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Temperature and Pressure Including Direct Observation of Equilibwithrthe
OH Adducts
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1 - School of Chemistry, University of Leeds, Leeds, LS2 9JT, UK.
2 — National Centre for Atmospheric Science, University of Leeds, Leeds, LS2 9JT, UK.

Abstract

The reaction of the OH radical with isopreneHg(R1), has been studied over the temperature
range 298 - 794 K and bath gas pressures of nitrogen from 50 - 1670 Torr using laser flash
photolysis (LFP) to generate OH, and laser induced fluorescence (LIF) to observe OH removal.
Measurements have been made using both a conventional LFP/LIF apparatus and a new high
pressure system. The measured rate coefficient at 2982 (= 9.90 + 0.09) x 16! cn?®
molecule! s?) in the high pressure apparatus is in excellent agreement with the literature
confirming the accuracy of measurements made with this instrument.

Above 700 K, the OH decays were no longer single exponentials due to regeneration of OH
from adduct decomposition and the establishment of the OkHg € HOCsHg equilibrium,
R1dR-1a. This equilibrium was analysed by comparison to a master equation model of reaction
R1, and determined the well-depth for OH addition to carboand G to be equal to (153.5

+ 6.2) kJ mof and (143.4 + 6.2) kJ md| respectively. These well-depths are in excellent
agreement with the present ab initio - CCSD(T)/CBS//M062X/6-311++G(3df;2p)
calculations (154.1 kJ méifor the G adduct). Addition to the less stable &d G adducts

are not important.

The data above 700 K also indicated that a minor, but significant direct abstraction channel,

A1
R1b, was also operating with, = (1.3 +0.3) x 10! exp (%) cm® molecule! s,

Additional support for the presence of this abstraction channel comes from our ab initio
calculations and from room-temperature proton transfer mass spectrometry product analysis.

The literature data on reaction R1 together with the present data were assessed using maste
equation analysis, using the MESMER package. This analysis produetcded dataset that
generates our recommendegy(k[M]). An analytical representation of:iKT,[M]) and

k1«T,[M]) is provided via a Troe expression. The reported experimental data (the sum of

T )-1 33£0.07

addition and abstraction)i? = (9.5 +0.2) x 107" (M +(1.3+0.3) x 10 exp
(-3.61 kI mol”!

T ) cm® molecule! s, significantly extends the measured temperature range of R1.
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1 Introduction

The diene isoprene,sBg, is the dominant biogenic hydrocarbon emis@ﬂsoprene reacts
rapidly with the OH radical (R12b = (1.00 % 0.15) x 18° cm® molecule' s*Jand, in the
presence of NOx, can lead to significant local air quality issues, particularly ozone foﬁmtion.

OH + GHsg — Products (R1)

In low NOx/high isoprene environments suadforests, where there is a rapid loss route for
OH with isoprene, but no obvious route for OH regeneration, it was expected that ambient
[OH] would be low. However, campaigns in a variety of such environments ranging from
boreal fores@to Mediterranean pine fore!so rain fores@have measured surprisingly high
concentrations of OH, with the measured:modelled [OH] being up tE|Jl'(Dt&se observations
suggest a mechanism for OH regeneration; the implications of a higher concentration of
ambient OH on methane lifetimes, and hence on radiative forcing, are sighificant.

A range of mechanis§"|including OH production from RO+ HO;, reactior{s’] RO,
photolysi@ and epoxide formation from OH + isoprene ad@btrave been investigated.
These processes provide some enhancement of OH levels, but do not bridge the gap between
measurement and model. Currently the most promising mechanism for expl@hing
regeneration is the Leuven Isoprene Mechanism (LIM), proposed by Peeters and co@rkers.
15 Under low NOx conditions the OH-isoprene-@dical formed in reactions R1a-R2, can
isomerize to form a hydroperoxycarbonyl (HPALD) / dihydroperoxycarbonyl (di-HPCARP)
species that lead to OH regeneration.

OH + GsHg — HOCsHs (R1a)
HOGsHg + O, — HOCsHgO2 (R2)

The reactions of HO#1gO- take place on minute/hour timescales at room temperature and it
is difficult, even with the most careful experiments, to eliminate the possibility of contributions
from heterogeneous processes or secondary chemistry. Additionally, in some chambers it is
not possible to avoid a contribution from NOx driven chen‘@rso the resulting product
distribution can be complex and identifying the products from low NOx chemistry can be
difficult. However, given the importance of quantifying the HOx budget in tropical regions,
quantitative validation of the role of the LINPImechanism is required.

An alternative approach to mechanism validation is to use direct techniques at higher
temperatures to observe OH regeneration (via H{G: isomerization for isoprene oxidatipn
on millisecond timescales in flash photolysis experirr@Mder these conditions there can
be no contribution from heterogeneous processes and NOx can be rigorously excluded.
However, to drive the isomerization chemistry to the millisecond timescale, high temperatures
must be used and this has a consequent effect in the high concentration of oxygen required to
ensure a substantial concentration of HB$D: as reaction R2 reaches equilibrium conditions.
The resulting high pressures and concentrations,ghé&ke conventional observation of OH
by laser induced fluorescence (LIF) difficult, due to quenching of the fluorescemas. sig
However, we have recently developed a new high pressure flash photolysis reactor based on
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the FAGE technique, where OH is sampled into a low pressure region before detection by
LIFEIsuch that measurements can be made under these conditions.

Reaction R1, at least at low temperatures (<600 K), occurs predominantly by a pressure
dependent addition mechanism, with addition to the two terminal carhoan(CG) being
dominant due to the formation of stabilized allylic radicals. At high temperatures, abstraction
from the methyl group (R1b), again forming an allylically stabilized radical, may contribute.

OH + GiHg ———— HOGsHs (R1a,R-1a)
k
OH + GHg ———> CsH7+ H.0 (R1b)

At high enough pressures, the rate limiting step is the association retctiorm the
chemically activated adduct with a corresponding high pressure rate coeffifiigftr a large

system such as R1, with a strongly bound adduct, this high pressure limit is reached at low
absolute pressures (e.g. <1 Torr at room temperature). At higher temperatures, the rate
coefficient for dissociation of the chemically activated adduct increases significantly,
becoming competitive with stabilization and the reaction can exhibit pressure dependence.

Previous work at ambient temperature on the kinetics of the OH + isoprene reaction is
generally in excellent agreement. IUPAC recommends a room temperature rate coefficient of
(1.00 + 0.15) x 18° cm® moleculét S'1E| Measurements have been made by both direct laser
flash photolysis methods and relative rate techniques, with the later having used a range of
different reference reactions. Reaction R1 appears to be at its high pressure limB@&bove
100 Torr at room temperature, however, there is some controversy as to the onset of the
pressure independent reThere is no evidence of any significant role for the abstraction
reaction at room temperature.

The objectives of this work are to further characterise the high pressure apparatus by
comparison with the well-studied room temperature OH + isoprene addition reaction and to
generate data on reaction R1 at the higher temperatures required to observe OH recycling in
the presence of {bn the millisecond timescale (450 - 630 K), where little or no experimental
data are available. Furthermore, direct observation of OH regeneration from the OH adduct at
high temperatures, allows for a determination of the well depth of thesH#iduct. The
returned adduct well depth is compared with that from dio ioalculations. Both experiment
and theory are used to investigate whether there is evidence for any contribiRibfram
abstraction, R1b. Finally, to use the master equation (ME) programme, MESMER, to compare
previous measurements of reactiorlﬁl.

The paper is organized according to the following description. Section 2 descebes th
experimental (2.1) and computational (2.2) methods used. The experimental analysis and data
are presented in two sections: Section 3.1 presents data where OH profiles are simple
exponential decays, Section 3.2 reports on the OH traces obtained under equilibrium
conditions. The results and discussion are sub-divided into several sections. The ab initio
calculations are presented in Section 4.1 providing an overview of the reactions (addition and



abstraction) and the relative importance of the different addition channels. Section 4.2
compares our experimental data with the literature. Section 4.3 presents the experimental
evidence for an abstraction channel, as the analysis of the equilibrium data (Section 4.4)
requires an understanding of all the OH removal processes. Section 4.4 also reports the
experimentally determined well-depth and discusses the model dependence of the results
Finally, in Section 4.5 we present the ME analysis of all the literature data and an ahalytic
representation ofikas a function of temperature and pressure.

