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Abstract

The branching ratios for the dissociative recombination of hydrocarbon ions with general forghlyla 8ave been measured using the
storage ring technique. It is found that the isomeric state can in some cases give an indication of the preferred dissociation pathways but there
are exceptions to this, namelyi@t and GHs™.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In a recent experimerif], we have used the storage ring
technique to determine the branching ratios for the disso-
Hydrocarbon ions and radicals are found in flarfeg], ciative recombination of gHot and GHs™ ions with low

industrial material processing devid@$, thermonuclear re-  energy electrons. It was found that whilghfy ™ dissociated
actor divertord4] and the ionospheres of Titan and Jupiter either to form G or C3 + C products, i.e.

[5,6]. They are also observed in the interstellar environment

in interstellar clouds and cometary atmosphd@sWhen C4Ho™ + € — C4H, + H,

starting from s_imple hydrocarbor_1 precursors, complex ions — C3H,, + CH, where(p 4+ ¢) = 9

are produced in a sequence of ion—molecule reac{i®hs

and are neutralized in the process of dissociative recombi-CsHs" ions behaved quite differently dissociating primarily
nation (DR) in which the polyatomic ion collides with an to C4orto G + Cy, i.e.

electron and subsequently dissociate into neutral fragments:
C4H5+ +e — C4Hp + Hq

25 Eg — CoH,, + CoH, where(p + q) = 5

+

+ —

ABC" +e — AC +B In a second series of experiments, we have examined the
A+LB+C branching ratios for gH,,* ions with “n” ranging from 1 to

9 and the results are presented in this paper.
Since the resulting neutral molecules and radicals can have
a significant influence on the chemistry of the medium, it
is important to have information concerning the dominant 2. Experimental method
final channels of the reaction.
The experiment was performed using the electron—ion
* Corresponding author. Tel:33-2-23-23-61-92; merged beams technique at the heavy-ion storage ring
fax: +33-2-23-23-67-86. ASTRID at the University of Aarhus, Denmark. The ions
E-mail address: mitchell@univ-rennesZ.fr (J.B.A. Mitchell). under study were produced frombutane in a Nielsen
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Fig. 1. Layout of ASTRID storage ring showing beam injection, electron

cooler and neutral particles detection system. Magnets are labeled A-D. Fig. 2. Pulse height spectrum for neutral products arising frofHi*C
ions due to electron—ion and background gas collisions (electron-beam

on, dotted curve). With the electron beam off (continuous curve), only
. o the latter are present. The abscissa is calibrated in terms of the energies
electron impact source, accelerated to 150 keV and injectedof the arriving particles. The high peak on the left is part of the electron

into the storage ring (shown fRig. 1). noise of the detector, truncated by using a pulse discriminator.
In ASTRID, the ions are accelerated to 2.5 MeV and this
process takes about 4s to accomplish. An electron beamdrogen atoms but the resolution is insufficient to distinguish
of known energy, formed in the electron cooler assembly petween them. There should also be peaks due to released
is merged with and de-merged from the ions in the storage hydrogen atoms and molecules but these lie low in energy
ring using the dipole magnets B and C showifrig. 1 The and fall into the electronic noise of the detector that is re-
field of these magnets is rather weak and has little effect on moved using a discriminator. We are thus unable to deter-
the fast heavy ion beam. The electron beam, can be turnednine by direct means, the number of hydrogen atoms that
on and off by removing the bias from a grid in front of are distributed between the fragments. We can, however, ob-
the cathode. The electron velocity is tuned to be essentially serve the scission of C—C bonds.
identical to that of the ions so that a very low centre-of-mass  |n the absence of the electron beam, the peaks (I-1V)
collision energy can be achieved. in the neutral particle spectrum arise from background gas
Neutrals, formed in the straight section between magnetsreactions such as
A and D (ig. 1) pass un-deflected through magnet D and

+ +
are detected by a surface-barrier detector located at a dis-c4 +X—>Cat+ X (1a)
tance of 6 m from the exit of the electron cooler magnet C. c,* + X — C3+Ct + X (1b)
There are two sources for these neutrals. One involves in-
teraction of the stored ion beam with the background gas in Ca™ +X — C2+ Co" + X (1c)
the storage ring which is maintained at a pressure of aboutC4Jr +X = C+Cst +X (1d)

