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Abstract

The rate coefficients of the reactions of OH radieald Cl atoms with three alkylcyclohexanes
compounds, methylcyclohexane (MCH), trans 1,4-dimethylcyclmex (DCH) and
ethylcyclohexane (ECH) have been investigated at (293+1) K1866 mbar of air using
relative rate methods. A majority of the experimemtse performed in the Highly Instrumented
Reactor for Atmospheric Chemistry (HIRAC), a stainlegelsthamber using in situ FTIR
analysis and online GC-FID detection to monitor the decdlieohlkylcyclohexanes and the
reference compound3he studies were undertaken to provide kinetic data for cadbsaof
radical detection techniques in HIRAC. The followingerabefficients (in cihmolecule! s?)
were obtained for Cl reactionsickmcry=(3.51+ 0.37x10%°, Kkcirpcr)=(3.63+ 0.3§x102°,
KciecHy=(3.88+ 0.41)x13°% and for the reactions with OH radicalgikmcr)= (9.5+1.3x10%2,
KorsocH=(12.1 + 2.2x10%2 Kon+ecH=(11.8 + 2.0x10'2 Errors are a combination of
statistical errors in the relative rate rafifa) and the error in the reference rate coefficient.
Checks for possible systematic errors were made by thef e ceference compounds, two
different measurement techniques, and also three diffspemces of OH were employed in
this study; photolysis c€H:ONO with black lamps, photolysis of @, at 254 nm and non-
photolytic trans-2-butene ozonolysis. For DCH some direet l#ash photolysis studies were
also undertaken, producing results in good agreement wathelhative rate measurements.
Additionally, temperature dependent rate coefficient invastigs were performed for the
reaction of methylcyclohexane with OH radical over thinge 273 K to 343 K using the relative
rate method; the resulting recommended Arrhenius expressikon + mcHy = (1.85 £ 0.27)
x101! exp((-1.62 + 0.16) kJ mdIRT) cn?® molecule! st. The kinetic data are discussed in
terms of OH and CI reactivity trends and comparisons a#enwith the existing literature
values and with rate coefficients from structure agtikatiationship methods. This is the first
study on the rate coefficient determination of thetiea®f ethylcyclohexane with OH radicals

and chlorine atoms, respectively.
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Introduction
Cycloalkanes are often used as radical scavengers iestofdatmospheric chemistry due to

I

their relatively fast kinetics and mechanistically simptdﬂatior1[] ,4]. Recently, the University

of Leeds, Highly Instrumented Reactor for Atmospheric ClaH;n(HIRAC) has been used

to provide an alternative calibration method for OH deiacvia the FAGE (Fluorescence

Assay by Gaseous Expansion) meth¢d[4,5] by monitoring demfayyclohexanﬁla]. As a

fluorescence technique, FAGE needs calibration and conwaiitiothis is achieved by
introducing known concentrations of OH generated from wattetolysis at 185 nm, into the
FAGE apparat?]. This calibration technique is limited to entbipressures and
temperatures, but when operating on an airborne platleAGE may be sampling air under
conditions that are very different from those unabich it was calibrated. Additionally, typita
OH calibration concentrations are several orders @fnihade greater than day time ambient
values of ~ 10 moleculecm'3. We have used the hydrocarbon decay method to pravide
alternative calibration method [6]. For this techniquehéigvalues of the rate coefficient for
OH + hydrocarbon,d¢, and a simple pressure independent mechanism, provideantnate

results.

Cyclohexane has been used in our previous OH calibratior@oik{t the presence of
tertiary C-H bonds in alkyl substituted cyclohexanes hedce the potential of highebik
values, makes these compounds more attractive and prdwdesin motivation for this study.
Future work will extend our evaluation of calibration techegjuo a wider range of
temperature. The temperature dependence of cyclohexane Okithradicals has been
extensively studied and is summarized in Calvert aI.[9]WeHer, alkyl substituted
cycloalkanes have received much less attention, only #tbyfayclohexane rate coefficient
with OH has been studied as a function of temperre[lO].

Additionally, cycloalkanes are one of the major adasd constituents of the trace-gas
composition of the atmosphere making important contribstito atmospheric chemical

systems with implications from local to global scE'e[Qm important constituent of vehicle

fuels, cycloalkanes have been foundhe emissions from motor vehicles [11},12] and in road
tunnel] Cycloalkanes are widely used as solvents in the matwréof rubber, machinery

and plastics. Not surprisingly, given these sources, dikalnas have been detected in the urban
atmospher@él]. Cycloalkanes have been also detectetinmsheric emissions near the
Deepwater Horizon oil spill eve5] and over oil sandsimgj opera’dms. Like other
alkanes, cycloalkanes are potential sources of e[17].
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Only abstraction reactions with the atmospheric oxidantsr&titals and Cl atoms
contribute significantly to cycloalkane oxidatﬂw[g]. Frorhet group of cycloalkanes,
cyclohexane has the lowest strain energy. The seagrgy influences the kinetics of
cycloalkanes toward OH radicﬁs[g]. Cycloalkanes with sh@in energy (cyclohexanes)
possess higher reactivity toward abstraction of hydrotganmsathan corresponding linear chain
alkanes due to the presence of two more secondary hydrages @an the linear alkanes, the
chains of which are terminated with methyl groups containisg leactive primary hydrogen
atoms. Alkyl substituted cycloalkanes have gditess attention than their non-substituted
homologues.

