallow well.
the more recent study of Keister et 7] concludes after Starting from GH4™ + CoHo, several isomerization steps are
comparison of the data to ab initio calculations that the tighinecessary to end up with thems-1,3-butadiene ion structure,
transition state corresponds to a 1,4-hydrogen transferdiem as shown by the intermediates and transition states ab initio cal-
1,3-butadiene tois-1,3-diradical-butene. In addition, they also culations of Hrouda et aJ13]. So the present model with only
found a dissociation TS connecting the 3-methylcyclopropenéwo wells and one transition state is too simple. The activation
ion with the associated complex ais*—*CHs. This loose energy resulting from the fit should therefore be considered as
TS is only of importance up to about 0.6 eV from the disso-the TS corresponding to the rate limiting step. Among the calcu-
ciation threshold. At much higher energies in the bimoleculatated transition states, several structures could correspond to the
reaction, the tight isomerization TS will therefore be entirely2.5 eV fitted activation energy, namely the TS 9 and TS 15 both
rate determining. The shallow polarisation well is connectecdtonnected to the trans-butadiene ion struci@d. Both tran-
to two product channels: £lo* + CoHy and GH4™ + CoHo. sition states involve a C—C bond forming between ethylene and
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Fig. 8. Branching ratio as a function of collision energy for the production
of C,D4* (triangles and dotted line),4Ds* (circles and dashed line) 405" Fig. 10. Calcu_lated fr_action inthe RRKM model (see text fordetails)g)(‘(?ﬁ _
(squares and full line) in the D>+ (X, v = 0) + CoD4 reaction: experimental products (fullline) WhICh have never.expenencedthe deep well 1,3-butadieneion
values fron{6] (open symbols) and from this work (full symbols: big symbolsfor compared to the experimental fraction offf;” products to all X4* products
coincidence experiments and small symbols otherwise) and RRKM calculation€< = H or D) from this work (triangles) inthe £Hz™ (X, v = 0) + CD4 reaction
(lines) (see text for details). as a function of collision energy.

acetylene with an activation energy of about 2.6 eV, very closg, piscussion
to the fitted value. Let us note that the fit does not correspond

to a unique solution for the set of parameters, in particular the  Trying to simultaneously reproduce both uni- and bimolecu-

transition state frequencies. Therefore their values will not beefy, gata with a single set of parameters in statistical calculations
discussed further. is a severe test for the validity of the model. The main challenge
was to reproduce the fact that the major product ions in the
Photon Energy (eV) bimolecular case ares€l4* ions, whereas they are the minor
1.4 11.6 11.8 12.0 122 124 . . .
100 I | ! L o ones in _the unimolecular case. Even though blmolecular_ col-
lisions give access to a very different and much more variable
range of total angular momenta as compared to unimolecular dis-
(o T —— o sociations, the data could o.nl)_/ be fitted by a (_jouble well_model.
""""""" " However, the use of a statistical model is highly questionable
........... A because several experimental facts show that the intermediate
P complex leading to €H4* products has a very short lifetime,
60 06 which could not allow energy randomisation prior to dissocia-
tion. First the angular distribution ofEl4* ions are measured
to be strongly backwards peaked versus the reactant ions, as
40 0.4 observed for higher collision energies by Herman and Birkin-
shaw[18] in crossed beam studies. Secondly almost no scram-
bling is observed for the £X4* products in D-atom labelled
experiments. Moreover, statistical calculations cannot explain
the increase as a function of internal energy of the reaction
cross-sections for all three products. Finally the steep increase
for the GH4* ion in the butadiene ion breakdown curve cannot
00 oo o4 06 08 A be reproduced by the calculations. Bombach €24} already
Internal Energy (eV) pointed out this problem and concluded that this fragment ion
is not in competition with the other dissociation channels lead-
Fig. 9. Branphing ratio asafunct‘ion 0$0," inFernaIenergyforthe_ production ing to GsHs* and GHs* fragment ions. We completely agree
of C,D4* (triangles and dotted line),4D3* (circles and dashed line),4Os* ; . . . ..
(squares and full line) in the D,* (X, v = 0) + C,D4 reaction: experimental with this and we thlnk that a much mo_re “ke',ly hy'po'the5|s IS
values from(6] (open symbols) and from this work (full symbols) and RRkM  that GH,* fragment ions come from a direct dissociation of an
calculations (lines) (see text for details). excited electronic state, which could be either théBg state

80 —

Branching Ratio (%)
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which gives a strong band in the photoelectron spectrum in the o2 '
12.5-14.0eV energy regid@l]. So it is clear that only fitting

product branching ratios for uni- and bimolecular reactionsisnot 0
sufficient to conclude about the validity of the statistical model.

