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Abstract
Backside attack reactions, a type of bimolecular nucleophilic substitution, in solutions have attracted increasing attention from researchers. However, similar

reactions in the gas phase, especially in pyrolysis and combustion, have been scarcely reported. In this work, several bimolecular nucleophilic substitution-

style  reactions  of  ethylene  oxide  (EO)  and  methanol  (CH3OH)  are  proposed  and  incorporated  into  the  AramcoMech  3.0  mechanism.  By  comparing  the

experimental data from this study with values reported in the literature, the influence of these reactions on prediction of the combustion mechanism was

verified. The newly added reactions substantially improve the prediction for formaldehyde, one of the major species in EO pyrolysis. However, the overall

contribution of the backside attack reactions to EO pyrolysis is less. The laminar burning velocities (LBVs) of EO are predicted to decrease slightly when the

newly proposed reactions are included in the AramcoMech 3.0 mechanism. At the same time, the backside attack reactions resulted in a minor improvement

in the prediction of CH3OH's LBV under rich combustion conditions. Generally speaking, the newly proposed backside attack reactions play a non-negligible

role in the gas phase.
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 Introduction
In  1937,  Cowdrey  et  al.[1] proposed  the  reaction  mechanism

for  nucleophilic  substitution.  A  nucleophilic  substitution  reaction
occurs  when  a  nucleophile  bearing  a  negative  or  partial  negative
charge attacks a carbon atom carrying a positive or  partial  positive
charge,  thereby  causing  the  displacement  of  a  group  attached  to
the  carbon  atom.  Bimolecular  nucleophilic  substitution  (SN2),  as  a
typical  nucleophilic  substitution  reaction,  includes  two  pathways,
i.e., backside attack and frontside attack. Over the past few decades,
SN2  has  attracted  widespread  attention  from  experimentalists  and
theorists. Han et al.[2] reported the Atherton–Todd reaction of penta-
coordinate  hydrospirophosphorane  with  phenolic  compounds,
which  proceeds  via  a  halogenated  spirophosphorane  intermediate
with  retention  of  phosphorus  configuration,  followed  by  nucle-
ophilic  substitution  at  the  P-V  atom  of  halogenated  spiropho-
sphorane. Backside attack is the dominant pathway for nucleophilic
substitution  of  the  P–Cl  bond.  Liang  et  al.[3] developed  a  mild  and
efficient nucleophilic halogen substitution (SN2X) to achieve sulfiny-
lation of activated tertiary alkyl halides. The reaction follows an SN2X
pathway  via  frontside  attack  at  the  halogen  and  is  insensitive  to
steric hindrance on the backside. Sekiguchi et al.[4] proposed a novel
SNV  alkenyl  substitution  of  1-fluoro-1-alkenylmagnesium  chloride
with  Grignard  reagents  through  C–F  bond  cleavage.  Mechanistic
investigations  reveal  that  the  magnesium  center  activates  the  C–F
bond to facilitate the SNV pathway. Tsujibayashi et al.[5] explored the
trifluoromethylation  mechanism  using  Umemoto's  reagent  via ab
initio and  DFT  calculations,  confirming  an  ionic  backside  mecha-
nism  for  this  transformation.  Satpathy  et  al.[6] investigated  the
effects  of  solvent  polarity  on  the  potential  energy  surface  (PES)  of
the  SN2  reaction  F− +  CH3Cl  and  found  that  increase  in  solvent
polarity  markedly  increases  the  reaction  energy  barrier.  Domingo
et al.[7] adopted the molecular electron density theory to investigate
the  SN2  and  SNi  reactions  of  monosubstituted  methyl  compounds

in DMSO via ωB97X-D/6-311 + G(d,p) calculations. In their work, they
revised  the  traditional  hypervalent-carbon  transition-state  view-
point  and clarified the intrinsic  electronic  features  governing these
substitution  pathways.  However,  all  these  investigations  focused
on  solutions.  This  work  reports  similar  reactions  in  pyrolysis  and
combustion, including the investigation of SN2-style reactions in the
gas phase and its effect on the performance of the related combus-
tion mechanisms, by considering ethylene oxide (EO) and methanol
(CH3OH) as the models.

