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Abstract

Rate constants and product ion distributions have been determined in a Selected lon Flow Tube (SIFT) for the reactigridesf He
Art, N,*, N+, CO*, CO;*, Of, DT, CSH, C*, ST, CS™, S and D;™ with CS; at 297 K. These ions have recombination energies varying
from 2372 kJ/mol (24.58 eV) for Heto 903 kJ/mol (9.36 eV) for 8. The reactions, except for the ArS;* and C$* reactions proceed at,
or close to, the collisional rate with charge transfer (both dissociative and non-dissociative) being an important mechamegoi8mon
product and, in the case o&D, exothermic proton transfer is rapid. For the slower reaction gfC®rnary association occurs. The reactions
are discussed relative to the reactivity of these ions with the analogues, OCS and CO
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction analogue, OCS has been detected, @Osimilarly unde-
tected, although its protonated form HgOhas been seen

Part of the rationale for this study was the significance [1,2,4] thus, C$ is undoubtedly present. In order to provide

of sulfur containing compounds in interstellar clouds (isc) a more complete database of reactions of sulfur containing

[1,2] and comet$3]. To date, in the isc, 14 sulfur containing species, we have studied the reactions of G8h a series

species have been detected (SO, NS, C§,15Q, OCS, of fifteen ions (He', He;*, Art, No™, NT, CO™, CO;T,

C.S, HCS, SiS, HNCS, €S, CHSH, SO, and HCS). O*, D*, CSF, CH, S, CS™', ST, and 3™) and have

However, this poses a problem since these only comprisedetermined the rate constants and percentage ion product

<4% of the cosmic abundan¢#,2,4] and therefore a con-  distributions.

siderable abundance of other sulfur containing species must

be present. In a search for a solution to this problem, the

reactions of $ [5], S;* [6,7], SO" [8] and CS [9] have

previously been studied with a series of observed and likely 2. Experimental

interstellar molecules. These studies provided an insight

into the problem suggesting that bi@nd the protonated These studies were conducted using a Selected lon Flow
ion HSH™, may be significant repositories of sulf{i0]. Tube (SIFT) apparatus, which has been described previously
Not included in these studies were reactions with GSS [11] and this detailed discussion will not be repeated here.

has not been detected in isc because its symmetry render&ourteen of the fifteen ions (€ was generated by three
it unobservable in the infrared and the microwave, but the body association of injected Fi¢ were generated by disso-
ciative and non-dissociative ionization in an electron impact
ion source, variously containing He (HegHe, 1), Ar (Ar™),
* Corresponding author. Tek:1 706 542 3722; faxs-1 706 542 9454, D2 (DT, D3™ by reaction B + D2), N2 (N2*, N¥), CS
E-mail address: adams@chem.uga.edu (N.G. Adams). (C™, CSH, CH, ST, ST by reaction $ 4+ CS) and CQ
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10° No evidence was seen for internal excitation in the reactant
Csy” ions in terms of non-linearity of the semi-logarithmic plots
S, or the detection of endothermic channels. An example for
the reaction of N* with CS; is given inFig. 1 Data for
determining product distributions were taken using small
flows of CS so that they could be accurately determined.
Kinetic information obtained in this study is given in
Table 1
Of these data obtained, only five (Ar No*, CO;T,
CS*, and 3™) of the fifteen reactions with Ghave been
02 04 0.6 08 1.0 12 14 studied previously and these earlier data are also included
(@) CS, Flow Rate (sccm) in the table (note literature data for €Ss for an excited
100 ion reaction with Cg [21] and therefore was not included
9% in the table). For At, both the rate constants and product
80 distributions are in agreement to within error with the previ-
70 ous study[22], but this study also indicates a slightly higher
60 percentage of GS. For o™, the rate constant is in agree-
50 Y ment with that previously obtained in the same study as
40 © S, the Art measurement. However, although the same product
30 ions are detected and with the same ion being dominant, the
20 difference between the product percentages is outside the
10 s limits of experimental error. There is presently no explana-
00 0r o4 06 08 10 s L4 tion for_th|s difference; _|t C(_)ul_d, hpwever, be due to differing
(b) CS, Flow Rate(scem) corrections for mass discrimination. For the £Cand D;™
reactions, the same single charge transfer (c.t.) and pro-
Fig. 1. (a) Variations of " counts and product ion counts, and (b) ton transfer (p.t.) products, respectively, were detected and
percentage of the ion products, with £8ow. In (a) the decay of b with the same rate constants as in previous stud@ie4]
show excellent linearity over two orders of magnitude decrease in counts. . .
In (b) extrapolation to zero flow, using polynomial fits, gives the percent FOT the C$™ reaction, the literature values of 1.8 and 5.8
product ion distribution (shown iffable 1 together with those for the  (—27)cnf/s with O, and CQ third bodies, respectively,
other C$ reactions). $ and CS$* are primary products with the*S are consistent with the current value of 2-2(7)cnf/s
reacting further to give additional GS and the secondary product™S with He as third body[14—16] The overall evidence in-
dicates that the present measuring techniques are well
calibrated.

