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ABSTRACT Q
Product det¢dion studes of CEP) atom radions with butgffe ers put-1-ene,cis-

but-2-ere, transbut-2-ere) are caried out in a flow a at 353 K and 4 Torr ued

multiple cdlision condtions. Ground statcaj & generated by 248mm laser

photdysis of taralromomehare, CBrs, in ifeNyf helium. Themdized eadion products
are detected using synchron t VUV " photoionizdion and time of flight mass

spectrometry.The tenporal detected ions are used to disninate poducts

from sideor secondar the CCP) + transbut-2-ene and GP) + cis-but-2-ene

reactions, vaous ¢ \ Hs and GH7 are idetifi ed as readion productsformed via
CHs- and H pAssuming equal dnization cross edions for all GHs and GHy>
isomer 5. rarching ratios of 0.63:1 and 0.60:1 areriged for the C{P) + trans
bugf?-ene the &%) + cis-but-2-ene reactionsegectively. For the CP) + bu-1-ene

ion, two raction channsl are observed: the H-elimination amel, leadng to the
formation ¢ the ethylpopargyl isomer, and # CsHs + CpHs channel. Assumingqual
ionization crossections for ethylpropargyl ands:83 radicak, a brarching ratio of 1:0.95 dr
the GHsz + CHs and H + ethylpropasd channels is déved. The experiertal resuts are

compared to previous H-atom bdiing rdios and used to propesthe maost likely
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meclarisms for the radion of ground statearbon atoms with butene isomers.

I. INTRODUCTION
Cabon is the fourth most abundant®knt in he univeise and unbounded carbon

atoms have déendeeded in a wide range ofngironmens, from interstelhr media (dense

atmosphers (e.g. Mars, Venus, Tan),

barierles reations®® with abundanh saturated and unsaturated hydrocaNgnsO8en
beaing molecues, and small freeadcals are expected to initiate the wit plex

molecules’®%¥ even at very low temperature$:**33# Consuent tom reactions

and difuse clouds, protoplanetary bue, drcumstdlar envelopes« )™

8 and plamas®™ In these erivonme® ,

to phretg

are expedd to ply a role in theformation of polycyclic tic J®drocarbor(PAHS),

0
aerosols, and sodt®* Improving theaccuacy of model®&ing W reproduce the chemtisy
of such ervironmens rejuires a better understa meclanisms of elememary

reactions betwen carbon atoms and abu dr®groons. This goal can be achieved by

probing the products of these rédgs expé tdly and theoretidly over a wide arge of

physical coniions.
Most of the previ on CP) reativity focused on reactions it

hydrocarbons containi& 4 carbon atoms, iedigated using vaous experirartal

@ molecubr beans 161212735389 {5y tyhes?3?531% or CREQU

techniques seh a

expeimens 0 oupledwith ab initio calculations®?*?® The accepié dominant

reactiofgmecfrism deived from tlese experimers is addiion d the CEP) to the

hy@onfollowed by the loss of a hydreg atom or mettyl group to forman open-shell

23,40

le For larg@ unsaturated hydrocarbons suek butene isomer (C H), ext

hannels othr than H-abm or ChH loss may become accessible.

Butene is om of the sndlest hydrocarbons withtmictural isomers and is a good

archetypemolecue for the study of gaseous fuel reaityiv It is a negligiblecomponent in
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gasdine but & produced ding tke combusion o large hydrocarboné?** The high
temperature (>1200 K) pyrolysisf butene ismes leads to thdormation of reactive free
radcals such as methy (CHg), propagyl (CsHs) and ally (CsHs) and ultimatgl to the

formation of largr molecules suchas benzene and 4Els isamers?® Under plasma condions,

butene is known to decompose easily intox@Hd GHx (x=1,2,3) spdesand is usd as a

source © carbon atom® Butere isomes are also believed to plaa role in t

photachemisty of orgaric molecues n planetay atmosphere (eg. Titan).*** They \
*

expected to reacapdly with atoms such as C, ©r N and with small hydrocarb C
ne

suchas CH or GH. Although rate conatts and product digbutions of Jut ions
have been shown to depend on thedfis butene samer® comput of these
environments do notonsider sameric CiHg structures,likely leadn®yo ainties in the
derived abundares of large species. Atkinson & Aschm gled rate corests for

the reactions ofOH radical with but-1-es, cis-but-2 , sbut-2-ene and isobuterat
295+1 K to be (3.13+0.18)10° cn® molecuk @13) 0% cnm® molecules s?,

(6.39+0.13) x 10*° cn® moleculed s?

13+0.24 x 10"° cm® moecules® s?,

|50

respetively. Loisonet al”™ invedig the li r productsformed by he readion of OH

radcals with transbut-2-ere, e in afast flow reactorat room temperature. The

branching fractions forfg mghstradion channel were measured to be 8+3%Qét +

but-1-ere, and 319 rans-but-2-ene More reertly Bouwmanet al>! invedigated

CH radical butene isomer (but-1-ene, cis-but-2-ere, transbut-2-ene and

isobuteff) in al expansioat 79 K. They found siihar rate constants for all reactions

(cf 2 x 407 cn?® molecdes? s?) in agreement ith previous mesurements pdormed at

perater>> but otserved an isomer dependermf the reaction products.tlis
worth nding thd this work also showed that ¢hCo;H + C4Hg readions corribute to

molecular weight growth withformation of larger spees (4-penenl-yne, 3-penten-yne,
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2-mettyl-1-buten3-yne, 4mehyl-3-penten-iyne) through methy radcal elimindion in

addtion to H-atom eliminton.

