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In 1922, Lindemann proposed the now-well-known mechanism for pressure-dependent rate constants for 

unimolecular reactions: reactant molecules with sufficiently high energies dissociate more quickly than 

collisions can reestablish the Boltzmann distribution of the internal energies of the molecule during its 

dissociation at low pressures – yielding pressure-dependent rate constants for unimolecular reactions due 

to the preferential depletion of the high energy states capable of dissociation.  In the last century, 

incredible progress has been made in achieving a far greater understanding of and quantitative 

predictions for unimolecular and association reactions.  In the modern era, pressure-dependent 

phenomenological rate constants are now nearly universally used to describe the rates of unimolecular 

and associative reactions in phenomenological kinetic modeling.  However, there is a second, more 

indirect, implication of Lindemann’s mechanism that relates to how these dissociation-induced non-

equilibrium distributions impact bimolecular reactions, including non-associative bimolecular reactions – 

which are generally not considered to have pressure-dependent rate constants.  Yet, as we show herein, 

the same high energy states depleted due to dissociation would otherwise react most rapidly in high-

activation-energy bimolecular reactions – yielding a mechanism for pressure-dependent rate constants 

for bimolecular reactions (including non-associative reactions).  Here, we present results from a case study 

for CH2O dissociation, isomerization, and bimolecular reaction with O2 to explore this question.  Results 

from our master equation calculations indicate that the effect of dissociation-induced non-equilibrium 

distributions on bimolecular reactions can be substantial – even when chemical timescales are well 

separated from internal energy relaxational timescales (i.e. when the traditional rate constant description 

would be thought to apply).  This effect is found to be more pronounced – and more complex – for 

bimolecular reactions involving molecular entities whose chemical timescales are merged with the 

internal energy relaxational timescales.  Finally, we present some ideas for discussion regarding what 

should be considered as “chemical species” in phenomenological kinetic models.

Introduction

Exactly 100 years ago at this very meeting, Lindemann made his seminal explanation for the observed 

pressure dependence of “unimolecular” reactions (i.e. those involving only one reactant engaging in bond 

transformations).1  Using dissociation reactions as an example, he suggested that high-energy reactant 

molecules with sufficiently short lifetimes (relative to collision times) dissociate more quickly than it takes 

for collisions to reestablish the Boltzmann distribution of the internal energies of the molecule.  Therefore, 

at low pressures with low collision frequencies, dissociation would preferentially deplete the population 

of the very energy states capable of reacting.  By contrast, at high pressures, collisions may be sufficiently 

rapid relative to the microcanonical dissociation rate that the Boltzmann distribution is established for 

the reactant.  The implication of this effect would of course be that the reaction rate could be independent 

of pressure at sufficiently high pressures but be dependent on pressure at sufficiently low pressures.  
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Specifically, the preferential depletion of reactive states due to dissociation would yield a lower rate 

constant for dissociation at lower pressures.

In the century that followed, an uncountably many studies (e.g. 2-17
 and references therein) have 

established an impressive understanding – both qualitative and quantitative – of the manifestation of this 

competition among reactive and energy-transferring processes on the chemical evolution.  In this regard, 

the master equation, which describes the temporal evolution of reactants on a microcanonical level, has 

elucidated the connection between these microscopic reactive and energy-transferring processes and the 

emergent (phenomenological) evolution of chemical species, including for reaction systems involving n 

potential energy wells.  That is, under conditions where phenomenological rate constants exist, there are 

n slowly varying modes that describe the phenomenological chemical evolution of the n chemical species.  

The validity of this interpretation – and the phenomenological  rate constant description itself – hinges on 

the commonly encountered separation of timescales for these chemical eigenmodes and those 

corresponding to internal energy relaxation.5-8,11,14

In such instances, the magnitudes of the eigenvalues (i.e. rates) of the internal energy relaxational 

eigenmodes (IEREs) are much larger than those for the chemically significant eigenmodes (CSEs).  Then, 

provided that the reactants are not formed with very high energies, the vast majority of chemical reaction 

occurs after this internal energy relaxation period has ended.   And so, the chemical evolution can be 

described by phenomenological rate constants for reactions among the n chemical species.  Here, it is 

worth emphasizing that the non-equilibrium distributions describing the chemically significant 

eigenmodes and their eigenvalues – which influence phenomenological reaction rate constants – depend 

on the rates of reactive and energy-transferring processes, which in turn depend on the temperature (T) 

and, via the dependence of the energy-transfer rate, the pressure (P) and the composition of surrounding 

gas (X).10,17-19  Nowadays, T/P/X-dependent phenomenological rate constants are nearly universally used 

to describe the rates of unimolecular and associative reactions in phenomenological kinetic modeling that 

describes the evolution of chemical species.

In the past few decades, a growing number of studies have then been devoted to situations where 

significant chemical reaction occurs on relaxational timescales.  As alluded in the above paragraph, when 

reactants are formed from one potential energy surface with very high energies, they can react in 

subsequent potential energy surfaces on timescales comparable to energy relaxation (which is what is 

generally meant by the modern usage of the phrases “non-equilibrium,” “non-thermal,” or “non-

Boltzmann”).  For example, one or more of the bimolecular products formed from exothermic abstraction 

reactions can be formed with sufficiently high energy that they undergo prompt dissociation, 

isomerization, and/or bimolecular reaction prior to internal energy relaxation.20-24  Weakly bound radicals, 

which often have Boltzmann distributions with significant populations of energy states above the 

dissociation threshold, are recognized to be especially prone to such effects.21,24,25  Furthermore, the 

complexes formed from association of two species can be formed with sufficiently high energy that they 

undergo rapid bimolecular reaction with a third species prior to their dissociation or stabilization,26-35 

yielding chemically termolecular reactions involving three reactants engaged in the bond 

transformations.31  In both of such instances, significant reactions across multiple potential energy 

surfaces occur on timescales that are comparable to internal energy relaxation, the manifestations of 

which continue to be the subject of considerable attention.
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Additionally, under high temperatures and/or low pressures, one or more chemical reactions can be 

sufficiently rapid that the number of slowly evolving CSEs is less than the number of isomers, thereby 

“reducing” the number of distinct chemical species.14,16,37  These chemical reactions, which describe the 

conversion of a reactant to another isomer and/or bimolecular products, are then said to “merge” with 

the quasi-continuum of IEREs (which are not resolved in phenomenological kinetics).  How best to cope 

with this reduction in the number of chemical species is still recognized to be an important open 

question,38 especially given that certain chemical species only exist over limited thermodynamic 

conditions and have distinct reactivity from its isomers.37-40  For example, QOOH ceases to exist as a 

distinct chemical species under the conditions of interest to low-temperature combustion where its 

reactivity with O2 plays an indispensable role.30,38,39  Current treatments of such cases that include those 

molecular entities among the species in a phenomenological kinetic model are often premised on one of 

the isomers being maintained in partial equilibrium with another species and/or having rate constants 

that are extrapolated from conditions where they exist to conditions where they do not.

