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Abstract

The kinetics of the reactions of the first excité¢ates of methyleng'CH,, with GHz, CoHa,

and GHe, have been measured over the temperature range 238 K by pulsed laser
photolysis, monitoringCH, removal by laser induced fluorescence. Low temperatures were
obtained using a pulsed Laval expansion {4834 K), while a slow flow reaction cell was
used for temperatures of 160 K and above. The rate ceetficior the reactions withoB8»,

C2Ha4, and GHs, all showed a strong negative temperature dependencemlrinaiion with
other literature data, the coefficients can be paraineteas:

keH,(43 < T/K <298) = (3.22 + 0.15) x 10%° x (T/298}0-394 0.066)
keH, (43 < T/K <298) = (2.16 + 0.14) x 101 x (T/298)0-61220.089)
ke,Hg(43 < T/K <298) = (1.78 + 0.10) x 106° x (T/298)0>45=0.078)

Branching ratios for reactive removal 6€H. vs quenching to ground state were also
determined for all three colliders and fos &hd CH, at temperatures between 100 and 298
K. The values measured show that the dominant removadgsaf'CH, by H,, CG:Hz, and
CzHa4, changes from reactive removal to quenching to ground ¥iie as the temperature
decreases from 298 K to 100 K, while for £&hd GHs, reactive removal drops from around
85 % to around 55 %Tlhe impacts of the new measurements for Titan’s atmosphere are
examined using a 1D chemistry and transport model. A significenease(~25%) in the
mixing ratio of benzene between 500 and 1550 km is calculatediodtiee increased
production of GHsz from the reaction ofCH, with C;H..

1. Introduction

The photolysis of methane by UV photons is the primary soofchydrocarbon
radicals in the atmospheres of Titan and the giamtepda Although there is still significant
uncertainty in the branching ratios of products as a funatibmavelength|[(Blitz_andi
[Seakins, 201j2Romanzin et al., 2005), the production of the first extistate of methylene
(!CH, &A1) is a significant channel (48 + 5 %) at the dominant L& 121.6nm)
wavelength (Gans et al., 2011):

CHa + hv— 'CH: + H> (R1)




38
39

40
41

42
43

44
45

46
47

48
49
50
51
52

53
54

55
56

57
58
59
60
61
62

63
64
6
66
67
68
6
70
71
72
73
74

a1

©

The photolysis of methyl radicals, GHs a further source 6CH;.
CHs+hv— 1CH, + H (R2)

ICH. is a reactive species that is able to insert into @@nbonds to form chemically
activated intermediates that rapidly fall apart (e.g. RthR4a).

CH; + H, —» CH4s — CH3z + H (R3a)
1CH; + CHs — C2Hg" — 2 CH3 (R4a)

In competition with chemical reaction, collisions*@H, can result in electronic relaxation
down to the ground triplet state of methylef@H. X°B.):

'CHz + Ho — °CHz + H (R3b)
'CHz + CH, — °CH, + CH; (R4b)

Despite the small energy gap between the ground anceficged states of methylene (37.7
kJ mot* {Jensen and Bunker, 1988)), the two states have a markiffelgent reactivity.
Unlike the singlet, the triplet is relatively unreactivé&éhnclosed shell species, generally
reacting several orders of magnitude slower than singldtyte@e. Instead, the major loss
process ofCH, on Titan are reactions with radical species such g83iand CH (R6):

SCH, + H — CH + H> (R5)
3CH, + CHs — CoHa + H (R6)

This competition between reaction and relaxatiohGH; is also observed in reactions with
acetylene (R7), ethylene (R8), and ethane (R9):

1CH; + GoHz2 — CaHa™ — CaHs + H (R7a)
1CH; + GoHz2 — 3CHz + GoH2 (R7b)
1CH; + GoHa — CaHe' — CaHs + H (R8a)
1CHz + GoHa — 3CHz + GoHa (R8b)
1CH; + GoHe — CaHg' — CoHs + ChHb (R9a)
1CH; + GoHe — 3CHz + GoHe (R9b)

The formation of the propargyl radical #z) from Reaction 7a is of particular importance,
as it has been proposed as an important radical roltenzene (6Hs) formation on Titan
(via R10)[(Wilson and Atreya, 20p3pbserved benzene mixing ratios on Tifan (Cui ef al.,
[2009 [Magee et al, 2009) are often significantly higher than ehgsedicted by
photochemical models (Hebrard et al., 2013). Benzene isbel#eved to be an important
first step in the formation of polyaromatic hydrocarb@nd photochemical aerosnz,
[2014(Yoon et al., 201/4) that are responsible for the detached lagereobserved between
altitudes of around 300 500 km, and recently benzene ice clouds have been deiedhed
lower stratosphere of Titah (Vinatier et al., 2p18). Reacb is an important source of
methylidene (CH) radicals; the primary loss of CH on Tisia reaction with methane
(R11), leading to the formation of unsaturated species asi@thylene and acetylene (R12)
(Blitz et al., 199]|Canosa et al., 194Thiesemann et al., 19P7):
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2 GHz+M — CeHg + M (R10)
CH+ CH — CoHa + H (R11)
CoHa + hv — CoH2 + 2H (R12)

Therefore both methylene species are important to different aspects of Titan’s complex
photochemistry.

Methane photolysis is also the major source of hydbmeer radicals in the
atmospheres of the giant planets. However, in these enwinats, !CH, chemistry is
dominated by the reaction with molecular hydrogen (R3) (Gaet@l., 200BHancock and
[Heal, 199%Wagener, 1990).

Measurements indicate that relaxation accounts ity © 15 % of the overall loss
process for reactions &€H, with Ho, CHs, Co;H2, C:Ha4, and GHe, at around 300 n
let al., 2010gGannon et al., 2010pGannon et al., 2008)n a previous publication, we
reported the branching ratio (BR) between electronic retaxand chemical reaction as a
function of temperature down to 73 K for the reactiort@fl, with H, (R3) and CH (R4)
{Douglas et al., 2018), indicating that by 73 K relaxatiod tisen to become the dominant
removal process, accounting for ~ 70 %©H; loss. BRs for the reaction &€H, with CH,
(R7) and GH4 (R8) have also been measured in this laboratory asidancf temperature
between 195 and 498 K (Gannon et al., 2Q{&nnon et al., 201(Qji5annon et al., 2008)
and indicate that the fraction of reactive loss desee from ~ 85 % at 300 K, down to ~ 30
% at 195 K.These results suggest that at the temperatures of Titan’s photochemically active
thermosphere (120 160 K), in reactions ofCH, with acetylene and ethylene, relaxation to
3CH. should be the dominant process, however no direct nezasuts at these temperatures
have been made. For the reaction'©H. with ethane, there are currently no temperature
dependant BR measurements.

Cui et al. (2009) reported that at 1050 km, .696 of Titan’s atmosphere is N2, with
CHs and H accounting for ~3.0 and ~0.4 % respectively. In the reactibfSH; with non-
reactive species such as &hd He, relaxation is the only possible loss process:

ICHy + N — 3CHo + N (R13)
1CH, + He — 3CH, + He (R14)

In a previous publication, we reported a sharp upturn in theval of !CH, by N; (R13) at
temperatures below ~ 160 K (Douglas et al., 2018), and inditagedhis, in conjunction
with the enhancement of reactions R3a and R4a at lowe®tures, would result in a
reduced steady state concentration!Gf,, and enhanced production 8€H.. Current
temperature dependant studies of the total removal rat&Hafby GH2, C:Ha, and GHs,
show a modest inverse temperature dependence (Gannon2&t18g/Hayes et al., 1996)
suggesting that despite a lower steady state concentréti@ig at temperatures relevant to
Titan (< 180 K), these reactions may still be important. However, at ptetgre have been
no studies investigating removal rates©H, with these GHx species at temperatures below
~ 200 K.
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Photochemical models of Titan’s atmosphere deal with methylene chemistry in
varying levels of detail. Some models only consider thetiges of 'CH, with the most
abundant species in Titan’s atmosphere, namely Nz, CHs, and H (Krasnopolsky, 2014l ara |
let al., 201§ Toublanc et al., 1995Dthers that do include reactions@H, with acetylene,
ethylene, and ethane, often fail to account for the testypee dependence of the reactions
{Dobrijevic et al., 201fHebrard et al., 20Q[Lavvas et al., 2048Nillacy et al., 2016), while
some ignore the role of relaxation, a minor chanheb@m temperate {Wilson and Atreya}
[2004). The way in which various models treat reactionsR87and R9 is discussed below.