2 Experimental and Computational M ethods
2.1 Experimental

A significant number of experiments were carried out in our recently developed high
temperature, high pressure reactor and full details of the apparatus can be found in Stone et
aIE| Briefly, the apparatus consisted of a heatable flow tube (T =288 K, p = 306- 2000

Torr) through which a mixture of OH precursor®d (50% (w/w) Sigma Aldrich), isoprene
(Sigma Aldrich, >99%) and nitrogen bath gas were flowed. OH radicals were generated along
the flow tube by pulsed excimer laser (Lambda Physik, Compex 200) photolysis at 248 nm,
although a few experiments used a YAG laser (Quantel, Q-smart laser) at 266 nm to generate
OH radicals from HO> photolysis. A fraction of the gas flow was sampled from the end of the
flow tube through a 0.05 mm pinhole and into a low pressure (~1 Torr) observation chamber.
Here the gas stream from the pinhole was interrogated 5 mm from the pinhole by a pulsed (5
Hz) beam from a YAG pumped dye laser system (Spectron, operating on the dye rhodamine
6G), tuned to ~282 nm to match a rovibrational channel in theXAtransition of OH. The
resulting fluorescence at ~308 nm was passed through a filter (Barr Associates, (308 + 5) nm)
and collected on a channel photomultiplier tube (Perkin-ElImer C1943P), mounted
perpendicularly to the gas stream and probe radiation beam. The delay between the photolysis
and probe pulses was systematically varied by a delay generator (BNC 555) to build up an OH
time profile (see inset to Fig. 2 for a typical example) including information on the pre-
photolysis background level of OH. Each trace typically consisted of 270 points (with 20 points
providing pre-trigger background) and the final trace was typically an average- df05
repetitions.

The OH radical precursor, predominantlyQd, was delivered from a temperature
stabilized bubbler and the approximate concentration (~ 1*%mdlecule crf) determined
from the removal of OH measured in the absence of isoprene. Based on the precursor
concentration, laser energy density (~15 m¥ @n~2 x 16° photons crf), the precursor
cross-section (~1 x 1§ cn? molecule? for H;02J*]and quantum yield, (2 for OH production
from H,0,), the initial OH concentration was estimated to be ~ 4 ¥ @lecule cr¥,
significantly below the isoprene concentration, ensuring pseudo-first order conditions.
Isoprene mixtures were made up manometrically in 10 litre stainless steel high pressure
cylinders and left to mix for 48 hours prior to use. The isoprene concentration in the reactor



was determined from the measured flowrates through calibrated mass flow controllers, the
cylinder composition and the measured pressure in the reactor.

Experiments were also carried out at lower pressures (p-150 Torr, T = 3006- 794
K) in a conventional laser flash photolysis apparatus where the OH was observed in situ by
LIF. Details on the operation of this apparatus can be found in On@&h this case,
isoprenéN, mixtures were prepared in a darkened 5 litre bulb. As an instrumental check,
tertiary-butyl hydroperoxide was also used as the OH precursor at 298 K to ensure the measured
coefficients are independent of the implemented precursor. The enhanced sensitivity of this
lower pressure apparatus meant that lower concentrationgOaf(HL x 10** molecule cr)
could be used. Experiments were carried out under conditions where OH was lost by a simple
pseudo-first-order process and also at sufficiently high temperatures such that direct
equilibration between OH/isoprene and the OdH€adducts was observed. Such experiments
provide strong constraints on the thermochemistry of the reﬁion.

Additionally, proton-transfer reaction time of flight mass spectrometry (Kore
Technology, Series | PTR-TOF-MS), was employed for a qualitative verification of the product
of the allylic hydrogen abstraction by OH radicals. The exhaust gas from the high predsure hig
temperature apparatus, described previslryas vented to atmospheric pressure and
subsequently sampled into the PTR-MS spectrometer.

2.2 Computational Methods: Ab initio Calculations and Master Equation (ME) Modelling

Fully optimized structures of reactants and products were computed with the modern DFT
functional MOG-Z@and a large basis set (6-311++G(3df,§tructure optimizations were
carried out using the Gaussian 09 D.01 programm@u[uiaeh the use of analytical gradients

and the Berny algoritk@in redundant internal coordinates. High performance coupled
cluster calculations with single, double and triple excitations, the latter treated perturbatively
(CCSD(T)E were implemented to calculate single point energies of MO06-2X/6-
311++G(3df,2p) optimized geometries. For a more accurate evaluation of the potential energy
surface (PES), the single point energies were extrapolated to the complete basis set limit (CBS)
using the extrapolation scheme presented by Helgak@tﬂlehlar’s calendar basis sets
(JunecpVXZ, X:D,T,Q)@These basis set variations are constructed by removing diffuse
functions from the analogue fully augmented basis set ey XZ). More specifically, the
JunecpVXZ basis sets remove the diffuse functions from H and He atoms and also remove
the highest angular momentum diffuse functions from all the other atoms. A slight deviation
from the original formulation of the calendar basis sets is considered by Gaussian 09 since by
default, s and p diffuse functions are always introduced. In the extrapolation scheme presented
by Helgaker et al., the Hartree-Fock (HF) and the correlation energies are extrapolated
separately, according to equations E1 and E2. The employed Hartree-Fock extrapolation
scheme was originally presented by Feller ﬁal.

HF(X) = HF 5+ bexp(cX) E1l



Ecora(X) = Ecorriasit X - E2

where HF(X) is the Hartree-Fock energy calculated with thegopVXZ basis set. Xis the

cardinal number for the basis set (2=D, 3=T, 4=Q). The CBS limit extrapolated Hartree-Fock
energy HE...), b and c are parameters obtained from solving the 3x3 system of HF equations.

CBS:

ECORR(X) is the correlation energy calculated at the CCSD(T)tixp\vXZ level of theory.

ECORR(CBS:corresponds to the CBS limit correlation energy @awa floated parametetero-

point energies, force-constant matrices, vibrational frequencies and rotational constants,
required inputs for the ME calculations were computed at the M06-2X/6-311++G(3df,2p) level
as expensive CCSD(T) calculations would be computationally proh@lﬁewever, the use

of the M06-2X functional coupled with an extensive basis set has been considered appropriate
for the study of the isoprene + OH reaction in the presencﬁf &d the photolysis of
important products of this reaction, such as HPA@JSarmonic vibrational frequencies were
corrected with a scaling factor of 0.983, following the recommendation for a similar
methodology (M06-2X/6-311++G(d,@|

d-g

Figurel. The rotational torsions described with the hindered rotor approximatiok ¢(olaed arrows)

for isoprene (top left), the isoprene-OH adduct 1 (top right) and the adduct ram@f#d addition to

carbon 4 (bottom). Grey, red and white spheres represent carbon, oxygen and hydrogen atoms
respectively. The structure of the higher energy adducts formed followiragl@tbn at carbons 2 and

3 are presented as Cartesian coordinates in the Supplementary Information.



The approximation of the harmonic oscillator was used for the majority of the
vibrational frequencies in the calculation of the densities of states. However, due to the
structures of the stabilized allylic radicals, a few vibrational frequencies of isoprene and the
resulting adducts are better represented by the hindered rotor approximation. For example, the
>C1=C;< double bond in the isoprene structure has a single-bond analogue in the product
structure, which provides an augmented torsional degree of freedom to the molecule, with
respect to this bond. Figure 1 shows all the torsions that were described with the hindered rotor
approximation for both isoprene and the two most stable isoprene-OH adducts considered in
the analysis. The descriptions of these hindered rotors were obtained through 360° relaxed
scans of the dihedral angle respective to the specific rotation, with steps of 15°. Restricted
optimizations at the M06-2X/6-311++G(3df,2p) level were applied at eachlstepder to
avoid inconsistency in the number of degrees of freedom of species in the ME calculations, the
description of a hindered rotor requires the removal of a corresponding vibrational frequency.
MESMER uses the projection method proposed by Sharm@bajiefine the mode related
to the internal rotation.