10°

Ton Counts(10 s)

102

Product Percentage

(COy*, COt, Cf, ON) and injected into the flow tube af-
ter mass selection in a quadrupole mass filter. Thence the
ions were carried along the flow tube to a downstream mass4. Discussion
spectrometer/ion counting detection system by a He carrier
gas (at a throughput of 16 slm and a He pressure of 0.5 Torr). As can be seen froriable 1 within these data there is
To study the reactions, controlled and accurately measureda general trend of c.t. and dissociative c.t. products. Note
flows of CS were added to the He carrier with reaction that long-range c.t. is not an option in all cases since as
distances of 29.8, 59.6, and 83.6 cm depending on the ratethe recombination energy of the reactant ion decreases, the
of the reaction. The rate constants and percentage productong-range dissociation mechanism without complex forma-
ion distributions were determined in the usual Wag,13] tion becomes endothermic. TheDand CS™* reactions are
The rate constants are accurateH20% and the percentage exceptions to this trend, with proton transfer and associa-
product ion distributions tat5 in the quoted percentage. tion being the only channels, respectively. The Deaction
The CS had a purity of 99.9% and was further purified by proceeds at the collisional rate as is common for this mech-
freeze-pump-thaw cycles. Source gases were used withoutinism[25], with the CS™ association being relatively slow.
further purification. All measurements were made at room CS,* is a common c.t. product, although it is not observed
temperature (297 K). for the highest recombination energy species (Hand
He>T), where dissociative c.t. channels are exothermic. Note
that the products could not be identified in the slow reaction
3. Results of S (no direct c.t. processes are energetically possible
in this case), which proceeds at about 1% of the collisional
Rate constants were determined from semi-logarithmic rate. All other reactions proceed at, or close to, the colli-
ion count decays versus gfow that were linear from more  sional rate. Also, there is no consistent trend of increasing
than one order of magnitude up to three orders of magnitude.CS;™ product percentage with decreasing recombination



Table 1

Rate constants and percentage product ion distributions for the reactions ofitbShe ions indicated

Reactant ion Product Percentage ,CS oce co
Present  Literature Kexpt (C/s) Kheo® (cri/s) Product Percentage Kexpt (CT/s) Product Percentage Kkexpt (CM/s)
Present Literature
He' (24.587) g 58 - 2.07 (9) 3.56 (-9) ct 2 1.0 (-9)
Cst 31 — ot 14
Cct 11 co* 78
co* 5 o
Het (22.223) & ~75 2.58 (-9) - - - - O
c* ~25 =z
CSst Small =3
Art (15.759) g >03 88 3.70 €10)  35(10) 1.36 (9) st 1.3 (-9) - 4.8 (-10) i
CS*t <7 12 2.6 (10) ocs co* 100 o
Np*t (15.581) g 84 60 1.42 (9) 12(9) 154 (9) st 80 1.36 (-9) - 8.0 (-10) =
CS+ 16 40 ocs 20 CO™* 100 =
N* (14.534) g 12 - 1.55 (9) - 2.02 (9) st 22 1.4 (9) - 1.12 (9) 2
cst 8 - cs 5 cor 18 =
CSt 80 — OCSs 73 CO™* 82 i
CO* (14.014) S 71 - 1.56 (9) - 1.54 (-9) st 10 1.41 (9) cot 100 1.10 €9) S
cst 29 - ocs 90 s
CO,* (13.777)  Cs* 100 100 1.39 £9) 9.9 (-10) 132 (9) ocs 100 9.60 (10) - - 2
1.3 (-9) S
O* (13.618) cs 40 - 1.56 (9) - 1.91 (9) st 3 6.70 (-10) ot 100 1.10 €9) §
CSt 60 - OoCSs 97
D* (13.603) s 65 - 3.44 (9) - 4.98 (9) - - cot 100 3.5 (9) g
DS* 24 - 2
Ccs* 11 - a
CSt (11.33) cs* 100 - 1.30 £9) - 1.32 (-9) cst 100 7.7 (~10) - - b
C* (11.26) cs 91 - 1.81 (9) - 2.16 (-9) cs 80 2.0 (-9) cot 90 1.1 (9) N
CcSt 9 - ocs 20 cot 10 =
S+ (10.36) st 52 - 1.39 (9) - 1.46 (-9) St 100 9.1 £10) <5 (—13) g
CSt 48 - =
CS' (10.073) CS$*-CS 100 - 333 (11p - 1.13 (9) - - - - o
St (9.356) N/ - 1.0 (-11) - 1.18 (9) - - - - g
Ds* DCS* 100 100 3.07 £9) 31(9)  2.95(9) HCo* <10 1.9 (9) DCO* 100 1.74 (9) @
HCOSH >90