Although OH is the primary radical initiator of hydrocarbaxidation in the
atmosphere, atomic chlorine can be an important initiatderucertain circumstances and Cl
atoms are often used as a convenient method of initiaiittion in chamber st8].

Chlorine is present in thatmosphere in various forms from a range of processe22]9-

although ambient Cl concentrations are much lower than ibrine atoms can play an
important role in atmospheric chemistry since their reastwith hydrocarbons are typically
several orders of magnitude gresahan the corresponding OH reaction. The concentration
Clatoms in coastal areas could reach as much as3axaocm?® for a brief period at da ' 3]

and there is evidence for an influence of atomic chlodedyed from CING, over continental

land mass4].

At room temperaturg, Aschmann and Atkinson [25] have detedntimeerate coefficient

of Cl with methylcyclohexane ((3.47+0.12)x10cn? molecule! s using a relative method
with n-butane as the reference compound in a reactiontdrawith Cl atoms being produced
by Cl. photolysis with black lamps. The rate coefficient foe teaction of methylcyclohexane
with OH radicals has been reported at 1 atm and room tatope with very good agreement
between the values measured by Atkinson I.[26], (10.8)%x10'2 cn® molecule! st and

Kramp and Paulson [27], (9.4+0.6)x%0cm® molecule! s?, determined using relative rate

techniques, and with the room temperature determination en&pether et 0], (9.3 £
0.1)x10'2 cm® molecule! s measured using a discharge flow, laser induced fluorescence
technigueln 2015 Ballesteros etI reported the room temperature rate coefficientafor
series of methylated cyclohexanes with OH radicals &fatine atoms. The rate coefficients
obtained by Ballesteros et. avere determined using a relative kinetic technique, with

experiments being performed in a small (16L) borosilicaasgytylinder and the result for the
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reaction of OH with methylcyclohexanepmch=(11.8+1.2)x162 cm® molecule! s?, is

slightly higher than the previous studies, but still in agneat, within the mutual error limits.

To our knowledge this work is the first rate coefficient deteation for the reaction of
OH radical and Cl atom with ethylcyclohexane, whereadrians-1.4-dimethylcyclohexane
only one study has been previously reported by Ballesterd) 2Additionally, this is only
the second reported Arrhenius equation for the methylcgglie reaction with OH radicals

over atmospherically relevant temperatures.

Experimental

The relative kinetic technique has been applied to inastithe kinetics of the reactions of
OH radicals and chlorine atoms with methylcyclohexane (MCtans-1,4-dimethyl-
cyclohexane (DCH) and ethylcyclohexane (ECH) at ~293 Kr&@dTorr of synthetic air

Cl + CHs-c-GsH11 — products R1
Cl + CHz-cCsH10-CH3 — products R2
Cl + CHsCHa-c-CsH11 — products R3
OH + CH-c-GsHua — products R4
OH + CH-cCsH10-CHs — products R5
OH + CHCHz-c-CsH11 — products R6

Most kinetic measurements were performed in the HIRA@I{ltiInstrumented Reactor for
Atmospheric Chemistry) photoreactor, described in detaiWHeEe] HIRAC is a ~2 th
stainless steel cylindrical reactor. The photolysis psesdor Gl and methylnitritewere
initiated by irradiation with eight blacklamps (Philips-TL36 W BLB; 320 nm <A <420 nm,
Amax=365 nm) housed within eight evenly distributed, temperaturealted quartz tubes inside
the reactor. Mercury lamps housed in the same quartz tulbesused to generate OH radicals

from hydrogen peroxide photolysis predominantly at 254 nm.

The photolysis of Gvas used as the Cl atom source:

Cl> + hv (320 nm <A <420 nm) — 2Cl R7

The photolysis of methyl nitrite (JONO) in the presence of NO was used as the OH radical
source for majority of the OH experiments with MCH (R4):
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CH3ONO + hv (320 nm <A <420 nm) — CH30 + NO R8
CH30 + O — HCHO + HO> R9
HO,; + NO — OH + NO> R10

Experiments on the kinetics of OH with DCH and ECH wettgited by the photolysis of4:
(R11):

H202+ hv (A predominantly 254m) — 20H R11

Additionally, the ozonolysis of trans-2-butene (t2BHg) was used as an OH radical source
in the room temperature studiesRf.

Oz + C4Hg— OH + products R12

Oswas produced by photolysis of oxygen passed through an extdimabdeated with a pen-
ray lamp at 185 nm. The ozone concentration was monitoried asUV photometric @
analyzer (model TEC 49C) with a detection limit of 1 ppbva@0 s measurement periocs O
was mixed with the air, MCH and cyclohexane (CH, the esieg) using fans located within
HIRAC. The reaction was initiated by the injection of tr&Alsutene. To our knowledge only

one previous kinetic study with OH radicals involved the ozmmlof alkenes as theH

radical sour09].