Pressure dependent reactions can be modelled with the ME d’dh.e energies
of the reagents andsBs-OH adducts are divided into grairestypical grain width being ~ 50
cml; a series of coupled differential equations then links the energy grains of the adduct. Each
grain can be populated or de-populated by collisional energy transfer into another energy grain
of the adduct, additionally each grain can also be populated by the pseudo-first-order chemical
reaction of OH and isoprene and de-populated by re-dissociation to reagents. The probability
of energy transfer between grains i,j is determined by the exponential down model (i.e. the
probability decreases exponentially dependent on the energy separation between i and j) with
reverse probabilities determined by detailed balance. The energy transfer parambeger is
given by <AE>qm= A<ae>da,mX (T/298)", beingits temperature dependence,fixed to typical
values according to the implemented bath gas (1.00, 0.30 and 0.25 for He, Arrand N
respectivelyf> The limited pressure dependence observed in the temperature range covered by
this investigation would prevent a precise estimate of this parametesrq. A depends on the
bath gas used, however, it is possible to assign different values to each bath gas and hence to
compare experimental studies using different bath gases. The microcanonical, energy
dependent, rate coefficients, k(E), linking reagents and adducts are related to the thermal rate
coefficients via an inverse Laplace transformation.

In general terms, the energy grained master equation (EGME) can be described as:

dp

F_M E3

at P

where p is the population density vector dhdthe transition matrix, describes the evolution

of the population over time due to reaction and collisional energy transfer. The solution of E3
yields:



p=Ue"U™"p(0) E4

whereU is a matrix of eigenvectors obtained by the diagonalizatidvi ,of is the vector or
corresponding eigenvalues and p(0) contains the initial conditions for each grain. MESMER
solves the EGME and extracts the phenomenological rate coefficients from the chemically
significant eigenvalues. The selection of these eigenvalues is made by the procedure described
by Bartis and Widor@lnformation on parameters used can be found in an example MESMER
script in the Supplementary Information.

3 Data Analysis
3.1 Single Exponential Traces

At temperatures below 650 K, OH reacted under pseudo-first-order conditions via a simple
removal process; in this regime, the concentration of OH as a function of time is given by:

[OH] =[OH] 1! E5
where k' is the pseudo-first-order rate coefficient given by:
ki' = ki[CsHg] + Kist E6

Here k is the bimolecular rate coefficient for reaction R1 anddpresents the rate coefficient

for the loss processes due to diffusion and reaction of OH with the constant concentration of
precursor, k As the OH LIF signal is proportional to [OH], the [OH] in E5 can be replaced by
the OH LIF signal and the resulting exponential fit (inset to Figure 2) to the LIF data, returns
ki'. Under these conditions, a plot @f\us [CsHs] should give a straight line, as shown in Figure

2, where the gradient ig land the intercept is the sum of the first order loss processes. The
resulting k rate coefficients are summarised in Table 1.

Table 1. Experimental Deter minations of ki from Single Exponential Decays

T/K | p/Torr ki x 10"/ cm? T/K | p/Torr ki x 10"/ cm?
moleculet st2 molecule! st2
298 1290 9.90+0.14 473 99 4,98 +0.36
298 1365 10.01 £0.12 475 1394 5.61 +£0.50
298 96° 10.60 + 0.36 477 128 53+1.0
298 56 10.40 £ 0.32 478 114 6.12 £ 0.36
337 57 8.28 £ 0.22 508 1673 57+1.2
406 1367 6.68 £ 0.54 533 132 491 +£0.24
417 1497 7.2+1.6 540 141 5.27 +£0.36
418 1418 6.24 £+ 0.34 564 1350 4.74 +0.44
426 103 5.56 £+ 0.26 573 51 44+1.1
433 1546 6.0£1.5 618 1536 3.99+0.46
472 99 5.81+0.86 630 1373 4.71 +0.56

a— Errors are &. b— Data where p<150 Torr were recorded on the low pressure, conventional
LFP/LIF apparatus. Other data were from the high pressure apparatus.
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Figure 2. Bimolecular plot for reaction R1 at T = 406 K and p = 2 atm0flie inset shows a typical
single exponential decay, generated witBHg = 1.00 x 16* molecule cni¥ and [Q] = 7.70 x 16°
molecule cri¥. The points presented in the inset were averaged after 4 scans. Error bars in the
bimolecular plot are at thes2evel. Red circles represent data acquired in the presence of oxygen and
black squares represent data in absence.of O

3.2 High temperature equilibrium traces

At high enough temperatures (T >700 K), the rates of decomposition of the;i-h@ucs

(R-1a) become comparable with that of the forward addition of OH to isoprene and the OH
decays become multi-exponential in nature (see Figure 3 for an example). The obtained
equilibrium traces were analysed by fitting to the chemical scheme S1:

CHj
k .
Loss <—P OH + )\ /CH2
H,C c

+ H,0,

Q
aly

CH,
CsHg-OH )\ /CHz + H,0
H,C c

S1



where GHs-OH represents the OH-isoprene adduct. As will be reported in Section 4.4,
additions to the £€and G carbons are negligible and can be ignored. A kinetic scheme
incorporating two adducts would be a triexponential decay, but if the properties of the adducts
are similar, then the decays can be well approximated by a biexponential decay. As expected,
the experimental data were not better fitted with a tri-exponential equation, so our data were
analysed based on models derived from Scheme S1; the role of both adducts 1 and 4 is assessed
via MESMER modelling in Section 4.4.

The analytical solution of the temporal evolution of the OH concentration in scheme
S1 is described by the bi-exponential equation E7:

-kon - A

OH
Ai-he

OH()=OH,( (exp(Af) -exp(L.t))+exp(Af)) + b E7

! ! 2 ' !
wherel_,= _(kOH+k3)i\/(kOH+k3z Won k3_klan_la), ko= k 1at k p, and k3= k_1,. K1ais the
pseudo-first order rate coefficient for the addition channel of reactioh Ris the sum of the
pseudo-first order OH losses besides additiers kist+ kin, where kstis the sum of the OH
reaction with the precursory{k202]) and diffusion, (which is small compared tgHOx]),
and kipis the rate coefficient of the hydrogen abstraction channel of reaction R1 and is equal
to ki [CsHg]. b is equal to the signal when no OH is present. For each temperature and pressure,
kistwas measured prior to the OH-trace acquisition with added isoprgiveak fixed to its
measured value in the data fitting procedure. b was determined for each trace by recording

points before time zero (the photolysis pulse).

Over the temperature range 729794 K, a total of 28 traces were recorded that
exhibited equilibrium behaviour. Figure 3 clearly demonstrates non-single exponential
behaviour at 729 K and 130 Torr 05.N'he red line is a fit using equation E7 to the data, and
as can be seen, it provides an excellent description of OH temporal behaviour. From equation
E7, )+ is the numerically larger reciprocal time constant and is approximately equadia K
the smaller reciprocal time constaht, is approximately equal tookt+ K'1n. In Figure 3, the
green line is the significantly poorer fit when the abstraction channgliskset to zero. It is
evident that abstraction is required in order to describe the chemistry of the system; this
abstraction channel is discussed in Sections 4.3 and 4.4. Therefore, the pafametgrand
ki, along with the initial OH signal are required to provide a good fit to the data.
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Figure 3. Example of a non-exponential trace acquired at T = 729 Ik, 80 Torr N and
[isoprene] = 2.3x18 molecule crii. The inset shows the same decay trace with a logarithmic scale for
the OH signal. The long-time decay of OH shows that there is a significaesprimg which OH is lost
from the system (modelled as)k The green lines shows fits of equation E7 to the data where the
abstraction was suppressed and the red lines represent fits where the abstraction wesdconside

In order to reliably determine the parameters, all the equilibrium traces were
simultaneously analysed via a global non-linear multi-temperature least-squares fit procedure,
using the OriginPro 2016 softw@For the global fitting, the addition rate coefficient as a
function of temperature was assigned the flexible function:

kia(T) = Aua (T/298) E8

where ka was fixed to the room temperature value, 1.0 *°10n3 molecule! s. Both the
adduct dissociation and the abstraction rate coefficients can be parameterized by Arrhenius
expressions:

k.1g(T) = Aia xeXp('Ela/ RT) E9
kib(T) = Awb xeXp(-Eb/ RT) E10

However, the temperature range is too small for both Arrhenius parameters to be uniquely
defined. Therefore, A was fixed to 18 s* and Ep was fixed to 3.6 kJ md| the theoretical
value calculated in this study, see Section 4.1. Other fixed Arrhenius values could have been
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chosen but they would all generate, within error, the same valuesf®y &nd ky(T) over the
experimental temperature range. Therefore, only three rate coefficient parameters, plus the
initial OH signal were adjusted in this global analysis. The results are summarized in Table 2.
Examples of global analysis fits to the data are shown in Figure 4. The Arrhenius
parameterization allows global fits over a range of temperatures, but primarily generates values
of k14(T) to input into the MESMER analysis (section 4.4). It is these rate coefficients, not the
Arrhenius parameters, which are used to define the well depth in Section 4.4.

