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ABSTRACT  11 

Experimental studies have demonstrated the importance of non-thermal bimolecular association 12 

chemistry. Recently a fully reversible method for incorporating any number of such non-thermal 13 

reactions into a single master equation has been developed (Green and Robertson, Chem Phys Lett, 14 

2014, 605, 44-46). Using this methodology experimental results for the system: (1) (CHO)2 + OH 15 

ĺ HC(O)C(O) + H2O, (2) HC(O)C(O) ĺHCO + CO, (3) HC(O)C(O) + O2 ĺ OH + CO + CO2, 16 

are modeled, reproducing the temperature and pressure dependence of the OH yield. An issue 17 

remains as to how to model energy partition into HC(O)C(O). 18 
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Introduction 23 

One of the primary limitations in a standard master equation simulation is the inability to treat 24 

multiple sequential bimolecular association processes involving activated species. The use of a 25 

bimolecular source term is relatively trivial, and a number of different such terms can be readily 26 

included in most master equation approaches, [1,2]  however the standard bimolecular source term 27 

assumes both of the bimolecular species exhibit a Boltzmann distribution of energies. Treating 28 

bimolecular association reactions involving activated reaction intermediates is more challenging. 29 

Recent experimental studies [3,4] have demonstrated that oxygen is capable of intercepting 30 

vibrationally excited reaction intermediates with rates which are competitive with stabilization and 31 

unimolecular processes under atmospheric conditions and other recent work has highlighted the 32 

importance of non-Boltzmann processes in combustion chemistry [5,6]. These studies emphasize 33 

the need to treat such systems using a single master equation approach.  34 

OH
+

(HCO)2 HCO
+ CO

+ O2

HCOC(O)O2

E

f(E) HCOCO

HCOCO
+ H2O



 3 

 The simplest way of treating such processes is the use of a bimolecular sink method in 35 

which the bimolecular association reaction with the excited intermediate is treated as irreversible 36 

and subsequent reaction steps on the bimolecular surface are ignored [3]. Alternative approaches 37 

involve coupling two or more master equations [5,7-9]. Recent work by Green and Robertson [10] 38 

has presented a generalized pseudo-isomerization methodology for treating any number of such 39 

reaction steps in a single master equation in a fully microcanonical manner such that detailed 40 

balance is satisfied. 41 

 The system studied in the current work involves the HC(O)C(O) radical which is formed 42 

as a product in the OH + glyoxal, (CHO)2, abstraction reaction (1). The reaction exothermicity for 43 

forming HC(O)C(O) + H2O  is  ~ 129 kJ mol-1 [11] and the HC(O)C(O) can then undergo either 44 

unimolecular decomposition to form HCO + CO, reaction (2), or be intercepted by molecular 45 

oxygen to form an RO2 species, HC(O)C(O)O2, reaction (3), and then potentially an OH radical 46 

via an internal abstraction (reaction (4)) followed by dissociation (reaction (5)) analogous to 47 

RO2/QOOH systems in combustion chemistry. [12,13] 48 

(CHO)2 + OH ĺ HC(O)C(O) + H2O                                                                                         (1) 49 

HC(O)C(O) ĺ  HCO + CO             (2) 50 

HC(O)C(O) + O2 ĺ  HC(O)C(O)O2               (3)  51 

HC(O)C(O)O2 ĺ C(O)C(O)OOH                        (4) 52 

C(O)C(O)OOH ĺ CO + CO2 + OH            (5)  53 
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 Glyoxal is an important trace species in the Earth’s troposphere and is thought to play a 54 

large role in the formation of secondary organic aerosols [14,15]. Both the photochemistry of 55 

(CHO)2 and its reaction with OH have been widely studied as these processes predominantly 56 

determine its atmospheric lifetime [16-20].  The chemistry of the HC(O)C(O) radical formed from 57 

reaction (1) was first considered in two chamber studies, [21,22] and theoretical work by da Silva 58 