1011 Torr. The other source is interaction of the ions with
the electron beam. For low centre-of-mass collision ener- where X is a background gas molecule and we have ignored
gies, this interaction is only due to dissociative recombina- the hydrogen atoms. The ionic species are deflected away
tion. When molecular ions undergo dissociation in a stor- by the dipole magnet D and so do not reach the detector.
age ring, the resulting fragments carry away with them ki-  When the electron beam is on, in addition to these back-
netic energies that are distributed according to the fragmentground reactions, the following recombination processes oc-
mass since they continue their passage through the machineur:

with essentially the same velocity as the primary ion. (Ve-

- +
locity changes due to the release of dissociation energy are® T Cam > Ca (2a)
small compared with the primary ion velocity and for the ¢~ + C,%* — C3+C (2b)
purposes of the present discussion can be neglected.) The N
surface barrier detector is energy sensitive and so is capablé€ + G > C+C (2c)
of distinguishing between fragments that arrive individually e +C4st > Co+C+C (2d)

with differing masses.

Fig. 2shows the pulse height spectra for products arising Since the recombination fragments are all neutral, they arrive
from C4H™ ions, accumulated with the electrons on and off. simultaneously at the detector, appear as if they were a single
The four peaks correspond to molecular fragments with 1, full-energy particle and accumulate in peak IV.

2, 3 or 4 carbon atoms. In fact these peaks are made up of In order to distinguish between ion-background gas pro-
sub-peaks due to fragments with differing numbers of hy- cesses and ion—electron processes, the electron beam is
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chopped electrostatically and measurements of the neutralsvhere Noa, Nop, Noc and Npg are the fractions of the total
are performed when the electrons are on and when they arenumber of recombinations that yield channels 2a, 2b, 2c
off. Neutrals due to recombination are thus determined by and 2d, respectively. This method has been used previously

subtracting the two measured count rates. in a large number of branching ratio measurements with
hydrocarbon molecular ions at ASTRID,11] and also at
[12-17]

The goal of the present experiment is to determine the A series of equations was presented9h that allowed
branching ratios, i.e., the relative proportions of the four for corrections due to light fragments missing the detector.
possible recombination channels (2a)—(2d) that give rise to For all the measurements described here, it was verified
products having different combinations of carbon atoms. By that in fact there were no such losses. This was done by
limiting the probability of all the particles reaching the de- €Xxamining the measured counts without a grid in front of the
tector by placing a mesh grid with a known transmissfon detector and verifying that the only difference between the
in front its entrance windoL0], one is able to distinguish (electrons-on) and (electrons-off) count rates, occurred in the
between the various recombination channels since the probfourth peak (suchis the case for the spectra shovign2).
ability of one atom or molecule reaching the detectofis The actual measurement was performed using two sep-
for two atoms or molecules it i§2, etc. andT < 1. When ~ arate grids with measurefd8] transmission valuedy =
not all particles from a given recombination event arrive at 0-675 and7> = 0.235 known to an accuracy a£0.5%.
the detector, those that do will therefore, fall into lower en- The values oNi—y, used as input into the probability equa-
ergy channels since not all the energy is deposited. We cantions were determined from the difference in measured pulse
analyze the contributions from each of the recombination height spectra (electrons on minus electrons off) by fitting
channels that fall into peaks IV but one must take into ac- the resulting individual peaks (see for examjlig. 3) using
count not only the probability of a particle passing through @ Levenberg—Marquart non-linear fitting metr @] assum-
the grid and being detected but the probability for a particle INg that they are formed from a set of Gaussian peaks. (A
to be stopped by the grid and thus fail to be detected, and9iven peak, arising from the recombination of an ifH*
the number of ways that a given situation can occur. Thus, Will consist of contributions from £H), fragments wheren

the number particles in peaks I-IV beimy, Ny, Ny and is the peak number andl < n.) The pulse height analyzer
has an associated live-time that is a function of the input