In this paper, we return to a second, more indirect, implication of the dissociation-induced non-

equilibrium inherent to the Lindemann mechanism for unimolecular reactions – even in situations where 

insignificant reaction occurs on relaxational timescales and where the traditional phenomenological 

description is thought to apply.  For context, at present, the dissociation-induced non-equilibrium of the 

reactants is generally only reflected in the T/P/X-dependent phenomenological rate constants for 

unimolecular and associative reactions in phenomenological kinetic modeling that describes the evolution 

of chemical species – which are otherwise considered to be thermal.  However, this same dissociation-

induced non-equilibrium of reactants is not generally considered for bimolecular reactions, including non-

associative bimolecular reactions, which (aside from the formation of any inconsequential intermediate 

complexes that do not live long enough to undergo collisions) otherwise occur in a single step and are 

treated with a rate constant that depends only on temperature (T) – i.e. they are not considered pressure-

dependent.

However, beyond the first (direct) implication on unimolecular and associative reactions, we note herein 

that this same dissociation-induced non-equilibrium also implies that the high energy states responsible 

for more rapid bimolecular reactions over a barrier are likely preferentially depleted by dissociation – 

including under circumstances where the conventional rate description is generally thought to apply.  We 

therefore pose the question: what effect would this dissociation-induced non-equilibrium have on the 

phenomenological rate constants of bimolecular reactions?

Here, we present an initial exploration of this question for a reaction system involving unimolecular 

reactions on a CH2O potential energy surface and bimolecular reactions of CH2O and its isomers with O2 

(Fig. 1).  For example, as illustrated in Fig. 2, dissociation of CH2O leads to preferential depletion of the 

high energy states of CH2O in the slowest CSE (the quasi-steady state distribution at the conditions of Fig. 

2) below their fractions in the Boltzmann distribution.  Those same (depleted) high energy CH2O molecules 

would otherwise react more quickly with O2 to yield products PCH2O+O2 (with a ~40 kcal/mol barrier) than 

the lower energy CH2O molecules.  Consequently, the phenomenological rate constant for CH2O + O2 � 

PCH2O+O2 is lower than the thermal rate constant.  Results from our master equation calculations indicate 

that the effect of dissociation-induced non-equilibrium on bimolecular reactions can be substantial – even 

in situations where the bimolecular reaction with O2 is the dominant consumption pathway and where 

the values of the usual metrics for assessing the validity of the phenomenological rate constant 

description would not be thought to cause significant issues.
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For example, we find deviations in the phenomenological rate constant for CH2O + O2 � PCH2O+O2 at 1 atm 

from the thermal rate constant of ~40% at conditions where the chemically significant eigenvalue is 100 

times lower than the second largest eigenvalue and when the prompt dissociation fraction is less than 1%.  

Still, even with a prompt dissociation fraction of only 1%, this preferentially depleted tail of the energy 

distribution is responsible for reducing the rates of (high-activation-energy) bimolecular reactions in the 

same way it does for unimolecular reactions.  These deviations are found to increase substantially with 

increasing temperature, where the prompt dissociation fractions become more significant (which is 

common for species at combustion temperatures) but the eigenvalues are still separated by an order of 

magnitude.  Even still, when there remains a clear separation of the eigenvalues, high prompt reaction 

fractions are not thought to be immediately problematic15 (provided that prompt reactions during the 

internal energy relaxational period following its formation are appropriately considered).  However, we 

find deviations in the phenomenological rate constant for CH2O + O2 � PCH2O+O2 at 1 atm from the thermal 

rate constant at such conditions of a factor of three.

While the above paragraph focuses on the impact of preferential depletion on bimolecular reactions 

involving CH2O, which would generally be thought to exist as a chemical species over the full set of 

conditions explored, we find still more profound (and multifaceted) impact for the bimolecular reactions 

involving t-HCOH and c-HCOH, whose timescales merge with the internal energy relaxational ones around 

~2000 K and cease to exist as chemical species.  While the reactions of t-HCOH and c-HCOH with O2 do 

not depend as strongly on the reactant internal energy, our results indicate that rate constants calculated 

according to usual methods for treating the bimolecular reactivity of molecular entities that do not exist 

as chemical species – which assume that they are in chemical equilibrium with other isomers and engage 

in thermal bimolecular reactions – are in error by two orders of magnitude.

Below, we describe our master equation methodology for simulating the unimolecular reactions, 

bimolecular reactions, and energy-transferring processes of the CH2O/t-HCOH/c-HCOH + M/O2 reaction 

system.  We then present results from these calculations for the (1) semi-microcanonical rate constants 

for CH2O + O2 � PCH2O+O2 as a function of the internal energy of CH2O and temperature, (2) eigenvalues 

and eigenvectors directly from diagonalization of the master equation transition matrix to understand the 

nature of the slowest eigenmodes and their relationships to chemical evolution, (3) prompt reaction 

fractions of CH2O, t-HCOH, and c-HCOH, and (4) phenomenological  rate constants for the reactions among 

the various considered chemical species and the relationship between their phenomenological rate 

constants (collectively) with the thermal rate constants that would be calculated via canonical transition 

state theory.