A Chernin-type multiple reflection mirror syst30] oged at a total optical path
length of 128.52 m coupled to a Bruker IFS/66 FTIR spectrometeuseasfor reactant and
reference compound detection. The IR spectra were recordespattral resolution of 1 ¢
in the range 700- 4000 cm' using a KBr beamsplitter and external liquid nitrogen-cooled
mercury-cadmium-telluride (MCT) detector. Typically, 1@@erferograms were co-added per
spectrumEach spectrum requires around two minutes acquisiticn filme data were collected
over different time periods for each type of reactioom 20 min for chlorine initiated reactions
to 60 min for the OH radical initiated reaction when @k produced by the ozonolysis of

trans-2-butene.

Additional to the FTIR measurements, gas chromatograptly flame ionization
detection GC-FID, Agilent 6890N) was used for online detection of the compounds. Gas
samples were injected onto the column (Varian ChrompaciCBeB column, 50 m, 0.32
mm i.d. and film thickness of 5 pum) every 2 min, with helium as the carrier gas. The seerati
method (flows and oven temperatures) varied dependanieanikure of the compounds to

be separated. The online sampling syst&s based on the collection of chamber samples into



153 5 ml evacuated sampling loops. Samples are injectedvaftes, through a 2-position 6-way

154  multiport valve controlled by the GC. Between the injectitnressampling linevas evacuated.

155 Prior to the reaction with OH radicals or Cl atoms thd lwak deposition, dilution and
156 possible artefacts or interferences were monitoretidrdark over a period of 10 min (5 GC
157 samples and/or 5 FTIR spectrip wall loss was observed for the alkylated cyclohexanes
158 reference compounds employed in this study. The dilutionaltiee sampling on the GC-FID
159 is minimal Also no cycloalkane decay was observed due to interferinggses, for example
160 removal byCl, when investigating the reactions of alkyl cyclohexawét Cl atoms,or
161 reaction with Q for those studies where OH was generated by ozonolysis

162 The OH radicals/Cl atoms will react with both the alkytlohexane, ACH, and the
163 reference hydrocarbon:

164
165 ACH +OH/C——  products (ken) (1)
166 Reference+OH/CI —— products (Ker) (2
167

168 For the systems under investigation the following kinexpression applies:

169

N [ACH], | _ Kacn [ Lreferencd, @)
170 [ACH]t Keer  \ [referencedt
171

172 where [ACH}, and [referencere the concentrations of the ACH and reference conafsoain
173 time t = 0, respectively, and [ACHJ]and [referencepre the concentrations at time t. Plots of
174  In([ACH]J[ACH]:) vs In([reference][reference) should yield a straight line with slope
175 Kkacn/krerand zero intercept.

176 Two reference compounds have been used for the determin&tiunrate coefficients
177 of the reaction of Cl atoms with alkylcylohexanes:trarsifene (t-2B) and cyclohexane (CH)
178 The rate coefficients for the reference reactioits @l atoms are ks + t2s= (3.50 + 0.5px101°
179  cn?® molecule! s‘land ket +cny=(3.30+0.49)x18° cn? molecule! s‘lﬂ. For t-2B, the value
180 determined by Kaiser et al. [31] was chosen as the most ebanmsive recent study and for
181 cyclohexane, the rate coefficient is from a receitical review by Calvert et al. [9].

182 Additionally, in preparation for temperature dependent FAGQbBredion studies, e
183 reaction of MCH with OH radicals has been studied dvertémperature range 2#%8343K

184 using only the photolysis of GONO as a source of OH radical while the room temperature
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rate coefficients have used ozonolysis with CH aseagate and - photolysis with CH and
isopentane as reference compounds. For the reactibiM@H and ECH with OH radicals,
H20O:> photolysis has been used as the primary source of OH Isdith CH, isopentane and
diethyl ether as reference compounds. Reference hytmtaland their recommended rate
coefficients in crd molecule! s) used in theOH study were: cyclohexane (CHon + cry =
(3.26x10')xT? exp [(262)/T , toluene; low + c7hsE (5.7 £ 1.5) x 162, isopentane;
Kow + icshizr (3.6 + 1.1) x 102 diethyl ether; on + caroor (1.32 + 0.13) x 18 [34], ethene;
KoH + conar (8.7 + 2.2) x 162, propene; §on + carer (2.63 + 0.66) x 161

Compounds (MCH, DMCH, ECHZH, CHsONO, NO, toluene, t-2B, @)l were added
into the reactor from a known partial pressure in aré Viessel using a flow of nitrogenhe
initial concentrations (in units of molecutan®) were ACH, 4-6x13% CH;ONO, ~ 8x16?
NO, ~ 3x103 toluene, 4-6 x 18; trans-2-butene2-4x10" when used as reference in ACH +
Clreactions and ~ 8x10when used as precursor of OH radicals in the ozonolyperinents.
Various concentrations of{@ip to 12.5 x 18 molecule cri? have been used in the OH radical
initiated rate coefficient determinations..€bncentrations did not exceed 15 ¥¥fiolecule

cm,

In addition to the experiments performed in HIRAC chama@&w experiments on the
kinetics of ECH with OH radicals have been performedQUAREC (QUArtz REaction
Chamber) in Wuppertal, Germany to check for any systemdferetices. The QUAREC