Ny is given by - B .
count rate, and since this is different during the electrons-on
N = T(1 — T)Nop + 2T(1 — T) Nog and electrons-off cycles, a correction must be made for this
by multiplying the electrons-on count rate by the ratio of the
Ny = 2T(1 — T)Nac+ {2T(1 — T) + T?(1 — 1)} Nag (electrons-off)/(electrons on) live-times. A typical value for
this factor is 0.95. It is also possible that a high peak can be
N = T(1 — T)Nap + 2T%(1 — T)Nag contaminated by pulses destined for a low peak due to two
5 5 3 such pulses arriving at the same time. This effect is known
Ny = TN2a+ T“Nop + T“Nac+ T Nag as pulse pile-up and care was taken to avoid this.
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Fig. 3. Pulse height spectrum of neutral recombination products arising from electron collisionshith The re-distribution of the neutral products
into lower energy peaks was achieved by placing a grid with transmigsierD.675 in front of the detector (see text). The background contribution to
the spectrum has been subtracted off and the electronic noise peak removed for clarity.
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A x? based error analysis method taking account of sta-
tistical counting errors and errors due to the fitting proce-
dures, pulse pile-ups and live-time corrections is applied to
the data and the results of this, along with the branching
ratio measurements are presented below.

3. Results and discussion

It is important to have some understanding of the struc-
tural identity of the ion undergoing recombination in these

experiments. In the absence of other information, and due

to the long storage time of the ions (4 s) before recombi-
nation, we make the assumption that if different isomeric
forms of the ion are initially created, they have time to
relax to the lowest lying form. The likely isomeric forms
will be discussed for each ion individually with the excep-
tion of C4Hg™ and GHs™ that have already been discussed
in [9].

The branching fractions measured for thgHZ " ions
with “n” ranging from 1 to 9 are listed iMable 1lalong

with the estimated errors, determined using the procedures

discussed above are shown. The data shown fetsC€ and
C4Hg™ is slightly different from that originally published in
[9] due to the use of the more detailed data analysis method
discussed above.

In no case is the channel involving @& C+ C seen to be

active. For all isomers, the loss of at least one hydrogen atom

or molecule, without scission of the C—C bond is possible
and this would yield a gproduct. If we look globally at this
table, we note firstly that £4* behaves quite differently
from the other ions in the series. SecondlyHz ", C4Hz™
and GH4™ are rather similar. Thirdly, the £+ C; ratio
declines between 5t and GHgt while the G + C ra-

tio increases. Generally, the measurements were performec{n
at zero centre-of-mass energy (where the electron and ion

beams have equal velocities) amthutane as the source gas.
For, G4Hg™ however, a measurement was also performed at
0.5eV centre-of-mass energy but no significant difference
was seen in the measured ratios. In additiopH§ was
prepared using both-butane andso-butane source gases
but again no difference was seen.

Table 1

Branching fractions for the dissociative recombination @HC" ions
Species G (%) Cs + C (%) G + Cy (%)
CqHT 438+ 1.2 28.2+ 2.1 27.9+ 1.7
CyHo 784+ 1.3 40+ 1.6 177+ 1.5
C4H3™ 76.0+ 0.5 6.3+ 0.4 17.8+ 0.4
CyqHat 76.6+ 2.7 6.3+ 2.0 17.1+ 2.1
C4Hs™ 46.0+ 54 9.3+ 2.1 447+ 5.3
CyqHe™ 58.9+ 3.5 9.0+ 1.5 32.1+ 34
CqH7T 19.8+ 4.4 65.5+ 5.9 147+ 3.4
CyqHg™ 305+ 3.1 63.5+ 3.2 6.1+ 2.1
CqHo™ 575+ 4.1 41.1+ 3.8 15+ 26
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Fig. 4. The most stable isomeric forms ofkC".

3.1. C4H*

The pulse height spectrum of the recombination products
(with the background products subtracted off) obtained with
a grid (T = 0.675) in front of the detector is presented in
Fig. 3 It is seen that signal appears in each of the four
peaks indicating that the dissociation channels leading to
Cs, C3+ C and G + Cy are certainly produced.