For comparison, equivalent data from the literat{td—16] are given for the analogous reactions of ££&nd OCS with these ions. Also included are the theoretical rate constants determined using
variational transition state theofiL7] with polarizabilities and dipole moments taken frd&8]. The number in parentheses beside each ion is the recombination energy in eV. The ionization energies
for CS, OCS and CQ are 10.073, 11.18 and 13.777 eV, respectijég.

aEffective binaryk at ppe = 0.493 Torr and is equivalent to a ternakyof 2.4 (—27) cnf/s with a He third body; literature values of 1.8 and 5:87) cn¥/s are available with @and CQ third
bodies[14].

b Experimental literature valugd4-16}

¢ Theoretical capture value calculated using the model of Su and Chesrjavich

dTaken from Dzidic et al[19] (note typographical error in the Anicich compilati®0]).

€ Product distribution could not be determined for this slow reaction.

T0¢C
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energy, and the other products indicate that the mechanisnthe explanation can be found by looking at the potential
could be a mixture of direct/long range c.t. and complex energy surface for several electronic states of'C{6].

formation. In the non-dissociative c.t. pathway there is enough en-
ergy to excite C8' to the Bx,* electronic state, which

4.1. Het/Hey ™ intersects with the dissociative curve crossing yielding
St + Cs.

He™ and He™ reactions proceed by exothermic disso-
ciative c.t. giving the same product channels (€* and 4.3. DT/OF
CS"). The CS product channel for the He reaction is

surprisingly much smaller than for the Heeaction, given Dt and O" also have similar recombination energies,
the difference in recombination energy between the two re- but in these cases, the products are very different with
actants is only 228 kJ/mol (2.36 V). non-dissociative c.t. being dominant for the exothermic O
He™ + CS — S* + CS+ He+ 932kymol  58%  (1a) reaction a_md nonexistent for'ven though it is similarly
exothermic.
— CS"+S+He+839kymol 31% (1b) 5+, cs, ., CSF 4 SO+ 302 k¥ymol 40% (5a)
+
— C" +2S+He+132kymol 11% (1c) — CSt + 0+ 342kImol  60% (5b)
— C" +S, +He+558kymol  11%  (1d) and
He;t + CS — ST + CS+ 2He+ 708kymol  ~ 75% DT +CS — S" + (DCS +N/A 65% (6a)
(2a) — DSt 4+ CS+N/A 24% (6b)
— CSt + S+ 2He+614kJmol < 1% — CSt 4+ DS+ 139kJymol  11% (6¢)
(2b) — CST +D+341k¥mol 0% (6d)

Note that in the D reaction the D$ channel domi-
nates over CS as would be expected if multiple charge
(2c) transfers occur as the products separate, since DS has a

" : . . smaller ionization energy than CS by 87 kJ/mol (0.9eV)
Sz production, although exothermic in both cases, is not and would be energetically favored (N/A indicates that

observed, probably because of the steric hindrance due to; - . .
the two S atoms being at opposite ends of the reactapt CS msufﬂuent Ilterat_ure data were avallfablle to CaI.CL."ate the
Indeed, in the whole series of reactions, even where complexrsegft'.on e?ergedtlcs)a I.f t?r:s 'g S0, t!t 'S _surprlf]mg that
formation is required, & is only observed as a product IS not produced in the &) reaction since the ion-