Methodology

The time evolution of the populations of each isomer, i (with i = CH2O, t-HCOH, and c-HCOH), on a 

discretized domain of rovibrational energy, E, as they undergo unimolecular dissociation reactions, 

unimolecular isomerization reactions, bimolecular reactions with O2, and collisional energy transfer with 

the surrounding bath gas and/or are formed from bimolecular association reactions, is described by a 

single master equation using an overall methodology similar to our previous work.34  Following a 

nomenclature similar to Georgievskii et al.,16 the time evolution of the population of each isomer i  at each 

energy E, , can be described by������	
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(1)

where  is the collision rate of isomer i with the bath gas at temperature T;  is the �(�) ���������	
probability of a collision inducing a transition from i with energy E� to i with rovibrational energy E;  ����(�)

is the rate constant for isomerization from j with energy E to i and vice versa for ,  ����(�) �� + C(�)�'����	
is the rate constant for isomer i with energy E reacting with each reactive species  to form product , C(�)

(where  O2 and  = PCH2O+O2, Pt-HCOH+O2, and Pc-HCOH+O2 here),  is the concentration of each reactive C(�) = � �(��	
species ,  is the rate constant for dissociation of i with energy E to each pair of bimolecular C(�) ������	
species � (where � = H + HCO, H2 + CO here),  is the rate constant for association of A(�) + B(�) for ����(�)

each bimolecular pair � to form isomer i with energy E,  and  are the concentrations of the � �A(�) �B(�)

bimolecular species A(�) + B(�),  is the density of states for A(�) + B(�),  is the Boltzmann constant,  �(�) �%
and  is the partition function for A(�) + B(�).  All bimolecular reactants, A(�) and B(��, and reactive collider &���	
species  are assumed to be thermally distributed and vary sufficiently slowly relative to internal-energy C(�)

relaxation to be considered constant.  The equation written above also treats the bimolecular reaction of 

i with  as irreversible, which is appropriate for the abstraction reactions considered here (and can be C(�)

applied more generally – albeit approximately – through rate constants that consider only the forward 

direction30,34,36).

For all terms on the right-hand side of Eq. (1) except for the terms describing bimolecular reactions with  

, the present calculations make use of a previous characterization of unimolecular CH2O/t-HCOH/c-C(�)

HCOH kinetics, whose potential energy surface is included as part of Fig. 1, and energy transfer from 

Klippenstein.41  This treatment is based on high-level coupled-cluster-based transition state theory for the 

saddle points describing decomposition to H2 + CO and isomerization among CH2O, t-HCOH, and c-HCOH 

with tunneling corrections using the Eckart model.  This treatment also employs multi-reference-based 

variable-reaction-coordinate transition state theory for the barrierless dissociation to H + HCO and 

associated long-range interactions that also result in roaming to H2 + CO.  Finally, this characterization also 

uses the Lennard-Jones model for  and a biexponential down model for , with �(�) ���������	
parameters fitted to experimental data, to represent the collisional energy transfer function.  Indeed, our 

master equation calculations using this characterization confirm that the resulting rate constants and 

branching ratios for CH2O dissociation are in reasonable consistency with high-temperature experimental 

determinations from shock tube measurements near ~2500 K and ~1.6 atm.42

We then assemble a single master equation that includes both this treatment of the unimolecular kinetics 

and energy transfer and a treatment of the bimolecular reactions of i = CH2O, t-HCOH, and c-HCOH with 

 = O2 via reaction channels with pseudo-first-order rates given by , where C(�) �� + C(�)������	�C��	 �� + C(�)��

 is a function of the rovibrational energy E of the isomer i and the temperature T (characteristic of ����	
the  co-reactant and the relative translation between i and ).C(�) C(�)
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For reaction of i = CH2O with  = O2, which is known to proceed via a transition state with a barrier of C(�)

~40 kcal/mol and exhibits a strong temperature dependence,42 the energy dependence of  �� + C(�)������	
would be expected to be significant (and would consequently result in pressure-dependent rate constants 

for CH2O + O2 � PCH2O+O2).  Dynamics calculations, such as the classical trajectory calculations of Jasper et 

al.,33 would provide the most accurate treatment of the effect of internal energy on the rate constant.  On 

the other hand, statistical estimates, which make assumptions about how each mode contributes to the 

reaction coordinate, can be used to provide more affordable approximations.  For example, Jasper et al.33 

compared the results for CH4* + X (X = H, OH, O, O2) from their trajectory calculations to statistical 

estimates based on their effective temperature model.  They found that their effective temperature 

model reproduced their trajectory calculations within a factor of 2-3 for internal energies above 50 

kcal/mol (where the rate constants are on the order of 10-11 cm3 molec-1 s-1 or more) and suggest that 

nonstatistical effects are small at such high energies and temperatures due to the rapid energy 

redistributions across various modes during reaction and large excess energy above the barrier.

The present calculations for CH2O* + X employ the semi-microcanonical approach of Maranzana et al.26 – 

an alternative statistical approach that makes similar assumptions but reproduces the thermal rate 

constants exactly for a thermal distribution of internal energy in i, i.e. for . Our �CH2O(�) = �(0)
CH2O����	

calculations shown in Fig. S1 of the Electronic Supporting Information show that this statistical approach 

agrees similarly well with the dynamics calculations of Jasper et al.33 (within a factor of 2-3 above 50 

kcal/mol).  Consequently, the combination of exactly reproducing the thermal rate constants for thermally 

distributed reactants and reasonably approximating the energy dependence of  make it a �� + C(�)������	
suitable approach for the present purpose of calculating the deviation of rate constants from the thermal 

case due to dissociation-induced depletion of states with internal energies above ~80 kcal/mol (where the 

predicted rate constants are on the order of 10-11 cm3 molec-1 s-1 or more, cf. Fig. 3).

Within the semi-microcanonical approach, is calculated according to�� + C(�)������	 

(2)�� + C(�)��(���) = ��� + C(�)��(����)�(0)
C(�) + tr(����)���

where  is the rate constant for  for given rovibrational energy E of i and energy �� + C(�)��(����) � + C(�)��
E’ in the rovibrational modes of  and relative translation between i and  combined; C(�) C(�) �(0)

C(�) + tr(��) =

 is the Boltzmann distribution for the rovibrational modes of  and  C(�) + tr(��)exp ( � ��/�%�	$&C(�) + tr C(�)

relative translation between i and  combined and  and  are, respectively, the C(�)  C(�) + tr(��) &C(�) + tr

density of states and partition function for the same with

(3) C(�) + tr(��) = � C(�)(/) tr(��� /)�/

being the convolution of the density of states of the internal modes of , , and the relative C(�)  C(�)

translation between i and , .  For , the semi-microcanonical approach26 assumes that C(�)  tr �� + C(�)��(����)
 is a function of only the total energy contained in the internal modes of i, �� + C(�)��(����) 0 �� + C(�)��(���)

the internal modes of , and their relative translation, , withC(�) ��� = � + ��

(4)�� + C(�)��(���) =
1

2

3#
� + C(�)��(���)

 � + C(�)(���)

where h is Planck’s constant and  is the density of states for  (including the internal modes  � + C(�) � + C(�)

of i and  and their relative translation).  As mentioned above,  calculated using this C(�) �� + C(�)��(���)
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approach exactly reproduces the thermal rate constant, , if the energy distribution of i is �� + C(�)��(�)

taken to be the Boltzmann distribution, , at the same temperature T.  Indeed, the thermal rate �(0)
� (���)

constants (corresponding to the high-pressure, low-O2 limit) calculated using our master equation model 

were confirmed to be the same as those predicted by canonical transition state theory for the thermal 

rate constants.