Very little is known concerning the geometry and the
relative stability of the isomers of 81" and most exper-
imental data on the structure of this ion and its neutral
counterpart are essentially spectroscdp@. It is however,
widely accepted that the most stable structure of the corre-
sponding neutral radical, butadiyne4€) is linear[21-23]
with an acetylenic structure, and that one of the stable iso-
mers of GH™ has the same geomet34]. Calculations by
Lammertsmd25] based on the isoelectronic relationship of
C4H,o% with C4H* have suggested that another low lying
structure for GH™ is a bicyclic four member ringHig. 4
and that branched and three-membered-ring structures are
higher in energy. The energy difference between the linear
and the bicyclic isomer is very small (8 meV), and is pos-
itive or negative according to the level of theory. We shall
consider that both isomers can be present in our beam. From
the arguments given if26], one can estimate that the ion-
ization potential is in excess of 12 eV. (Foi €is 12.54 eV
[20].) The heat of formation for gH is 6.73 eV[27]. From
this information and from a knowledge of the heats of for-
ation of possible products (sé@pendix A) it is found
hat channels involving the breaking of a single C-C bond
or a C—H bond are open (exothermic) while those involving
the scission of two carbon—carbon bonds are closed.

It is not easy to understand the behaviour of this ion by
just considering the isomeric structures as dissociation to-
wards G+ C would not seem to be favoured, given that for
the linear isomer, this would imply the rupture of a triple
bond. G+ C; formation from this isomer would seem much
more likely yet this is not reflected strongly in the observed
branching ratios. Both isomeric forms would be expected to
yield a G product and indeed this is the major dissociation
channel.

It would seem that a re-structuration of the neutral
molecule occurs following electron capture. The bond dis-
sociation energies of linears8 in excited states have been
calculated[28] and in fact it is found that while the single
C-C bond maintains its length and hence its bonding en-
ergy as one goes from the ground to higher excited states,
the triple bond elongates eventually becoming weaker than
the single bond. Calculations of energy thresholds for the
photodissociation of the 4 radical indicate that while
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HC=—=C——C=——=cCH only 4% ({-1.6%) goes to the £+ C channel. As expected,

) ) ) the G + C + C channel is negligible.
Fig. 5. The most stable isomeric form of neutrajHG.

3.3. C4H3™
7.12 eV are necessary for the scission to form+CCoH,
only 5.88eV is needed to form G+ CH. (Dissociation The lowest energy structure ofyBs* [31] is illustrated
to C4 + H requires 5.71 and 6.33eV to form € CzH.) in Fig. 7. The most stable neutral form is theethinylvynil

Dissociation following electron capture requires the system radical [32]. The heat of formation of gHst is 12.49 eV
to descend through one or more excited states and so in33]. The recombination behavior of this ion is similar to
this case it is in fact not unreasonable to expect that the that for GH,*. The predominant dissociation pathway is
Cs + C channel would be important. Theoretical analysis c, (76%) with 18% of the reaction going to,G- C,. The
of the recombination process is clearly needed however, toc; + C channel accounts for just 6% of the total.
establish exactly what the dissociation route is.
3.4. C4Hst
3.2. C4Ho*
C4Hg* T ions are common products of the unimolecular

No study about the isomeric forms ofB,™" is available, dissociation of unsaturated/cyclic molecules and have there-
and we make the assumption that in our experiment, we fore been the subject of a large number of experimental in-
have diacetylene radical cations. DiacetyleRig(5) is the vestigations (sef34] and[35] and references cited therein).
most stable neutral isomeric forf29,30], and its vertical The consensus is that in the gas phase, at least two isomeric
ionisation energy is 10.3 e}20]. populations are formed and co-exist. Their exact nature de-

The energy release (ségpendix A allows either one pends on their precursors, but one form is cyclic and the
triple or one single C—C bond to be broken, leading to either other linear[36]. The linear structure corresponds to viny-
C3+ C or G + C; but the G + C + C channel is closed. lacetylene (VA™) and the cyclic form is usually presumed

The pulse height spectrum obtained using a gffid={ to be methylenecyclopropene (MEP [37]. lons having
0.675) is shown inFig. 6. (Similar spectra are found for one of the other classical structures butatriene*(§Tand
C4H3™ and GH4™ ions.) Itis seen here that signal only ap- cyclobutadiene (CB") are expected to be formed only by

pears in peaks Il and IV indicating that only the € Cy fragmentation of precursors having structures close to BT or
and G channels are active. As seen frdrable 1 the pre- CB[38]. The four classical isomers are representeeign 8,
dominant dissociation pathway is;@ccounting for 78.4%  and the relative energies of the ionic and neutral forms are
of all dissociations. 18% of the reaction goes t04GC, and listed in Table 2
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Fig. 6. Pulse height spectrum of neutral recombination products arising from electron collisions Wit @ith a grid with transmissiorf’ = 0.675
placed in front of the detector. The background contribution to the spectrum has been subtracted off and the electronic noise peak removed for clarity