: . " ization energy of SO is 100kJ/mol (1.04eV) less than
for the St and CS reactions where there is an additional that of CS. Even though no SOis produced, the CS

— Ct + S, + 2He+333kJmol  ~ 25%

source of S. X o .
+ SO channel (5a) is of similar magnitude to the sum
42 Art/Not of channels (6b and c) consistent with a similar overall
- 2 mechanism.
For Art and Nv*, a comparison is interesting since the
" P g 4.4. CH/CS'

recombination energies are very similar (differing by only
17.4kJ/mol (0.18 eV), with that of N being the smaller).
In these cases the product distributions are similar with S
being the dominant product and €'S production being
small.

Art +CS, — ST+ Ar + CS+80kYmol > 93% (3a)
— CST +Ar +549kJmol <7%  (3b)
N2 +CS — S" + Ny + CS+63k)ymol 84%  (4a)
— CSt + Np +531kJmol  16% (4b)

C* and CS also have similar recombination energies,
however, here the reaction products appear very different,
with C$™ being small for the € reaction and the only
channel for the CS reaction.

C"+CS — CS" 4+ CS+266kYmol  91% (7a)
— CST 4+ C+115kYmol 9% (7b)
CS" 4+ CS —» CST 4+ CS+ 121kYmol  100% (8)

For the C" reaction, an S atom abstraction would yield
Bond formation in the product neutrals producing ArCS the observed and dominant €groduct. However, the C'S

is not possible for Ar, but in the N* case this is a  reaction only proceeds by the non-dissociative c.t. channel.
possibility yielding NCS. The major products in these dis- This channel has similar energy to the non-dissociative
tributions are associated with the less energetic pathway;channel in the € reaction, but the observed dominant
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CSt product channel is energetically favored by 151 kJ/mol with OCS and C@). CO;* was the only product in the

(1.57eV). CO; reaction, since in this reaction, dissociation yielding
O™ is not energetically favorable. ForN, the comparable
45. NT/CO* channels with Cg and OCS have similar contribution to

the product distribution, however GO is the only product
Although Nt and CO™ have relatively similar recom-  in the CG reaction.
bination energies (differing by only 50kJ/mol (0.52eV)), For the N" and CO" reactions, the rate constants are all
the product distributions for their GSeactions are quite  close to collisional. For N, in all cases non-dissociative
different. c.t. is dominant at-80%, the remaining channel in the €O
reaction being the strongly bonded €OThe analogous

N"+CS — S"+ (NCS) +N/A 12% (9a) CS*channel is observed in the g8nd OCS reactions. Ad-
— CS™ + NS+ 355k¥mol 8% (9b) ditionally a S" channel is observed, which is possible in the
OCS case by formation of NCO product neutral and there-
— CS" + N +430kJmol  80% (9¢)  fore presumably possible with formation of NCS product

(10a) neutral in the CS reaction. Surprisingly the COchannel
is not seen in the OCS reaction. This may be partly due to
— CSt 4+ CO+380kymol 29%  (10b) sulfur having a lower ionization energy than CO. In com-
parison with NF, in the CO" reaction with CS there is a
In both cases Sand C$ ™ are products, but the percentages ecrease in the non-dissociative c.t. as the recombination en-
are approximately reversed. The channel producihg&d ergy of the reactant ion decreases and with an increase in S
N + CS is endothermic and thus the reaction requires com- product channel. Comparing the €G- CS; reaction to the
plex formation with bonding in the neutral products, yield- analogous CO reactions with OCS and GQit is noticed

ing NCS. In the reaction of N with OCS, the analogous 4t the OCS and Coreactions have the non-dissociative
product channel § + NCO was observed. Additionally, in ¢t channel as the dominant channel. The reason why this

the CO" reaction with Cg, the channel producing*Sgnd channel is not the dominant channel in the T@action
CO + CS is an endothermic process thus the reaction must, i, CS could not be explained and needs to be further
yield C;0S. investigated.