For the reaction of HCOH with O2, which our limited electronic structure theory calculations suggest 

occurs with little to no barrier and therefore exhibits only modest temperature dependence, kt-

HCOH(+O2)(E,T) and kc-HCOH(+O2)(E,T) are simply taken to be an energy- and temperature-independent value of 

10-11 cm3 molec-1 s-1, which is representative of values from rough theoretical kinetics calculations.

Altogether, the master equation presented in Eq. (1) can then be expressed in vector form (following 

Georgievskii et al.16)

(5)

|�6

� = � 7|�6 + �

��A(�)�B(�)/&�|'��	6

where  is the kinetic relaxation operator, consisting of the collisional relaxation operator  and 7 =  + 8 
chemical reaction operator  describing isomerization, dissociation, and bimolecular reaction with ; 8 C(�)

and the last term describes the population gain from the association of the vth bimolecular species pair 

with

(6)'(�)
� ��	 = ����(�) �(�)exp ( � �$�%�	

Under the following scalar product of any two state vectors  and  as|96 |�6

(7):9;�6 = �
��9���	����	$�

(0)
� ��	��

the kinetic relaxation operator  is self-adjoint7

(8):�;7;96 = :9;7;�6

as a result of microscopic detailed balance, such that  has a complete set of orthogonal eigenvectors  7 |<6
with associated eigenvalues ��.16 

Calculations using a discretized version of this master equation (Eq. 1) for specified T, P, and nO2 (or XO2 = 

nO2/ntot) are then performed using the PAPR-MESS code16 (where the reactions of t-HCOH and c-HCOH 

with O2 are included via the “Escape” method with a constant pseudo-first-order rate and the reaction of 

CH2O with O2, which has a complex energy dependence, is included via a fictitious product channel with 

an effective number of states chosen to produce the energy-dependent pseudo-first-order rates).  Results 

are shown below for temperatures from 1000 to 5000 K, a pressure of 1 atm (where there is strong 

preferential depletion of CH2O, t-HCOH, and c-HCOH above the dissociation threshold), and for two 

different O2 mole fractions, XO2 = 10-7 and 0.209, to show behavior representative of the low-O2 limit 

(where reaction with O2 is not fast enough to perturb the eigenvectors and eigenvalues34,43 from the XO2 

= 0 case) and representative of the O2 mole fraction in air, respectively.  

Results and Discussion
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The eigenvalues and eigenvectors, directly obtained by diagonalization of the master equation transition 

matrix, are presented in Figs. 4-7 to illustrate the key features of the system evolution and, more 

specifically, to understand the nature of the slowest eigenmodes and their relationships to chemical 

evolution to provide a context for interpreting the phenomenological descriptions (which are presented 

thereafter).

As indicated in Fig. 4, the three smallest eigenvalues (�1, �2, �3) for the three-well system generally 

increase with increasing temperature, eventually reaching a plateau nearly converged with the lower end 

of the IERE range at higher temperatures, though the smallest eigenvalue (�1) remains separated from 

the others by at least a factor of five at all temperatures.

At 1000 K, for XO2 = 10-7 (as shown in Fig. 5 and in the solid lines in Fig. 4), the three smallest eigenvalues 

(�1, �2, �3) for the three-well system remain separated from the fourth smallest eigenvalue (�4) by a 

factor of at least ~15.  As indicated in Fig. 6, the energy distributions of each isomer in each of these three 

eigenvectors (�1, �2, and �3) largely follow their respective Boltzmann distributions (if the latter are scaled 

to match the eigenvector amplitudes of that isomer in its ground state).  From inspection of Figs. 5-6, the 

�3 eigenmode appears to describe isomerization reactions that serve to (at least partially) equilibrate c-

HCOH with t-HCOH and CH2O; the �2 eigenmode appears to describe relatively slower isomerization 

reactions that serve to (at least partially) equilibrate c-HCOH and t-HCOH with CH2O; and the �1 eigenmode 

appears to describe the slowest dissociation of the (partially) equilibrated CH2O/t-HCOH/c-HCOH to 

bimolecular products.  Altogether, these results for 1000 K and XO2 = 10-7 are largely representative of 

what would be considered a normal situation, where the three smallest eigenvectors describe the 

chemical evolution of three chemical species on timescales much slower than internal energy relaxation 

(IEREs) and would therefore be considered chemically significant eigenvectors (CSEs).

At higher temperatures, �2 and �3 approach within a factor of two of �4 and each other around ~1500 to 

2000 K.  The energy distributions of each isomer in both �2 and �3 differ from their corresponding 

Boltzmann distributions and, in the case of CH2O, show both noticeably positive and negative amplitudes 

for a single isomer – characteristic of IERE modes.16  At these temperatures and higher, c-HCOH and t-

HCOH cease to be distinct chemical species.  There remains only one CSE (�1) that describes the chemical 

evolution of (partially) equilibrated CH2O/t-HCOH/c-HCOH, which predominantly consists of CH2O.

The eigenvalue for this slowest eigenmode, �1, remains more than 1000 times lower than the other 

eigenvalues at temperatures below ~2000 K, 100 times lower below ~3000 K, 10 times lower below 

~4500K, and 5 times lower below 5000 K.  This eigenmode, which would generally be thought to 

correspond to CH2O, would therefore be considered chemically significant and, likewise, CH2O would be 

considered to be a well-defined chemical species across most, if not all, of the considered temperatures.

As indicated by the dotted lines in Fig. 4 (corresponding to XO2 = 0.209), the magnitudes of �2 and �3 are 

substantially higher for higher O2 mole fractions, such as those present in air.  In fact, �2 and �3 are 

comparable to �4 across the whole temperature range for XO2 = 0.209, including 1000 K, where they are 

well separated for XO2 = 10-7.  Inspection of the eigenvectors for XO2 = 0.209 at 1000 K (not shown) reveals 

even non-thermal energy distributions in �3 and noticeably positive and negative amplitudes of CH2O in �3 

(characteristic of IEREs).  On the other hand, �1 is noticeably higher for XO2 = 0.209 than for XO2 = 10-7 

(indicating that reaction with O2 leads to faster disappearance of the partially equilibrated CH2O/t-

HCOH/c-HCOH) but still remains well separated from the other eigenvalues across most, if not all, 
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temperatures.  At discussed further below, the energy distribution of CH2O, the primary constituent of �1, 

in �1 for XO2 = 0.209 is nearly indistinguishable from its energy distribution for XO2 = 10-7.