Table 2. Experimental conditions, number of OH + CsHs = HOCsHsequilibrium traces
and obtained rate coefficients.

i X 1 X 2
o/ [|s:)prene]/ OH Loss | Number Kia x 10/ ) kip x 1042/
T/K Torr 10" molecule = of traces cn? Kials cn?
cnri molecule* st molecule* st
729 100 1.3-5.0 100 6 1.77£0.74 990+ 870 6.94+ 2.77
729 130 1.6-6.0 220 6 1.77 £0.74 990+ 870 6.94+ 2.77
766 120 0.5-3.9 80 9 1.61+£0.68 | 3000 +2600| 7.14+2.78
794 100 1.2-5.0 110 7 1.50 £ 0.63 | 6500+ 5500 7.29+2.79

]

[T=720K, p =100 Torr, [C.H,J= 1.26 x 10" molecules cn‘l""J T=729K, p=130 Tom, [C,H,]=2.38 x 10" molecules cm"}

OH Signal / Arbritrary Units
OH Signal / Arbritrary Units

r . 4.0 4
[T =766 K, p= 120 Torr, [C.H,J= 1.47 x 10" molecules cm| y T=794K, p =100 Torr, [C.H,J= 5.00 x 10" molecules cm™

OH Signal / Arbritrary Units
OH Signal / Arbritrary Units

4 r r T T r r
0.00 0.25 0.50 0.75 1.00 1.25

Figure 4. Examples of fits of non-exponential traces acquired at T >725 K and p ~ 100 Torr.
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4 Results and Discussion

4.1 Abinitio calculations

Figure 5 shows the potential energy surface for OH addition and H-abstraction from isoprene
at theCCSD(T)/CBS//M06-2X/6-311++G(3df,2j@vel. OH addition to €or G carbons produces
adducts with significantly higher energies as there is no allylic stabilization of the resulting
radicals. The energy difference between thar@l G adducts is approximately 10 kJ mdin

good agreement with previous literature, see Table 3) and small compared to the total well
depth. Whilst Table 3 shows that there is some variation in the absolute well-depths from
various ab initio calculations, the energy difference between the two lowest energy adducts is
very consistent at (10.1 + 0.4) kJ moln our subsequent MESMER analysis assessing the
role of both adducts, the energy difference is fixed to our calculated value (10.1%Jbubl

the absolute well depth of the @dduct is allow to float. The barrier for the abstraction reaction

is calculated to be 3.6 kJ mol
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Figure 5. The potential energy diagram for the OH addition to isoprene. Relative enavgie
calculated at the CCSD(T)/CBS//M06-2X/6-311++G(3df,2p) level and include zero-poirgyene

corrections.
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Table 3. Theoretically calculated well-depthsfor theisoprene + OH reaction with respect
to the additions at carbons 1 and 4. All well-depths are corrected for zero-point energies

Energy
Well-depth | Well-depth | Difference
M ethodology Reference adduct C1/ | adduct C4/ | between
kJ mol-t kJ mol* adducts/
kJ mol?
CCSD(T)/CBS//IM06-2X/6- This work 154.1 144.0 10.1
311++G(3df,2p)
CCSD(T)/6-311G**// Lei et a[™] 145.6 135.1 10.5
B3LYP/6-31G
roQCISD(T)/6-31++G**// Greenwald et| 156.12 146.4 9.7
B3LYP/6-311++G** a7
PMP4-(SDTQ)/6-311G**// | Stevens et & 158.6 148.1 10.5
MP2/6311G**+AZPE/
B3LYP/6-31G**
CBS-APNO Peeters et 163.2 153.6 9.6

a—including basis set correction at the roMP2 level of theory

The CCSD(T) method implemented in this work is known for accurately computing
molecular properties and enerlz_gl and is often referred to as “Gold Standard” of
computational chemistOur calculated well-depth differs from that obtained by Lei al.
by 8.5 kJ mot, who have implemented a similar methodology. The use of smaller basis sets
for the calculations of single point energies and structural optimizations as a computational
constraint (6-311G*F™™% and 6-31fF[*°°'| respectively) contributes to the observed well-
depth discrepancy. London dispersion forces which are accounted for at the M06-2X level, and
neglected by the B3LY|P "Y|functional also contribute to the discrepancy.

Greenwald et @] have applied the restricted open-shell quadratic configuration
interaction (Cl) technique, with perturbative triple excita||17§| to study the isomeric
branching of the isoprene + OH reaction. In this correlated method, quadratic terms are
included in the configuration coefficients to correct for size consistency. The authors have done
a very careful study when obtaining the stationary structures of the four possible iS0prene-
adducts. They have located 58 different local minima for the adducts at the
B3LYP/6-311++G** |level, and implemented the lowest energy conformations in subsequent
roQCISD(T) computations. The roQCISD(T)/6-31++G**// B3LYP/6-311++G**
methodology was validated against previous calculations on the ethylene-OH case, where the
well-depth was calculated to within ~3.B5mo|‘1They also report that the relative well-
depths obtained at the PMP4(SDTQ)/6-311G**// B3LYP/6-311++G** |evel of theory are
gualitatively aligned with those computed at the superior
roQCISD(T)/6-31++G**//B3LYP/6-311++G** |evel.

Stevens et have used the less computationally demanding fourth-order Mgller-
Plesset perturbation theory with single, double, triple and quadruple excitations and spin
projection (PMP4(SDTQ) to investigate the OH addition to isoprene. In the Mgller-Plesset
perturbation theory, the Hartree-Fock wavefunction is corrected for electron correlation by a
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combination with configurational functions, originated from single, double, triple, etc.
excitation@ In their study, PMP4-(SDTQ)/6-311G** single point energies computed for
MP2/6-311G** optimized structures were subsequently corrected with zero-point energies
calculated at the B3LYP/6-31G** level. Their calculations show a well-depth only 2.51 kJ
mol! deeper than that reported by Greenwald et al.

Peeters et al. have employed the Complete basis set methoAFQNKﬁto compute
electronic energies while investigating the regeneration gfiH@e oxidation of isopre@.
The authors have verified that the CBS-APNO method systematically overestimated the well-
depth of the C=CH-CH2 + O, and for this reason, a correction of 4.18 kJ hiwve been
applied. This fact suggests that the reported isoprene + OH well-depth might also be slightly
overestimated by the CBS-APNO method.

4.2 Rate Coefficientsfor the OH + | soprene Reaction, R1

Figure 2 shows an example of a typical experimental decay (inset) and bimolecular plot
obtained at 406 K and 2 atm of nitrogen bath gas. Checks were carried out to ensure that the
rate coefficients were invariant (within experimental error) of laser energy densitybQLiJ

cm?) or repetition rate (X 10 Hz). Below 400 K, the addition of oxygen had no effect on the
measured rate coefficient for reaction R1 as can be seen from Figure 2. Experiments in the
presence of oxygenat temperatures > 450 K, where OH recycling was observed, will be
presented in a subsequent publication focused on the validation of the LIM1 meckanism.

A major issue when sampling the monitored species prior to detection, is whether the
transit time from the sampling pinhole to detection influences the kinetic measurﬁu@ts.
|7_g|In this study, room temperature pseudo-first-order rate coefficients of up to 70,a@0is
excellent agreement with the literature data. At higher first order rate coefficients, the influence
of transport can be observed, but can potentially be accounted for with a biexponential
analysi1;7_7| None of the measurements reported in this study required such corrections, i.e.
transport is effectively instantaneous on the timescales of the chemical reaction. The analysis
of the exponential decays is inset a few pointdlow for the ~20 us transport time.

Figure 6 illustrates the observed temperature dependengdrofrk298— 794 K. In
addition to varying the temperature, the pressure was also varied to ensure that measurements
were always being made at the high pressure limit, i.e. that the observed bimolecular rate
coefficients correspond ta’k No evidence for any pressure dependence was observed from
50- 1670 Torr for the 298 650 K temperature range and these observations were consistent
with the modelling discussed in the subsequent sections. Measurements performe2bd T
are located in the fall-off region. For example, at 794 K, with7k= (1.50 + 0.63) x 1&"
cm® molecule! s?, our measurements are ~40% lower than our best estimatesfat that
temperature (2.48 10 cm® molecule! st). Excellent agreement is observed between the
measurements performed with the high and low-pressure instruments, as evidenced by the
proximity of the black and blue triangles in Figure 6.
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A least-squares fit fit to the combined experimental data from both apparatus of the

form k¥ = A (ﬁ)_n gives:

T -1.34 £ 0.12
) cn® moleculets? E11

K= (104£04) x 10" (-

where errors are at thes devel. The negative temperature dependence is consistent with
previous literature and is dominated by the addition reaction; however, this work considerably
extends the range of temperatures studied. A full discussion on the valués mfedsented in
Section 4.5.