H—C=—=C=—7=C=—=¢C HC—C——C=—7/=CH; -=—>» HC=—C=—=C=—7=CH;,

Fig. 7. The most stable i3 ion (left) and thea-ethinylvynil radical (right).
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HC HC—CH
||\C:CH [l H,C—C——C=—=CH, = HC==C——C==CH,
- 2 H
HC HC—CH
MCP CB BT VA
Fig. 8. The four most stable isomers of C4Hg.
Table 2 H _Iir
Relative energies (eV) of the ionic and neutral forms of C4Hys | H
Neutrals lons H Cc C—H
NIV NN
[37] [39] [37] [38] —F f H
MCP 1.07 0.89 0 0 H H
CB 1.46 148 0.31 0.39 ) )
BT 0.34 017 0.32 0.26 Fig. 11. The trans-2-butene isomer of C4Hg™.
VA 0 0 0.43 0.48
C4H71 structures have been discussed as resonance forms of
H H—f-r anon-classical ion [48]. Rapid collision-induced rearrange-
| V4 ments of |ess stable isomers to the lower lying 1-methylallyl
H\ /C\ y C—H cation (1-buten-3-yl cation) have been observed [45]. This
H—oC c/ cation in its trans structure [49] is the global minimum on
| the C4H7™ potential energy surface and is0.39 eV more sta-
H

Fig. 9. Structure of trans-butadiene.

From this table, it can be stated that if MCP*™T is the
absolute minimum on the radical cation potential energy
surface, VA is the most stable neutral.

The predominant dissociation pathway is C4 with 17% of
the reaction going to Co 4 C,. The C3 + C channel accounts
for 6% of the reaction. Thisis similar to the cases of C4Ho>*
and C4H3t.

3.5. C4He™

Trans-butadiene (Fig. 9) is the most stable form of the
ion [40-43] and of the neutral [20]. The predominant disso-
ciation pathway is seen to be C; + Co with C4 being twice
as likely. The C3 + C accounts for 9% of the dissociations.
This is consistent with the isomeric structure shown.

3.6. C4H7 T

The C4H7™ ions and C4H~* radicals (Fig. 10) have been
extensively studied from the energetic [44,45], mechanistic
[46] and kinetic [47] points of view. This interest is mainly
due to the cyclopropylcarbinyl—cyclobutyl-homoallyl sys-
tem, in which the inter-conversion is so fast that the three

+
H>C + H,C—CH
en—ci ||

Hzc_CHz

H,C
H,C

H +
/C\C/CH2

2

ble than the former cited system [50]. Its neutral counterpart
is not the most stable radical, and lies 4meV higher in en-
ergy than the 2-methylallyl radical [51]. The energy release
in the recombination reaction is large enough to break either
one double C—C bond, or two simple C—C bonds and so the
C, 4+ C+ C channdl is therefore formerly open. In fact our
measurement shows this channel to be negligible.

The C3+ C channel is dominant, being almost three times
more important than the C4 channel. The C; 4+ Cy channel
accounts for about 15% of the total.

3.7. C4Hgt

It is known that when C4Hg™ ions are formed, they pri-
marily consist of a mixture of several isomers that rearrange
to the thermodynamically most stable structure before frag-
mentation [52-55]. Although some disagreements about the
isomerisation mechanisms exist [56,57], the trans-2-butene
cation (Fig. 11) is unambiguously the most stable ion
([55,58] and references therein). The same situation as for
C4H7™ prevails, that is, the neutral counterpart of the most
stable cation is not the most stable neutral, and the most
stable C4Hg isomer is isobutene, which lies 70meV lower
than trans-2-butene.