[23] subsequently proposed a mechanism for  OH recycling in the OH + (CHO)2 reaction upon 59 

addition of O2.  60 

Recent work by Lockhart et al. [24] presented an extensive dataset of OH yields as a 61 

function of oxygen fraction and total pressure. These OH yield data were obtained by comparing 62 

the rate coefficients for OH loss with glyoxal in the presence and absence of oxygen at a particular 63 

temperature and total pressure (either pure N2 or an N2/O2 mix). Regeneration of OH from reaction 64 

(5) lowers the observed rate coefficient for OH loss in the presence of oxygen allowing for the 65 

calculation of the OH yield [24]. However these results are yet to be successfully modelled, with 66 

the initial modelling [24] suggesting that non-thermal distributions of the HC(O)C(O) radical 67 

produced in R1 may be important, raising interesting questions as to the amount of energy 68 

partitioned into the spectator component of an abstraction reaction.  69 

There are two extreme models of how energy is partitioned following an abstraction 70 

reaction. For a reaction with an early barrier, the reaction exothermicity is expected to be channeled 71 

preferentially into the newly formed bond (H2O for Reaction (1)), leaving little energy in the 72 

HC(O)C(O) fragment and consequently little dissociation of HC(O)C(O). This scenario can lead 73 

to high yields of OH via Reactions (3-5). Alternatively, if the reaction exothermicity is distributed 74 

statistically, the higher ro-vibrational density of states in the HC(O)C(O) fragment will ensure 75 

most of the reaction exothermicity is channeled to this fragment, which then rapidly decomposes 76 
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with consequently no OH formation. This study will explore how the advances in master equation 77 

methodology associated with treatment of bimolecular reactions of activated species affect master 78 

equation calculations upon the HC(O)C(O) + O2 system. 79 

 80 

Theoretical Methodology 81 

The stationary points on the potential energy surface (PES) for the both the HC(O)C(O) + O2 82 

reaction and the unimolecular decomposition of HC(O)C(O) have been characterized previously 83 

by da Silva using G3SX model chemistry [23]. In this work the stationary points have been re-84 

characterized with geometry optimizations using the M06-2x/6-311+G(3df,2pd) functional  as 85 

implemented in the Gaussian 09 [25]  suite of programs followed by single point energy 86 

calculations at the ROHF-UCCSD(T)-f12b/aug-cc-pVTZ level of theory using Molpro [26]. 87 

Where appropriate, hindrance potentials for any torsional modes were calculated at the M06-2x/6-88 

31+G(3d,2p) level of theory, through performing constrained geometry optimizations at fixed 89 

values of the corresponding dihedral angle.  The PES obtained is shown in Figure 1 and is broadly 90 

consistent with the calculations of da Silva, [23].  Selected structures are also given in the online 91 

supplementary information along with an example MESMER input file including all ro-vibrational 92 

information.  93 
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94 
Figure 1. Stationary points on the OH + glyoxal + O2 potential energy surface characterized at the  95 

CCSD(T)-f12/aug-cc-pVTZ//MO62x/6-311+G(3df,2pd) level of theory. C1 and C2 denote the pre 96 

and post-reaction hydrogen bonded complexes between OH and glyoxal. It is noted that there is a 97 

large uncertainty regarding the energy of TS3 (indeed whether it exists at all) and it is highly 98 

dependent on the level of theory used.  99 

 100 

As with the work of da Silva, we find in this work that single reference levels of theory 101 

predict a saddle point (TS3) on the association path between the HC(O)C(O) radical and O2, 102 

however this region of the PES is strongly multi-configurational in nature and the saddle point 103 

could well be an artifact of using a single rather than multi-reference level of theory.  The M06-2x 104 

method predicts a barrier height of 18.5 kJ mol-1 which seems unreasonably large and CCSD(T) 105 

single point calculations at this geometry fail to converge, both issues suggesting significant multi 106 

reference effects. The barrier found by da Silva is lower at 1.25 kJ mol-1 [23].  Typically R+O2 107 
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reactions are found to be barrierless when multi-reference calculations are used along with a 108 

sufficiently large basis set [27,28], however, rs2/ aug-cc-pVTZ calculations with a 5 electron, 7 109 

orbital active space consisting of the radical center and the oxygen orbitals, do find a transition 110 

state. This could arise from either an insufficiently large basis set or other limitations in either the 111 

level of theory or the size of the active space. Figure 2 shows a rigid scan along the O-C bond 112 

demonstrating the barrier supporting the notion of a transition state to complex formation.  113 