High Pressure Apparatus
Low Pressure Apparatus
O Low Pressure Apparatus (Fall-off)

IUPAC Recommendation for kfom
—— Best Literature Agreement for k,
] \ —— This work k.

0.8 + IN e = - = Abstraction k__

(V)
J
>«

0.4 4

k1/‘|0'1°cr’n:”molecule’1s'1
o
[e)]
1

o
(V)

I 1
—0—
—0—
—0—

0.0 T --”' T d T y T g T L
300 400 500 600 700 800
Temperature / K

Figure 6. Comparison of experimental measurements using the high pressure instrument (black
inverted triangles), measurements at the high pressure limit with a converltanptessure
instrument (blue triangles) and at the fall-off region (red circles).ditied line shows the IUPAC
recommendation for the temperature dependence of the isoprene + OH reaction, the dashed line shows
our best estimate for the high-pressure lingit kvhich was obtained from a ME from this work and
selected data as discussed in part c of this section. The continuous line teresambtained based

purely on our measurements. Errors are statistical at the 2 level.

As can be seen from Table 4, the room temperature rate coefficients for reaction R1 are
in excellent agreement with the IUPAC recommendation and the bulk of the experimental
literature providing evidence that the new apparatus works well and can generate reliable rate
coefficients.
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Table 4. Comparison of Experimental Deter minations of ki

Author/date Technique | Conditions 10%%/cm? ki(T)/ cm?® molecule* st
molecule! s?
at 298 K
This work LFP? | T=298630K 0.99 +0.09 ] T \128+071 ) -3.61 kI mol™!
high p = 12901670 Torr (9.4+0.2)x 107" (298 K) +(1.3£0.6) < 107 exp ( RTmO ) °
pressure 41/ T \110£020
OH 9.7+0.8)x 10" (5=) c
detection (2.0+0.2) % 10711 exp (M) .
. : -
This work LFP/LIF T=298794 K 1.06 = 0.02 B T \1:39+056 ) -3.61 kJ mol™!
p = 50-140 Torr hutoor) | 06202 <10™ (52 +(1.3£0.6) < 10" exp (Tmo> b
1.04 + 0.02 -1.38 £0.12
(H(Zoz) 00 (10.5+0.4) x 107! (ﬁ) ’ c*
) 527420
(18+0.1)x 10" exp (=) e
This work LFP/LIFY | T=298-794 K n/a 11 T \1:33+032 11 -3.61 kJ mol™!
Combined | p =50-1670 Torr (0.5+1.2)x10 (298 K) T(1.3£0.6)x 107" exp ( RT ) b
data (1044 0.4) x 107! ( T )-1.34i0.12
. . o c*
298 K
(18402)x 10" exp (=)
IUPAG(2013) | Review | n/a 1.00£0.15 | 2.7x10"exp(390+100/T)
Atkinson and RR® T=295K 1.02 £0.04
Aschmanf] p = 760 Torr air
(1984)
Atkinson et 8 | RR T =299 K 1.00 £ 0.05
(1982) p = 735 Torr air
Campuzano-Jos LFP/LIF | T=251342 K 0.856 + 0.026 | 2.7x10"exp((336+74)/T)
et al[*3(2000) p = 60-600 Torr
Campuzano-Jos LFP/LIF T=251342 K 0.847 +0.059 | 2.68x10'" exp((348+136)/T)
et al[®¥(2004) p = 60-600 Torr
Chuong and DF/LIF T=300423 K 1.10 £ 0.04 n/a
Stever§](2000) p = 2-6 Torr He
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Chuong and DF/LIF T=300K 1.08 £ 0.05
Stevens p = 100-150 Torr Ar
(20027
Dilloneta[®@ |LFP/LIF | T= 241356 K 0.93+0.04 | (1.93+0.08)x16 exp((446+12)/T)
(2017) p =5-200 Torr (N or air)
Edney et RR T=297K 1.01 £ 0.02
(1986) p =1 atm air
Gill and Hite€q | RR T=298363K 1.01 £0.19 | 2.54x10" exp((409+42)/T)
(2002) p =1 atm He
Hites and RR/MS T=323413 K n/a 4.0x10" exp((249+20)/T)
Turng]fé!(ZOOQ) p=1atm
lida et RR T=298 K 1.04 £+ 0.04
(2002) p = 760 Torr air
Karl et a@l GC/LIP | T=294 K 1.00+£0.12
(2004) p = 760 Torr air
Kleindienst et | FP/RF T=297 23K 0.93+0.15 | 2.36x10exp((409+28)/T)
al[®(1982) p = 50-200 Torr Ar
McGivern et LFP/LIF T=295K 0.99 £ 0.05
al[’(2000) p = 0.5-20 Torr Ar
McQuaid et e{El RR T=298 K 1.11 £0.23
(2002) p = 760 Torr air
Ohtd°4(1983) | RR T=297K 0.990 + 0.027

p = 760 Torr air

= — +

Park et dl] [ LFPILIE [ 72279 336K 1082019 | (40,0 45) x10%exp(366:40/7
Poppe et LIF/ MS /| T=295K 1.02 +0.09
(2007) GC p =760 Torr
Singhand [@] | RR/DF/ | T=240-340 1.04+£0.19 | 2.3x10"exp((444+27)/T)
(2007) MS p = 1-3 Torr He
Vimal et a[*] DF / RF /| T=300-363 K 1.02 £ 0.06
(2008) LIF p =2-5 Torr He
Zhangetd? |[DF/MS |T=298K 9.1
(2001) p=1.9 Torr He
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Zhangetdl] [DF/MS |[T=298K 1.01 £0.08
(2000) p =70-120 Torr N

* — Measurements in the fall-off region (729 -794 K) were previously corrected tajth@tassure limit via Master Equation modelling.LFP = laser flash
photolysis, b- Obtained from a Master Equation fit using the Trust region reflective al@tmebtained from a simple non-linear least squares fit, d
LIF = laser induced fluorescence;-€RR = relative rate methodology RF = Resonance fluorescendeFf= discharge flow, g MS = mass spectrometric
detection, - Chamber study where rate coefficients were fitted with experimental modelling. Uncestegpibrted at®for our data.
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4.3 The Abstraction Channel R1b

From Figure 3, the fact that the green line fit (no abstraction) to the data is a much worse fit
than the red line fit (with abstraction) is strong evidence that there is another loss process for
OH in reaction R1. Abstraction is invoked to explain this behaviour as it is has been observed
in many other OH + alkene reactions and our calculations predict an abstraction barrier
consistent with both our observations and those of other studies, see below. A good example is
the reaction between OH andHi, where the abstraction becomes measurably significant
above 650 K, and is characterized with a (24.9 + 1.2) k3 thafrier to abstractigf
However, in the present system the barrier to H-abstraction at thgrGlip is expected to be

much lower as the electron delocalization of the resulting allylic radigid}, @ads to resonant
stabilization, absent in the ethylene case.

The energy barrier of the allylic H abstraction from isoprene was theoretically explored
with the aid of the Gaussian 09 D.01 software at the
CCSD(T)/CBS//IM06-2X/6-311++G(3df,2p) level of theory (see Figure 5). The calculated
erergetic barrier is equal to 3.6 kJ Mptonsistent with an allylic abstraction having a lower
barrier than a vinylic abstraction. As evidenced from the red line fit to the data in Fjgure 3
incorporation of abstraction;k produces good fits to the experimental kinetic traces (also see
global analysis traces, Figure 4). Abstraction reactions with barriers can be described using an
Arrhenius description, and in the analysis of the equilibrium kinetic data - see Section 3.2 - the
abstraction rate coefficient;k was modelled with equation E10. It was noted that over the
temperature range of the experimentsahad En were not uniquely pinpointed; many sets of
Arrhenius parameters could reproduge Kherefore, in this data analysis,&vas fixed to our
theoretical value, 3.6 kJ nland returned:

ki =(1.3+0.6) x 10! exp (W) cm® molecule! s, E12
This fixed value of I, provided the best fit to the data, but it is acknowledged other
combinations of Arrhenius parameters can also provide an equally good fit to the data. As an
exercise, . was floated, but bounded very close to our calculated value, so that essentially,
the value is unchanged. The returned uncertainty 3.5 kK3 (@)l provides an estimate of how

well Eipis known. Using E12,1kcan be divided up intorkand ky for all the temperatures
carried out in this study. Summaries ef&nd kp are given in the Sip Tables S.1 and S.2.