chamber is described in detall elsewher3[3F3,37]. Brieflychaanber consists of a cylindrical

quartz cylinder, volume 108Q kvacuated between the experiments to? I0bar with a
turbomolecular pump. At the both ends the chamber ippgdiwith a number of sampling
and injection ports. Mixing inside the chamber is managed bys3 Tde reactor is surrounded
by 32 photolysis lamps which emit light in the range df 36 < A <460 nm, Amax= 360 nm)
Monitoring of the reactant and reference compounds was pedousing a FTIR instrument,
Thermo Nicolet, coupled to a White-type multiple reflectiminror system mounted inside the
chamber with a total optical path length of 484+0.8 m. FiéR spectrometer has a liquid
nitrogen coolednercury—cadmium—telluride (MCT) detector. IR spectra were recorded at a
resolution of 1 ¢t in the range 700—-4000 cm™*. Typically, 120 co-added interferograms per

spectrum were collected leading to a time resolutionafrad 1 min.

All the alkylated cyclohexanes used in this study were adxdairom Aldrich and used
without further purification. Their purities were as followdCH, >99%; DCH, >98% and
ECH, >99% The reference compounds used in this study had the follospagifications
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trans-2-butene, 99+% (Aldrich), toluene and cyclohexane 9%hdFScientific)Cl. (Aldrich)

had a purity of > 99.5%. The method of Taylor eEI.[38] beesn used for the synthesis of
methylnitrite. Ultra-high-purity (UHP) 1:4 synthetic air waltained by a mix of ©(BOC,
zero-grade, >99.999 %) and, \BOC, zero-grade, >99.998 %).Experiments in QUAREC
chamber have been performed using synthetic air provided lhyodide with a purity >99.999
%.

Initial experiments with reaction R5, OH + DCH with tolueas the reference
compound and with OH being generated fros@iphotolysis, produced surprising results, the
origin of which was traced to toluene photolysis from a saratbunt of 185 nm light from the
mercury lamps and sensitisation reactions. In attemptimtetaify the issues, we also carried
out some laser flash photolysis studies of reactibnBetails of the apparatus used can be

found in previous publications [39-41]. Briefly, OH radicals were ggted by the pulsed laser

photolysis of HO. at 248 nm in a slow-flow cell and reacted with excess DCillath gas of
nitrogen (total pressure 200 Torr). The exponential decay ofddi¢als was monitored by
pulsed laser induced fluorescence tuned to ~282 nm to mateibeatmnal channel in the A
— X transition of OH. The resulting fluorescence at ~308 nmpaased through a filter ((308
+ 5) nm) and collected on a channel photomultiplier tubek{f<Imer C1943P), mounted
perpendicularly to the gas stream and probe radiation Bdadelay between the photolysis
and probe pulses was systematically varied by a delayagenéBNC 555) to build up an OH
time profile (see inset to figure in the results section a typical example) including
information on the pre-photolysis background level of OH.hBaace typically consisted of
200 points (with 20 points providing pre-trigger background) and thetfa@e was typically
an average of 5 10 repetitions.

OH reacted under pseudo-first-order conditions; in this regimeconcentration of OH
as a function of time is given by:

[OH], =[OH] e ™" (4)
where R is the pseudo-first-order rate coefficient given by:

k= ks[DCH] + kast (5)
Here k is the bimolecular rate coefficient for reactiond®fl ks represents the rate coefficient
for the loss processes due to diffusion and reaction of @tiae constant concentration of
precursor. Under these conditions, a plot’of9{DCH] should give a straight line where the
gradient is kand the intercept is the sum of the first order fpsgesses. An example of such

a bimolecular plot is shown in the results section.
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Results
(i) Reaction with chlorine atoms

An example of the relative rate data obtained for¢laetion of chlorine atoms with DCH (R2)
are plotted according to Equation 3 in FigureFigures S1 and S2 in the Supplementary
Information show equivalent plots for reactions R1 and R3least two experiments were
recorded for each reference compound involved in this stitlyhe plots show very good
linearity for both reference hydrocarbons used in this steyblphexane and trans-2-butene.
Table 1 lists the rate coefficient ratiosck/krer determined from the plots and the absolute
values of the rate coefficientsadk, calculated for the reactions of Cl with the three
alkylcyclohexane compounds investigated. The errors quoieabie 1 for the rate coefficients
kacH include the 3 statistical error obtained from the linear regressinalyses of the plots,
plus a 20% contribution fromd&uncertainty in the recommended values of the rateicwaits

for the reference compounds. The quoted errors fordigeaoefficients ratiosakH/krer are
only the & statistical errors.

(i) Reaction with OH radicals

Temperature dependent rate coefficients for the reacfomethylcyclohexane with OH
radicals have been obtained over the temperature Eat®)& to 343 K using cyclohexane as
the reference hydrocarbon. Room temperature rate deet8dor three ACH with OH radicals
have been determined at ~293 K in the HIRAC chamber usingtaseckinetic method and
FTIR and GC-FID as detection techniques. Table 2 presentattheoefficient ratiosakn/krer
obtained from the plots and the absolute values of teecoefficients, ken, calculated for the
reactions of OH radicals with MCH, DCH and ECH investigatetis study. The errors quoted

have been calculated in the same way as for Table 1.