 114 

Figure 2. Rigid scan along the O-C bond length in the association between HC(O)C(O) and O2 115 

from rs2/ aug-cc-pVTZ  (5o,7e) calculations. 116 

 117 
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For the present work we have treated the association step (reaction (3)) using the inverse 118 

Laplace transform (ILT) method [29]. In this method, microcanonical rate coefficients are obtained 119 

by taking the ILT of canonical rate coefficients, ka, described by the modified Arrhenius form: 120 

 ݇௔ሺܶሻ ൌ ܣ ൬ ܶܶ଴൰௡ expሺെܧ௔Ȁ݇ܶሻ 
(6) 

Master equation (ME) calculations were performed using the open source MESMER 4.1 code.[1] 121 

The general formulation of the master equation used in MESMER has been described in detail in 122 

several previous publications [12,27,30] and will not be discussed here.  123 

 An approach to treating the OH + (CHO)2 portion of the PES (black PES in Figure 1), is 124 

to include in the ME only that part of the PES from HC(O)C(O) radical onwards and to initialize 125 

the HC(O)C(O) with a prior distribution of energies from the (CHO)2 + OH reaction. Here the 126 

probability the HC(O)C(O) product is formed with energy ܧ,  ܲሺܧሻ is given by [31]: 127 

 ܲሺܧሻ ൌ ௫ܧ஼௢ሿሺߩ௧۪ߩሻሾܧሺߩ  െ ௫ሻܧ஼௢ሿሺߩ௧۪ߩ۪ߩሻሾܧ  
(7) 

where ܧ௫ exothermicity of the (CHO)2 + OH reaction, ߩ is the ro-vibrational density of states of 128 

HC(O)C(O),  ߩ௧ is the relative translational density of states of the HC(O)C(O) and H2O fragments 129 

and is modelled using a classical expression i.e. ߩ௧ ן   ඥܧ௧  where ܧ௧  is the relative translational 130 

energy, ߩ஼௢  is the ro-vibrational density of states of the H2O co-product and ۪  represents a 131 

convolution (i.e. ሾ݂۪݃ሿሺܧሻ ൌ ׬  ݂ሺܧ െ Ͳܧݔሻ݀ݔሻ݃ሺݔ ). This approach was not pursued here, partly 132 

because it was desirable to use the whole PES (i.e. including all stationary points to the left of 133 

HC(O)C(O) in Figure 1.), but mostly because Eq. (7) is a poor approximation to the time dependent 134 

energy distribution of the HC(O)C(O) fragment.  135 
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Using the new pseudo-isomerization methodology, the extended reaction system can be 136 

modelled, starting from OH + glyoxal as shown in Figure 1. There are two pseudo-isomerisation 137 

steps: the reversible reaction between HC(O)C(O) and H2O to form the post reaction complex C2 138 

and the  reversible reaction between HC(O)C(O) and O2 to form HC(O)C(O)O2  (R3). For a pseudo 139 

isomerization, the dissociation flux, governed by ݇ሺܧ௜ ሻ from  a grain i in the RO2 or C2, is 140 

partitioned to all grains j of HC(O)C(O) with energy ܧ௝ ൑  ௝  being deposited in the HC(O)C(O) fragment. Association rate coefficients 142ܧ ௜൯ of energyܧ௝หܧ௜  according to a distribution 141 ܳ൫ܧ

can then be obtained through detailed balance. [10] 143 

The ME model, initially, included all wells depicted in Figure 1, a grain size of 100 cm-1 144 