Summarizing the above results, with �2 and �3 nearly merged with the IEREs for most temperatures and 

O2 mole fractions, c-HCOH and t-HCOH are not distinct chemical species for most temperatures and O2 

mole fractions. By contrast, �1 would be considered chemically significant and CH2O would be generally 

considered to exist as a chemical species across most, if not all, temperatures and O2 mole fractions.  

Therefore, for our present purposes, we will consider CH2O to be a representative “well-defined” chemical 

species and c-HCOH and t-HCOH to be representative of molecular entities that are not distinct chemical 

species in this present case study.  The results and discussion below therefore focus on �1 as the CSE of 

interest (and only existing CSE for most temperatures and O2 mole fractions).  Likewise, the results in Figs. 

8-11 apply a phenomenological description based in this one CSE such that the phenomenological 

reactions consist of unimolecular decomposition of the chemical species “CH2O”

CH2O � H2 + CO (R1)

CH2O � H + HCO (R2)

bimolecular-to-bimolecular reaction involving unimolecular decomposition of ephemeral CH2O 

complexes formed from H2 + CO

H2 + CO � H + HCO (R3)

bimolecular reactions involving CH2O/t-HCOH/c-HCOH reacting with O2

CH2O + O2 � PCH2O +O2 (R4)

CH2O + O2 � Pt-HCOH+O2 (R5)

CH2O + O2 � Pc-HCOH+O2 (R6)

chemically termolecular reactions involving bimolecular reactions of ephemeral CH2O/t-HCOH/c-HCOH 

complexes formed from H2 + CO

H2 + CO + O2 � PCH2O +O2 (R7)

H2 + CO + O2 � Pt-HCOH+O2 (R8)

H2 + CO + O2 � Pc-HCOH+O2 (R9)

chemically termolecular reactions involving bimolecular reactions of ephemeral CH2O/t-HCOH/c-HCOH 

complexes formed from H + HCO

H + HCO + O2 � PCH2O +O2 (R10)

H + HCO + O2 � Pt-HCOH+O2 (R11)

H + HCO + O2 � Pc-HCOH+O2 (R12)

(and the second-order rate constants for R4-R6 and third-order rate constants for R7-R12 are obtained by 

dividing the pseudo-first-order rate constants for R4-R6 and pseudo-second-order rate constants for R7-

R12 from the master equation by nO2). 
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While Fig. 6 indicates that the energy distributions of the main isomer, CH2O, in �1 (at most temperatures) 

are nearly thermal, it is of course important to note that the distributions are not exactly thermal.  After 

all, the origin of pressure dependence in rate constants for unimolecular dissociation reactions is the 

preferential depletion induced by the dissociation itself.  As indicated by Fig. 7, which compares the energy 

distributions of �1 (solid lines) and scaled Boltzmann distributions (dotted lines) for each isomer on a 

logarithmic scale, the energy distribution of CH2O in �1 closely follows the Boltzmann distribution at low 

energies but is preferentially depleted at energies above the dissociation barriers (and even at energies 

somewhat below the dissociation barriers, attributable to both tunneling and weak collision effects).  At 

lower temperatures where the Boltzmann distributions are concentrated at lower energies, the bulk of 

the energy distribution of CH2O in �1 is relatively similar to the Boltzmann distribution for CH2O.  Indeed, 

as indicated in Fig. 8, the fraction of CH2O that would promptly dissociate (or react with O2) if initially 

formed in a Boltzmann distribution is less than 1% below 3000 K.  At higher temperatures where the 

Boltzmann distributions have high populations at energies near and above the dissociation barriers, the 

energy distribution of CH2O in �1 substantially differs from the Boltzmann distribution for CH2O.  Indeed, 

the prompt reaction fractions increase with temperature – reaching 20-25% at 5000 K.  Even still, such 

high prompt reaction fractions would not usually be considered in itself problematic15 (provided that 

prompt reactions during the internal energy relaxational period following its formation are appropriately 

considered), given that �1 is still at least somewhat separated from �2 (in fact, with �2/�1 greater than 

10 below ~4500 K). 

For t-HCOH and c-HCOH, which would not be considered distinct chemical species at most conditions 

here, the situation is obviously more complicated.  In fact, as discussed in the Introduction, it remains an 

open question38 about how to treat molecular entities which do not exist as chemical species but have 

distinct bimolecular reactivity from their isomers that do exist as chemical species.  Available methods for 

treating the reactivity of such molecular entities usually involve considering the molecular entity among 

the chemical species in the phenomenological model, thermally equilibrated, and using rate constants 

extrapolated from conditions where it does exist as a chemical species and/or taken to be chemically 

equilibrated with the remaining isomer(s)39 (though we note that this is not necessary if one is interested 

in only regimes where the entities do not exist as chemical species30,36,44).  Assuming that t-HCOH and c-

HCOH are present in thermal distributions and in chemical equilibrium with CH2O would implicitly yield 

effective thermal rate constants for R5 and R6, k5,t,eff(T) and k6,t,eff(T), that are the product of the 

equilibrium constants for

CH2O � t-HCOH (R13)

CH2O � c-HCOH (R14)

and the thermal rate constants for

t-HCOH + O2 � Pt-HCOH+O2 (R15)

c-HCOH + O2 � Pc-HCOH+O2 (R16)

such that k5,t,eff(T) = Keq,13(T)k15,t(T) and k6,t,eff(T) = Keq,14(T)k16,t(T).

However, the results shown in Fig. 7 – which compare the energy-resolved amplitudes of t-HCOH and c-

HCOH in �1 with their corresponding Boltzmann distributions scaled according to their relative proportions 

to CH2O at chemical equilibrium – indicate two main problems with such a treatment.  First, since their 
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Boltzmann distributions are concentrated at even higher energies relative to their ground states than 

CH2O, t-HCOH and c-HCOH show even stronger dissociation-induced non-equilibrium energy distributions 

than CH2O.  Second, while the higher order eigenmodes serve to partially equilibrate t-HCOH and c-HCOH 

with CH2O, they also contribute to dissociation – such that the �1 eigenmode does not simply consist of 

chemically equilibrated CH2O, t-HCOH, and c-HCOH.  As depicted in Fig. 7, the proportions of t-HCOH and 

c-HCOH relative to CH2O in �1 are lower than their respective chemically equilibrated fractions, and to an 

increasing extent with increasing temperature.  Both of these attributes of t-HCOH and c-HCOH are 

reflected in their fractions of prompt dissociation and reaction with O2 in Fig. 8 (where the remaining 

fraction corresponds to prompt isomerization to CH2O according to their relative proportions in �1).  In 

fact, the fraction of t-HCOH and c-HCOH that promptly isomerizes to CH2O (or, alternatively, is projected 

onto �1) also corresponds to the ratio of the proportions of t-HCOH and c-HCOH per CH2O in �1 to their 

proportions per CH2O at chemical equilibrium.