The reaction kinécs d C(3P) + butere isomes was first studiel by Haider &
Husain? at room temperature in a slofkow reactor. They meased overall rate conarts

for reactions \th but-1-ene,cis-but-2-ere and transbut-2-ene of (&8+0.2)x10° cn?®

Page 4 of 42

molecule™ st (3.240.2)x10"° cm® molecule’ s* and (2.9+0.2)x1¢ cm® molecue™ s'lx

respetively. More recetly, Loison & Bergeat® meaured an overall rate coeffic?e\O
the CEP) + transbut-2-ene reaion of (19+0.6)x10° cm® moleculé s*, whichN\a faWor

of 1.5 smdler than the value of Haider &usain. Loison & Berge&t sufgest$he itial

formation of a tiplet H3C HC x:C=CH € Hs adduct. From this i lateglthe accedde

exothermicchannels are H + 4E17 and CHz + C4Hs throug and CH or CL£

bond beakng, respectively. Inaddition Loison & Berg ed an absolat atomic

hydrogen branching frdon o 0.33 £ 0.08 usi resor@mn fluorescence. The
auhors #¢ress the fact #it the isomezatio inMal reaction addet (H;CHCCCHH3)
may greaty affect tke final iso digib . Subsequently, iLet al>* pefformed a

theoreti@al study of the ground a/bon atom reactidh wansbut-2-ene by probing

the complex riplet pot nergysuface. They predict two major products:

dimethylpropargyl ) and a methylpropargylsaner (CHCHCCH), in

agreement with Bergeaf® The authors confirm a barierless association reaction
followed erjpaio® and dissociation fothe initid adduct. Tk large reaction rate

coeffici m@asured at room temperatis therefore expected to remairhigh at low

terqpera@es making this readion d intere$ for both interstella medium and plsna

sssted combustion chemistry.

The role of the C?P) + butene reactions inag phaseenvironments depends on the

importance of the H eliminatiomxt chanrel relative to &mination of larger hydrocarbon
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radcals, as well as on the isomeci structue of the find products. fl CsH7 isomes are
produced, the reactions will ciibute tothe formation of longlinear carbon chains iterbon

rich enwronments. If GHs isomers ardormed, the reactions could play a role in the chemical
scteme ladng to the formation of aromatic rings:® CiHs-isomers itCsHs an
methylpropargl isamer§ hawe been bseved boh in fueltich flamed’ and as CCP

4
propene reaction produds” The reaction of acetylene 4@;) with the i-CaHs isx
ion®®

suggeded asa possible route to benzene (gHe) formation underceriin fla

The eadion would intially form fulvene (c-GH4=CH>) which could th 0 0 benzene
ISOm

by H-atom-assist isomerization®® The role of themethylpropar (CY¥CHCCH

and CHsCCCH) in ring formaion praesses is it n d rednes futher

investigation. Br instance,CHsCHCCH, is completel ent Yom flammodels whereas
CHsCCCH is suggded to form toluene GHs (C&@r benzyl adcal C/H7 (CeHs
CH,) by reation with the propagyl radcal CHWP?

In this work we presenani

ground state carbon ams CCP) @

@ction productsexperiments are péormed ina flow

Nsmn conditioné® (353 K & 4 Tar) at the Advarced Light
Souce (ALS) b Lawrence BerkeleyNational Laboratory.Detection d the
products j t® icadfied out using tunable Vacuumttdlviolet (VW) photdonizaion

and:':f@\t mass spectrometry. Kitie traces and photoioration spectra suppad by

estigatiofyof the productsrmed by readions oftriplet
ee butene isomers : but-Zfere, cis-but-2-ene and

trans-but-2-ene. In orer to foky’ the

tube readair under

theqguodghamic andFrarck-Condon factor calculations ofig C4Hs and GH7 spedes have
een gedto infer the primary products of the reamts.

Il. EXPERIMETAL PROCEDURE

A descrigion of the apparatusakbeen gien esevheré>® and only a hief overvew

is preseried here. Reactions amgarformed in a quartz flow tube ith a lerngth of 62 cm and
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1.05 cm inner diameter. Theagpresure ndde is typicdly 4 Torr with a total gas flowof
250 scm (standard cubicestimeters r minute). All experiments are caied outat 353 K

corresponding to a tat number density of 1.09x1bcm™ and a slow flow velocity (~10 m’s
). The buffer gs (helium), cabon atom preursor (CBrs) and eaget gas (butae isomers
are metezd by mass-flow controllers. Ragent gases and the qmesor were ued wit

further purification: but-1-ene (3%, Aldrich), cis-but-2-ene (> 99%, Akich), tra’ Q
ene (> 99%, Aldrich) &CBrs (99%, Aldich). CBrs was iriroducedin the %a

typical density ofa4 x 10 cm®, by flowing a snal amount of He oergaidgBrapstream

of the reation tube. At 30 cm along the tubea 60 um pinhole c@mall [pibon of

the gas mixture toxpand into a vacuum chamber. The Qer geresabam of
e

molecules ertering a differentially pumped ionizationc ber®in which molecular and

atomic species are nzed by quag-continuous rotron radiation. lon®rmed are

Hz and accumulad in atrarsient @ tocdlect complete mass spectess a function of

time. It should le noted t@pration frequency of eahlaser allows sufficien time

between laser pulse tely refeshthe gas mixture The total iondetection time-
window is 50 Qing 1ths bdore the laser pués Time-and energyasdved mass
spectra @y averaginaat least 500 laser shott each photon mergy. All data are

toccount for vaations in VUV phoon flux using a NISTealibraied photaliode

2P0, Internatioml RadiationDetectors, Inc.)At each mass-to-chargeni/2 ratio, the
verage signal present before the laser pulse tsastnl from thetime dependent data’ he
photdonizdion spectraat a given m/zratio are obtaied by integréing the dataet over the

desred mass and time windows. The ionizing photon gnerscanred from 7.4 to 9.2V in

steps of 0.025 eV. rKor Ar is usedin a gas fiter to absds highe energy photons at
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harmoncs of the undulair energy. Up tothree independent datasets are recorded for each
reaction and averagedh& phobn enepgy resolution is determined to lwd the order of 40

meV by masuing an atomic esmarce of Xe.