was used in all calculations and, based on the inspection of eigenvalue span from initial 145 

calculations,  double-double precision was required for temperatures 295 and 250 K, and quad-146 

double precision was required for temperatures 212 K. Collision parameters used for N2, the bath 147 

gas used in the experiments, were İ = 82.0 K and ı = 3.74 Å and the collisional energy transfer 148 

was treated using an exponential down model [32]. The corresponding parameters for HC(O)C(O) 149 

were İ = 216 K and ı = 4.6 Å based on analogies with glyoxal. Variations in the collision 150 

parameters for HC(O)C(O) made little difference to the quality of the fits. (It could be argued that 151 

the collision parameters and energy transfer model should be altered as the mole faction of oxygen 152 

is altered, however the error introduced by fixing these parameters is small compared to the other 153 

approximations made.) As the temperature range of the experiments was narrow, only temperature 154 

independent collision parameters were specified in order to keep the number of variable parameters 155 

to a reasonable number. Thus identical values of ۃοୢۄܧ୭୵୬ were used for all species, except that of 156 

the HC(O)C(O) for which the energy transfer parameter was varied, along with other parameters 157 

described below, in order to fit the experimental data. Ro-vibrational densities of states were 158 
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obtained using a rigid rotor harmonic oscillator approximation with the exception of the torsional 159 

modes which were treated as hindered internal rotations. Any torsional modes were projected from 160 

the molecular Hessian using the method of Sharma et al. [33]. The energy transfer and other 161 

parameters (discussed in the results section) were fit to 88 experimental OH yield data points at 162 

295 K, 250 K and 212 K using a built in Levenburg Marquardt algorithm within MESMER.  In 163 

the fitting calculations the following merit function was used: 164 

 ߯ଶሺࢻሻ ൌ ෍ ሺݕ௜ െ ሺݕ ௜ܶ ǡ ௜ǡ݌ ሾܱଶሿ௜Ǣ ௜ଶ௜ߪሻሻଶࢻ  
(8) 

where ݕ௜ are the measured OH yields, ݕሺ ௜ܶǡ ௜ǡ݌ ሾOଶሿ௜Ǣ  ሻ are the calculated yields obtained from 165ࢻ

the ME, the vector ࢻ being the set of floated parameters and ߪ௜ଶ are the experimental errors. 166 

Before fitting the master equation calculations to the experimental data, some initial 167 

simulations were executed. These initial simulations assumed that the ܳ൫ܧ௝หܧ௜൯  distribution was 168 

of prior form similar to that in Eq.  (7) and as discussed by Green and Robertson [10]: 169 

 ܳ൫ܧ௝หܧ௜൯  ൌ ௜ܧሿሺ݋ܥߩ۪ݐߩ௝ሻሾܧሺߩ  െ ݔܧ െ ௜ܧሿሺ݋ܥߩ۪ݐߩ۪ߩ௝ሻሾܧ െ ሻݔܧ  
(9) 

where the terms are as they were above, but now  ߩ஼௢ refers to the ro-vibrational density of states 170 

of either H2O or O2 depending on the reaction. These simulations demonstrated that the average 171 

amount of energy deposited into the nascent HC(O)C(O) fragment was such that it almost 172 

instantaneously dissociated (reaction 2) leaving no opportunity for reaction with O2 regardless of 173 

the concentration of oxygen and in contrast to the experimental observations. This is, of course, 174 

hardly surprising given the assumption implied in the use of Eq. (9) that there is complete 175 

microcanonical energy redistribution during the course of a reactive collision between (CHO)2 and 176 
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OH; the very large exothermicity combined with instantaneous redistribution means that virtually 177 

all HC(O)C(O) fragments would emerge from reaction with energies well in excess of that needed 178 

for immediate dissociation.  179 

It is clear that a significant reduction in the energy distributed to HC(O)C(O) from that 180 

calculated by statistically partitioning the full reaction exothermicity via the prior distribution is 181 

required in order to match the experimental data, i.e. the distribution of energy from reaction (1) 182 

is far from statistical, but neither does this reaction exhibit an early-barrier, dynamical limit where 183 

a majority of the reaction exothermicity is channelled into H2O vibration [34]. One approach to 184 

address this issue is to treat the exothermicity of reaction R1, ܧ௫ of Eq. (9), as a parameter to vary. 185 