For all isomers, including the generally “well-defined” CH2O, the dissociation-induced non-equilibrium 

may be expected to impact the phenomenological rate constants for bimolecular reaction (particularly for 

bimolecular reactions with an energy barrier where the preferentially-depleted higher-energy states 

would have faster rates of bimolecular reaction, cf. Fig. 2-3).  To address this question, Fig. 9 compares 

the phenomenological rate constant, k4(T,P,XO2), for CH2O + O2 = PCH2O+O2 (R4) at 1 atm and XO2 = 10-7 and 

0.209 to the corresponding thermal rate constant, k4,t(T); Fig. 9 also compares the phenomenological rate 

constants, k5(T,P,XO2) and k6(T,P,XO2), for CH2O + O2 = Pt-HCOH+O2 (R5) and CH2O + O2 = Pc-HCOH+O2 (R6) to their 

corresponding effective thermal rate constants, k5,t,eff(T) and k6,t,eff(T).  As the results show, the impact of 

dissociation-induced non-equilibrium on the bimolecular reaction rate constants, which are generally not 

considered to depend on pressure, can be substantial – even for “well-defined” chemical species like 

CH2O.  Specifically, the phenomenological rate constants at 1 atm fall below the thermal rate constants 

increasingly with increasing temperature.  The rate constant for R4 (proceeding directly from the “well-

defined” species CH2O) at 1 atm is 40% lower than the thermal rate constant at 3000 K, where the prompt 

reaction fraction is less than 1% and �1 is 100 times lower than �2.  The phenomenological rate constant 

for R4 at 1 atm is nearly 3 times lower than the thermal rate constant at ~4500 K, where the CH2O prompt 

reaction fraction is large but �1 is still 10 times lower than �2.  This substantially higher reduction of the 

bimolecular reaction than the prompt reaction fraction is attributable to the fact that the preferentially 

depleted high energy states would otherwise react more rapidly in high-activation-energy bimolecular 

reactions like R4.

The phenomenological rate constants for R5 and R6 (proceeding via t-HCOH and c-HCOH, which are not 

distinct chemical species) are, in general, lower than the effective thermal rate constants (which assume 

both thermal and chemical equilibrium among the isomers) by an even larger amount – the reduction 

reaches two orders of magnitude for high temperatures and/or high O2 mole fractions.  Given that t-HCOH 

+ O2 and c-HCOH + O2 are considered to have energy-independent rate constants in the present 

calculations, the reduction in the rate constants for R5 and R6 directly corresponds to the ratio of their 

proportions per CH2O in �1 relative to their proportions  per CH2O at chemical equilibrium (or, 

alternatively, their prompt isomerization fractions to CH2O).  (If instead t-HCOH + O2 and c-HCOH + O2 had 

a higher activation energy, the reduction could be much larger.)

While the dissociation-induced falloff of these bimolecular reactions is substantial, one might wonder 

whether these bimolecular reactions might simply be insignificant relative to dissociation anyway, so as 

to be of negligible importance.  After all, bimolecular reactions with higher barriers (and bimolecular 
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reactions involving higher energy isomers) would tend to be more strongly affected by the dissociation-

induced non-equilibrium but would also occur at smaller rates such that they would be relatively less 

important to overall reactant consumption.  On the contrary, the results in Fig. 10 indicate that R4 is the 

dominant consumption pathway for 1 atm and XO2 = 0.209 across all temperatures, including those where 

the phenomenological rate constant for R4 substantially differs from the thermal rate constant.  

Consequently, even bimolecular reactions with higher relative activation energies, for which the 

dissociation-induced falloff would be more pronounced, may still be competitive with dissociation.  

Furthermore, while the effective thermal rate constants for R5 and R6 would imply they would comprise 

1-2% of the overall CH2O consumption, their phenomenological rate constants at 1 atm indicate that they 

instead comprise a negligible fraction of overall CH2O consumption – such that pressure dependence of 

R5 and R6 influences even their qualitative role.

Finally, it is worth pointing out that, while dissociation induces preferential depletion of the high energy 

states during dissociation to bimolecular fragments, those high energy states will be populated by 

bimolecular association reactions when those bimolecular fragments are both present.  Those higher 

energy states can react with O2 – phenomenologically yielding chemically termolecular reactions.  At 

chemical equilibrium, the reactions of the higher energy complexes with O2 (corresponding to chemically 

termolecular reactions) serve to fill the void in the CSE responsible for the reduced rate constants for 

bimolecular reactions of CH2O with O2.  To illustrate this, Fig. 11 compares the thermal rate constants for 

CH2O + O2 with the phenomenological rate constants for CH2O + O2; the rate constants of the chemically 

termolecular reactions, H2 + CO + O2 and H + HCO + O2, times the rate constants for CH2O � H2 + CO or H 

+ HCO divided by the rate constants for H2 + CO or H + HCO � CH2O (representing the chemically 

termolecular reaction contributions at equilibrium); and their sum.  The results indicate that the 

chemically termolecular reaction contributions are much smaller than the bimolecular reaction 

contributions for the cases where the reduction of the phenomenological rate constant for the 

bimolecular reaction from the thermal rate constant is small.  On the contrary, the chemically 

termolecular reaction contributions are comparable to or larger than the bimolecular contributions when 

the reduction of the phenomenological rate constant for the bimolecular reaction  from the thermal rate 

constant is substantial.  In fact, the combined contributions of the bimolecular reaction and the chemically 

termolecular reactions at chemical equilibrium, also indicated in Fig. 11, is equal to the thermal rate 

constants for the reaction of each isomer with O2 within a factor corresponding to the prompt reaction 

fraction (and the so-called non-equilibrium factor,24 fne). For context, the rate constants for dissociation 

(k1 and k2) and those for the reverse bimolecular association reactions (k-1 and k-2) from MESS differ from 

the equilibrium constant relation by this same factor, which is a common occurrence for 

phenomenological interpretations that effectively consider the CSE in a non-conservative, one-well ME to 

be the chemical species,15 as is implemented in MESS.16)  Summarizing the above discussion, chemically 

termolecular reactions, similar to well-skipping bimolecular reactions, proceed through the non-

equilibrated states that are missing from the CSE (and, within the formalism of Georgievskii et al.,16 belong 

in essence to the relaxational subspace) and therefore make up for the difference between the 

bimolecular phenomenological rate constants at 1 atm and the thermal rate constants.