Figure 2 presents the kinetic data plotted for the MCH igraetith OH radical at
different temperatures and the resulting Arrhenius glahown in Figure 3. The best fit line

through the data gives:
Kor+mch) = (1.71% 0.22x101 exp((-1.6240.16)kJ mot/RT) cm® molecule! st

where the errors are ordatistical at the 2¢ level. The rate coefficients of methylcyclohexane
with OH radicals in the temperature range of 27813 K exhibit a slight positive temperature
dependence, consistent with a simple abstraction améxrh. Errors included for room

temperature rate coefficients are the average ofgfienaed 20% error for the reference rate

10
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coefficient and the 2o error from the slope. Figures 4 and 5 and the data in Table 2 show very
good agreement for the rate coefficients for reac&zhwhen two different OH radical

generation processes (6BNO photolysis or ozonolysis) have been used.

In addition to MCH rate coefficient determination fbetreaction with OH radicals,
two other alkylated cyclohexanes have been investigdé@H and ECH with OH being
produced by B> photolysis Both GC-FID and FTIR analysis have been used for monitoring
the decay of reactant and reference compalReaction R5 was also studied using direct laser
flash photolysis methods as described above. An exampldiofolecular plot from whichsk
can be extracted is shown in Figure 6; the inset shaws@al OH exponential decay.

Discussion and conclusions

Cyclohexane reactions have not received as much atteasioopen chain alkanes so an
evaluation by comparison with other rate coefficiestgmited Previous literature data, where
available, have been included in Tables 1 and 2. Using strusttivety relationship (SAR)
methods it is possible to obtain the rate coefficieies to compare with the values obtained
in this study. The SAR method is based on the parti@ribution of each reactive site to the
overall rate coefficient value. These apprasdre used by the US Environmental Protection
Agency in the AOP WIN estimation programme (U.S.EPA, 2011).

The SAR estimations of the rate coefficients of @dical initiated reaction with
alkylcyclohexanes are presented in Table 1 where theycangpared with the values
determined in this study. For the reaction of Cl atontk MiCH (R1), there is good agreement
with the literature valuef [25,P8] and with the SAR ondgll et aI]. The SAR Ehmarl\n

and Atkinson [25] predicts a slightly lower value, bt gtithin the error bars of the current

determinations. This work, Ballesteros et al. [28] andSIAR are consistent in determining or
predicting that the rate coefficient for Cl with DCH2Rs essentially identical, within error,
to that of reaction (R1). For the rate coefficienthaf teaction Cl + ECH (R3), a more significant
increase is observed over the rate coefficient fortQMCH (11%), again qualitatively

consistent with the predictions of the SAR. In gentralagreement between experiment and

SAR is very good as has been noted in previous studieGl o~ alkane kineticqd [43,44].

However, the absolute values for the rate coefficientGl + DCH from this work and
Ballesteros et al. do not overlap and the Ballesteros i@lgroximately 20% lower than that

determined in this study. Cyclohexane was used in bottiveelate studies for and so here the

11
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relative rates (the primary experimental data) carobepared. Ballesteros et al. report a value
of keiwncr/kewcn 14% lower than this work. There is no obvious reason wh thieould be
such a discrepancy in the primary experimental data. Etative rate studies use a range of
detection methods (FTIR and chromatography) which shoullifpig any systematic errors
such as co-elution with product peaks. The slightly highéres for the rate coefficients of Cl
+ DCH is also mirrored in the MCH work (however, here thierebars do overlap). For Cl +
MCH, our higher value is in excellent agreement withgtely of Aschmann and Atkinson
[25].

As can be seen from Table 2 and Figures 4 and 5, the varesheads of OH generation
(methylnitrite or HO. photolysis and ozonolysis of t-2B) give good agreemedéepandent of
the method of analysis (GA-or FTIR) or reference compound (cyclohexane or tolutme)
the reaction of OH with MCH (R4)Figure 5 demonstrates that the signal to noise tor O
initiated reactions is not as good as for photolytic imdra It is possible that conditions could
be further optimized, however, this study does demonstrat@dtential for studying OH
reactions with photo-labile species. There is also liexteagreement between the rate
coefficients determined for reactioR€), OH + ECH, determined in HIRAC and QUAREC.
An example of data from QUAREC can be found in Supplemeiniéwymation (Fig S3)

There have been very limited previous kinetic studies usingabysis of alkenes as the
OH sourc]; potentially the method has two important adgas in being non-photolytic
and not requiring the addition of NOx to the reactor. Thedava@e of NOx can be important
in some chambers, e.g. EUPHORE or SAPHIR, where it is wliffio evacuate the chamber
and residual NOx may interfere with subsequent studiespiidsence of NOx can also cause
interferences in the FAGE detection met [45]; havingnge of validated OH sources for
calibration/interference studies is relevant to our fitmork. Of course ozonolysis has its own
disadvantages; a range of co-products are formedhwdould influence studies, the rate
coefficients under study need to be reasonably fast otheawisgority of OH loss occurs via
reaction with the alkene (t-2B in this study) resultindimited consumption of the alkanes
under investigation and of course there must be no reaatite substrate or reference with
ozone. The scatter in the relative rate plots for ¢lzenolysis initiated reactions was
significantly greater than other plots and we have thezejoven significantly less weight to
these data in our evaluation of the average room tenupenate coefficient presented in Table
2.
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The methylcyclohexane room temperature rate coeffidier the reaction with OH

radicals has been studied by Atkinson gt al,[R6mp and Paulson [27] and more recently by
Sprengnether et O] and Ballesteros ¢t al.[28] The teomperature rate coefficients d¢s
k, for reaction of OH with MCH determined in this study, (8.5.3)x 10'2 cm® molecule! s?