As a consequence, we propose an alternative model combing **]
ing reaction control by both dynamics and statistics: GHg" 8 .
ion products coming from a charge transfer process controlleds
by dynamics and (ii) gHs* and GHs" ion products coming
from the dissociation of a long-lived intermediate complex well
described by statistical models. We will now describe this model 05|
in more detalil.

The observed backward—forward symmetry with respect to 0 -
the centre of mass observed for theHz* and GHs* product . . . 1 1 . .
ions, as well as the complete scrambling aXg" and GX5* Intermolecular Distance (A)
isotopomers in D—_Iqbelled experimen@s, leaves little doupt thal'gig 11. Potential energy curves of thefG. CaHa)* long range iner-
t.hese products prlglnaFe from a long-lived c_omplex. Their rela_ac ion: ion induced dipole interaction (éashed 2Iin4e) and with addition of
tive abundance is also in gOOd agreement with the one measurﬁé ion—quadrupole interaction, where acetylene is pointing toward the C-C
for the 1,3-butadiene ion dissociation. So those two productsthylenic bond (full line). The energy origin is theld,* + C,H4 asymptote.
can be supposed to come from a long-lived intermediate com-
plex which results from the isomerization into the most stable
C4He* structure, i.e., the 1,3-butadiene ion, and which can there- Hg .
fore be treated by a statistical model. However, there are severa, . _._ T|
arguments in favour of a reaction control by dynamics faHg" Cu, J
product ions. The first and main argument comes from the 4" H( 'l
strongly asymmetric angular distribution, which is the signature .
of a very short lifetime intermediate, shorter than the complex @ ()
rotational period €=10"12to 10-13s). Itis thus very unlikely  Fig. 12. Two GH,and GH. relative geometries with the acetylene either point-
that intramolecular vibrational redistribution (IVR) leading to ing toward the C—C ethylenic bond (a) or parallel to the ethylene plan (b).
statistical redistribution of the energy prior to dissociation could

take place in such a short time, in particular in a polarisacylated to be equal to 0.55 éTherefore the entrance reaction
tion complex where low frequency intermolecular modes arghannel unambiguously corresponds to the first excited poten-
badly coupled with high frequency molecular modes. Secondlyjal energy surface of the system. This energy difference is still
it is somewhat Contradictory to invoke the absence of H atonh']uch too h|gh to allow an e|ectronjump atvery|argeinterm0|ec-
scrambling in a loose polarisation complex and an implicit goodjar distances. As the first excited electronic state g is
coupling between loose and strong vibrational modes, which i§ 87 eV above the ground std#8], it cannot play a role here.
required to legitimate the use of statistical theories. Thirdly, a5o the charge transfer must occur at shorter distance close to
statistical model implicitly supposes that there is no dynamicathe potential energy surface crossing between the entrance and
effect in the passage from the excitegH3* + CoHa potential  exit channels. If only the charge induced dipole interaction is
energy surface to the ground potential energy surface leadingken into account and as the acetylene and ethylene polaris-
to the GH4™ + CzH2 products, which is far to be obvious. Last gapilities are very close, there is no crossing between the excited
but not least, statistical models cannot explain the increase fate GHy* + CoHa and the ground states8, + CoHa* poten-
the absolute reaction cross-sections with internal energy of thga| energy curves atintermolecular distances where the reactants
reactant ions, as the calculated cross-sections follow the captugan be considered as separate entities Kigel 1). The cross-
Langevin cross-section which varies only with collision energy.ing point is calculated at a distance of ABwhich is much
As this increase is measured for all three product ions, thergmaller than any possible internuclear distance in a polarisation
must be a common step for all reaction channels, which COU'@ompIex. However, with molecules such as acetylene and ethy-
be the charge transfer. lene, one should add to the interaction potential a component
Let us now investigate the possibility for an efficient chargeque to the charge—quadrupole interaction. The most favourable
transfer at large intermolecular distances, in order to explaigyrientation for this charge—quadrupole interaction is when an H
the big charge transfer cross-sections. For this, two factors atgom of GH,* points towards the §H4 IT orbital, the GH,*
required: near energy resonance between the entrance and axiblecule axis being perpendicular to the ethylene molecular
reaction channels and, in first approximation, a good overlapjane, as shown ifig. 12a. If the ion—quadrupole interaction,
between the vibrational wavefunctions of the reactants and progyhich varies as 1/R3, is added to the 34/Bn-induced dipole

ucts. Itis not the case here as ionization potentials of acetylen@iteraction, the potential curve crossing is then calculated to
and ethylene differ by 0.9 eV. In the equilibrium geometry of

CoHo* and GHy4 at infinite separation of the reactants, the
energy difference between the entrance and exit channels is calt P. Mdtre, 2005, Personal communication.
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Table 2 100 _l T 1 1 1
CalculatedRmax values for the intermolecular distances between the molecule 3
centres of mass as a function of collision energy for two types of interaction
potentials