Returning now to the main question of the present study: are even non-associative bimolecular reactions, 

which are essentially universally considered pressure-independent, actually pressure-dependent due to 

the same origins of pressure dependence for unimolecular and association reactions?  The present results 

clearly indicate the answer is yes.
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In fact, this appears to be true even for bimolecular reactions involving molecular entities considered to 

be well-defined chemical species, for conditions where the chemical timescales are considered well 

separated from the relaxational timescales, and in situations where the bimolecular reactions are major 

pathways.

The next natural question is: what does that mean?  First of all, additional case studies of other 

prototypical reaction systems would be highly worthwhile – in order to determine how general such 

effects are and the system characteristics and thermodynamic conditions that are especially prone to such 

effects.  There is reason to believe that there may be a limited range of activation energies for the 

bimolecular reactions where the pressure dependence is significant and the bimolecular reaction is 

competitive with dissociation – at least when bimolecular reactants that are generally well-defined 

chemical species.    For bimolecular reactions involving reactants that are not well-defined chemical 

species, which appear likely to have much stronger deviation from the Boltzmann distributions, the 

situation is less clear.

More generally, since the time of Lindemann’s suggestion, the dissociation-induced preferential depletion 

of a dissociating reactant has been increasingly recognized and understood to have a profound impact on 

its dissociation rate constant.  The present results provide a compelling example of the importance of 

recognizing more generally that the molecular ensemble describing a dissociating reactant (i.e. the CSE) 

under low-dissociative-product conditions is not the thermal species that it is often thought to be in 

phenomenological kinetic models, which are largely interpreted as describing the evolution of thermal 

species.

In this regard, we wonder whether a still more general recognition of the imperfect alignment of the CSEs 

– describing the slow, phenomenologically resolved chemical evolution – and the thermal species of a 

specific isomer (or equilibrated isomer groups) would be worthwhile.  Specifically, it in some sense might 

be more appropriate to consider the CSEs to be the chemical species themselves and to be the quantities 

whose evolution is described in a phenomenological model.  That would imply, for example, in multi-well 

systems that each of the CSEs may each have their own bimolecular reactions calculated from the ME.  

Likewise, reactions that form a particular isomer would need to be projected onto the CSEs.  And 

determining a mole fraction of a particular isomer would require projecting the CSEs onto each isomer.  

While we put forward this notion for discussion, its implementation is obviously well beyond the scope of 

this paper.  Interestingly, a more limited, but similar, version of this idea for one-well systems has found 

some utility for describing the long-timescale evolution of shock-heated, weakly bound radicals at high 

temperatures.25 While it may at first glance seem unnecessarily complicated given all the required 

projections of individual isomers onto the CSEs, it is worth noting that many, if not all, of these steps 

generally take place anyway – simply in a different order – particularly for many commonly encountered 

non-equilibrium systems.

For example, the present study would imply that, at conditions where t-HCOH and c-HCOH are not distinct 

chemical species, any HCOH formed from other chemical reactions (e.g. CH3 + OH) would have to be 

projected onto the CSE to determine the fraction of prompt isomerization to CH2O and onto the IERE 

space to determine the fractions of prompt dissociation and prompt reaction with O2.  As per Fig. 8, the 

primary fate of HCOH would be prompt reaction at combustion temperatures or in any environment 

where O2 is appreciably present.  Therefore, any reaction like CH3 + OH forming HCOH could likely just be 

assumed to produce H + HCO and H2 + CO or consume O2 to produce HCOH + O2 products (which our 
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limited electronic structure calculations imply to be predominantly HCO + HO2) – with branching fractions 

that depend on the temperature, pressure, and O2 mole fraction.

Conclusions

One hundred years ago, Lindemann presented his seminal explanation of the pressure dependence of 

unimolecular reactions.  Namely, reactant molecules with sufficiently short lifetimes (relative to collision 

times) dissociate more quickly than it takes for collisions to reestablish the Boltzmann distribution of the 

internal energies of the molecule – yielding pressure-dependent rate constants for unimolecular reactions 

due to the non-equilibrium reactant energy distributions they induce at low pressures.  In the last century, 

incredible progress has been made in achieving a far greater understanding of and quantitative 

predictions for unimolecular and (their reverse) association reactions and, in the present day, pressure-

dependent phenomenological rate constants are now nearly universally used to describe the rates of 

unimolecular and associative reactions in phenomenological kinetic modeling that describes the evolution 

of chemical species.

However, the implications of the Lindemann mechanism for unimolecular reactions may yet be broader 

– the dissociation-induced non-equilibrium distributions can also impact bimolecular reactions, including 

non-associative bimolecular reactions, which are generally not considered to have pressure-dependent 

rate constants.  The results from our master equation calculations for the CH2O/t-HCOH/c-HCOH + M/O2 

system suggest that even the rate constants for non-associative bimolecular reactions depend on 

pressure.  Specifically, the rate constants for bimolecular reactions can be pressure dependent whenever 

at least one of its reactants is simultaneously undergoing unimolecular dissociation with pressure-

dependent rate constants.

In the present case study, we find that the phenomenological rate constants for bimolecular reactions at 

1 atm are significantly lower than the thermal rate constants – even in situations where the bimolecular 

reaction with O2 is the dominant consumption pathway and where the traditional rate constant 

description would not generally be suspected to have significant issues.  For example, the 

phenomenological rate constant for CH2O + O2 = PCH2O+O2 (R4) at 1 atm is 40% lower than the thermal rate 

constant at 3000 K, where the CH2O prompt reaction fraction is less than 1% and the chemically significant 

eigenvalue is over 100 times lower than the relaxational eigenvalues.  The rate constant for CH2O + O2 = 

PCH2O+O2 (R4) at 1 atm is nearly 3 times lower than the thermal rate constant at ~4500 K, where the CH2O 

prompt reaction fraction is large but the chemically significant eigenvalue is still 10 times lower than the 

relaxational ones (such that the traditional rate constant description would still not generally be 

considered problematic15).