Cabon atomswere generad by 248 nm photolysis oEBr4, using a pulsed exci
(KrF) laser operating at 10 Hz. The laser power outputpisdly 266 mJ per pulse ( n&

L 4
with a fluence inside the reaction flow &bof ~20-50 nd cmZ The mult\

photodssociation & CBrs at 248 nm eliminate multiple halogen atoms &

the introducedCBr4 is photodissociated. Shannon et**ateter )ICCP) ratio
following CBr4 photodssocation at 266 nm of 0.160.04 . golecular itrogen is

known to efficiently quench D) atans through CID) + Na-7 XP) + Nowith a readion

g Me
formation ofcarbon atans®® and CBr radicds®®* Under ourexperimert ionl) 20%of
a C

rate coéficient of k = 5.3x10" cn® molecules® s™. r to avoid poertial chemical

interferen@s from the readion between d Butene, ehpresent expanens were

pefformed using a lae excess of Q¥1.8x1 ®). In the presenexperimenél condtions

(353 K & 4 Torr), for known deng @
+ C,H, readion rateconsta@l. x 10 cm® molecules® s*,?the charactestic deay

times are callated Mames shaer for C(D) reaction with molecalr nitrogen ttan
for the C{P) | butere isamers Consequently, in #following sections the
influence ) sTeadions with butene isomers is neglected. In tddj due tothe
hig '

op

actant (gHg ~ 10 cm®) and considering a é)

rcygof C(3P) fine gructure relaxation bydlision wth He, the spin-orbit level

3
distibution of ground state carbon atenC( Po1,9) in the flow tube arexpected

0 be hermdized **® The impact of @r readions with butene on product ittifi cation is
discused in the Results sectiorFindly, it is worth noting that the absorppon cross-sction of

1-butene wa measured to be 6B0% cnf at 220 nnf’ likely leadng to netigible

dissocidion of the butenesomersat the longemwavelerngth ud here.
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IIl. COMPUTATI ONAL METHODS
Electront structue calculdions d the netral GH7 specis and thei cations are

caried out wing the @ussian09 packagemgloying the B3LY PICBSB7 method to obtain

optimized geomeies. Theoretial cdculations with thesame methodsvere apied for C4H5&

isomers in a previous stud§Heats of reaction and adialzaand vetical ionizationenergs
4
are obtained usinghé CBS-QB3 compogte method. All the vibrational frequersi Q

indicating ttat the opimized gametries epesent minima on the potenti X.

Photoionization spearof GH7 isomers are cdculated at 298 K usjg#®t package
within the Franck=oncn approximation.®® The simulatd factors C ed with a 40

meV (FWHM) Gauwssian response function and integrettogl e gifect photoionization
spectra.

IV. RESULTS

Table 1 reports the optimizethwturesfor s Csyjisomers together ith their computed

ionization energies. Bacse the c&nidormQ the cyclic isomer cannot be optimized, the

value repomrd is the vetical ioniz g. As mentbned abog, C4Hs isomers have been

investigaed in a pevious st

Table 1 Optimized st S YP/ICBSB7 method) anddiabdic ionizaion energies
ecEl7) of GH7 isomers

lonization Optimized loni zation
energy |Isomer energy
(eV) structure2 (eV)
Ho
7.10 Ethylpropargyl 7.88
tylpropargy 009 2
¥
P sa
_ s &
is GHy 2 - 7.19 Trans 3-GsHy fay o 740
o 2
Q
)“J ,I 9
Dimethylpr opargyl “"—}J‘Q) 7.41 Cis 3-GH; f*J?J 7.41
9
2
c-GHr ;‘:ﬁw‘)‘ 8.19
)
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Table 2 preserst computedenthalpies of reaction & 298 K for al the predicted
reaction chanels and mvestigaed CsHg isomers. All of the radion channels are found twe

exothermic. The differare betwe=n isomers is outdie the eror of the method which is~5 kJ

mo™ on averaged prediction ofH°(298.15 K) for CBS&X methods®® Within thes
uncertainties, # erthalpies of reaction isplayed in Bde 2 for the CCP) + trans€

*
reaction are simdr to those caluated by Li et al. (GBBB/BBLYPB—BllG(d,p)SX
values a& all lower than the enthalps cakuated by Loison andBerggat@gased on

expeimentl enthalpies oformation?®

Table 2 'H: (298 K (kJmol™) forpossiblereactionchanne Hs.

Channels Trans€sHg Cis£y
Trans*€sH7 + H -204.52 -215.00
Cis%£sH7 + H -207.13 2. -217.62
Dimethylpropargyht H -209.75 - 00 -220.24
Ethylprop%rgyl+ H -199.2 51 -209.75
3-CsH, *+H 07.13  -212.37
c-CsHz+ H -55.06 -60.30
i-C3Hs + CHs -249.08 -254.32
CH3CHCCH+ C . -243.84 -249.08
CHsCCCH, + C -249.08 -254.32  -259.57
C3H3+CsHs 36.64 2466 -247.14
aCBS

b n
Photoion s &ecorded vth and vithout CBrs and with or without the

photdysis Iam #habserce of butere in the reactorflow, noion signas were

deteced , and 67corresponding to the expected®B) + hutene product masss
(Ci#E, 7 Cy d GH7). The eativity of CBr radiced with buere isomes has to be
on to ensure that productermed atm/z53 and 67 do notrminae from readions

nvolving CBr. The rate coefficient dfansCsHsg reaction withCBr has been determired by

Ruzsicka et al.”’ to be 1.2310* c¢m® moleculest s, which is fifteen times lower than that

of the C¢P) reaction with butene”® Conquertly, uncer the present experimextcondtions,

CBr + butene products afermed more slowly than the éE’) + buene productsPrevious
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investigations on the @1-'6) + ethylene and é]?) + propylene @&dions have shown thach
slower secondary prosgs and sle readions with chaaderidic times of the order of few

hundreds of microsends can be diaiminated aganst primary processs by inspecting the
product time traces®® Furthemore, for all the results prested below, the comibutions fro

slow readions or subsequenteadions are minimized by integrating ssaspetta only

the 0 +Instime rarge.

*
In the ®dions below, we analyze mass spectra and phadisoon s %d

upon iradation of a mixture of CBr with three diferent butene isomg#®¥ b eis-but-
2-ene, transbut-2-ene. Phoionization specta acqured at 4 & Tgfdo not show
significant diffeerces. In theollowing fdion only spectra @!orr are presrted.
Compaing photoionizion spetra to previous reuts to ulated photoionizéan

spectra idrtifi esthe isomeric structure of theaetio

The time behavor of the non-n jon ¥gnal after the lagr pulse is ued to

disaiminate betveen C(P) reactiofgproduct®and products from sidetiens as wellas to

infer product branchindradions. Nals for the main products ariétted using Eq. 1

corresponding to a pseud@ model of equertial readions.”*
55 %, &

i J
Thg@ ki, andky; are the pseudarst order rate conatts for theformation and loss

f ducti. Sis proportional to the amount oéacarts consurad to form producti.

Brarching rdios ae obtained from th ratio of the § values for two different camels

assuming equal ionization cross sections.