For the O, CO,* and D' reactant ions, all the reac-
tions are rapid (but with the OCS reaction being somewhat

N ] ) o slower) except in the C§& reaction with CQ where only
The CQ™ reaction proceeds by the non-dissociative C.t. {he yndetectable resonant c.t. is possible. The ac-
only. The S reaction has a dissociative c.t. channel and a tion with OCS has not been studied. In the other,tO
non-dissociative channel. The dissociative channel leads t0,a5ctions. non-dissociative c.t. is the only product. For the

S,* production, which may be due to the S-atom abstraction. y+eactions with Csand OCS non-dissociative c.t. is ob-

COT+CS - CST +CO +357kymol  100% (11) served along with dissociative channels. Additionally, only
the dissociative channel is observed in the @action with
S"+CS — S+ CS+82kymol  52% (12a)  co,. Note that CT is not a product, which may be due to
St +CS — CS' + S+ 28kImol  48% (12b) 07) having a Iower_ionization_ energy. The combination of
a small difference in recombination energy betweern, €O
This ST product is only observed in one other reaction in and O" and dissociative product channels only existing in
the series studied, that of €Swhere the mechanism again the O" reactions may imply that formation of an interme-
does not require the formation of theSfrom the two S diate complex occurs in the'Ocase.
atoms at opposite ends of the £Bolecule. That 8" is The Dt reaction with CQ is very different giving only
not produced in any of the other reactions indicates that non-dissociative c.t. Here for/ to be a product would re-
the coalescence of the two S atoms fromp@Ssterically quire the more weakly bonded CD to be produced, and also
hindered and is not efficient. The S atoms in thg roduct the 2 O atoms to bond from opposite ends of tHe0S0.
are then from both reactants indicating intermediate complex It was noted earlier that in reactions with £3he S+

CO" +CS — ST+ (C209 +N/A  71%

4.6. COp*/ISH

formation. product channel is only seen if the reactant ion contains a
S atom, presumably for the same reason.

4.7. Comparison with literature data for the O containing The C" and CS reactions are all rapid (the reaction

analogs OCS and CO» of CSt with CO, has not been studied). Although the

recombination energies of the ions are getting smaller,
In the Art reactions with C% and OCS, $ and non-dissociative c.t. is not becoming more prevalent except
non-dissociative c.t. are both products, although the quanti- for the CS" reaction with C$, where it is the only channel.
tative product distribution for OCS was not determined (see The same C8" product ion is similarly observed in the
Table 1for these and other literature data on the reactions CS" reaction with OCS, indicating a S-atom abstraction
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reaction (note that the product ion was incorrectly reported with H, producing observed isc species such as"Gitd

in a recent compilatiorj20]). In the reaction of € with HCS'. In dense clouds, where atomic H is much less preva-
CS; the dominant dissociative channel is energetically fa- |ent than H, CS* can be a long lived species allowing dis-
vored over the non-dissociative c.t. channel by 151 kJ/mol sociative electron-ion recombination to occur, as has been
(1.57 eV). A dominant dissociative channel is similarly seen studied recently (Plasil et al., 2004, in preparation). In ad-
in the reactions of € with OCS and C@. The C' reac- dition, CS™ could react with abundant CO, which has not
tion with OCS forms the CS product ion and neutral CO,  been investigated in the laboratory. O®actions may play
presumably because CS has a lower ionization energy tharan important role in contributing to the observed sulfur con-
CO. Similarly the C reaction with CQ produces CO as taining molecules in the isc and therefore the unobservable
the dominant product ion. CS may partly contribute to the difference in the cosmic

In the S" reactions, the § product channel for CSand abundance of sulfur and the abundance of observed sulfur
OCS presumably take place by a S-atom abstraction. Nospecies in the isc.

equivalent O-atom abstraction occurs for theQ®action
even though the strongly bonded CO would be produced.
The S reaction with OCS produces 100%7Sin contrast

to the S reaction with CS where the large channel is due

to the non-dissociative charge transfer. The" $hannel Funding from the Petroleum Research Fund of the

produced in the OCS reaction is exothermic by 217 kQImoI ACS under Grant Number 33892-AC6 is gratefully
(2.25eV) and the analogous channel in the @&ction is

exothermic by 82 kJ/mol (0.85 eV), which is only 55 kJ/mol
(0.57 eV) larger than the competitive non-dissociative c.t.
product channel. No literature data are available for the
CS* reaction. Literature data are also not available for the
S, reaction.
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