is at the lower end of the reported determinations, i g@gweement with the direct studies of
Sprengnethegtal. and the relative rate studies of Kramp and Paulduyvalue from Atkinson

et aI.]((10.6 + 0.3) x 1 cm® molecule' s?) is slightly higher than this work and recent
literature, however, using the most recent IUPAC recommmsamdatr the rate coefficient for
OH + n-butane reference reaction, brings the rateicesft into excellent agreement with this
work ((9.7 + 0.3) x 18? cn?® molecule! s?). The most recent determination is a relative rate
study by Ballesteros et al., reporting a value ~22% higtaer this work, but still within the

combined error ranges.

Sprengnether et O] have investigatedver the temperature range 230-379 K at 8-
10 Torr pressure of nitrogenhe results of this study and our work is presented in Ei§uand
there is good agreement (better than 15%) in the absalgeoefficients over the common
temperature range although our data are systematicailiytiglilower in magnitude Our
measured activation energy ((1.62 + 0.16) kJd slightly greater than that obtained from
a linear Arrhenius fit to the Sprengnether et al. data (@.280) kJ mol) although the error
bars do overlap. The temperature dependence of our study depebdsgh the temperature
dependence of the relative rate and the referencéiaed©H + CH). We have used the
temperature dependence recommended by Atkinson et al. [32] atehiberature dependence
is in good agreement (2020%) with other studies including Sprengnether et al. anédero
and Tully ]. Sprengnether et al. measured the temperatpemdience of three other non-
branched alkylcycloalkanes and the activation enefgrethese reactions were approximately
50% greater than for MCH. Our study confirms the weak positimpeeature dependence for
the OH + MCH, but suggests that the temperature dependestighidy stronger than that
reported by Sprengnether et al. The spread in the value mfdm temperature rate coefficients
for OH + MCH from this study suggests that the errors enAhfactor are greater than the
statistical error from the Arrhenius fit. Our recommed Arrhenius expression incorporates
the activation energy from our relative rate studyhweigclohexane as the reference, but with
the A factor scaled to agree with our average room tempereate coefficient of (9.5 + 1.3)

1012 cm?® molecule! st. The resulting expression is:

Kmcr + on) = (1.85% 0.2)x101 exp((-1.62 + 0.16) kJ mdIRT) cm® molecule! st

13



380 Apart from one study on the kinetics of D28] with OH ratiicat 298 K, no other

381 literature data are available for DCH and ECH. For DCH, tisegeod agreement between the
382 relative rate studies and the direct measurement ussegy feash photolysis/laser induced
383 fluorescence. Given that these are very different appesachdetermining rate coefficients, it
384 would suggest that our results are free from significasitegyatic errors. Our initial relative
385 rate studies using4@- photolysis at 254 nm and toluene as a reference compound denaonstrat
386 that a significant interference occurs with aromegference compounds and these should be
387 avoided.

388 The substitution of H atoms by the alkyl groupgSHs, -C>Hs) in cycloalkane increases
389 the rate coefficients over those for OH + CH due tddkeerH atom abstraction from tertiary
390 C-H compared to the secondary C-H bond in cyclohexane. Addwme expected due to
391 presence of secondary C-H bonds in the alkyl side chaid,re&xts faster with OH than MCH,
392 in good agreement with SAR predictions. OH reacts fasigr DCH than MCH due to the
393 presence of a second tertiary C-H bond. Whilst both DCH artdl ie&ct slightly faster than
394 MCH, their lower vapour pressures make them more difficitddk with and therefore CH
395 and MCH are probably the most practical species for fuitheitu OH calibration studies in
396 HIRAC.

397 Using the kinetic data obtained in the present study inbewation with a daytime
398 average radical concentratllows for the estimation of the tropospheric lifetimes, Tonicl,
399 using:

400 ton/cl = 1/Kowicl + acH[OH/CI]

401 Accordingly, for a globally averaged [OH] of 1 x61@n'3, the atmospheric residence times
402 for the MCH, DCH and ECH are estimated to be around 20-30 (seesTable 2). Cl atom

403 concentrations are more spatially variable. In highly pedlutegions or coastal locations [CI]

404 can range from 1 - 5 x t@tomcm?® [23]44]. With [CI] at the upper end of this range,
405 atmospheric lifetimes for MCH, DCH and ECH are betweenrn 18 hours (see Table 1) and

406 Cl chemistry can contribute significantly to their rerab However, global levels are
407 significantly lower, typically ~500 atorn® ; in these regimes, removal will be dominated
408 Dby reaction with OH. With lifetimes of approximately oneydalkyl cyclohexanes will

409 contribute only to local air pollution.
410
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Figure 1. Plot of the kinetic data according to eq (3) for the tiea®mf Cl atoms with methyl
cyclohexane (MCH) using®(v) trans-2-butene andm(A) cyclohexane as the reference

hydrocarbon. The data have been displaced verticallyldoity.