The reactions CH2O + O2 = Pt-HCOH+O2 (R5) and CH2O + O2 = Pc-HCOH+O2 (R6) (involving bimolecular reactions of 

t-HCOH and c-HCOH, which are not distinct chemical species under most conditions) are even more 

strongly influenced by the dissociation-induced non-equilibrium.  Correspondingly, the phenomenological 

rate constants for R5 and R6 at 1 atm are two orders of magnitude lower than those that would be 

calculated according to many current treatments of the bimolecular reactivity of molecular entities that 

are not distinct chemical species.
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Altogether, while we present results for a specific reaction system and briefly discuss some of the 

potential implications, the generality and full implications of this notion are as of yet unclear, and it 

appears to be a worthwhile subject for future work.
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Figure 1. Potential energy surface for the unimolecular kinetics of CH2O (including its dissociation to 

bimolecular products and isomerization to t-HCOH and c-HCOH)41 and the bimolecular reactions of CH2O, 

t-HCOH, and c-HCOH with O2.  The energies are listed in units of kcal/mol.
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Figure 2. Illustration of the mechanism for pressure dependence in bimolecular reaction rate constants 

due to dissociation-induced non-equilibrium reactant energy distributions.  The red lines compare the 

semi-microcanonical rate constant for CH2O with rovibrational energy E reacting with O2 at 5000 K to yield 

product PCH2O+O2, labeled ; the phenomenological rate constant for CH2O + O2 to yield product �����	
PCH2O+O2 at 5000 K and 1 atm, ; the thermal (high-pressure-limit) rate constant for CH2O + O2 to yield �����	
product PCH2O+O2 at 5000 K, labeled .  The blue lines compare the energy distribution of CH2O in the �=��	
slowest chemically significant eigenvector at 1 atm and 5000 K, labeled ; and the Boltzmann �<0

CH2O
������	

distribution for CH2O at 5000 K, .  For reference, the energy thresholds for CH2O � H2 + CO �(0)
CH2O����	

and CH2O � H + HCO are indicated by the dotted lines, labeled  and .�H2 + CO �H + HCO
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Figure 3. Rate constant for CH2O with rovibrational energy E reacting with O2 at various temperatures (as 

indicated) as a function of E.  For reference, the energy thresholds for CH2O � H2 + CO and CH2O � H + 

HCO are indicated by the dotted lines.
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temperature for a pressure of 1 atm and O2 mole fractions of 10-7 (solid lines, representative of the low 

O2 limit) and 0.209 (dashed lines, representative of air).
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Figure 5. Ratios among the four smallest eigenvalues for the CH2O/t-HCOH/c-HCOH + M/O2 reaction vs. 

temperature for a pressure of 1 atm and O2 mole fraction of 10-7 (representative of the low O2 limit).
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Figure 6. The energy-resolved amplitudes (x-axis) of each isomer for the three eigenvectors with the smallest 

eigenvalues across varied temperatures, a pressure of 1 atm, and O2 mole fraction of 10-7 (representative of the low 

O2 limit) as a function of rovibrational energy (y-axis).  Solid lines indicate amplitudes of CH2O (red), t-HCOH (green), 

and c-HCOH (blue) in each eigenvector. Dotted lines indicate the corresponding Boltzmann distributions for each 

isomer scaled to match the amplitude of each isomer in the eigenvector at the lowest energy of each isomer,  , �,�
such that  is plotted.(�(<)

� (�,�)/�(0)
� (�,�))�(0)

� (�)
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Figure 7. The energy-resolved amplitudes (x-axis) of each isomer for the eigenvector with the smallest eigenvalue 

across varied temperatures for a pressure of 1 atm and (left) O2 mole fraction of 10-7 (representative of the low O2 

limit) and (right) O2 mole fraction of 0.209 (representative of air) as a function of rovibrational energy (y-axis).  Solid 

lines indicate amplitudes of CH2O (red), t-HCOH (green), and c-HCOH (blue) in each eigenvector. Dotted lines indicate 

the corresponding Boltzmann distributions for each isomer with different scalings than Fig. 6.  For CH2O, the 

Boltzmann populations are scaled to match the maximum amplitude of CH2O in the eigenvector, i.e. 

.  For i = t-HCOH and c-HCOH, the Boltzmann populations are scaled to (max [�(<)
CH2O(�)]/max [�(0)

CH2O(�)])�(0)
CH2O(�)

represent their values if they were in chemical equilibrium with CH2O, i.e. 

 and(max [�(<)
CH2O(�)]/max [�(0)

CH2O(�)]){(sum [�(0)
CH2O(�)]/sum [�(0)

� � HCOH(�)])8EF�1G}�(0)
� � HCOH(�)

, respectively.(max [�(<)
CH2O(�)]/max [�(0)

CH2O(�)]){(sum [�(0)
CH2O(�)]/sum [�(0)

I � HCOH(�)])8EF�1J}�(0)
I � HCOH(�)
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Figure 8. Fraction of CH2O, t-HCOH, and c-HCOH that would promptly dissociate or react with O2 if formed 

with rovibrational energies following the Boltzmann distribution as a function of temperature for a 

pressure of 1 atm and O2 mole fractions of 10-7 (solid lines) and 0.209 (dashed lines).
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Figure 10. Comparison of rate constants across various temperatures for a pressure of 1 atm and O2 mole 

fraction of 0.209 (representative of air): phenomenological rate constants, k(T,P,XO2) for CH2O to form H2 

+ CO (R1) and H + HCO (R2); pseudo-first-order phenomenological rate constants, k(T,P,XO2)nO2, for CH2O 

(+O2) to form PCH2O +O2 (R4), Pt-HCOH+O2 (R5), and Pc-HCOH+O2 (R6); and pseudo-first-order (effective) thermal 

rate constants, kt(T)nO2, for R4, R5, and R6.
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Figure 11. Comparison of rate constants across various temperatures for a pressure of 1 atm and O2 mole 

fraction of 10-7 (representative of the low O2 limit): (effective) thermal rate constants for CH2O + O2; 

phenomenological rate constants for CH2O + O2; and phenomenological rate constants for H2 + CO + O2 

and H + HCO + O2 times the ratio of the rate constants for R1 and R-1 and R2 and R-2, respectively 

(representing the contribution from chemically termolecular reactions when CH2O is equilibrated with its 

bimolecular fragments via R1 and R2); and the sum of bimolecular and chemically termolecular reaction 

contributions to CH2O + O2 at equilibrium.
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