In the present paper, we report rate coefficients forehetions ofCH, with C:Ho,
C2H4, and GHs, over a temperature range of-4298 K. Rate coefficients for the reaction of
3CH, with O; over a temperature range of 10298 K are also reported, as despite being of
no direct relevance to Titan, this reaction was empulapethe determination of branching
ratios in this study. In addition, product studies have a&@bws to determine tH&R between
reaction and relaxation for the reactions©H, with Hz, CHs, C;Hz, CoH4, and GHs, over a
temperature range of 160298 K. The impacts of these new measurements arexqifred
using a 1D transport model of Titan’s atmosphere. The apparatus and experimental
procedures employed in this study are outlined in Secticen@,the results discussed in
Section 3. The details of the Titan atmospheric model uséhis study are given in Section
4, together with the results and implications of the modgbuts. Section 4 also discussed
the wider implications of our new rate coefficients @BRs for other low temperature
astrophysical environments.

2. Experimental Procedure

All studies were carried out using a pulsed laser photolysss-iaduced fluorescence
(PLP-LIF) technique, with detection of either tA€H, reagent or H atom product.
Measurements of rate coefficients and BRs between d5.35 K were carried out using a
pulsed Laval nozzle apparatus. The use of a Laval noggénsion to study low temperature
reactions was first demonstrated by Rowe and co-workers, whibthegechnique to study
ion-molecule reactions (Rowe and Marquette, 1987). T¢tentgue was later adopted for the
study of neutral-neutral reactions by the use of PLP{Bi&Wnsword et al., 199[Canosa ef
|a|., 199 T), and has since enjoyed considerable successasiteén extensively reviewed
(Sims and Smith, 199 mith, 200§/Smith et al., 2006)The pulsed Laval nozzle apparatus
employed in this study has been discussed in detaédent publicationg (Caravan et al.,
2015[(Gomez Martin et al., 20}Bhannon et al., 20{{&hannon et al., 20}iTaylor et al.,
2008) so only a brief description is given here. The reactnixture consisting of radical
precursor, reagent, and bath gas, was introduced to & $taimless steel reservoir via two
pulsed solenoid valves (Parker 9 series), fired at a 5 pititien frequency witha pulse
duration of between 10 and 20 ms, depending on the Laval nemgidoyed. The gas
mixture was then expanded through the convergent-divergentdshapal nozzle into a low
pressure stainless steel cylindrical chamber (774 mm length x @4@iameter), producing
a thermally equilibrated, low temperature jet. The tempegaand density profile of the jet
were characterized by impact pressure measurements, andertiperature also by
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156 rotationally resolved laser-induced fluorescence spectpgsc@he properties of the
157 characterized expansions used in this study are giverbie Ta

158 Ketene (CHCO), the'CH. precursor, was generated by pyrolysis of acetic anhydride
159 (> 99 %, Alfa Aesar) (Fisher et al., 195Bbrified by trapto-trap distillation and diluted in a
160  cylinder with the bath gas (He or)Nand the purity checked by IR spectroscpy (Arenfale
161 |and Fletcher, 1987) . Reagent and bath gases used wereanflgical quality (He 99.995
162 %, N2 99.9992 %, @99.5 %, H 99.99 %, GH2 > 98.5 %, GH4 99.9 %, GHs > 99 %, all
163 BOC gases). Reaction gas mixtures were obtained by flovmimgelevant gases through
164  calibrated mass flow controllers (MFCs) (MKS Instrutsg¢rand allowing mixing ina 1 L
165 ballast tank prior to the pulsed solenoid valves. The ph&sollaser was introduced
166 collinearly with the axis of the expanded gas flow, to produgsifarm radical density. The
167 probe laser was introduced perpendicularly to photolysis laesam, and the fluorescence
168 collected via a series of lenses and observed with a dhpha®multiplier tube (CMP)
169 (Perkin Elmer C1943 fotCH. detection and Perkin Elmer C1911 for H atom detektion
170  mounted at 90° to both laser beams. When detecting flemmesdrom'CH,, the CMP was
171 gated to remove the intense probe laser scatter pulse.

172 Measurements of rate coefficients and branching ratio$60 K and above were
173 carried out in a slow-flow reaction cell apparatus. Tlaetien cellwas a six-way stainless
174  steel cross that could be cooled by immersion, eitheéiry ice to reach 198 K, or a bath of
175 dry ice/ethanol for 160 K. Temperatures around the obsenveg¢gion were monitored using
176  a thermocouple. Preparation of tf@H. precursor, ketene, and the reagent and bath gases
177 used, were as detailed above. Reaction gas mixtures Wwineed by flowing the relevant
178 gases through calibrated MFCs (MKS Instruments) and combiniagstiainless steel transfer
179 line before introduction into the cell. The total floweratas sufficient to ensure a fresh flow
180 of gas into the cell for each photolysis laser pulsee fhal pressure, as measured by two
181 gauges (G- 10 Torr and G- 100 Torr Baratron), was controlled by a valve on the leet to

182 the pump. The photolysis and probe laser beams were intcbdwdenearly on opposite
183 sides of the cell, so as to obtain maximum overlap inotiservation region. Fluorescence
184  was observed with a channel photomultiplier tube (PerkineEC1943 for'CH, detection
185 and Perkin Elmer C1911for H atom detection) mounted at 9€9etdaser beams. Again,
186  when detecting fluorescence frol@H,, the CMP was gated to remove the intense probe
187 laser scatter pulse.

188
189 2.1 Rate coefficient measurements

190 For both experiments, the rate coefficients for traetion of'CH, with co-reactants
191 CoH2 (R7), CoHa (R8), and GHe (R9), were measured by monitoring the temporal decay of
192 the CH; radical via PLP-LIF. The experiments were performed umdeudo-first-order
193 conditions so that the concentration of the co-retgeas in great excess of tH€H;

194  concentration!CH, was produced by the pulsed photolysis of ketene \R15308 nm
195 (Lambda Physic LPX100). The photolysis mechanism is wedbéished at this wavelength,
196  with > 95 % of the methylene produced being in the requiredesistate|(Morgan et al,
197 1996 |Wade et al., 1997). The subsequent decajCof. due to reaction and other loss

5
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processes was measured by probing tBe b- a’A; transition at either590.7 nm or ~653.3
nm using light from an excimer pumped dye laser (Lambda ®HyRK100 pumping a
Lambda Physik FL3002 with Rhodamine 6G or Rhodamine Special eagiy). The
fluorescence was imaged using two lenses and monitored usimmjaarultiplier tube (PMT)
fitted with a 589.5 nm interference filter (Ealing Coipax = 589.6, fwhm = 5 nm) or a 560
nm high pass filter. The temporal evolution of @, radicals was recorded by varying the
time delay between photolysis and probe lasers, a typxaanple of which can be seen in
Figure 1. At very short times following photolysis, probe fdasecitation scans revealed the
presence of rotationally excitdCH,", which rapidly relaxes to the temperature of the jet
obtained independently by impact pressure measurelfielts.

The reaction scheme for the formation and remov&Cét is given by:

CH,CO + hv — 'CHy, 'CHy* + co-products (R15)
krel
ICH* — 'CH; (R16)
kr
'CH; + R — Products (R17)

where!CH* is an initially rotationally excited singlet methylene icad, formed in ¥ = 0
from photolysis of the precursor, R is the co-reageatis the rate coefficient for rotational
relaxation of the rotationally excited singlet methyleadical, and kis the bimolecular rate
coefficient for the reaction of singlet methylenehwihe co-reagent. As the experiment was
carried out under pseudo-first-order conditidf®] » [*CHz]), the temporal evolution of
ICH, is given by:

[ 'CH], = (k&) [ 'CH;]o (e Frett — e kobst) 4 [ 1CH,Jpe ¥obst  (E1)

obs ~Krel

and
kobs = kr[R] + Kioss (EZ)

where ks is the pseudo-first-order rate constant, t is the tielay between photolysis and
probe laser pulsesnd koss is the total rate coefficient for the other minosstfiorder loss
processes (diffusion, reaction with the ketene precuesw relaxation via the buffer gas).
Equation E1 was fitted to thHe€H, profiles to extract the parameters, kobs [!CHz*]0, and
[!CHz]o. A plot of kps Vs [R] then gives a straight line of gradientakd intercept of s
Figure 2 shows an example of sucplot, and the small intercept (relative to the totas i@t
removal) demonstrates that the reaction with thesegent dominaté€H, removal.