A. C(SP) + trans-but-2-ene

10
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FIG. 1 dsdays the mass spectrum obtairfetiowing photdysis of a mixture of CBr

andtransbut-2-ene in hiaim and nirogen. The data areecadedat 9.0 eV photon enagy.

The negtve signals am/z28, 41, 56 and 127 are due to imperfect subtraction of ion signal
from butene or from imputies present intie reaction flow. Over the short redion window

(1 ms),the main ion signals are obseneatdn/z53, 55, 67, 68, 91, 93, 146, 147, 14849

Products atm/z91 & 93 are identifid to be C"°Br and C*'Br, formed by photodissociaj &
*

CBr, at 248 nm. \
200 [ ° T ' T v T T T T T ' ! ¥ Qﬁ

150 | -

100 |

50 |

lon signal / arb. unit

FIG. ssspe rans-but-Z2-ene mixture in

heliumat 9.0eV ph gy integated over the 04 mstime rarge.

s the normalkz averagd kinetic traces om/z 146/148(red circles) and

m/g 147/ (blue squares) togetheéthwmodekd CsH7Br (red line) and C4HgBr (blue line)

traces. The m/z 4449 and m/z 146/148 tempalrprofiles are modeled using the

following scheme:

CBr + C4Hs 0 CsH/Br + H (Rla)
CBr+CsHs o CsHgBr* (R1b)
CsHgBr* o CsH/Br + H (R2)

11
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The meadade CsHgBr* at m/z 147/149 $ formed by the CBr+ C4Hg readion (R1b)

(kia+15=1.23U0" cm® molecues® s%)™ and decayskt=500 &) to give CsH:Br + H (R2).

The temporal profile for €4-Br at m/z 146/148 signal is the sum of the tdbations from
CBr + C4Hg (R1a) and GHgBr decamposdtion to GH;Br + H (R2). The dad are best

reproducd with branching ratbs of 0.58.6 for reation R1a and 0.5 £0.4 for reacti®fb.

BB Ty

e T b+ tel

30 | L V;‘T".u;‘—‘l 1 J=£- o S

20 Ol | : i

lon signal / arb. unit

IS S
10 + A [ £Y —~

) PR B 172 1 i Y
N R N VIR AVAT A T ~TAKL e Axx 7]
AP B CRRBR IS P T

\

10 15 20
Time / ms
ces ofm/z 146/148(red circles) and m/z 147/149

FIG. 2. Normalied averag
(blue squares) obtainex ¥ a CBr andtrans-but-2-ene mikure in helium, at 9.0
eV photonerergy. ) es are mod® tracesfor GsH7Br (redline) and GHgBr (blue

ling).

G. snows the mmdized tempodatraces of (a)miz 53 (GHs, blue down

trig@gles)gande? (GH, purple triargles, (b) m/z55 (GH7, cyan diamonds) and 67 (purple

s), and €) m/z68 (GHs, dark yellow left trargles) and 67 (purpleriangles. Thick
lue, cyan and purpldines are double expertial fits tom/z53, 55 and 67,agectively. The
thick dark yellowline is a single exponential fit tn/z68. According to these kitie traces,

m/z53 & 67 are likely to beformed by he fast CEP) + GHsg reaction,as suggeged by the

12
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350 pstime constat of the obsered rise, carresponéhg to a large vaie of kist(* 500 §Y).

The dffusion carreded” pseudo first order rate#,000 &) is still lower than the jricted

one (19,0009, likely due to the instrument response filme. Here we asume that the

rising edgs of these o signals epesent creion of CGHs and GH;. By cortrast, th
kinetic traces ofn/z55 & 68 show a slower inemse Kist~ 1 000 &), suggesing that the \

formed by reattons slover than C{P) + GHes.

e O

0.8 (! ]

Normalised ion signal

gnal

Normalised ion si
o
o
1
1

Normalised ion signal
o
.
1
1

T T
-y

o
w -
e
w

Time /ms

FIG. 3. Normdized kinett traces obtained by photolgsof a CBrs and transbut-2-ene

mixture in héium, at 9.0eV photonenergy of & m/z53 (blue down tringes) & 67 (purple

13






©o ~NO O WN P

triargles) (b)m/z55 (cyan diamonds) & 67 (purplériargles) and (cm/z68 (dark yd ow left
triargles) & 67 (purple targles. Thick blue, cyan & purpldines are double expential fits

to m/z53, 55 & 67 regectively. The tlok dark yelbw line is a single expongal fit to m/z

68.
From the above analysissi&; and GHs isomers ardikely to be te primary prod &

of the C{P) + butene redion through H-émination and CH-elimination. The

ratio between thee two channels an be edimated directly from the valug tained

from the fit of the tenporal tracescorreded by the reld@ve ionization S 0 and the
umed to be

mass disemination factor.As these cross sgons are unknowny

equal. Consequentlyhé ratio of the S; values gives only of thedi¥s. CH; 4oss

brarching. The fi of the mfz 53 and 67 tempo gess a 0.63:1 GHs/CsH7

branching ratio. No data were recorded pho n above the IE of methyladcal

(9.83eV),"* although it is expet it is form

FIG. 4 displays then/z53 jonizdon spectrum dained by iradating theCBrs
andtrans-but-2-ene miture e data are iefrated over the 0-40ms time ramge
and dsdayed from 7. e\gphoton empr. Within the expeimental uncertainty, the

absee of anion % set at 7.55 eV sy that tha-C4Hs isomer is noformed by the

c@P) +tran eactid’ The ionont at 7.9 eVsuggess the presese of one or
both offfhe propargyl isomeffe = 7.94eV for HLCCCCHs and IE = 7.95eV for

H CM" \Within the expementl photonenegy resdution (40meV) it is not pssible

rentiate betweerhe two methylpopagyl isomers. Kb. 4 also diplays the integrated
Franck-Condon factor msiulations for the i-C4Hs (dashed cyan line) and methylprapdr
isomes (dashed and tted blue& dotted green lines). The specfor each isomeare

normdized to unityat 9.0 eV, because thensilated spedra are consta above this photo

15
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erergy. The thick red line $ the siulated specum of the methylpropargy isamer

H.CCCCH nomdized © the expeaimental data. The datare wel reproduced wh no

contibution fromi-CsHs. The absege of thei-C4Hs isomer andhe formation of one or both

methylpropargyl isomersifders from previous studs on GHs formation. 2%’

1,0 |

o
[«

2
[}

o
~

Normalised ion signal

o
(N}

00|

Photon en

FIG. 4. PhotoionizZthon spetrum 3 Otained by photolysis of @Brs and

trans-but-2-ene miure in hdium if

pgratd oW the 0-40mstime range and displayed from
7.4 to 9.0eV photon energy. T o the integrated Franck-Condantor simulations

for i-CsHs (dash cyan line) yiproparg!l isomers (HCCQOCHs daseddoted blue ine

& HCCCHCH, doed in€sy. The thik redline is he integratedFranck-Condon factor
simulation of rmalizd to theexperimenal data.