Calculations using the 250 K data were performed and Fig. S1 shows the variation in the yield of 186 

OH at high [O2] as the exothermicity of reaction (1) is varied (i.e. as the prior energy distribution 187 

of the HC(O)C(O) is altered). The best fit is obtained when ܧ௫ was reduced to 47.2 kJ mol-1, which 188 

gave the correct high [O2] limiting OH yield at 250 K. Clearly, this is significantly different from 189 

the 129.0 kJ mol-1 value from the ab initio calculations. Whilst good agreement is obtained with 190 

experiment with this approach, illustrating that a significant fraction of exothermicity needs to be 191 

channeled into the HC(O)C(O) fragment, there is no a priori method of estimating the 192 

exothermicity required to give good agreement with experiment and therefore this model was not 193 

pursued further. 194 

Post reaction energy distributions are inherently dynamical processes and this can mean 195 

that far more energy is deposited in the newly formed OH bond and therefore in the H2O molecule 196 

than would be predicted statistically by Eq.  (9) [34]. For example, a study on a prototypical 197 

abstraction reaction: 198 
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F + H2O ĺ HF + OH         (10) 199 

shows considerable excitation in the HF moiety but that the OH is formed cold consistent with a 200 

role as a spectator group [35]. Ideally, the way to treat this theoretically for this reaction is to 201 

perform classical trajectory calculations as undertaken by Setokuchi [11].  However for this work, 202 

the nascent energy distribution ܳ൫ܧ௝หܧ௜൯ (Eq. (9)) was modified, so that less energy would go into 203 

the internal models of HC(O)C(O), by the introduction of a new parameter Ͳ ൏ ݉ ൑ ͳ, which is 204 

used as a power to be a applied to the density of states of HC(O)C(O) giving:  205 

 ܳ൫ܧ௝หܧ௜൯  ൌ  ሺߩሺܧ௝ሻሻ݉ሾ݋ܥߩ۪ݐߩሿሺܧ௜ െ ݔܧ െ ௜ܧሿሺ݋ܥߩ۪ݐߩሻ۪݉ߩ௝ሻሾሺܧ െ ሻݔܧ  
(11) 

This change alters, in an approximate way, the amount of phase space available within the 206 

HC(O)C(O) internal modes in which to re-distribute the reaction exothermicity, hence more of this 207 

energy appears in the receding H2O molecule. This model is therefore consistent with the trajectory 208 

calculations of Setokuchi which show a significant fraction (53%) of the exothermicity is 209 

partitioned to the internal modes of the water product. 210 

 211 

Results 212 

Initially the three experimental temperature sets were fit individually. In each case the fitted 213 

parameters were ۃοୢۄܧ୭୵୬, ݇ଷஶ(i.e. approximately temperature independent) and the m parameter 214 

from Eq. (11). The results of these individual fits are presented in the SI. Inspection of these results 215 

show that, while ݇ଷஶwas assumed to be approximately independent of temperature, it in fact 216 

increases with temperature (albeit not very strongly), that the m parameter appears to have only a 217 
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weak temperature dependence and that there is significant uncertainty regarding the value 218 

of ۃοۄܧdown.  219 

The positive temperature dependence of ݇ଷஶ  suggests a small activation barrier and 220 

electronic structure theory calculations, though inconclusive, support this. Related systems would 221 

suggest that the presence of a true enthalpy barrier corresponding to TS3 is unlikely. It is also 222 

noted that the fitted parameters ݇ଷஶ and ۃȟEୢۄ୭୵୬  are highly correlated. As such it is unclear how 223 

much significance should be placed on the apparent temperature dependence of  ݇ଷஶ.These initial 224 

fits were done on the entire PES (i.e. all stationary points were included in the ME model). The portion 225 

of the PES for the reaction HC(O)C(O) + O2 ĺ HC(O)C(O)O2* ĺ OH + CO + CO2, has 226 

submerged barriers (TS4 and TS5) with respect to TS3. In a separate set of calculations the effect 227 

of increasing the height of TS4 and altering the reversibility of the TS4 reaction was explored at 228 