2.2 Branching ratio measurements

Experiments to determine the BR between relaxation andioeawere carried
detecting H atom products, using the same pulsed Laval naadleeaction cell apparatus
described above. The H atom signal was monitored by Lkedtymane: transition (~ 121.6
nm). Lymane radiation was generated by focusing the frequency doubled output (~364.8
nm) of a Nd:YAG pumped dye laser (Litron LYP 664-10 pumping a Stabra Stretch)
into a frequency tripling cell containing a krypton/argon mix (~15) at ~ 500 Tor

6
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[et al., 197P). The resonant fluorescence was imaged usinggises and monitored using a
solar blind CMP (Perkin Elmer 1911). The temporal evolutibrthe H atom signal was
recorded by varying the time delay between the photolysipeobe lasers, typical examples
of which can be seen in Figures 3-5. To account for theuaitien of the Lymarn radiation

by the substrate gases, the probe laser intensity wagared using a PMT (Thorn EMI,
solar blind with a 121 nm VUV interference filter, Acton Optiosounted equidistant from
the reaction zone, and the output used to normalisBiutire@scence signal on a shot-by-shot
basis. In this manner, any fluctuations in probe laserepaevere also corrected for.

In a previous paper th8Rs for the reaction of!CH; with H, and CH were
determined by monitoring the production of OH from the reactif ground statéCH, with
02 (R19) [(Douglas et al., 20]18). However due to the efficient quegdiihigher vibrational
states of OH by &H,, G:Ha, and GHs, we could not use this method to determine BRs for
these larger hydrocarbons. Instead, the production of Hsafoom reaction (R19) was
monitored and theBRs determined using a similar scheme as before. This scheme is
summarised in Figure 3. Pairs of experiments were cordlirctehich any*CH. produced
from the relaxation ofCH, was titrated with @to produce H atoms, and the amount of H
atoms produced monitored both with and without the reactiveeagents present. For
experiments without the reactive co-reagent presentChall produced following the pulsed
photolysis of ketene would be electronically relaxed®@. via reaction R18, and by
collisions with the bath gas (eithee (R13), or He (R14)).

ICH, + Oy - 3CH2 + Oy (R18)

For the reaction betweétH, and Q, relaxation has been shown to be the only loss process
on timescales applicable to this wdrk (Blitz et al., 4f88ncock and Haverd, 2003). This is
reasonably assumed to be the case over the temperahge employed in this study, as
evidenced by the fact that the removal ratéGH, with O, over the temperature range of 43

— 298 K [(Douglas et al., 2018), remains over an order of magniastier than the H atom
production rates observed in this study (Table 11). Folimwielaxation ofCH; to 3CH,, the

slow growth of H atoms from R19 was then monitored:

3 kgrowth
CHz + O —— H + products (R19)

A second experiment was then carried out, in which theiveab-reagent is present. In this
case, some of theCH, produced following flash photolysis of ketene may be removed by
reaction rather than relaxation, resulting in BGbi, production and a smaller amount of H
atoms produced following titration with,O

The experimental conditions employed in determiriéiRs were such that the initial
relaxation or removal ofCH, could be considered to take place instantaneously when
compared with the slow growth and subsequent loss of H satétseudo-first-order
conditions were also met, such that]® []CH]. Thus the temporal evolution of the H
atoms can be approximated by:

[H]t _ (k kgrowth > [ 1CH2]rel(e—kgrowth.t _ e_kremoval-t) (E3)

removal _kgrowth
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where kowmn is the pseudo-first-order rate coefficient for the rieacbetween’CH; and Q,
[1CH]rel is the amount ofCH. removed by relaxation (and thus the amount’©H;
produced by relaxation), angdoval is the total rate coefficient for first order loss ggeses

of H atoms (diffusion and reaction with the ketene pr&muand reactive co-reactant). Thus,
by monitoring theH atom growth and loss, the amount 3H, initially produced via
relaxation of!CH, can be determined, and by comparing this value with and witthe
reactive co-reagent present, the amourtCof. being removed by reaction when the reactive
co-reagent is present can be determined.

An additional complication with this scheme sasi when measuring BRs foroH
C:Hz, and GHs, as H atoms are also produced directly from the reactia@nel of'CH.
with these specie@R3a, R7a, and R8a). However as stated above, the H atoms mrathice
this direct channel are formed on significantly shoiteescale than those formed via R19 (~
200 times faster), and so can be considered as an imgantaH atom signal. Under these
conditions, the temporal evolution of the H atom sigaal be approximated by equation 4:

[H]t — ( kgrowth ) [ 3cH2]0(e_kgrowth-t — e_kremoval-t) + [H]Oe_kremoval.t (E4)

kremoval _kgrowth

where [H} is the instant H atom signal, produced via the reactiveoval of 1CH; by
reactions R3a, R7a, and R8dus theBR can again be obtained by monitoring the H atom
signal both with and without the reactice-reagent present. By monitoring the temporal
evolution of the H atom signal, the amounGH: initially produced via relaxation dCH;

by Hz, C:H2, and GH4 can be determined, and by comparison of this value to tberdrof
3CH, produced with no reactive species is present, the anabd@tiH, removed chemically
by H., C:H2, and GH4 can be determined. It should be noted that in theserimgids,
‘instant H atom signal was only observed when the €&H., or GH4 reagent was present,
indicating that no H atoms are produced by the direct 308 miolyhkis of ketene. This is
expected as the HCCO + H channel is thermodynamically insibtedollowing 308 nm
photolysis of ketendn practice, measuring BRs foeld> and GH4 using this scheme proved
difficult, as in order to measure accur8Rs in the experiment with the reactive co-regent R
is present, the majority dfCH, must be removed by R rather than the bath gas and O
putting constraints on the concentrations eH£and GHs required. Attenuation of the ~
121.6 nm probe laser and H atom fluorescence at these caticestiof GH, and GH4 then
made such experiments untenable. This was not a probleHy,fovhich does not attenuate
light at ~ 121.6 nm. InsteadRs for C;H, and GH4 were determined by comparing the
direct H atom production from the reactive channelQifl, with these species to that of a
calibration reaction as described below.

When measuringBRs for Hx using the above scheme, for completeness a third
experiment was also carried out, in which npv@s present. This allowed the (effectively)
instant H atom signal produced via Reaction 3a to be determafiedjng the parameter
[H]o in equation 4 to be fixed when analysing the H atom tracenebtavith @ and B
present. An example of all three H atom traces useceimiébermination oBRs for H, can
be seen in Figure 4.



315 To determine BRs for the reaction ®H. with C;H> and GHa, experiments were
316 carried out in which the direct H atom signal from reactkR7a or R8a was monitored, and
317 then compared to the direct H atom signal from a caldaeaction; a reaction 6CH, with
318 a species that generates a known fraction of H atoms. Havisgniged the BR for
319 production of H atoms from the reaction’@H, with H; (R3a) in this study and a previous
320 study|(Douglas et al., 20[L8), this reaction was chosereasatiration reaction. An example
321 of a comparison between the H atom signal obtained fnemgaction otCH; with C;H, and
322  the calibrant (K) can be seen in Figure 5. Pseudo-first-order conditiome wet, such that
323 [CzH2], [C2H4], and [H] » [*CHg]. Thus the temporal evolution of the H atom signahiese
324  experiments can be approximated by:

325 [H], = ( Kgrowth )YieldH[ 1CH, o (e Fsrowint — g~kremovalt)  (E5)

kremoval _kgrowth

326 where kown is the pseudo-first-order rate coefficient for the tieacbetween'CH, and
327 CiHi, GHa, and B, [*CHyo is the initial amount ofCH, generated by the photolysis of
328 ketene (a constant). Yiglds the H atom yield from the reaction &H, with CG:Hz or GH4
329 in comparison to that from the calibration reactiort @ 1), and kmoval iS the total rate
330 coefficient for first order loss processes of H atomBugion and reaction with the ketene
331 precursor and reactive co-reactants). To aid analyslseatklative H atom yields, conditions
332 employed were such that for each pair of experimentgedavut, the growth rate of H atoms
333 from reactions R7a or R8a, and from the calibratiorctr@a (R3a) were the same. As
334  described below, the H atom LIF signals were also corrdoteabsorption of the Lyman-
335 radiation by the substrate gases.