Dye 't sigifal-to-nsératio in the pltoionizaion spedrum at m/z 67 it is not
possi o irfer the cambution from the vaious GH7 isomers. The dder decay of this
siggl copaed with m/z = 53 makes the & spectra meh noisier. Havever, the deteteon

f ion signal above 7.5 eV is consistent with the posddimation of the dimethylpropayl

isomersassuggesed byBergeat & Loson?® and Lietal.®

16
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In FIG. 3, the decay rate of the m/z 67 sib28 él) IS greagr than that of the m/z
53 signal (42 ). From te product igrtification above, these signals are likely to be due to

ionization of dmethylpropargyl and methylpropargyl. The presence ahahyl group on

either terminal carbon of the propayl radical may estt in hyperconjugaion™ betweenthe

partially filled p orbitd and tle Vorbitd from a CH bond in bei postion. Atho
¢
hyperconjugation stilizesthe madcal dte, it weakens the methyl & bond, facil't\
abgradion by Br or H atoms. The large difference in decay ratevest th &jc S

could be due tohie dependence oftte hypercojugation grength on thg#onNgig#bicture of
stracy

the substitutegoropagyl radcal and the number ofmethyl groups: of a H-atom
from dimehylpropargyl is consistent with the detection &2 W /z 66 with a slow

formation rate (not shown). Within thexperimentl signag-noi®e, no signal is eeed at

m/z 52.

Photoionization spéia were alsorgfogd fMsemndary products, m/z 55 and 68

(not shown here). Enpresaice dgn ion ettaca. 7.5eV for mz 55 suggets the

contibution d ore or two 1md w
abdgradion of an H atom tene byadive sgdes such as Br, CBor H’ The

presence ofanion V in the photoioniz@éon spectrum form/z 68 suggestdts

isamers (C4H7).”® They ar likely formed by

identification

B. C(3P [ “ene

T agum registeed (not shown here) following photolysis of a GRBmnd cis-but-2-
hgre in helium and nitreg leads tothe olsevation of the samdour majpr peks m/z
3, 55,67 & 68 asfor transbut-2-ene.FIG. 5 shows the normalized tempbtraces of &)

m/z 53 (blue down trianges) and 67 durple triargles) (b) m/z 55 (cyan diamonds) and 67

(purple triangles) andd) m/z68 (dark yellow I& triangles) and7 (purple tiargles. Thick

blue, cyan and purple liesare double exponentiéits tom/z53, 55 and 67 edively. The

17
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thick dark yellow Ineis a simgle expomertial fit to m/z68. The first-order risef m/z53 and
67, around 3 00 000 §' swggeds that they ae primary reaction produst as for the

reaction of C{P) with trans-but-2-ere. Thefirst-orderrise coefficients of m/z 55 ands6 are

1230 and 138675 suwggeding productsformed by secondary or slower reamts. The fit o

them/z53 and 67 sigals fromFIG. 5 leadio a 0.60:1 ¢Hs/CsH7 branching ratio.
2
1.2 e e T
al o (a) \

0.8+ { R

0.6

0.4+

Normalised ion signal

0.2

0.0 Jisssw
1.2

0.8
0.6 4

0.4

Normalised ion signal

02+

&

FIG. 5. NormaliZed Kineticiraces obtained Dy pnotolysis oarz and Cis-butl-2-ene mikure

T hd \ i | o T bR
K 6 8

© -
N

0
Reaction time / ms

in helium, at 9.0 eV phain energy of & m/z53 (blue downtriangles) & 67 purple triargles)
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(b) m/z55 (cyan dianonds) & 67 (purple tarngles) and €) m/z68 (dark yellow I& triangles)

& 67 (purple trangles. Thick blue, can & purple linesare double exponeatifits to m/z53,

55 & 67 respedively. The thck dark ydlow line is a single expamtial fit to m/z68.

FIG. 6 displays than/z 53 photoionization speaim obtained by rradating a CB

andcis-but-2-ene miture at 248 nm.The data are integrated over the Or®time rarge
disgayedfrom 7.4to 8.8eV photonerergy. Similar to the results fotrans-but-2-en

no evidence for-C4Hs isomer, and clear evidence for one or both methyl gap
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10 S -

N

08 | .97 ‘ l -

- 7 25

O
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O s ‘ O
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Z 02} y ;) o

- o /i B
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0,0 pess ::::::- . (. § OO ® -

[ v' 1 \/l i 1 1 1 L i

74 & 8,0 8,2 8,4 8,6 8,8

Photon energy / eV

otoion

ene mixture iymgtegred over the 0-40 méime rarge and dplayed from 7.4 to 8.8

e
d

\Y, pho@ - The lines are the integmfrarnck-Condon faabr simuldions fori-C H,
h

Ganline) and metjipropargy isomes (H.CCCChH dashed-doted bduline &

CHz doted green lieg. The thick red line is the integrate@ranck-Condon factor

imulation of Ho.CCCCH3z normalizd to theexperimenal data.

FIG. 7 displays then/z 67 photoionization speaim obtained by rradating a CBr,

and cis-but-2-ene miture at 248 nm. Theead sdid line epesents the nornized integrated

18
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Franck Condonddors of the dimethylpropgyl isaner while thedashedline is that ofthe
ethylpropargyl isomer. fAe relatively good math between the dimethylpropargyl smulated

spectrum andexperimental spectrum suggestha dimettylpropagyl is formed by the

the ethylpopargyl isomer to the signal.