Figure 2. Plot of the kinetic data according to eq (3) for the reaatitOH radicals CHsONO
photolysis) with MCH using cyclohexane as the referencdrdoarbon at five different

temperatures. The data have been displaced verticaltyafdty.

Figure 3.Arrhenius plot of the rate constants for the reaction of OH radicals with MCH (m) this
work, () Sprengnether et al. (2009). The linear fits to the datatlislework, l =(1.71+
0.22)x10"exp(-(1.62 + 0.16) kJ md)/RT) cn? molecule! st, Sprengnether et al.4 k(1.59 +
0.20)x10"exp(-(1.24 + 0.30) kJ md)/RT) cn? molecule! st. The errors represent statistical

errors athe 2c level.

Figure 4. Kinetic data plotted according to eq (3) for the reactidr@t radicals with MCH
using cyclohexane as reference hydrocarbons and two diffevarces of OH radicals: trans-

2-butene ozonolysis) and CHONO photolysis &).

Figure 5. Plot of the kinetic data according to eq (3) for the ieaaif OH radicals (generated
by the t2B+Q reaction) with methylcyclohexane (MCH) using,glope = 1.21 + 0.11) and
CHsONO photolysis 4, slope = 1.29 + 0.02).

Figure 6. Main figure: Bimolecular plot of pseudo-first-order ratefticient vs [DCH]. The

gradient, (1.212 + 0.015) x #8cm® molecule! s?, is k. The error is the standard error at the
20 level. Inset: Example of typical OH LIF temporal profile with exponential decity f
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Table 1.Rate coefficients for the reactions of Cl atoms wiit¢thyl cyclohexane, 1,4 dimethyl cyclohexane and ethyl cyctoteeat 293 K.

Lifetime Literature values
:l.olOkACH/Crn3 1010 kaveragécn‘ﬁ 1010k SAFJ Cm°’ 0
Compound Reference kei+ach/Krer moleculel st | moleculet st moleculet s gllg)l k/ cm?® moleculét
Cyclohexang |1.04+0.01 3.42+0.52
Methyl yclonex §5140.37 66 days 3.5] 3.47 + 0.11[2H]
cyclohexane (MCH I 3.24)25 3.11 £ 0.16[28
y ( ) trans-2-buterfe| 1.03+0.02 3.60+0.52 16 hrd [24] 28]
) Cyclohexane [1.06+0.04 3.51+0.54 /
trans-1,4-dimethyl Y X 3.63+0.38 o4 days 22 } 2.89 + 0.1]
loh DCH . J
cyclohexane (DCH) trans-2-butene|1.07+0.04 3.75+0.55 15 hrd
Ethyl Cyclohexane [1.16+0.03 3.81+0.58 60 days
4.22042]
cyclohexane 3.88+0.41 3.82024] None
(ECH) trans-2-butene|1.13+0.01 3.94+0.56 14 hré '

a Rate coefficient used (3.3 * 0.49) x*9@m® molecule! s*[9]
b Rate coefficient used (3.50 + 0.50) x'{@n? molecule! s*[31]

¢ [CI] =500 atom cr typical of global backgroun

d [CI] =50000 atom cr typical of polluted northern hemisphere or coastation ]

e n-butane as reference compound.

6]
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Table 2. Rate coefficients for the reactions of OH radicalthwinree alkyl cyclohexane (ACH) compounds at 293 K andhyi@tclohexane in
the temperature range 273 to 343 K.

Location, OH ) 10'%k a/em?® ) Literature values
Compound |source and Reference kor+acH/Krer rln%lé?ﬁélcgf moleculet st rln%léiﬁfé?gﬁ (10*%k/cm® moleculet
technique (Lifetime, 1)? st
Methyl
cyclohexane CHL(EDEEC))S’GC Cyclohexang 1.29+0.01| 8.8=+1.8
(293 K) 3 !
10.6 + 0.3 (9.7 £ 0.3)
Methy Cyclohexang 1.37£0.02| 9.6+1.9 95+13 9.26[28] 26)
LEEDS, HOy, !
cyclohexane Ge I P (t = 29 hrs) 9.4 + 0.6|[27]
(293 K) sopentan 3.01+0.26 | 10.9+ 1.0 (3.3) 9.794] 9.29 + 0.13T1p]
Methyl LEEDS, Q+t 116+ 1.224]
ethy Bt + +
cyclohexane | 2B, GC and Cyclohexang 1.21+0.22 8.3+22
(293 K) FTIR Toluené 1.54 +0.28 8.8+27
Methyl Cyclohexang0°C | 1.32+0.01| 8.38+0.11
?/C'Ohex?ne LEEDS, |Cyclohexane 35°C| 1.25+0.01| 9.05+0.14 |Kmor+om= (1.71%0.2x10"" exp((-1.62+ 0.16) kJ
emperature i )
depe'?]dem CH3:ONO, GC | cyclohexane 50°C| 1.22 +0.01| 9.34+0.11 |mol/RT) cn? molecule! s*
study Cyclohexane 70°C| 1.18 £0.01| 9.72 £0.09
Trans-1,4- |[LEEDS, RO, .
dimethy/ GC Diethylethef 0.77+0.07 10.2+ 1.4
12.1+2.2
AOReXane ILEEDS, o Cyclohexank 2.05+005( 14.3£29 10924 14.1 + 1.5[28]
yclohexan .05 £ 0. 3+2, 1+ 1.5[28
cC 11.]
LEEDS, LIF, (t=23 hrs)
absolute 11.9+1.2
technique
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Ethyl LEEDS, HO;,
Cyclohexane Ge Isopentan® 3.07+0.19|11.0+ 0.8 (3.3)
. 11.8£20 |0 gy
Ethené 1.34 £ 0.07 11.6 £3.0 %
Ethyl WUPPERTAL, (t=24nrs) |TE
Cyclohexane | CHsONO, FTIR ,
Propenge 0.49 +0.02 129+3.3