336 In addition to measuring BRs, when monitoring H atom produat ftee reaction of
337 CH, with Hz, G:Hy, and GHa, some kinetic traces were also collected to confirm tteH
338 atoms were produced with the same pseudo-first order raticwoefwith whichCH, was
339 removed. The pseudo-first order rate constants obtainesl identical, within experimental
340 error. Experiments were also carried out to determine tkeceeefficient for the reaction of
341 3CH, with O, (R19), by monitoring the H atom growth from the reactioraafsinction of
342 [Og].

343
344 3. Results
345 3.1 Kinetics

346 An example of the temporal evolution of th€H. LIF signal following 308 nm
347 photolysis of ketene in the presence of a co-reactaht;, & shown in Figure 1. Figure 2
348 gives an example of a bi-molecular plot, formed bottplg kns with varying co-reactant
349 concentration [eH4], the gradient of which yields the bimolecular rate doefit. The
350 bimolecular rate coefficients for the reaction'6H; with C;H,, C2Ha4, and GHs, and for the
351 reaction offCH, with Oy, are presented in Table 2 and compared with other literdaieein

352 Figures 6 and .7The errors reported in this work are statistical at the 2c level. For each
353 temperature and co-reactant, bimolecular rate coeffiere measured at three or more
354  different pressures (densitiegxcept for at 100 K for which measurements were only made
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at two different pressures (see Table 1 for details). Mects were observed on the
bimolecular rate coefficients as pressure, radical eamation, and probe wavelength were
varied.

There have been several previous studies investigatingriwval rates ofCH; with
various colliders. All those discussed in this sectiooweatmployed a similar experimental
technique (PLP-LIF) and detectiooheme to that used in this study. For acetylene (R7) there
havebeen two previous temperature dependent studigs, by Blitz(8D&D)] angl Gannon gt
al. (2010a). Both studies show a negative temperature dependewesger neither study has
investigated removal rates below 195 Rate coefficients reported at room temperature in
these two studies are in good agreement (within 15 %) wah réported in this study.
However the value reported [by Gannon et al. (2Q10a) at 195rKlad25 % lower than the
values reported in this study and{by Blitz et al. (2P00) (at 205T&}ing the temperature
dependent parameters quoted in these earlier studies aagdodading the rate to 43 K, we
find|Gannon et al. (2010a) underestimates the rate by around &%ib Blitz et al. (2000)
overestimates the rate by factor of 2, highlighting the importance of experimental
measurements at these low temperatures.

For ethylene (R8), there Yabeen three previous temperature dependent studies, by
|Gannon et al. (2010gHayes et al. (1996), apd Wagener (1990). All three studies show a
negative temperature dependence, but again no study has ineestigaoval rates below
195 K. Rate coefficients determined in this work at 195 K arowbare consistent with
these higher temperature literature values. Using the taiope dependent parameters
quoted in these studies to determine a rate coefficient kit W@ find that both Gannon et al.
(2010a) angl Wagener (1990) overestimate the rate by around 60 B tiehivalue from
[Hayes et al. (1996) puts the rate at over 200 times thatrdeéet in this study.

Hayes et al. (1996) ahd Wagener (1990) also reported tempeteperedent removal
rates for'CH; with ethane (R9), with both reporting a negative tempegatlependence.
However, again neither study reports low temperature ragdsw 210 K. Using the
temperature-dependent parameters reported in these twesstinks removal rates at 43 K
that are, compared with the measurements in the presedy, ~ 60 % faster fpr Wagerler
(1990) and over 700 times faster for the more recent study by Hayes (1996). It should
be noted that many Titan models use the extrapolated ethi@sereported t}y Hayes et |a|.
(1996), which, even at temperatures more relevant to Titan’s atmosphere (160 K),
overestimate the removal determined experimentally snstiuidy by a factor of 2.2.

For the reaction ofCH, with O, (R19), there hae been four room temperature values
reported by Blitz et al. (200B)Darwin et al. (1989), Alvarez and Moore (1994) , and
[Hancock and Haverd (20Q3). The reaction was studigd by Blitz ¢2G03) using a very
similar procedure to that used in this work, while two of the other studied laser flash
photolysis of ketene at 351 nm to produce ground @ik, and monitored the reaction by
detecting changes in the absorbance of eithe?@he reactant (Darwin et al., 19B9) or the
CO product|(Alvarez and Moore, 199ancock and Haverd (2003) used time-resolved
Fourier transform emission spectroscopy to monitor products the reaction, witFCH;
also being produced by 351 nm photolysis of ketene. All fourvatiein experimental error,
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397 in agreement with the room temperature value measured isttldg. There has also been
398 one previous temperature-dependent study by Bley et al. (199@)usedl a discharge flow
399 reactor with laser magnetic resonance detectiolCeb and OH radicals, and electron spin
400 resonance detection of O and H atoms. The positive temperdépendence reported by
401 (Bley et al. (1992)is inconsistent with the observations from this study tvisisggest a small
402 negative temperature dependence. The room temperatuedfieient reported Hy Bley ¢t
403 al. (1992) is also significantly lower (by ~ 60 %) than thosgorted in this and the other
404  studies, and also has H atom yields which differ withotitrer literature; the disagreements in
405 Dboth kinetics andBR suggest that study may have been subject to unidentifieéeinsysc
406  errors.

 —

407 In combination with the literature values presented in Eighy the following T-
408 dependant rate coefficient parameterizations are reemaed for the removal dCH,, and
409 for the reaction ofCH, with O;:

410 Ko, (43 S T/IK <298) = (3.22 £ 0.15) x 10720 x (T/298)0-3940.066)

411 Ko, (43 S T/K <298) = (2.16 £ 0.14) x 10 x (T/298)0-6120.089)

412 Ko, (43 < TIK <298) = (1.78 + 0.10) x 10710 x (T/298)054520078)

413 Ksch, + 0,(43 < T/K <298) = (3.57 + 0.20) x 162 x (T/298§0-319:012)

414

415 3.2. Branching Ratios

416 BRs for the reactive removal 6CH; by, H, CHa, CoH2, C:Ha, and GHs determined

417  in this study are presented in Figure 8 and Table 3 as aciméttemperature, together with

418 the available literature values. The BRs did not appeae ta function of pressure, radical
419 concentration, or reagent concentrations, when thesenpéers were varied by up to a factor
420 of 2

421 For hydrogen, the BRs measured in this study are in goocragne with those
422  measured in our previous study, and those reported in theuite by Gannon et al. (2008)
423 and|Blitz et al. (2001), both of whom used a very similar emgertal technique and
424  methodology to this study. Our current study does, however, stuggerore rapid decline in
425 the reactive removal 0fCH; with decreasing temperature, falling to 17 % at 100 K rather
426 than 22 % at 73 K.

427 The BRs measured for methane are also in good agreevitanthose measured in
428  our previous study, and as reported at room temperature bwrbet al. (198%), who
429 employed laser magnetic resonance to directly measerejields & *CH. produced by
430 intersystem crossing frofCH:.

431 For acetylene and ethyler@Rs were determined by comparing the yield of H atoms
432 produced from reactions R7a and R8a to that of a calibraéadation, in this case the
433  reaction of'\CH; with H, (R3a). These H atom yields were then convertedBie using the
434  BRs for H; determined in this current study. Gannon et al. (2Q10b) usedyasiveilar
435 experimental technique and methodology to report BRs for lanetyand ethylene down to
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195 K, while in the same study as for methane alove, Bdldaal. (1985) also reported a
room temperature BR for ethylene. No studies have repoRsdoBlow 195 K however. The
room temperaturdRs for reactive removal of acetylene and ethylene detedninethis
current study are in good agreement with the previous literaualues. However
disagreement we report a less rapid decline in reactivevadnof 'CH, with decreasing
temperature for both acetylene and ethylene than Gannah €010b), with our results
suggesting chemical reactioni@H. with these species is still the dominant removal process
at 160 K. This discrepancy is put down to systematic errotwelea the two studies.
However, the general trend of the decreasing importanasaofive removal with decreasing
temperature is apparent in both studies, with our reshtisving that reactive removal of
1CH, by acetylene and ethylene accoufts< 15 % at 100 K.