While it is acknowledged that there are significant errors in extrapolating E12 to room
temperature, the results suggest téat 2% of the R1 occurs via abstraction at 2984208
K) = 3.1 x 102 cm® molecule! s®. Atkinson et al. have predicted negligible hydrogen
abstraction from the OH + isoprene reaction at room temperature, with an estimate for the
upper limit of the branching ratio of ]@However, the ability of previous experiments to
observe abstraction were probably not any better than 5%, so our present estimate of ~3% does
not contradict previous studies. We note that OH abstraction from 3-methyl-1-butene has been
verified in a chamber st@ and product analysis reveals that the allylic H abstraction
accounts for 5-10% of the overall OH reaction. Also, while no previous study has observed
abstraction via R1, studies on the isoprene + Cl reaction indicate significant abstraction at room

20



temperature (~159= ] The stable product of Cl abstraction at the;Gite, 2-methylene-
3-butenal, was tentatively identified via atmospheric pressure ionization mass spec etry.

In our high pressure apparatus, the total pressure is considerably greater than 1
atmosphere. This means that it is straightforward to exhaust the reaction gas mixture from our
time-resolved experiments into the proton-transfer mass spectrometer, where the stable
products can be analysed; the transfer time is a few seconds. The peak related to the mass of 2-
methylene-3-butenal (m/z = 83) was monitored in the 298-473 K temperature range, in the
presence of [@) (> 1 x 13® molecule cr¥) to promote the oxidation of the potential allylic
radical formed upon H absirion. Figure 7 shows the variation of the m/z = 83 peak at room
temperature, before and after the excimer laser is fired (5 Hz). Both the spectra were collected
in the presence of4@>, which means that when the laser is fired, the isoprene + OH chemistry
is initiated. The observed promotion of peak m/z = 83 when the laser is fired corroborates the
occurrence of abstraction via the allylic hydrogen. The promotion was also verified to be
independent of isoprene concentration, which indicates that photolysis of isoprene is unlikely
to be causing the observed effect.

1200

1000 4 — Laser OFF
— Laser ON

800
600
400 +
200 ~

0

Number of counts

71.0 Mass / Da 71.2

100

30 - —— Laser OFF
—— Laser ON

60 -
40
20 -
0

Number of counts

. I . I .
82.8 830 Mass/Da 832 83.4

Figure 7. The change in the m/z = 83 at room temperature when the excimer laser is OFknlack
no OH radicals generated) and ON (red lif€gHs] = 5.3 x 132 molecule crii, [O;] = 1.2 x 10°
molecule cr¥, T=298 K, p = 1200 Torr.

The stable products of the addition channel, R1a, in the presenga €xpected to
be methyl vinyl ketone and methacrolein, formed H@CsHsO: self-reactio@ These
products have identical mass and were observed with the proton-transfer mass spectrometer
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(m/z = 71) in much larger amounts compared to 2-methylene-3-butenal, see Figure 7. This
result is evidence of direct abstraction, R1b, that is small, but not negligible at room
temperature. The ratio of the peak areag; 283/ aw.= 71) ~ 0.07, is consistent with the
reduced abstraction branching ratio if one assumes the molecules to have similar PTR-TOF-
MS sensitivities.

4.4 I nterpretation of OH + | soprene = Adducts Equilibria

The isoprene molecule has four potential sites of OH addition as illustrated in Figure 5,
however, a two-adduct model was adopted in the master equation (ME) calculations. Additions
to the terminal carbons are believed to be dominant since they lead to the formation of stabilized
allylic radicalg-"f|Additions at G and G, which account together for more than 90% of the

total additior% were therefore selected for implementation in our analysis. A ME
calculation including the four possible additions reveals that the equilibrium fractions of the
radicals generated from additions to carbons 2 and 3, together, account for less than 0.1% at
729 K. The significant equilibrium fractions of adducts 1 and 4 (~65% and ~35% respectively)
justifies that in our analysis only these two adducts are considered.

In the analysis of the experimental data, see Section 3.2, only one well was considered
when determining the adduct dissociation rate coefficient,e(l). However, the currerNIE
model considers two adducts (1 and 4). The two adduct model leads to tri-expadential
decays, but to a very good approximation these decays can be modelled by a biexponentia
equation, and when fitted with equatigf, yields kiacaic In the analysis the parameters of the
ME are adjusted in order thaidcacbest fits kiaexpt This analysis means that both adducts are
considered. Tests reveal that if the ME analysis had only considered adduct 1, the returned
HOGCsHs binding energy would increase by approximately 2 kJ'mol

The unimolecular coefficientsiKexpt (See Table 2) were used to characterize the well-
depths of the isoprene + OH reaction with the aid of the computatibBadolver package
MESMER and the numerical computing suite MATLAB R2(¥Bvia the Trust Region
Reflective Algorithnﬂ The logic is as follows: the ME was solved at the temperature and
pressure of the experiments and generated ans@irhe profile, OH(t). This OH(t) was then
passed to MATLAB where it is fitted to using equation E7, thus determining the calculated
overall coefficient kacaic The parameters of the ME - binding energy, energy transfer for each
bath gas M (Ae>d,v) and k™(T) were then adjusted by MATLAB in order to best fitkaicto
K1a,expt DY minimizing the leastquares difference (y%). The results are given in Table 5. In this
analysis the well-depths for adducts 1 and 4 were adjusted in unison, maintaining their constant
10.1 kJ mot difference, see Table 3. In the following discussion of the binding energy only
adduct 1 is reported, as the energy of adduct 4 is simply 10.1 Kxhigbkr.

Parameters obtained from a ME fit are dependent on the description of the molecular
parameters (rotors, bends and vibrations) of the species involved in the reaction scheme. For
example, the returned parameters are sensitive to the density of states of the reagents and
adducts. This effect is evident when a vibration-only model is compared to a system where ten
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small harmonic vibrationdtequencies of the reactants and products (< 350 cm™) are replaced

by the hindered rotor approximation (See Figure 1). The returned well-depth for addition at
carbon 1 when the hindered rotors are used, (153.5 + 6.2) KJ imah excellent agreement

with the theoretically calculated value at the CCSD(T)/CBS//M06-2X/6-311++G(3df,2p) level
(154.1 kJ mol). However, the well-depth obtained with a less realistic vibration-only
description of the system is significantigeper, (166.5 + 7.®J mol’. Differences between

our experimentally determined well-depth and theoretical values obtained at the different levels
of theory presented range from 0.6 to 9.7 kJ ' m@lur best estimate of the binding energy,
based purely on the measurements of this we{k53.5 + 6.2) kJ mol and is given in Table

5.

Table 5. Comparison of Experimental and calculated k-1a. Uncertainty at 1o.

Adduct 1 Well-
T/K k-la,expt /st k-la,ca]c/ st depth / kJ mol-L
729 990 + 870 1180
766 3000+ 2600 3160 153.5+6.2

794 6500+ 5500 6000

The importance of the allylic hydrogen abstraction in the returned well-depths have also
been explored in this investigation. If direct abstraction is neglected, then a unimolecular loss
from the generic adduct presented in scheme S1 needs to be invoked (R3):

k
CsHg-OH ——— Loss (R3)

From Scheme S1, the solution is now givertyk._,, + kr, where the slope of the slow decay

of the equilibrium traces,, is approximately equal taKkIf the abstraction route is supressed,

i.e. kip = 0, ke can provide an equally good fit to the data, but this reaction scheme skews k
which is the crucial parameter required to assign the binding energy of the adgiseDHC

For instance, at the highest temperature, 794 K, the value, &kn Table 5 is 650& 5500

st. However, if the highest temperature data are analysed ayithekreturned value forikis

4810+ 4200 s'. This lower values of kaincreases the binding energy of the adduct by 3.8 kJ
molt. Even though we acknowledge that our experimental observations can be equally
described usingk we do not have evidence for R8. Our theoretical calculations have identified
the direct abstraction channel, R1b, see Figure 5. In addition, R3 predicts negligible abstraction
at room temperature but R1b predicts 3%; our proton transfer mass spectrometer observes the
abstraction product at room temperature, see Figure 7 and Section 4.3. Therefore, the direct
abstraction channel, R1b, is the favoured explanation of the slow decay,