S ——
1,0 }- o R

reaction. Due to the low signal however, it is possible to determine the coiftution frorr\

®©

=

2

]

c

L2 05}

©
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2 o I

© [

= \\ |

5 |\

=z | /(?QO 1 O'

oo‘lx' 000
/ \/
0,0
7.5

FIG. 7. Photoionizgon spe 6/ obtained by photolysis of a GBand cis-but-2-
ene mixture in hellum ®er the 0-40 méime ramge and @played from 7.4 to 8.8
eV photon erergy? ' ick redine and th dash gren line are the integrate&ranck-
Condon f @tio for dimethylpropargyl(red line) and ethylpropargyl (greeline)

respet
3P) but-1-ene
FIG. 8 displays a e resohed mass spdrum obtained by photolysis of @Brs and

ut-1-ene mixture in halm and nitrog@n at 9.0 eV photon engy from -2.5 to 35ms relative

to the laser puts The main time-@sdved signals are obseed at m/z39, 55, 66, 67 an@8.

By cortrag with experimets peformed with cis- and transbut-2-ene, m/z 53 is not

20
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observed, and signals at m/z 29 and 39 apgter the photolysis lasr pulse. Experirans
pefformed while doubling the corartrations of dl the reacans (not shown here) led to

similar kinetc traces. As for the reactionitlv trans-GHs, signak at m/z 55 and 68 are

identified as methyldlyl and isoprea. Signalat m/z 29, 39 and 67 are likely taiginate fro
ionization of GHs, CsHs, and GHy regedively, corresponding to the 4Elz + C;Hs and \

CsH; exit chamels of the CP) + hut-1-ene reaton. Signal at m/z 66 could:’
abgradion of a hydrogn atom from m/z 67as discissedin Section IVA. Thegsi®alat 'z
39 is cleay idenified as propagyl radcal due toan ion ont at the onization
erergy (IE=8.70 eV) and cleauoionization reonancs.”” It shoul notegl, that when the
conceftration of butene is increased, the sigraalm/z 29 is nymoe, while the

signal atm/fz 39 is sill present. T is likely due to fare n d the GHs radcal,

produced by the GP) + buene reaction, ith bute% onsistent vith the fact that

CoHs readions with hydrocarbons aexpe be®er than reactions with the resonance

stallized propagy! (CsHs) radial @ge KIDA sheetat http//kida.obsu-bordeauxl11f).

%
QQ’Q
S

FIG. 8. 3D masspectrum obtainedy photolysis of a CBrand but-1-ene mixiure in helium

20
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at 9.0eV photonenepgy from -2.5 to 35msreldively to the laser pués

FIG. 9 displays than/z 67 photoionization speaim obtained by rradating a CB&

and but-1-ene mixture in helium andragenat 248 nm.The data are integrated enthe 0-

40 mstime rarge and didayed from 7.4 to 8.8 eV photon energyh& green dashed line is
the integratd FranckCondon factor simulationdr ethylpropargyl and the ttk red line that
for dimethylpropargyl. e reasonable melh between he integraed Franck-Condon factor

simulation for ethylpropargyl and the expenental datasuggess that ethylpropargyl is the
main GHy isomer formed by the reaction @R) + but-1-em. The product branching ratio for

the GH3/CsH7 isamerscan be edimated directly fom the rdio of their ion signals assuming

equal ionization crossections. Them/z39 and 67 signals from the mass ¢peu lead to a

1:0.95 braching ratio for the GHsz + CoHs and H + GH7 exit channels.

FIG. 9. Photoioniz&on speaum of m/z 6/ obtained by photolysis of a GBand but-1-ene
mixture in helium integrad over the 0-40ms time rarnge anddisdayed from 7.4 to 8.8 eV

photonenergy. The thick retine and the dash greemd are the integratd Franck-Condon

factor simulation for dnethylpropargyl (red line) and ethylpropargyl (greeimne)

21
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respetively.

V. DISCUSSION

For the C{P) reactions Wth thetrans- and cis-but-2-ene samers,asuming equal ionizion
cross sections for thesBs and GH7 isomers, GHs.CsH; branching ratios are found to be

0.63:1and 0.60:1 rdo, respectively. Thisuggeds that the stexdsomery has no effect on the
product ratios. The results for thansbut-2-ene isomr differs from the (33 r0.06 absolute

H-atom production brahing fradion measued in fast flow reactor monitoring H-atom
fluorescence by Loison arlBergeaf® corresponding to a 1:0.548s5:CsH7 branching ratio. Li

et al. propose a possible 1:1 bdimg fradion basedsolely on the enggtics of the products
andtrarsition state> Previouswork on tranching fadion for the C{P) + GHs readion led
to reasonde agreement bewenour reallts using tunable MV photoionkaion with time of

flight mass sgdrometry and thse obtained Lo and Bergeat using H atom flesxence

detectior?® The disaepancy rported hee could be due to éhlow signal h the present

expeiments for the 4£El; isomes conbined with the assumed equesade of the
photdonizaion crosssection of the® isamers. For Hese reasons #h values reported by

Loison and Berga® are likely tobe more accurateFor the C{P) readion with but-1-ene,

the 1:0.95 brashing fraction for tle CsHs:CsH7 isamers deived fran our experiments
sugeeds similar probaility of losinga H or GHs group from the initial CsHs readion
adduct.No experinertal or theorécal values are avaible for compaison.

CsHy7 production, corresponding to the H elimination channel, is obedifor all three

C(P) + hutene samer readions. In thecase of the CP) + transbut2-ene eaction, the

theoreti@al invedigation by Liet al. suggess that dimettylpropargyl CHsCHCCCH) is the

mostlikely isomer produced. Although this cannot not beficored by the present study for
the CEP) +transbut-2-ene reaction, the fiof the photobdnization sdrum preseredin FIG.

7 is consistent with the foration of the dinethylpropargyl isomer by the é®) + cis-but-2-

22
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nene reaction. RegardingetC(SP) + buti-ene reatton, the photoionization spectrum FihG.
9 suggests ethylpropgyl asthe man product isomer.

FIG. 10 presits a proposed memfism for the wdect formaion of the
dimethylpropargyl and ethylpropargyl isomers from*E) reations with the butene $amers.