There have been no previous temperature dependant studiesBR fity 1CH; with
ethane, howevgr Bohland et al. (1985) report a room temperaflme which is in good
agreement with that determined in this study. This studgnestthe temperature range of
BRs down to 100 K, and shows that the fraction'GH. removed by chemical reaction
decreases with decreasing temperature, falling to 56 % at 100 K.

In combination with the literature values presented igufd 8, the temperature
dependence of the branching ratios for reactive renafValH, have been parameterized as
follows:

BR,) (73 < T/K < 498) = (1.80 + 0.44) x (T/298) 042 *0-29x exf(210+ 69
BR(cH, (73 < T/K < 298) = (0.863 + 0.038) x (T/298)°>0*0-10)
BR(C,Hp) (100 < T/K < 498) = (2.04 + 0.48) x exp(264+60/D
BR(c,H,) (100 < T/K < 498) = (1.57 % 0.29) x exf 9949
BR(c,Hg (100 < T/K < 298) = (0.822 + 0.020) x (T/298}** %0

4. Discussion
4.1. Titan model

To understand the implications of the measured rate ceefficandBRs the results
have been included @ 1D transport model of Titan’s atmosphere from Cal-tech/JP
let al., 198JlYung, 1987|Yung et al., 1984Zhang et al., 2010). The model contains the new
set of chemical reactions frgm Moses et al. (2p05), whichrersiewed and updated witheth
most recent literature valugs (Douglas et al., 2018). Ttkegbaund atmospheric density and
temperature profiles used in the model were constructed @assini observations, and the
eddy diffusion coefficient taken from Li et al. (20 4lthough the importance of ion-
molecule reactions in Titan’s atmosphere is well known (e.g.|(Vuitton et al., 2008)), to reduce
model complexity and to focus on the results of this stodyy neutral hydrocarbons and
nitriles are included.
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As in our previous study, two model runs were conducted: the dirlsase case
scenario in which the most up-date literature rate coefficients for the reactiohs@H.
with CHz (R7), GHa4 (R8), and GHs (R9) were used, while the second incorporated the low
temperature rate coefficients and BRs measured in thoby.stThe parameterized rate
coefficients used in both model runs can be foundainld 4. For the base case scenario, for
the reaction ofCH; with CoHz, the parameterized rate coefficients given by Hebraul.
(2013), whch have been used in other recent models of Titan’s atmosphere ({Dobrijevic et
lal., 2016 |Loison et al., 20155)), were used. These parameterizations based on the
experimental data By Gannon et al. (2010b){and Gannon et al. JpGbdahe reaction of
'CH; with CHa, the BR between reaction and relaxation determined by Gannon. et al
(2010b) at 195 K was applied to the parameterized rate coeffafi¢@annon et al., 2010a)
while for *CH, with C;Hs, theBR determined by Béhland et al. (1985) at 298 K was applied
to the parameterized rate coefficient of Hayes et al. (1996)

1%

Modelled vertical profiles obtained from both model ruas & selection of stable
closed shell species are shown in Figure 9, together withvelosenixing ratios. Modelled
reaction rates, for the reactive removal@H; by GH: (R7), GHa (R8), and GHs (R9) as a
function of altitude are also presented in Figure 10. Whikstare employing a simplified
model omitting ion-molecule reactions, we are moreregted in the relative changes in
concentrations and reaction rates highlighted in this appreather than absolute values.

Moving from the base case scenario to this study, ompinghanges (an increase or
decrease of around 2 %) are observed in the mixing ratiethahe, ethylene, and acetylene
(Figure 9, only profiles using the new rates are shown foityladespite significant changes
in the rates of R9a, R8a, and R7a (Figure 10). This is die tlact that these reactions only
account for a small fraction of the total loss procesdethe reactants in these reactions.
Similarly, the 60 % decrease il and CH from reaction R9a has little effect on the
mixing ratios of stable products, as R9a accounted for osigall fraction (1.2 % for ¢Hs
and less than 0.1 % for GHof the production of these species in the base Soeffdre 100
% increase in H atoms produced via reactions R7a and R@askkbave little effect on the
mixing ratios of stable products, as both reactions accaures$s than 0.1 % of H atoms
produced in the base scenario. The increase in producfiaine other products from
reactions R84CsHs) and R7a (gH3) does however affect the mixing ratios of severdilsta
species. €Hs production from reaction R8a increases by 60 %, regulimn increase in the
mixing ratio of CHC=CH of around 10 % at 800 km and upwards. This increase can be
attributed to the direct formation &H:C=CH from the reaction of §Hs with H atoms
(R20), and moves the mixing ratios for this species to wéhiar of those observed by the
INMS at 1025 and 1077 km. 383 production from R7a increases by 140 %. AL
recombination is one of the primary neutral routes to desZormation (R10), a significant
increase in the mixing ratio oféBs is observed throughout the atmosphere (Figure 9). This
increase moves the modelled benzene concentratiores ¢those observed by the INMS
between 981 and 1077 km. Despite this, modelled concentragioran around 2 orders of
magnitude smaller than the observations. One possiblaretmin for this discrepancy could
be an underestimation in the rate of one or moren@freactions forming benzene in our
model, or even that an alternate neutral pathway toelnenexists that we do not account for.
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A more likely explanations the exclusion in our model of ion-molecule reactiorsd thad to
benzene, as ion-molecule production rates of benzenele®re shown to be significantly
higher than neutral production rates of benzene above 7@Qkition et al., 200B). The
increased production of 38z also results in higher concentration of other unstgdra
hydrocarbons, namely 128s and 1,2-GHes, both of which see increases of around 20 %
between 700 and 1550 km. Both these species are formedydfreatithe reaction of ¢Hs
with CHs (R21).

CsHs + H — CH3C=CH + H> (R20)
CHs+ CHs+ M — 1-GiHs + M (R21a)
CHzs + CHs + M — 1,2-C4He + M (R21b)

In addition to observing significant changes in thesratiereactive removal ofCH;
by ethane, ethylene, and acetylene, we also observe cagmifthanges in the rates at which
these species electronically reff@H, down to ground statéCH,. When moving from the
base case scenario to this study, we find that collisidnced relaxation ofCH; to 3CH, by
ethane (RB), ethylene (RB), and acetylene (R7b) decreases by around 0.5 %, 45 %, and 27
%, respectively. Despite this, the total production ratéGif, remains largely unchanged,
only dropping by 0.8 %, as the production®@H. from these channels only accounts for
around 1.6 % of its total production rate. Looking at the totss rate ofCH, with these
C2Hyx species, we again find little change, with the increaseactive removal ofCH; by
ethylene and acetylene largely cancelling out the decreasenoval of'\CH. by electronic
relaxation by the same species.

4.2. Implications

The importance of the reactions'@H, with C;Hz, C;Ha, and GHs to the atmosphere
of Titan have been discussed in the Introduction. Thezdhree important issues to consider
in looking at the effect of these reactions on the entrations of stable products: first, the
loss of the stable £lx species themselves via the reactive channels (R7a, R8R%a);
secondly, the production of new reactive radical speeiBs® {ia the reactive channels) and
their conversion to larger hydrocarbons such as benzedehmdly, the formation of ground
state*CH; via the electronic relaxation channels BRR8b, and R9band its associated
chemistry. As the model results indicate, the mostiignt of these effects is the formation
of new radical species, while the destruction of the st&@y species and the production of
3CH, are likely to result in only minor changes. It should bted, however, that these latter
two issues may be of more consequence to other astrimetheanvironments, as discussed
below.