Potential interference from radical-radical reactions (R#@es not happen to any
extent at these high temperatures) could also contribute to OH loss from the equilibrium
system, but is considered unlikely using the following reasoning. The typical precursor
concentration employed in the more sensitive equilibrium experiments (~1* matcule
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cmi®, calculated from OH removal in the absence of isoprene), the laser energy density (~15
mJ cm? or ~2 x 166 photons ci), the precursor cross-section (~1 x46n? molecule! for

H.0») and the quantum yield, (2 for OH production fronOR) is ~ 4 x 13* moleculecm?® If

R + R is equal to 18 cm® molecule! st (upper limit) then this implies ak~40 st, which is

much lower than experimentglobserved 6. In some experiments with varying [OH] but
similar [GsHg] and temperature, no significant change in the kinetic parameters were observed
Additionally, at T = 766 K the photolysis wavelength was changed to 266 nm (fourth harmonic
from Quantel, Q-smart laser, ~ 10 mJ / pulse). Any minor photolysis of isoprene at 248 nm that
could contribute to the radical pool and hence secondary chemistry, will be significantly
reduced with this longer wavelength photolysis. The 266 nm data are wholly consistent with
the other data, which is further evidence that little additional chemistry is occurring, other than
that given by scheme S1.

4.5Master Equation Modelling and Comparison with Literature

In this section the master equation modelling package MESMER, described previously, has
been used to compare various experimental values afitk a particular emphasis in
determining the onset of pressure dependence. The complete data set of temperature and
pressure dependent rate coefficients (187 values) from the references in Table 4 were fitted
with the aid of MATLAB R2016a via the Trust Region Reflective Algorithm, in an analogous
procedure to that described in the previous section. The only difference in the analysis that now
MESMER also returns the forward isoprene + OH rate coefficiepdst¢kMATLAB. A 10%
uncertainty was assigned for all the rate coefficients considered in this analysis. The fitting
parameters were: the adduct well depthgfsm for the relevant bath gases used, and the high
pressure limiting values ofi14 ciy Awa, caand n in the same format as equati The pre-
exponential factors for additions to carbons 1 and 4 were linked to maintain their constant ratio
(Aza, c1/A1a, ca~ 1.5The vibrational and rotational constants of isoprene and the £pig-C
adducts were calculated at ti06-2X/6-311++G(3df,2p) level of thearyLennard Jones
parameters were obtained from the work of Dibble@@nd Lei et E@A comparison of the
complete experimental arfdited data is shown in Figure 8 and the resulting parameters are
presented in Table 6.

The proximity of most data points to the=yx line is expected from the IUPAC
evaluation, where most studies are in excellent agreement. Three studies clearly stand out from
the trend from this quantitative analysis; the low pressure measurements of Chuong and
Stevens using discharge flow with OH detection by INF€Givern et al. using laser flash
photolysis and LIF detection and the higher pressure LFP/LIF studies of Campuzano-Jost et al.
Both of the low pressure measurements have been superseded by further, higher pressure
measurements from the same research grgjdfs®| which are in good agreement with the
IUPAC evaluation and the ¥y x line of this comparison. However, other low pressure,
discharge flow/LIF studies from Stevéngroup, Vimal et @ at 363 K point to some
potentially interesting properties of the OH/isoprene system in comparison to OH/butadiene at
low pressures. Over the pressure range of 1-6 Torr of helium at 363 K, the OH + isoprene
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reaction is reported to show some pressure dependence (as does the study of Singh and Li under
similar conditions), however, under identical conditions, the reactions of OH with the smaller
butadiene and 1-butene molecules (which would be expected to demonstrate greater fall-off
behaviour), show no pressure dependence. Vima{@wled molecular dynamics simulations

to investigate whether differences in the mechanism of internal energy distribution in isoprene
and 1,3-butadiene could explain the lack of pressure dependence in 1,3 butadiene. Although
their calculations suggested differences in the mechanisms of IVR between the two
compounds, they reported that further studies were required to identify whether such
differences in IVR mechanisms could account for the varying pressure dependenid Our
simulations suggest that at 363 K, the high-pressure limit should be reached at 0.4 Torr of He.

This work
Kleindest et al. 1982
Campuzano-Jost et al. 2004
Campuzano-Jost et al. 2000
Chuong and Stevens 2000
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* Singh et al. 2007

1.04 s ) Park et al. 2004
McGivern et al. 2000
08 Atkinson 1982
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. * ‘: - McQuaid et al. 2002

o0 $ a® Gill and Hites 2002
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Karl et al. 2004
lida et al. 2002
Dillon et al. 2017
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Figure8. Correlation plot for experimental data points from all the data in Table 3 and the ealculat
rate coefficients generated by MESMER by allowing the well-déptks>d,m, Aand n to be floated.
The resulting parameters are shown in the second column of Table 6.

The work of Singh and reports a pressure dependencd@dtt 340 K over the 1
3 Torr pressure range of He. Their equivalent measureméiitsavfl and 2 Torr ((7.21 £ 0.65)
x 101t and 8.16x 101 cm?® moleculée! st respectively, corrected for abstraction with equation
E12) are in good agreement with the set of selected studies presented previously, with ME
predicted values of 7.9210*! and 7.98 10 cm?® molecule! s?respectively. However, the
rate coefficient measured at 3 Torr (9:2260*! cm® molecule! s?) is ~16% higher than wha
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our calculations predict (8.00 10 cm® molecule! s?). Our simulations suggest that, in
helium at 340 K, the high-pressure limit should be reached at 0.2 Torr.

It is not easy to explain the discrepancy between the Campuzano-J@t/alues
and the remaining studies; Campuzano-Jost et al. recognised, but were unable to rationalize,
the difference in their value of land other literature data. A number of checks were carried
out by Campuzano-Jost et al. but they were unable to identify the origin of the discrepancy.
Given the high value of the rate coefficientikis very unlikely that radical-radical processes
could influence the OH decays and the invariance of the rate coefficients with photolysis laser
power suggests such secondary chemistry plays no role in OH decays. Rate coefficients lower
than the expected value can be an indication of recycling red€tfei but the invariance of
our measured rate coefficients at low temperatures with large concentrations of oxygen at least
rules out oxygen leaks as a possible route to OH recycling in the Campuzano-Jost et al.
experiments. Given the good agreement in the temperature dependenceavithf &ther
measurements, the simplest explanation is some systematic error in determining isoprene
concentrations in the reaction cell. That explanation is supported by the recent studies of Dillon
et aE| who determined UV absorption cross sections for isoprene which are approximately
10% greater than those of Campuzano-Jost et al. and in good agreement with another
determination by Martins et@ Dillon et al. re-evaluated the Campuzano-Jost data using
their new cross sections, generally bringing the Campuzano-Jost et al. data in closer agreement
to the IUPAC evaluation.

Removing the data sets from Campuzano-Jost et al., Chuong and Stevens, Vimal et al.
and McGivern et al. produces a much better fit (as shown in Figm&Tble 6) with y2 being
reduced from 601.3¢-3.22 per point) for the complete data set to 56.53 for the selected data
set of 115 data points (~0.49 per point)=0.49 implies that the data are on average within
6% of the fitted value. The resulting best fit parameters in the form of E§a#e9/62 x10
cm® molecule! s and na° =-1.39. Studies represented in Figure 9 are the preferred ones
(including this work), and are referred to as ‘Selected Data’.

The returned parameters from the fittings where uncertainties were assigned as 10% of
the measured coefficients are summarised in Table 6. It contains the returned parameters from
considering the complete dataset and the selected data. Whilg daitakat high temperatures,
where equilibria is observed, has much larger than 10% error, it is consistent with the selected
data, under this 10% error criteria.

26



This work

Kleindest et al. 1982

Hites and Turner 2009
Singh et al. 2007

Park et al. 2004

Atkinson 1982

Ohta et al. 1983

Atkinson and Aschmann 1984
Edney et al. 1986
McQuaid et al. 2002

Gill and Hites 2002
Chuong and Stevens 2002
Poppe et at. 2007

Zhang et al. 2001

Zhang et al. 2000

Karl et al. 2004

lida et al. 2002

Dillon et al. 2017

vAen

Aod4dPonmocoe

| B X J

-10 3 11
k1a,ca|c (T;p)/lo cm’ molecule™ s

0.0 —

T T T T T T T T 1

v T v
0.0 0.2 0.4 0.6 0.8 1.0 12 1.4

-10 3 1ol
Kya 6 (T:P) /10™° cm® molecule™ s

Figure 9. Correlation plot for experimental data points from selected data in Table 4 (see tex§ and th
calculated rate coefficients generated by MESMER by allowing the well-d&piksd,m Aand n to
be floated. The resulting parameters are shown ifstiheted data’ column of Table 6.