Ecm (V) Rmax® (A) Rmad (A) 80
0.1 4.17 4.63
0.2 3.51 3.84
0.3 3.17 3.40 = 60
0.4 2.95 3.13 5
0.5 2.79 2.94 k=
0.6 2.67 2.79 @
0.7 2.57 2.67 2
0.8 2.48 2.58 &}
1.0 2.34 2.42
2 Rmax Calculated with the ion-induced dipole interaction.
b Rmax calculated with the ion-induced dipole plus the ion-quadrupole inter- 20 | L
action. Experiment

be at 3.45 (seeFig. 11), instead of the previously calculated .
1.6A value (seeAppendix B). A possible electron jump at such o0 0o o o6 o8 A
an interaction distance could now well explain the measured Colish

. ollision Energy (eV)
charge transfer cross-sections. Let us note that, as the calcula-
tion is made for the maximum ion—quadrupole interaction, anyig- 13. Total cross-sections as a function of collision energy for the
e 2D (X, v = 0) 4+ C2D4 reaction: experimental results (full line) compared

other reactant orientation would give a crossing point at short % : . > O .
. . to the calculated capture cross-section, using the ion induced dipole interaction
intermolecular distance.

- . only (dotted line) or with the addition of the ion—quadrupole interaction (dashed
The next question is whether the charge transfer occurge).

before or after the capture in the reactants approach. The cap-

ture distance can be calculated with the Langevin model, which

was originally proposed for atom—atom reacti@®js With this  ent for both types of interaction potentials. If we compare the
model, for ion—molecule reactions that have no barrierRihg  total absolute reaction cross-sections to the Langevin capture
distance for which there is capture is calculated as a function afross-section calculated with an ion-induced dipole interaction,
collision energy, by taking into account the attractive interactiorone would have concluded that this reaction was very efficient
potential and the centrifugal barrier. Very often this calculation iS(ctotal/o capture @bout equal to 0.7). With the ion—quadrupole
done with only the ion-induced dipole interaction potential. Asinteraction, this ratio becomes equal to 0.5, which is a mini-
shown above, it is necessary to also include the ion—quadrupofaum value, as the calculated capture cross-section is amaximum
interaction.Table 2gives the calculateff o values as a func- value in this case. So the reaction efficiency is high anyway.
tion of the collision energyEcm for both types of interaction Let us note that, if charge transfer was taking place before the
potentials. In the case of the more realistic potential taking inta@apture in the reactant approach, the total cross-section would
account the ion—quadrupole interaction, the calculated distandeave no reason to follow the Langevin cross-section variation
for capture is bigger than the potential curve crossing one, foirend with collision energy. As theétotalocapture Fatio is con-
collision energies up to around 0.3 eV. It is thus reasonable tstant within experimental errors, it is reasonable to suppose that
suppose that the first step in the approach is the capture, whichéspture always precedes charge transfer in the whole collision
followed by charge transfer. As the calculated distance for chargenergy range investigated in the present study.

transfer is a maximum value, capture most probably precedes the In the reactant approach, the proposed reaction path consists
electron jump at collision energies up to about 1 eV. Note that thef the following sequences. The first step is the capture between
favourable orientation for charge transfer frosHz* to C;Hs  the reactants, whichis followed by charge transfer. Then, accord-
(Fig. 122) becomes repulsive for thekB,4*—CyH, system, for  ing to the relative orientation of the two molecules, either there
which one of the most stable loosely bound complex has a Ts fast separation between the reactants givigig£ and GH
shape structurg 3] as shown irFFig. 12b. Therefore, as soon as products, or there are several steps of isomerization leading to
there is electron jump, the system tends to separate the reactarttee 1,3-butadiene ion structure which dissociates inte< + H

A mechanism involving capture prior to the charge transfer isand GH3* + CHs. This is illustrated by the reaction path model
probably rather general for non-resonant charge transfer reashown inFig. 14 In previous papers concerning this reaction,
tions, even in the case of small systems, when the electron jumgharge transfer has been supposed to precede the isomerization
is not possible at large internuclear distances. Let us now comnto butadiene iorf13]. In the potential energy surface region
pare the calculated capture cross-section with the measured totahding to the 1,3-butadiene ion structure, there are most proba-
reaction cross-section (segy. 13. The experimental total reac- bly several isomerization stef$3], which are schematically
tion cross-section variation with collision energy is very similarrepresented in a circle ifig. 14 by only one shallow well