Table 4 compares the rate coefficient expressions &rdmoval reactions diCH;
with acetylene, ethylene, and ethane, as used in fountrebemical models of Titan’s
atmosphere. The rates given are for an altitude of 1000 kentexhperature of 175 K and
concentrations of £, (3.9 x 16 molecule cr¥), CGH4 (7.7 x 16 molecule cri), and GHs
(1.3 x 10 molecule crri) as taken from Loison et al. (2015). No comparison vhighrhodels
of[Krasnopolsky (2014) and (Lara et al., 2D14) could be matteas reactions were omitted

14



557
558
559

560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599

from their models. The chemical scheme of neutralispeamployed by Loison et al. (2015)
has been used in a more recent papgr by Dobrijevic et al. (@@h&)nly minor changes; the
1CH. chemistry has however remained unchanged.

As can be seen from Table 4, with the exception ofrthdel by Vuitton et al. (2018)
the majority of models of Titan’s atmosphere employ temperature independent rate
coefficients andBRs for the reactions ofCH, with C;H,, CHa, and GHs, , where these
reactions are included at all. Comparing the rates forr¢laetive removal ofCH. by
acetylene (R7a) to that determined in this study, it careée that the models py Vuitton]et
al. (2018) and Loison et al. (2015), and our base case nsigtgficantly underestimate the
rate by a factor of around 2.5, while the modgl of Laataal. (2008) overestimates the rate
by around 50 %. The rate of R7a used in the modgl of Wikcgl. (2016) is in good
agreement with that determined in this stully one of the products of this channel igHg;
the primary precursor in the formation of benzene, auld be expected that models that
underestimate this rate will underestimate the formavibbenzene. Indeed when moving
from our base case scenario to using the rates deternmniis study, our model shows
increased concentrations of benzene, which despitésiily around 2 orders of magnitude
smaller than those obseryeatbes brings them into closer agreement. However, itldHue
noted that despite underestimating the rate of R7a, tielrbg] Vuitton et al. (2018), which
includes ion chemistry, predicts benzene concentratingead agreement with observations
This highlights the importance of ion-molecule reactitmghe production of benzene in the
upper atmosphere of Titan. Indeed ion-molecule productiors m@itdoenzene have been
shown to be significantly higher than the integrated neptaduction rates (Vuitton et a.,
2008).

Looking at the reactive removal rates'6H, by ethylene (R8a) to that determined in
this study, the model by Loison et al. (2015) underestinthgesate by around a factor of 3,
our base case model and thaf of Vuitton et al. (3018) unieagstthe rate by around a
factor of 1.5, while in the models by Willacy et al. (2Q16H{d avvas et al. (200B) this
reaction is omitted altogether. As one of the prodoéthis channel, €Hs, is an important
precursor in the formation &@H:C=CH, this may help explain the small underestimation in
the concentrations of this species in the base cageasuoh et al. (201%) models. Predicted
CHsCzH concentrations are not given for the models by Vuittoal.ef2018)|Willacy et al.|
(2016), an@l Lavvas et al. (200&omparing the rates of reactive removal@H, by ethane
(R9a) to that determined in this study, it can be seen tatbdels df Vuitton et al. (2018)
and Loison et al. (201p) slightly overestimate the r&feSa by around 30 %, while our base
case model overestimates the rate by around a factoridfe model by Lavvas et al. (20p8)
underestimates the rate of R9a by around a factor of 3, whilee model by Willacy et al.
(2016) the reaction is omitted altogether. As discussedealas this reaction only accounts
for a small percentage of the total formation rateefgroducts of this channel 4ds and
CHs), these differences in rates are likely to have littipact on the concentrations of stable
species. The same conclusions are also reached wheramognthe rates of electronic
relaxation of!CH, by the GHx species to those determined in our study. These rates range
from being between twice as fast to around 6 times slowereVver as demonstrated above
when comparing our two model outputs, as these reactofts R8b, and R9b) only account
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for a small fraction of the totalCH. formed, these changes have little effect on the
concentrations of stable species.

As discussed in the Introduction, reactions'@H, with hydrocarbon species are
important to a range of planetary and astrophysical envirosmenth temperatures
significantly lower than those on Titan. Our measuremehtie removal rate ofCH. with
C2H2 and GH4 confirm the enhancement of the rate coefficients daitreasing temperature,
but crucially also confirm our earlier measurements (Garetoal., 2010gGannon et al.,
) of the decreasing importance of the reactive compamndotver temperatures. We
also offer the first determination of the temperature dégece on the8R of !CH, with
CoHe, for which we observe the same trend of decreasing impertah the reactive
component at lower temperatures; a trend we also replortéiae reactions ofCH; with H.
and CH in a previous publicatiop (Douglas et al., 2018) and confirmezli current work
(Figure 8 and Table 3). For the reactions'@f., with C;H> and GHa, relaxation is the
dominant channel at 100 K, accounting for 85 % and 86 % efrémoval of!'CH,
respectively. For the reaction 8&H, with C;Hg, relaxation has increased from 13 % at 298
K to 44 % at 100 K. To understand how these new experimendeligrmined rate
coefficients andBRs may affect other low temperature environments, we comgwae
parameterized rate coefficients for the removal ieastof'CH, with Hy, CHs, CoHz, CoHa,
and GHe, as determined in this and our previous study, to those giveheirKinetic
Database for Astrochemistry, KIDA (Wakelam et al., 20125hould be noted that KIDA
currenty lists these rate coefficients as ‘not rated’, rather than as a ‘recommended value’,
suggesting the reliability of the quoted rate coefficientsoisknown. As can be seen from
Table 5, the total removal rates'@H. by all five species are significantly underestimated at
43 K using the KIDA rate coefficients, by around a facto éér H. and GHs, by around a
factor of 4 for CH and GHas, and by almost a factor of 30 forls. This underestimation is
primarily due to the increasing importance of the relaratizannel that we observe at lower
temperatures, with the KIDA rates for relaxation at 4Beihg between 7 and 29 times lower
than those of our rate coefficients. Looking at thegatf reactive removal dCH; by these
species, we see good agreement (values within 30%) betwe&hltAerates and ours for
CHs; and GHe. However, for H and GHa, the reactive removal ofCH, at 45 K is
significantly overestimated using the KIDA rate coefint& being around a factor of 10 and
factor of 100 times faster respectively, than our rathe. reactive removal channel ffi€H;
with CoHs is no included in the KIDA database. From this comparigds clear that models
of low temperature hydrocarbon rich environments employiagdbA rate coefficients are
likely to significantly overestimate the roles of the teac channels of'CH., while
underestimating the production and further chemistry of gretatd*CH..

5. Summary

The rate coefficients for the reactions'@H. with C;H,, C;Ha, and GHs have been
measured in a pulsed Laval system between 43 and 134 K, andvinfaw reaction cell
between 160 and 298 K. All rate coefficients demonstrate gative temperature
dependence. Temperature-dependent branching ratios forveeaetnoval of!CH, vs
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642 quenching to ground stat€H; have also been measured down to a temperature 100 K, for
643 all three colliders and for Hand CH. Our studies demonstrate that whilst the absolute
644 magnitude of!CH, removal is enhanced at reduced temperatures, the fraatioeactive

645 removal decreases, with electronic removal@él. becoming the dominant channel fos, H
646 CyH2, and GH4 at 100 K. For the two saturated hydrocarbons; @Rd GHe, removal of

647 ICH, via electronic relaxation reaches around 45 % at 100 K,omp &round 15 % at room
648 temperature.

649 The impacts of these new measurements for the atmosphefgéan have been
650 investigated using a 1D chemistry and transport model. Increasé® rate of reactive
651 removal of!CH, by ethane and ethylene of around 240 % and 160 % at altitu8e€ &dm
652 and above, result in increased production gfi{and GHs. The increased amounts oftG
653 result in increased amounts (by around 25 %) of benzee inpper atmosphere, while the
654  greater concentrations of:lds result in a 10 % increase in @EECH concentrations. The
655 implications of these new measurements for other low teatyrer astrophysical
656 environments have also been examined. Rate constants prawvitlee KIDA significantly
657 overestimate the reactive removal @H. at a low temperature of around 45 K, while
658 significantly underestimating the relaxation down to grouate$CH,. This suggests models
659 of hydrocarbon rich environments employing the KIDA rateefitoients are likely to
660 significantly overestimate the roles of the reactilarmels of!CH,, while underestimating
661 the production and further chemistry of ground st@i,.