As previously proposé& the carbon atom isKely to interact with the S-electron systm of
the unsaturated hyatarbon toform a 3-carbonring. In the cae of but-2-ene, different

stereoisomers of the dyc intermediate Wl be formedby reation with the cis- or trans-but-

2-ene. The tsained isomer islikely to have a very short lifentie (<1ps) as suggestd by
Loison et al. for readtion with butene and Kaés et al. for reaction vith ethylere® Upon
ring opening ti will form a subgituted triplet allene-lile intermediate.Elimination d a

hydrogen atom from oneof the C 41 groups in alpa postion to thetriplet carbon leads tthe

formation of dimethylpppagyl for reaction \ith trangcis-but2-ene ad ethylpropagyl with
but-1-ene. Tle photoionization spé&@ at mfz 67 rgorted hee are consistent with the
previously discussd mechanism, [though a more&omplex isomeizaion schemes could lead
to other CsH7 isomers. Thdormation of theerergeticdly accessibleHCCC(CHsz)CHz would

require aCH, transer afterformation of the cyclic intermediate.

HC:
H;C .o
.Cx -H .
—>HSC\C»YC&~C/CH3—>HSC—C=C
Ha H H
g
HSC/
e /H
C.H Cs -H .
H C(3P paals .- - e
C=CH2 4(L HC/_\CH2 g \ﬁ/ \CHQ — » CiHj C—C—C\
CoH CHs™ H
2 Ethylpropargyl

3
FIG. 10. Proposed meatisms for theformation of GH7 isomers from C( P) redions with

butene isomes:
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C4Hs isamers are obseed for both CEP) +trans andcis-but-2-ene reactions, while
they are not detted for the CCP) + but-1-ene eadion. Theabsence of GHs products inthe

case of but-1-ene is consisterithwthe absence of methyl group on thearbon doublebond

of the intial readants. This suggest a ragd dissociation D the acydic adduct through
breaking of the GH or C£ bonds iitially on the C=C group of the reactantitout further

isomeization FIG. 11 show the decomposition fothe initial GHs adduct into ethy +

propargyl.

02H5 /’C‘\ _C,,H
\C'/ \‘CH2 2755

25 e H—C=C=—C¢C
H
FIG. 11. Fomation of propargyl adcal from GHs-loss from the CP) + hut-1-ene reaction

adducts.

Interegtingly, in thecase of CGP) + trans andcis-but2-ene reattons where @Hs is
formed, the photoinizeon spect, displayed in FIG. 4 and 6, difér significantly from hose

obtaired for the C + GHs reactions by Cagmm et al?® or for fuel-rich flames expgments by

15" The man difference seems to be due to thiserce of thei-CsHs isomer

Hansenet a
(IE=7.55 eV).?® This ontrast can be explainetly the different loss channes of the

intermedia¢s formed byring opening of the adudts from the C + propener C + butene

reactionsFIG. 12 dspdays the addct formed by readion of carbon atms with cis-but2-ene
(top) and propenebfttom). In thecaseof the reactiorwith propee, the i-C4Hs isomers are
formed directly by Bmination of an H-atom from themethyl group?®In the case of Cilloss

from the CsHg intermedate, the isome formed by tle mog dired pathwy is the

CH;CHCCH methylpopargy isamer. Fomaion d the i-CsHs isomer would reque a

hydrogen transfer from the methl groupto a carbon inJposition. Although within our

expeimental energy resolution it is notospble to distinguish between the two

methylpropargl isomers, th deedion d one @ both of the mihylpropargy isames is

24
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consistent wh mechanisms proposed by Lois&nBergeat and Let al for the C(SP)

reaction withtransbut-2-ere. Li et al. suggestCH;CHCCH as a likely candidate for §Hs

isomers from C 4rans-CsHg readion due to eitler kinetic or thermodynamic factors. Indeed,

from FIG. 12 formation of CHsCCCH would require a H-atom transf to a carbon inE
postion. Distingushing between the two isamers would ke of interes as CHsCHCCH is

completely absentfrom flanes modes whereasCHs:CCCH; is propased to form toluene

(C7sHg) or benzy radcal (GH7) by reation with another CBCCH: or with propagyl

radcal >®
Hs
|'|3C\C'7'C~\\C/Ch3 ;}{3» H—C. __
H H
,o o\ ) éHQ
H H H,C—C=—=CH

i-C,H;
FIG. 12. Fomation of GHs isomer from CHs or H-loss from the CP) + cis/transbut-2-ene

(top) and C + propendgttom) readion adducts?

Although carbon atoms may not fiemed in standard flames amualgines, they are
known to e present in jasma and plasmassisted envonmens®*! Similar to the CH
radcal, carbon atoms iW react vith the most abundant fughdecules through
addtion/diminaion pathways tdorm larger molecules. Such nebanisms still need tde
validated, epecially for larg@ hydrocarbon moecues used a fuels. Couping plasnas to

combustionsystems &sthe potertial to gredly improve the combugon piocess throgh both

an increase incombustionefficiency and a reduain in theemission of pollutants (e.gNOX,
CO,, soot)”® Feedback control aorithms using ensison concertration as error signals and

applied plasna as cotrol signals could lbow the combstion device to un at its shhlity

limit. The design of sth plasna-assisied technologes requires a basic understanding of the
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combined combusion and plasma chemisry leading to increased heat $eand decresal

emissions.

Isomers of the ¢Hs and GH; hydrocarbon adcals have ben deeded in stardard
combustion flame wher they contiute to the fomation of larger molecules, including

aromatc hydrocarbons®™ Their detection froen the CPP) + butene isomer reactions

sugeeds tha the formation ¢ the® radicak will be enhanced under plasma asdist
combustion condions poertidly changing themolecular growth chemicd scheme. The
edimated brarching ratios obtained in éhpresent expeiments ag important data for the
design & new combuson models under high-energy conditions such ass¢ found in

plasma.Ultimately thesemodels will be ed to talor newcombustion strategiesitia lower

emission and higher efficiency.
Cabon-containing macues can takevariousforms swch as carbon chain moleceg
polycyclic aroméc hydmocarbons(PAHs), cabon clusters and carboremus solid§® CCP)

§1—83

atoms hae been detected in densnterstdlar cloud where a large fraction d the

obsenred interstelar molecues are formed. None of the GHg isomers however, have been

obsenred so far, likely due to their low eldédc dipoe monens (d0,5 D). Their predictd
abundance in agrochemical modelsformed throughC and C readions seems to be
sendtive to reactions invoimg atomic oxygen anditnogen® In methane rich atmosphes

such as Titan$§, hydrocarborformation is iitiated by the photochemistry ofihane that

producesmore complex and lesssauraed hydrocarboné’*## %8 though CjHg hasnat been
deteced in Titan'$ atmospherg, Lawas and coworker® for instance, included the aetion

of carbon with 1-butene isomer in their photocherhinodel of Titan'§ atmosphere ith no

information on te products Zhang et al® used a 1D-phototiemical model d Titan to

producean atomiccabon pofile reproducing the aimic carbon emgdon at 1657@bserved

by the @Gssni Ultra-violet Imaging Speitograph and stresthe need © a full set of
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©o ~NO O WN P

photachemi@l readions involvingchemical sgdes containingat least three carbon atoms to
describe carbon atom chetnjsabove 600 kmRecently, Dobrijevic and emrkers® derived

abundance prioes from a 1D-photocheroal model coupling neutral and ion exhistries

showing that GHs (with no isamer distinction) is among the mosbundat C4Hx speces
above 600 kmSuch lage hydrocarbons couldlso phy a role in he formation of organc

hazes observenh Titan$§ atmospher8?