a The lifetime is calculated with [OH] = 1 x @Molecule cr [8]

b The recommendation of Atkin332] is k(T) = 3.26 #M@exp(262/7 cn® molecule! st based on an evaluation of both absolute and
relative rate experiments. The recommended uncertaintyom temperature is £ 20%

cThe value in brackets is using the latest IUPAC recomntiendiar the rate coefficient of the OH + n-butanterence reaction

d The error given is for the precision of the relatate gradient (9%) and precision of the reference detetiomng3.60 + 0.10) x 10
2cm? molecule! s?), 3%). In his review of OH + alkane chemistry, Atkins8&][recommends a conservative estimate of 30% in the
uncertainty of the reference reaction and this is reftem the error given in brackets.

e Reference value is (5.7 + 1.5) x3%€m® molecule! sY[33]
f Errors in temperature dependent study are precision only.

g Estimated error of 10% in the reference reaction (1.82%cm?® molecule! st) which was obtained using direct methods (laser flash
photolysis) [34].

h The error given is for the precision of the relatiae gradient (6%) and precision of the reference detation ((3.60 £ 0.10) x 10
2cm? molecule! s?), 3%). In his review of OH + alkane chemistry, Atkins8@][recommends a conservative estimate of 30% in the
uncertainty of the reference reaction and this is rieftein the error given in brackets.

iReference value is (8.7 + 2.1) x#0n? molecule! s* [35].

j Reference value is (26.3 + 6.6) x*6m® molecule' st [35].
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Figure 1. Plot of the kinetic data according to eq (3) for thetiea®f Cl atoms wih methyl
cyclohexane (MH) using @,v) trans-2-butene andm(A) cyclohexane as the reference

hydrocarbon. The data have been displaced verticallyldoity.
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Figure 2. Plot of the kinetic data according to eq (3) for thettea®f OH radicals (generated
from CHsONO photolysis) with MCH using cyclohexane as the refexdrydrocarbon at five

different temperatures. The data have been displactdally for clarity.
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Figure 3. Arrhenius plot of the rate constants for the reactf OH radicals with MCHx()
this work, @) Sprengnether et al. (2009). The linear fits to the d&tatlais work, k=(1.71+
0.22)x10"exp(-(1.62 + 0.16) kJ md)/RT) cn® molecule! st, Sprengnether et al4 k(1.59 +
0.20)x10"exp(-(1.24 + 0.30) kJ md)/RT) cm® molecule* st. The errors represent statistical

errors at the 2o level.
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Figure 4. Kinetic data plotted according to eq (3) for the reactidrSld radicals with MCH

using cyclohexane as reference hydrocarbons and twoediffsources of OH radicals: trans-
2-butene ozonolysi( slope = 1.21 + 0.11) and GEINO photolysis &, slope = 1.29 £+ 0.02).
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Figure 5. Plot of the kinetic data according to eq (3) for the reaatf OH radicals
(generated by the t2B+®@eaction) with methylcyclohexane (MCH) using) foluene andx)

cyclohexane as the reference hydrocarbon.
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Figure 6. Main figure: Bimolecular plot of pseudo-first-order rateftcient vs [DCH]. The
gradient, (1.212 + 0.015) x tBcm® molecule! s?, is k. The error is the standard error at the
20 level. Inset: Example of typical OH LIF temporal profile with exponential decay fit.
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Supplementary Figures
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Figure S1. Plot of the kinetic data according to eq (3) for the reactib Cl atoms with
methylcyclohexane (MCH) usings) trans-2-butene anda)] cyclohexane as the reference

hydrocarbon. The data have been displaced verticallyldoity.
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Figure S2. Plot of the kinetic data according to eq (3) for the reactib Cl atoms with
ethylcyclohexane (ECH) usings)( trans-2-butene andm) cyclohexane as the reference

hydrocarbon. The data have been displaced verticallyldoity.
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Figure S3. Kinetic data plotted according to eq (3) for the reactio@dfradicals with ECH

performed in QUAREC chamber using propene (m) and ethene (®) as reference hydrocarbons.

29