662

663 6. Figures

CH, signal (A.U.)

Time (us)

664

665 Fig. 1. Temporal evolution of théCH, LIF signal (black crosses) together with the nonlinear
666 least-squares fit of eq (E1) to the data (solid red linkviiing 308 nm photolysis of ketene
667 in the presence of [Els = 3.2 x 16* molecule cn? [total density (1.0 + 0.2) x 10
668 molecule crf in He, T = (43 + 7) K, fit givesdss = (249 + 11) x 19sY].
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Fig. 2. Typical bimolecular plot for the removal 8€H. with co-reactant, gHs, at T = (43 +
7) K, density = (1.0 + 0.2) x F0molecule cr#, gradient gives (kcrz+H2) = (6.70 + 0.38) x
10%° cm?® molecul€e' st. The errors are statistical to the 26 level.

Two experiments run consecutively

Experiment 1 — No reactive present

1CH, + He/N, = *CH, + He/N,
ICHy+ 0, = 3CH,+0,

All 1CH, relaxed to 3CH,,

Experiment 2 — Reactive (R) present

1CH, + He/N, = 3CH, + He/N,
ICH; +0; = CHy+ 0,
ICH;+R = 3CH+R
ICH,+R = Products

monitor H atom growth: X .
Some 'CH, removed chemically resulting in less 3CH,,

and thus less H atoms produced.

3CH, + O, = H + Products

3CH, + 0, = H + Products

20 20
a) o 'CH,+0,only b) © 'CH,+O,only v 'CH,+0,+R
16 2 o 16
100 % H g2 e 2 100 % H
. @ —_ atom growth
- B -
) tf -]
< T < 124
@ ©
C C
(2] o
w m g
£ £
o o
® B
T T 4
D .
T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

Time (us) Time (us)

Fig. 3. Experimental scheme used to determine BRs fbts®y measuring H atom
growth from the reaction GCH, with O,. Traces show the temporal evolution of the H atom
LIF signal (open symbols) together with the nonlineastesquares fit of eq (E3) to the data
(red solid lines) following 308 nm photolysis of ketene inghesence of a) [} = 8.5 x 10°
molecule cri?¥ and [Q] = 8.2 x 16% and b) [N] = 3.2 x 16° molecule crii, [O2] = 8.2 x
10", and [GHe] = 1.8 x 10° molecule ci¥, at T = (160 + 5 K). Panel b) has been
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697

normalized for absorption of the Lymanadiation by C2Hs. Fits to eq (E3) give afCH;]o =
(13.0 £ 0.9) A.U. and b)*CHz]o = (7.3 + 0.5) A.U., giving a ratio CH. with and without
C2Hs present of 0.58 £ 0.05.

16

o ICH,+0,only v !CH,+0,+H, 'CH, + H, only

[uy
N
1

H atom signal (A.U.)
[ee]
1

T T T T
0 500 1000 1500 2000
Time (us)

Fig. 4. The temporal evolution of the H atom LIF signals (opgmi®ls) together with the
nonlinear least-squares fit of Eq. E4 to the data (solid lifz#is)ving 308 nm photolysis of
ketene in the presence of a)[& 1.7 x 13" molecule cr¥ and [Q] = 8.5 x 13* molecule
cm? (black circles), b) [N = 3.1 x 13° molecule crd, [O2] = 8.5 x 10* molecule cri¥, and
[H2] = 1.4 x 107 molecule cr# (red triangles), and c) gl= 3.1 x 18° molecule cr®, and
[Hz] = 1.4 x 16" molecule cri# (green squares). T = (160 + 5 K). In the fit for trapgH]o is
set to zero, for trace cfQHz]o and kown are set to zero, and for trace b) {HY set to the
value obtained from trace c). Fits to traces a) andvie)aratio of’CH, with and without H
present of 0.32 + 0.05.
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Fig. 5. Comparison of the H atom time profiles for the reactié 'CH, with the calibrant
gas H (black circles, [H] = 6.4 x 16° molecule cr), and GH: (red triangles, [eH2 = 1.9 x
10" molecule crif), together with the nonlinear least-squares fit of Eqtc2he data (solid
lines) [total density (1.5 + 0.4) x ¥0molecule crii in He, T = (100 + 19) K]. Fits to Eq. E5
give an H atom yield of 0.93 + 0.04 for the reactiort®f, with C;H, compared to that of
the calibration reaction.
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706  Fig. 6. Temperature dependence of the rate coefficient$dbk + a) acetylene, b) ethylene,
707 and c) ethane reported in this work and in the literatuneertainty ranges are given at 95 %
708 confidence. Black open squares: this study Laval nozzle expgsmBlack circles: this
709  study reaction cell experiments. Red left facing triasil€&annon et al., 201Da). Dark green
710  right facing triangleq (Blitz et al., 20p0) . Light gre#iamonds| (Hayes et al., 1995). Purple
711  crosseq (Hack et al., 1988). Dark blue lipe: (Hayes et al.,| 1B86).downward triangles:
712 {Wagener, 1990). Dark red stdrs (Staker et al., [1992). Orangedipvaagles:[(Langford 4t
713 |a|., 198}). The black dotted lines are a parameterizatidre@ata at 298 K and below.
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716  Fig 7. Temperature dependence of the rate coefficients forehetion of3CH, with O,
717 reported in this work and in the literature. Uncertainty ramgesgiven at 95 % confidence.
718 Black squares: this study Laval nozzle experiments. Blachesi this study reaction cell
719  experiments. Green downward triangle: (Blitz et al., 2003plewpward triangle} (Hancogk
720 |and Haverd, 2003). Red left facing triangle: (Alvarez and Mob®84). Blue right facing

721  triangle: |(Darwin et al., 1989). Dark blue solid life: (Bleyakt 1992). The black dotted line
722 is a parameterization of the data at 298 K and below ydig the data df Bley et 4l.
723 (1992).
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Fig. 9. Modelled vertical mixing ratio (VMR) profiles for both thase case scenario [dashed
black lines in b) and c)] and using the rate coefficients d&tedmn this study [all profiles in
a) and solid black lines in b) and c)], and comparison wiibervations. The % change in
VMR for CeHs and CHC=CH on moving from the base scenario to this work is shown as a
dark green dashed line in b) and c). Observations - Blue sgn®&RS Limb [(Nixon et al]
[2013). Red symbols: INM$ (Cui et al., 2909). Purple symbdIMS [Magee et al., 2009)

Green box: CIRS Nadif (Coustenis et al., 2010). A corneddator of 2.2 + 0.5 has been

applied to the INMS datp (Teolis et al., 2p15).
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800 ~
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Fig. 10. A comparison of modelled reaction rates as a functiaitibude, for the base
case scenario (dashed lines) and using the rates determihedsitudy (solid lines).

7. Tables

Table 1. Characteristics of Laval nozzle gas expansions usdtiisnstudy.? Range of

| =—1CH,+C,H,=C;H;+H

——ICH, + C,H, =C,Hs + H
——CH, + C,Hg = C,Hs + CH,

T T T
10® 10° 10

T
10

T T
1072 107

Reaction rate (cm® s')

conditions used in reaction cell experiments.