The rate coefficient of the reaction®gJ trans-but-2-ene as measued by Loisonet
al. at room temperatur € 1.9u0™° cm® molecudes® s%)? and is likely to be of the same

order of magnitude for cis-but-2-ene and but-1-ene. A large numbereations between

groundstatecarbon atoms andnsdl saturaéd or unsaturad hydrccarbons have been shown

to be fag at room temperaturé?>3¥%9 with rake coeficierts increasing with deessing
temperaturé>'* Similarly, it is expected thareactions b CCP) with butere isamers

remainfast down to very low temperatures. Furthere, the present investigation shows that
even for sucha simple system, th title readion canform quite a large number of

hydrocarbon adcals such a& CsHs isomers (H.CCCCH and/or HCCCHCHs), propagy!
(CsHs3), dimethylproparg! and ethylpropayyl. Although themethyl radcal is not detected it
is expected to béormed by reaction of carbon atoms with trans- and cis-but€he natre

and braching réios of these adcals are found to depend on the, G H isomers considered,

and are consistentith smple addition/di mination schenmes shown in Figs.10 - 12. All these
radcals aresusceptible ® paticipae in theformation and destiction of other molecals
present in theservironmerts. This sresses the importance of nduding molecudr isomer

resolution for bdt reactard and produd in interstellar agrochemical and atnspheic

photachemical modal in order toedimae ther abundance as wel as ther potential
importance in chemcal schemes leading to etiformation and edruction d complex

molecules
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VI. CONCLUSION

The ground state €R) reactions with butene isometstt1-ere, cis-but-2-enetrans
but-2-ene) wee studied under multipl cdllision condition® at 353 Kand 4 Tor using
tunable photoionization coupled toméof-flight mass spctromety. Products from

seconday or sick readions ae distinguished from pmary product using the temporal

profile of the detead ions. The reactions are femmed unér multiple colision condtions
from 4 to 8Torr with no significant presre depewerce of the produd digributions.
Although he initial enegized adduct is expesd to have a very short lifene (<1ps)i®?
statigical cdculations have shown &l some of s isomers nay have longr lifetime, up to

tens & nanoseconds for termedates of the CCP) + CH, reaction for istance'

Expaimental or theoretitastudes over a wider rang of presue are required to fully
investigate theféect of cdlisional querthing on the fiml product digribution and the rolef
intersysem crossirg.

In the cas of CCP) + transbut2-ere and C{P) + cis-but-2-ere readions, the

obsered reacton exit channels are #s + CHz and GH7 + H. Assuming simdr ioniz&ion
cross sections fohe CHz- and H-coproducts, thesBs.CsH7 branching rdos are 0.63:1 and
0.60:1for readions wth trans and cis-2-butere, repedively. These vales differ from the
1:0.5 CHz:H-loss ratio meased in fast flow rador’®or the 1:1 ratioswggested by Li et af

from the analysi of the GH, potrtial enegy suface. Tie dfferene between the

expeimental braohing ratios islikely to be in pat due to tke absene of dah on the

photdonizaion cros sections for the €H7 and GHs isomers. Furthe experimentd or
theoreti@al studes are rguired to obtain ¢Hs and GH7 photoionization cross-ston and

therdore more acurate branching ratios.

3
For theC( P) + bu-1-ene reaction, the observeehction channels arezBz + CHs

and GH7 + H. The neaswed CsHs:CsH7 signal rdio from the present flow data is found to
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be 1:0.95 assumingaqual photaonization cross sections for thesldz and GH; radcds. No
C4Hsformation is obsemd for this reaction. The non-aetion of GHs for reaction vith but-

1-ene is onsistent vith direct additon of the cabon atom onto he carbon doubt bond

followed by mpd ring opening tdorm atriplet allenelike structue. The mat likely fate of

the energized intermediate is afCbond braking in Epostion from the carbeneerter. In

the case of reacm with bu-1-ere, this diret additionelimination mechnsm leads tothe
formation of he obewed C;Hs and GHs radcals.

Photoionization spdra at the mass of the 4Els isomers for thdrans and cis isomers
show formaion of one or bth metlylpropargyl isomers and négible formaton of i-C4Hs.
Within the experimentl energy resolion, it is not pssible to distingwh betweenthe two

methylpropargyl isomers. Photoionization spectra at the mass ofstheidmers digay

very low signal-to-noise ratio and do not allow the unequivocal iderttdicaof theformed
isomers. The dettion of signal below 7.8 eVsiconsistent wh the formaion of
dimethylpropargyl for reatton with the trans andcis isomers. In the case ohe reaction with
but-1-ere, the photoionizéon spectrum is well rproduced by the sinulated spedrum of only

ethylpropargyl.

Overall, the isomer-resolved product detection for tH#®)Cf butene ismer reactions
is consistent wih the addition of the carbon atom to the doelbond toform a cyclic
intermediate This intermediag is likely to hae a very shot lifetime and to ismerize

throughring opening to driplet allenelike intermediate. The expenentl data can all be

explained using direct H-, GH or GHs-elimination without further isomezation of the
erergizedintermediates. Expamertal and tleaetical determin@gons of open-shelindecue
photdonizaion cross-sctions are requed in order to improve the accuracy of bchimg
ratios inferred from photoiorgation mas spectrometry stuei The reactiornof ground state

carbon atms with butene isomers igarbon rich emironments sch as the ISM or glama

29



O~NO O WNPE

Page 30 of 42

asssted combustbn is therdore likely to conribute tothe formaion of lage carbon adcals

and therefore tanolecdar growth chemical schemes.
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