298 K and 5 Torr pressure. Figure 3a shows how the OH yield varies as a fraction of O2, fO2, with 229 

different barriers for TS4. As fO2 tends to zero, the oxygen molecule will predominantly collide 230 

with a thermalized HC(O)C(O), whereas as fO2 tends to unity, collisions will be with the chemically 231 

activated distribution of HC(O)C(O) and as can be seen there are significant influences on the 232 

yield. Also, as the barrier increases, the absolute yield of OH decreases.  In Figure 3b, the OH 233 

yields have been normalized to the value at fO2 =1 to illustrate that there is change in the shape of 234 

the fall-off curve as well as the absolute OH yield. However, with the barrier for TS4 set at the 235 

value calculated by the ab initio calculations (-43.5 kJ mol-1 compared to HC(O)C(O)+O2) an 236 

irreversible and reversible treatment of reaction (3) give essentially the same result, and this 237 

observation was exploited in subsequent calculations. 238 

 239 
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Figure 3a. Variation in the absolute OH 
yield as a function of fraction of O2 at various 
different barrier heights for TS4 (the 
HCOC(O)O2 ĺ COC(O)OOH 
isomerization). Solid black line – reversible 
treatment, dashed lines – irreversible 
treatments with barriers -43.5 (red), -26.7 
(blue) and -18.3 kJ mol-1 (green) compared 
to HC(O)C(O) + O2. 

 

Figure 3b. Variation in the dependence of the 
normalized OH yield as a function of the fraction 
of O2 at various different barrier heights for TS4 
at 5 Torr of total pressure. Solid black line – 
reversible treatment, dashed lines – irreversible 
treatments with barriers -43.5 (red), -26.7 (blue) 
and -18.3 kJ mol-1 (green) compared to 
HC(O)C(O) + O2. 

From these observations a combined fitting using all data at once was executed with the 240 

following constraints: the m parameter was taken to be an average over all of the values in the 241 

initial fits and held fixed at 0.256. The ill defined ۃȟEୢۄ୭୵୬  parameter was allowed to float but 242 

constrained to be below 400 cm-1, based on a comparison with similar systems.[36,37] ݇ଷ was 243 

constrained to a simple Arrhenius form in order to assess if it was an activated process. To increase 244 

the speed of the calculation the PES was truncated (i.e. made irreversible) after HC(O)C(O)O2 245 

onwards, the OH yield being equated with the  C(O)C(O)OOH yield, this significantly reduced the 246 

size of the ME matrix hence increasing calculation turnaround. The best fit values from the fit are 247 

given in Table 1 along with the ͳߪ uncertainties. The ߯ଶ goodness of fit statistic for the fit was 248 

0.00191. 249 
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 250 

Table 1. Best fit parameters from a fit of data from all temperatures 251 

Parameter Value ો 

 ૚ 388 456ିܕ܋Ȁܖܟܗ܌ۄઢ۳ۃ

 ૜/10-12cm3 molecule-1 s-1 1.69 2.67ۯ

۳૜/kJ mol-1 2.41 1.80 

 252 

Figure 4 show fits to the experimental data at 212, 250 and 295 K. There is a clear 253 

difference in the experimental data between these temperatures which is reproduced by the model. 254 

In all cases, the yield depends on oxygen concentration and tends towards a limiting value as [O2] 255 

increases. At low concentrations of oxygen, HC(O)C(O) decomposition (formally direct or from 256 

HC(O)C(O) initially formed below the dissociation barrier) dominates, but as [O2] increases 257 

reaction (3) competes more effectively for HC(O)C(O) and the OH yield rises. However, all the 258 

data show that there is a considerable fraction of HC(O)C(O) that is not stabilized associated with 259 