T (K)

Bath gasM

[M] (10*® molecule cm™®)

43 +7

He

55+14
6.9+21
81+24
10.0+2.0

84 + 15

He

13.2+3.2
18.4+5.2
24.1+7.0

100 £ 19

He

153 +4.1
20.7 6.5

134 £ 21

N2

3.2+1.1
5.3+20
10.0+4.6

%160 £ 5

He or N

2.0-10.0 (+ 5 %)
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750

751 Table 2. Bimolecular rate constants for the removat©H, with C;H,, C;Ha, and GHe, and
752  for the reaction ofCH; with O,. Errors reported for the measurements made in this snedy
753  statistical at the 20 level. Literature values taken from a) (Gannon et al., 2010a), b) (Hayeg et
754  [al., 199%), and c) (Blitz et al., 2003).
Rate coefficient ki (cm® molecule® s%)
T (K) ICH2+ CoH2/10™ | *CH2+ CoHa/10% | *CH2+ CoHe/ 10 | *CH2+ 02/10"2
43+7 7.81+0.77 6.79+0.38 5.97 +0.43
84 + 15 4.94 +0.53 5.64 + 0.56 3.55+0.51
100 +19 5.26+0.29
134 £21 3.26 +0.23 2.83+0.35 2.01+0.31
160 +5 5.20 +0.52 3.54 +0.44 2.50+0.37 3.91+0.23
4.40+0.22
195 +5 2.75+0.08 2.36+0.18 4.55 +0.36
3.43+0.08
3.63+0.16 3.95+0.90
298+5 2.36+0.10 1.83+0.160
3.21+0.14 4.3+1.8
755
756  Table 3. Branching ratio for reactive removal 8&H, with Hz, CHs, C:H2, C:Ha, and GHe,
757 as a function of temperature. Errors reported for nileasurements made in this study
758  represent statistical uncertainty (20) in the experimental data. Literature values taken from a)
759  (Douglas et al., 2018), H) (Gannon et al., 2008), c) (Blital.et2001) d) (Bohland et al)
760 [1989), and e) (Gannon et al., 20[10b).
T/K H2 CHg4 CaH> CaoH4 C2Hs
73 0.22+0.15 | 0.36+0.19
100 0.17+0.12 | 0.54+0.10 | 0.15+0.07 | 0.14+0.03 | 0.56+0.11
0.69+0.02 | 0.62+0.14
160 0.50+0.19 | 0.65+0.08 | 0.62+0.05
0.61+0.16 | 0.51+0.09
0.72 +0.07 0.69+0.09 | 0.68+0.06
195 0.74 +0.05 0.65+0.15
0.71+0.07 0.28+0.1% | 0.35+0.09
250 0.53+0.15 | 0.51+0.13
0.88 +0.02 0.79+0.05
0.87+0.07 | 0.82+0.11 0.87 +0.08
298 0.85+0.08 0.88 +0.08
0.83+0.08 | 0.88+0.09 0.81+0.08
0.90+0.10 0.71+0.08
761
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Model 1CHx+CoH> k(175 Ky Ratio This | *CHy+CyH, k(175 Ky Ratio This | !CHy+CHs k(175 Ky Ratio This
k(T)2 (1000 xk'/s1) | work/Model | k(T)? (1000 xk'/s1) | work/Model | k(T)2 (1000 xk/st) | work/Model
Reaction | 7.90 x 1¢*°. | 1.05 x 1@° 2.18 8.80 x 10. 1.15 x 101° 1.74 2.24 x 16 2.15 x 1@° 0.72
(2018) T-038 (0.41) T-0-84 (0.88) T-0-90 (0.28)
Relaxation | 2.03x 1. | 2.71x10° | 059 163x10. |213x10° |054 3.60x 100 [ 3.60x10' | 231
039 (1.04) TO84 (1.64) (0.05)
Willacy et al. || Reaction | 2.50 x 10-° 2.50 x 1@° 0.92 Not included | - - Not included | - -
(2016) (0.96)
Relaxation | 6.60 x 10" | 6.60 x 101 | 2.41 1.80x 10¢ [ 1.80x10' | 6.40 3.60x 10" |[360x10' |[231
(0.25) (0.14) (0.05)
Loison etal. | Reaction |7.60x 10 [8.93x10% |258 6.30x 100 |6.30x10¢ |317 1.90x10° [1.90x10° | 0.8L
(2015)and (T/300)°% | (0.34) (0.48) (0.24)
[Dobrijevic et | Relaxation | 2.30 x 10 2.30 x 10° 0.69 1.40 x 10 1.40 x 10 0.82 3.60 x 101 3.60 x 101 2.31
al. (2016) (0.88) (1.08) (0.05)
Lavvas et al. || Reaction 3.27 x 10° 3.27 x 10° 0.70 Not included | - - 5.90 x 101 5.90 x 10 2.60
(2008) (1.26) (0.08)
Relaxation | 9.20 x 10" [ 9.20x 10* | 1.73 230x 100 |[230x100 |501 3.60x 100 [ 3.60x10' | 231
(0.35) (0.18) (0.05)
Base case Reaction | 7.6 x 10'. 8.93 x 10 2.58 7.40 x 10, | 1.16 x 10°° 1.73 3.73x 10" | 3.61 x 10° 0.43
scenario (T/300)°3 (0.34) (T/298)084 (0.89) g397m (0.46)
Relaxation | 2.30 x 10° | 2.30 x 16° | 0.69 137 x10° | 2.14x10° | 0.54 8.74 x 102 | 8.45x10' | 0.99
(0.88) (T/298)°8 | (1.65) g397m (0.11)
This work Reaction | 1.75 x 10. 2.30 x 1@° 1.00 1.88 x 10. 2.00 x 1@° 1.00 1.48 x 10°% | 1.53 x 10°° 1.00
(T/298)2%8 | (0.89) (T/298)%%. | (1.54) (T/298)°47L | (0.20)
l-558T) l-724m) -9.57/m)
Relaxation | 8.21 x 10", | 1.59 x 10° 1.00 5.24 x 10, | 1.15 x 10° 1.00 482 x 10" | 8.32x 10" 1.00
(T/298)2%, & | (0.61) (T/298)2%, & | (0.89) (T/298)143 & | (0.11)

107T)

1377)

37.6/T)

Table 4. Comparison of rate coefficient expressions for the redoeactions ofCH, with GH,, C:H4, and GHs (R7, R8, and R9) as used in five chemical models of
Titan’s atmosphere. k' gives the rate at a temperature of 175 K and amddtiof 1000 km, while Ratio This work / Model gives the rafithe k' values from the rates
determined in this study, to those from the other mo@els.text for detaild.units cni molecule* s*.
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Rate ICH+CoH, k(43 K)? Ratio this ICH+CHs  k(43K)? Ratio this ICH#+CHs k(43 K)? Ratio this
coefficients k(T)? work/KIDA  k(T)2 work/KIDA  Kk(T)? work/KIDA
KIDA Reaction 8.14 x 10! 8.14x10"* 0.003 Not included - - 1.90x16°° 1.90x10° 0.87
database Relaxation 9.62x 10 9.62x10* 7.24 2.30x 101  230x10* 285 3.60x 10! 3.60x 10 890
Total removal 1.78 x10° 393 2.30 x 101 285 226 x 101° 215
This work Reaction 1.75 x 1@. 2.76 x 103 1.00 1.88 x 10. 9.01 x 10+ 1.00 1.48 x 16°.  1.65 x 10'° 1.00
(T/298)218, (T/298)358, (T/298)017%
l-558m gl-724m g-9.57/m)
Relaxation ~ 8.21x10L  6.97 x10°  1.00 5.24x10%  6.54x10° 1.00 4.82x10%  3.20x10° 1.00
(T/298)2%, (T/298)2%, (T/298)143
g-107m) g-137m g-37.6/M)
Total removal 6.97 x 10°  1.00 6.55 x 10°  1.00 4.85x10°  1.00
Rate 1CHx+H; k(43 K)? Ratio this ICH+CH, k(43 K)? Ratio this
coefficients k(T)? work/KIDA  Kk(T)? work/KIDA
KIDA Reaction 1.20x16° 1.20x10° 011 5.90 x 10! 590 x 168  1.27
database  Relaxation 1.26 x 10!  1.26 x 10 20.7 1.20x10%  1.20x 100 167
Total removal 1.33x10° 207 7.10x 10  3.89
Reaction 1.42x10° 1.33x10 1.00 6.65 x 101%.  7.52x 10 1.00
al. (2018) (T/300)0193 (T/300)°0%¢
g-118m gl0.6/m
Relaxation 2.53x10% 2.61x10° 1.00 248 x 101, 2.01x10° 1.00
(T/300)21". (T/300)292
g-126m) g-154m)
Total removal 2.74x10° 1.00 2.76 x 10°  1.00

Table 5. Comparison of rate coefficient expressions given byKH2A database| (Wakelam et al., 2012) to those determindbisnand a
previous|(Douglas et al., 20[L8) study, for the removal reaté'CH, with Hz, CHs, C2Hz, C:Ha, and GHs, (R3, R4, R7, R8, and R9), together
with the rates at a temperature of 45 K. See text foilgiétanits cni molecule! s?.
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