The returned well-depth is virtually unaffected by which data are used as the well depth
is almost exclusively determined by the high temperature data in this study. The other
parameters associated with the fita®qm , Ara and naare more dependent on the data set
used. For each dataset used, fitted parameters are reported with either all possibilities of
A-ae>dmfloated or with some fixed. Varying the degree of flexibility in fitting\& ¢,» makes
little difference to the returned values of A arftl, these parameters are mainly dependent on
the datasets considered in the analysis.

The analysis was also performed with the use of a single-adduct model; the results for
this case are also included in Table 7. Little variation is observed in the returned parameters,
with the well-depths varying by 2.5 kJ molThis small change is justified by the reduced
equilibrium fraction of adduct 4 (~35%) compared to adduct 1 (~65%) and the small energetic
difference to adduct 1 (~10 kJ il Finally, the last three columns of Table 7 shows results
including uncertainties, obtained from fits where the selected data was incorporated, and the
uncertainties of our high temperature measurem@nts720 K) were appropriately set as
those of Table 2.
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Table 6. Returned parametersfrom MESMER fitsto thiswork and the literatur e data using a two-adduct model and accounting for H abstraction
with all data given an equal uncertainty of 10% . <AE>qm= A<ag>d,mX (T/298)™

All Data Selected Data

Well depth, E/kJ mo! 153.1 153.1 152.9 154.0 153.6 153.6
Acaesda/ cntt He(m=1.00)| 150 (Fixed) 150 (Fixed) 100 150 (Fixed) 150 (Fixed) 100
Ar (m=0.50)| 250 (Fixed) 250 (Fixed) 250 250 (Fixed) 250 (Fixed) 100

AN(m=0.25)] 200 (Fixed) 200 190 200 (Fixed) 150 150

11

fsﬁ 10" / en? molecule 8.32 8.33 8.34 9.55 9.52 9.52
n® -1.45 -1.45 -1.45 -1.44 -1.39 -1.39
%2 per point 3.31 3.31 3.22 0.56 0.49 0.49

Table 7. Returned parametersfrom MESMER fitsto thiswork and the literature data and accounting for H abstraction with our higher temperature
data given the uncertaintiesreported in Table 2. <AE>qm= A<ae>dm* (T/298)"

This work This work Selected Data
Two adduct model One adduct mod€(C:)

Well depth, E/kJ mol 153.7+5.9 | 1535+6.2 | 156.0+3.9 | 156.0+4.2 | 153.6+4.9 | 1534+51 | 153.2¢5.0

A<ae>d/ cnt He(m=1.00) n/a n/a n/a n/a 150 (Fixed) 150 (Fixed) 100 + 350

Ar (m=0.50) n/a n/a n/a n/a 250 (Fixed) 250 (Fixed) 100 + 340

B(m=0.25) | 200 (Fixed) 150 + 110 200 (Fixed) 150 + 70 200 (Fixed) 150 + 90 150 + 90

11
élx 10" /e molecule” | g 534064 | 9474065 | 9464041 | 9464042 | 9.46+014 | 946+014 | 9.47+016
n® -1.35+0.15| -1.33+0.16 | -1.33+0.10 | -1.32+0.10 | -1.34+0.07 | -1.33+0.07 | -1.33+0.07
22 per point 0.50 0.48 0.49 0.48 0.42 0.41 0.41
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4.6 Analytical Representation of Pressure and Temperature for Kia, K-1ac1, and K-.1a.ca

In order to provide analytical representations for the present master equation calculations, the
output from our MESMER equations have been fitted using a Troe formalism

_ k10(D[M]
kla(Ts[M])_ 1+k1a‘0(]-)[M] F(X) E13
kia(T)
kia c1(T,[M]) =k, (7,[M])x (RT) x exp@HG, /RT) x exp(ASE,/R) El4
K1a ca(T,[M]) = ki, (7,[M])x (RT) x expQHE,/RT) x exp(ASG,/R)] E15

where [M] is the concentration of the buffer giag, (7) is the low-pressure termolecular rate
coefficient, 7,(7) is the high-pressure limit rate coefficient, and F(x) is the collision
broadening factor. The collision broadening factor - F(x) - is calculated according to the
formulation of Troe and Usha8¥ see Supporting Information.ik c1and kia caare the
decomposition rate coefficients for adducts 1 and 4, respectively, and are reiqfadsd14

and E15 using their thermodynamic parametiii, ASciandAHcs ASca.

A global non-linear least-squares fit to the MESMER data using the Troe formalism
was carried out, wherk (7) andky,(7) were defined according to equations E8a and E8b
respectively.

ko(T) = Ao x (T/298) cmP® moleculé? st E8a

kia*(T) = Awa X (T/298)" cm® molecule! s? E8b

Ao, A1a, N and m, and F(X)(&EnA, FcenB, xo and b) AHc1,caASc1,cawere adjusted to provide a

good fit to the simulated pressure dependent coefficigpt®,[A/]). The results are given in

Table 8, and these fits to the MESMER data are shown in Figure 10, whewresefined as

the bath gas. Additional Troe fits where helium and argon were simulated as the buffer gases
are also given in Table 8

Table8. Troefit parametersto MESMER-simulated rate coefficients, for N2, He, Ar.

N> He Ar
A1a/ 10 cm?® molecule! st 9.5 9.6 9.5
n -1.26 -1.30 -1.30
Ao / 102t cm® moleculé st 1.68 1.10 1.43
m -14.08 | -1250 | -13.27
b 0.08 0.08 0.08
X0 0.90 0.88 0.90
FcentA 0.10 0.11 0.13
FcentB -0.0012 | -0.0012 | -0.0009
AHZ, 1 J mol? 154043 | 154308 | 154512
ASE, 13 mott K1 108.9 109.3 109.6
AHE, | J mol* 147251 | 147495 | 147696
ASS, | J mott K1 102.8 | 103.1 103.5
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5 Summary and Conclusions

Measurements of the rate coefficient for the reaction of OH with isoprermaa#ée around
room temperature using a new apparatus for high pressure studies are in good agreement with
the extensive literature data, hence validating this new apparatus.

Above ~700 K the OH temporal profiles exhibit biexponential behaviour, consistent
with the establishment of the OH +H3 = adduct equilibrium. The experimental adduct
dissociation data, &, were fitted to using a master equation model where the adduct binding
energy was adjusted. This analysis determined a well depth of (153.5 * 6.2)'Kdnaniduct
1, C1, and (143.4 * 6.2) kJ midlor adduct 4, C4. This value is in agreement with the ptesen
ab initio calculations (well depth for C1 adduct = 154.1 kJ'hoh the R1 potential energy
surface. However, it is noted that the well depth determined from the experimental data is
dependent on how the internal modes of reagents and adducts are treated, and only when the
low vibrations are treated as hindered rotor does experiment and theory show agreement.

The analysis of the > 700 K equilibrium data required an additional minor, but
significant abstraction channel, R1b. Our ab initio calculations have identified this direct
abstraction channel and the proton transfer mass spectrometer provides evidence that this

-1
channel is operating even at room temperatuges k.3 0.3) x 10" exp (_'3-61]‘:;“‘01 ) ond

molecule! s,

Our experimental data on reaction together with the extensive literature data on this
reaction, have been assessed using master equation analysis with the MESMER programme.
This analysis indicates that there is no pressure dependence in the pressure range of the
literature data, contradicting some previous studies. A selected dataset was then used to provide
our recommended value foik,[M]). A Troe parametrization of XT,[M]) provides an
analytical form of our MESMER analysis. The temperature range for OH + isoprene studies
has been significantly extended to ~800 K with

-1.33+0.07 -1
K =95+02)x 10" (o) +(13£03)x 10" exp (—'3'6‘ e )

298 K

Supporting I nformation

Electronic supporting information is available containing experimental data, frequencies and
structures from ab initio calculations, recommended partitioning between addition and
abstraction as a function of temperature, Troe fits with He and Ar as third body, MESMER and
Origin Scripts.
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