The pulse height spectrum for thisionis shown in Fig. 12
and it can be seen that signal appearsin peaks |, Il and IV
indicating that the dissociation pathways leading to C + C3

CHs

H

c CH c
= + 3
P \ﬁ/ HzC/ \éHz

Fig. 10. From left to right: cyclopropylcarbinyl, cyclobutyl, homoallyl, trans-1-methylalyl, 2-methylalyl.
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Fig. 12. Pulse height spectrum of neutral recombination products arising from electron collisions with C4Hg™ with a grid of transmission T = 0.675
placed in front of the detector. The background contribution to the spectrum has been subtracted off and the electronic noise peak removed for clarity.

and to C4 are produced. Though the C, + C + C channel is
energetically allowed, it is seen to be negligible.

The predominant dissociation pathway isseentobe C3+C
which is twice as likely as a C4 dissociation. The C; + Cp
accounts for only 6% of the total. Again this is consistent
with the isomeric structure.

4, Conclusion

Upon reviewing the family of ions discussed here, it is
clear that while the initial isomeric form of the ion under-
going recombination allows one to make an educated guess
as to the likely dissociation pathways, exceptions such as
C4HT and C4Hs™ show that this is not always accurate. In-
dications are that in general, single bonds tend to be those
that are broken though the rupture of a double bond or
even a triple bond is not ruled out (e.g., asin C4H™). The
exact bond strengths in non-classical molecules are often
unknown. Typical values for hydrocarbons in their ground
states are 3.82¢€V for a simple C-C bond in n-alkanes [59]
(7.2 £ 0.3¢V) for a double bond and (8.8 + 1.2eV) for a
triple one [60]. Reliable bond dissociation energies values
are not available for strained cyclic compounds [61]. More
generaly, an inverse linear relationship exists between the
bond length and its dissociation energy [61]. When deal-
ing with dissociative recombination, the system must pass
through one or more excited states of the neutral parent rad-
ical following electron capture and the bond lengths may be
quite different in these states from those for the ground state
radical. Hence, structura calculations that are usualy per-
formed for isomersin their ground states do not necessarily
apply to the processes discussed here. The reason why this
should be so in some cases though not in others must be
found in detailed calculations of excited state structures and
by a clearer understanding of the mechanism for hydrocar-

bon ion recombination. In al cases studied here, the channel
resulting from the scission of two carbon—carbon bonds was
found to be negligible.
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Appendix A

The kinetic released during the recombination process:
At +e — B+ C+KER
is given by
KER (V) = AH{(A") — [AH{(B) + AH{(C)]
= AH{(A)+IP(A) — [AH{(B) + AH; (C)]

where |P is the ionisation potential of the parent neutral
radical and A H; are the standard heats of formation of the
respective entities. The values for these quantities used to
produce the following tables are taken from refs. [23,30]
except where specifically noted (Table A.1).
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Table A.1
Values for the heat of formation A H¢ (kJ/mol) and the ionisation potential
IP (eV) for products of the recombination reactions discussed in this paper

Compound AH? (kJmol) IP (eV) {kJmol}
H 218

Ho 0

C 717

Cy 831

Cs 840

Ca 1034

CH 597

CH» 425

CHgz 146

CHg —-75

CoH 569

CyHa 227

CoH3 299

CyHy 53

CoHs 119

CoHg -84

CsH (cyclic) 684 9.06 {874}
CsH> (cyclic) 477 9.15 {883}
C3H3 (CH2CCH) 347 8.67 {837}
C3H4 (CH3CCH) 185 10.37 {1001}
C3Hs (CH2CHCH) 164 8.18 {789}
C3Hg (propylene) 20 9.73 {938}
CsH7 (iso-propyl) 95 7.37 {711}
CsHg —104 11.0 {1061}
C4H (CHCCC) 648.9 12.54 {1210}
C4H2 (CHCCCH) 464 10.17 {981}
C4H3 (CHCCCHy) 465.8 7.66 {739.5}
C4H4 (CHCCHCH,) 295 9.58 {925}
C4Hs (cyclic) 201.2 7.95 {767}
C4Hes (CH2CHCHCHy) 108.8 9.08 {876}
C4H7 (is0) 83.2 7.90 {762}
C4Hg (iso) -17.9 9.19 {887}
Cy4Hg (iso) 48 6.70 {647}
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