to the one of the Langevin cross-section and not very differand one transition state towards the deep well. This alterna-
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4 cH+CH, \/ L polyatomic reactants. In particular, dynamical effects are very
probable for reactions starting on an excited potential energy
| cmreom, surface, as for the £H,* + CoHa reaction. Moreover, polari-
3 37 r sation complexes, which have been developed for atom—-atom
5 Cably™ + CHy or atom-diatom systems, are too simple for polyatomic sys-
e N Gt tems. In this case, the relative orientation of reactants can play
T an essential role, as shown with our simple model involving
g the ion—quadrupole interaction. This is well known in organic
8 1 - chemistry, but should now be more often considered in dynam-
ical studies.
o L
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and GHs*); (iii) the H/D scrambling results. Let us note that
there is a very small amount ob&,4* products for which there Appendix A. Parameters for unimolecular and

is H/D scrambling and which have an isotropic angular distribubimolecular statistical calculations

tion. These products come from some trajectories which explore

the deep butadiene ion well, before coming back and exit into Eo is the transition state energythe symmetry factor, B the
CoX4" +CoX2 products. Last the increase of the reaction crossrotational constant, and s the polarisability.

section with internal energy is probably a dynamical effect in the

charge transfer process, which would require further dynamics Species 1: gHg" rans-1,3-butadiene ionKp=0eV, 0 =2,
theoretical calculations with more complete ab initio potential B=0.304 cm?)

energy surfaces. In our model, as charge transfer precedes the Vibrational frequencies (crt) [49]

isomerization towards the butadiene ion structure leading to the

CsH3* and GH5* products, their relative cross-sections follow 3101 3087 3055 3003 2992
the charge transfer variation with reactant internal energy. 2884 1630 1596 1438 1381
1294 1280 1196 1013 990
. 976 912 908 894 770

5. Conclusion 522 512 301 162

In conclusion, the present study showed that thes Species 2: OTS §H3"+CHz loose transition
CoHz* + CoHg reaction which was up to now considered ascon-  state  £o=2.40eV, 0=36, B(CHz)=7.61 cnrd,
trolled by statistics, is in fact controlled by both dynamics and B(C3Hz)=0.8 cnml, o(CHg) = 2.2A3)
statistics. Dynamical effects are mainly due to the fact that the  Vibrational frequencies (cm) [6]
entrance reaction channel corresponds to an excited potential

energy surface. We propose an alternative model for its elemen- 3160 3160 3050 3050 3050
tary mechanism involving first a dynamical step in the reactant 3040 1550 1400 1400 1200

. _ 1200 1150 1150 1000 1000
approach followed by several possible reaction routes, one of g4, 800 620

them leading to a deep potential well, where statistical mod-
els can be applied. This reaction is a good example to show Species 3: TTS gHsz"+CHz tight transition state; 1-
that a good fit of reaction branching ratios by statistical theories methylcyclopropene ion structureE{=2.19eV, o=1,
is not sufficient to conclude about the reaction mechanism. In B=0.33cn1?)

order to test possible dynamical effects, it is mandatory to have  Vibrational frequencies (cm') [50]

precise experimental data, in particular product angular distribu-

tions, internal energy effects on the reactivity such as forinstance 3133 3071 3049 2973 2929
vibrational mode specificity and product internal energy states. 2895 1788 1487 1450 1400
964 950 919 696

Reaction mechanisms combining control by both dynamics and

L 283 170
statistics are most probably more frequent than expected for
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e Species 4: TTS gHs*+H tight transition state; 1- B.2. Ethylene
methylcyclopropene ion structureE{=2.30eV, o =1,

B=0.27cnT?) Its quadrupolar tensor has two independent components
Vibrational frequencies (cmt) [50] along thez molecular axis and the axis perpendicular to the
C-C bond:
3133 3071 3049 2973 2929
2895 1788 1487 1450 1400 Oy = q(r% + 215 — 12), O, = q(22 —r3 - 23
1032 964 950 919 696
331 283 170 wherery =rccl2, rp =Sind rcy andrz =recl/2 + co rey, with

6 being the angle between the CH and the CC bonds.

We choseto put4’ (¢’ > 0) oneach carbon atom agti=¢'/2
in the plane of the molecule at a distance from each carbon atom
equal to the CH bond length. TRangle is the other unknown of
the problem. Using the experimental values of the quadrupolar
tensorf52], one obtaing” =0.1785 a.u. and=124r".

Let us note that the H atoms in acetylene carry more positive

Multiplication factor: 1.3 for the three last frequencies.

e Species 5. OTS #gHs*+CoHy, orbiting  transi-
tion state [p=3.20eV, 0=8, B(CoH4)=1.78cnrl
B(CyHp)=1.18 cnt, a(CoHo) = 3.3343)

Vibrational frequencies (crt) [6]

3370 3290 3100 3100 3000 A .
3000 1970 1450 1450 1230 f:ha_rge than those pf ethylene, whichis expec_ted from a chemical
1230 950 950 810 730 intuition point of view. Moreover theangle is very close to

730 610 610 300 the HCH angle value of 127n ethyleng[53].

Multiplication factor: 1.17 for all frequencies.
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