HC(O)C(O) formed from reaction (1) at energies above the dissociation barrier to HCO + CO. The 260 

fraction of decomposition at high [O2] (1-ĭOH) increases from ~60% at 212 K to ~70% at 295 K, 261 

with the experimental data being qualitatively matched by the model.  262 

Pressure dependence in the OH yield, ĭOH, can arise from pressure dependence in either 263 

the HC(O)C(O) dissociation reaction (R2) or the HC(O)C(O) + O2 association reaction (R3). 264 

However, the exothermicity and PES of reaction 3, makes this an effectively irreversible process. 265 

At 212 K, there is no obvious pressure dependence in the experimental OH yield, consistent with 266 
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the HC(O)C(O) dissociation reaction being at its high pressure limit. Conversely at 295 K, there 267 

is a significant pressure dependence in ĭOH at a fixed [O2] as R2 is in the fall-off region and 268 

increasing the total pressure enhances k2, increasing the fraction of HC(O)C(O) decomposing. 269 

Note also that at 295 K, a significantly higher [O2] needs to be added in order for ĭOH to reach half 270 

its limiting (i.e. when the rate of non-formally-direct decomposition = rate of reaction 3), as the 271 

absolute value of k2 has a strong positive temperature dependence, whereas that for reaction 3 is 272 

either temperature independent or only weakly temperature dependent. 273 

The MESMER modeling reproduces the above effects; when the data at various 274 

temperatures are fitted individually (see supplementary information), it is possible to better 275 

reproduce the changes in the high [O2] yields, but only by varying m, i.e. by allowing the fraction 276 

of energy channeled into HC(O)C(O) to vary. The value of m at 212 K, 0.233, is significantly 277 

lower (i.e. less prompt HC(O)C(O) dissociation) than the value for either 250 or 295 K (0.269 or 278 

0.267 respectively). It is not obvious why m should vary with temperature and our discussion 279 

focuses mostly on the fitting where m is constant across the three temperatures. In this scenario, 280 

the high [O2] yields and their slight variation with temperature, fitted the higher temperatures 281 

reasonably well, but underestimated the significant jump in the OH yield as the temperature 282 

decreased to 212 K. There is also a significant decrease in the modeled pressure dependence of the 283 

OH yields as temperature decreases, but there is still a slight overestimation of the pressure 284 

dependence at the lower temperatures.  285 
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 286 

 287 

Figure 4. Fits to the Experimental Data at 295, 250 and 212 K. (Ŷ) 80 Torr, (Ɣ) 40 Torr, (Ÿ) 20 Torr, (ź) 10 Torr, (Ƈ) 5 Torr. 288 
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For the experimental data at 295 K, it is possible to estimate the concentration of O2 at each 290 

pressure at which the OH yield is half the asymptotic yield. At this point the rate of reactions 2 291 

and 3 should be equal. If k3 is pressure independent (k3,295 K = 6.3 × 10-13 cm3 molecule-1 s-1 from 292 

Table 1), then a value for k2 can be estimated. Figure 5a shows a plot of k2 vs [M] and the curvature 293 

of the plot is in the opposite direction from the classic Lindemann plot, i.e. at low total pressures 294 

it is expected that k2 will vary linearly with pressure, however the values of k2 appear to lie on a 295 

convex curve, such that the low pressure points are above any straight line that might be inferred 296 

from the high pressure points. This is consistent with HC(O)C(O) molecules formed below the 297 

barrier for dissociation, but still with significant internal energy, playing a role in dissociation. As 298 

pressure is increased (or time for a fixed pressure), these chemically activated molecules become 299 

more thermalized before reaction with O2 or dissociation. Figure 5b shows the internal energy 300 

distributions of HC(O)C(O) at various times (i.e. with more bath gas collisions) and the clear 301 

relaxation to more thermal distributions is evident.  302 

Figure 5a. A plot of k2 vs pressure showing 

the pronounced upward curvature at low 

pressures. 

Figure 5b. Thermalization of the HCOCO 

internal energy (cm-1) distribution with time 

(s). Conditions are 80 Torr total pressure, 295 
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K and [O2] = 1 × 1018 molecule cm-3. The 

reaction threshold is at 2616 cm-1. 
   303 

Conclusions304 

In this work, the recently developed pseudo isomerization approach is applied for the first time in 305 

order to model recent experimental data for the OH + glyoxal + O2 system. It is demonstrated that 306 

this method can be used to extend master equation calculations to include, in theory, any number 307 

of non-thermal bi-molecular reactions and despite the complexity of the extended PES used in the 308 

current work, the master equation results can be fit to the experimental data. Using this approach 309 

the [O2] dependence of the observed OH yields for this system have been reproduced theoretically 310 

for the first time although there are still discrepancies between experiment and theory, particularly 311 

at low temperatures. It is clear from the errors reported in Table 1 that only a limited amount of 312 

information can be extracted from the data.  313 

This work also highlights the differences between a full model using a pseudo 314 

isomerization method, and more approximate approaches. In particular it is noted that including 315 

the OH + glyoxal portion of the PES captures the temperature dependence of the prompt 316 

HC(O)C(O) decomposition which a model using HC(O)C(O) initialized with a prior distribution 317 

cannot do.  The temperature dependence observed with the full model includes a thermal 318 

component to the initial HC(O)C(O) energy. 319 

There remain two particular areas of uncertainty in the glyoxal + OH + O2 system, which 320 

warrant further investigation: firstly, the value of the m parameter, which was fixed at 0.256 during 321 

the main fitting, suggests that effective density of states of the HC(O)C(O) fragment, is 322 

considerably less than the might be expected on simple statistical grounds, and further suggests 323 
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that not all glyoxal molecular degrees of freedom participate in the  R1. Some speculative 324 

rationalization can be drawn from considering the degrees of freedom of the HC(O)C(O): an 325 

approximate classical model of 9 vibrational modes, 3 rotational modes and 3 translational modes 326 

would yield a density of states ߩሺ݆ܧሻ ן  ͳͳ if however all the vibrational modes are assumed not 327ܧ

to contribute, the effective density of states would be ߩሺ݆ܧሻ ן  giving a value of m of 0.182. The 328 ʹܧ

discrepancy between the values of 0.182 and 0.256 suggests that there is either some vibrational 329 

contribution or perhaps that the rotations cannot be treated as free. While this speculation might 330 

seem reasonable, given the short length of time of a reactive collision, it remains difficult to predict 331 

a priori what the value of m should be, and it is clear that detailed dynamical calculations are 332 

required in order investigate the general form of the product energy distribution (ܳ൫ܧ௝หܧ௜൯ of Eq. 333 

(11)) of HC(O)C(O) emerging from R1. For the purposes of this work, it suffices to acknowledge 334 

the additional level of detail that can be obtained by treating extended mechanisms fully reversibly 335 

in a single master equation, since such thermal effects would be missed if the HC(O)C(O) were 336 

simply initialized with a prior distribution of energies. 337 

The other main source of uncertainty surrounds the HC(O)C(O) + O2 process. Comparison 338 

with similar systems would suggest that this process is barrierless and it is likely that the barrier 339 

observed in electronic structure theory calculations is an artifact due to limitations in the level of 340 

theory used. However the ILT results show that this reaction has a low A factor of 1.69×10-12  341 

molecule-1 cm3 s-1, and while such a low value is not completely unprecedented, [38] this process 342 

certainly warrants more detailed consideration in the form of multi-faceted, variational 343 

calculations of the association rate coefficient.344 
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Supporting Information. An example MESMER input file including all energetic and ro-345 

vibrational data for the current system is available in the supporting information. In addition the 346 

supporting information shows the structures of each stationary point on the PES. This material is 347 

available free of charge via the Internet at doi……. 348 
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