Thirteen backside attack reactions closely associated with EO and
CH3OH  are  proposed,  with  their  rate  parameters  calculated  at  the
CCSD(T)/cc-pVQZ levels. Through validation of the mole fractions of
EO pyrolysis intermediates and the laminar burning velocities (LBVs)
of EO and CH3OH, the effects of these reactions on the performance
of relevant combustion mechanisms were confirmed. In the experi-
mental  part,  a  jet-stirred  reactor  (JSR)  was  used  to  conduct  EO
pyrolysis at a temperature of 750–1080 K and a pressure of 760 Torr.
The  experimental  data  related  to  LBV  of  CH3OH  are  reported  in
Wang et al.[8]. LBVs of EO are simulated with and without the newly
conceived reactions in this work.

 Experimental methods
The  EO  pyrolysis  experiments  were  completed  at  the  National

Synchrotron  Radiation  Laboratory  in  the  University  of  Science  and
Technology  of  China.  Detailed  information  regarding  this  experi-
mental  apparatus  has  been  comprehensively  documented  and
discussed in the literature[9,10]. This paper provides only a brief intro-
duction. The experimental platform mainly consists of five parts, i.e.,
a computer-controlled sample syringe pump system, a JSR,  a tubu-
lar heating furnace, an ultrasonic molecular beam sampling system,
and  a  reflection  time-of-flight  mass  spectrometer. Figure  1 shows
a schematic sketch of the devices used for EO pyrolysis experiments
at 760 Torr.
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The mixture of EO and argon (Ar), purchased from Nanjing Special
Gas  Factory  Co.,  Ltd.  in  China,  and  high-purity  Ar  (99.999%  purity)
were  introduced  into  the  JSR  with  a  volume  of  78  cm3.  The  pro-
portion  of  EO  used  was  0.5%  by  mole  fraction.  The  gas  flow  rate
was accurately adjusted through the MKS flow controller  to ensure
that the residence time of  the reactants in the reactor was 2 s.  The
reaction  temperature  was  monitored  in  real  time  by  a  K-type  ther-
mocouple,  whose  measurement  error  does  not  exceed  10  K.  The
pyrolysis  products  produced  of  EO  were  collected  by  an  ultrasonic
molecular  beam  sampling  device,  ionized  by  vacuum  ultraviolet
synchrotron  radiation,  and  finally  detected  and  measured  by  a
reflection time-of-flight mass spectrometer.

The  experiments  were  conducted  at  760  Torr  and  the  tempe-
rature range was controlled between 750 and 1,080 K. The pyrolysis
products  at  three  different  photon  energies  (i.e.,  10.5,  11.5,  and
14.5  eV)  were  measured  in  the  experiment.  The  identification
and  measurement  methods  for  relevant  species  have  been  well
described  in  previous  studies[11].  The  photoionization  cross-section
(PICS)  data  of  EO  can  be  found  in  the  article  published  by  Fófano
et al.[12]. The relevant data for other pyrolysis products can be found
in the online database provided in ref. [13].  For those species whose
PICS  is  known,  the  experimentally  measured  mole  fraction  error  is
approximately  25%;  for  those species  whose PICS can only  be esti-
mated, the uncertainty of the experimental mole fraction is within a
factor of 2[11].

 Theoretical methods and kinetic model

 Rate constant calculations
Gaussian16  software[14] and  the  Master  Equation  System  Solver

(MESS)  computer  code  were  used  to  calculate  the  rate  constants
and energies of the backside attack reactions.

Firstly,  at  the  calculation  level  of  B3LYP/6-311  +  G(d,p)[15−17],  the
PESs  of  the  backside  attack  reactions  were  scanned  to  obtain  the
vibrational  frequencies,  zero-point  energies  (ZPEs),  and  hindrance
potentials of the reactants and products, and the transition states of
the  optimized  geometries.  In  order  to  confirm  that  the  obtained
transition  state  indeed  correctly  connects  the  specified  reactants
and  products,  intrinsic  reaction  coordinate  (IRC)  calculations  were
also  performed[18].  The  single-point  energies  of  the  species  were
calculated at the higher-precision CCSD(T)/cc-pVQZ level[19,20].

Secondly, the rate constants of these reactions were calculated in
the temperature range from 720 to 1080 K and at pressures of 0.01,
0.1,  1,  10,  and  100  atm.  The  calculations  were  based  on  transition

state  theory[21,22] and  were  done  by  solving  the  master  equation.
The  molecular  coordinates,  vibrational  frequencies,  energies,  and
hinderance  potentials  calculated  using  Gaussian16  software  were
considered as the MESS input data to calculate the rate constants. In
this process, a one-dimensional single exponential down model was
used,  <∆Edown>  =  180*(T/298)0.95 cm−1[23],  to  approximately  repre-
sent  the  probability  of  collision  energy  transfer.  The  collision
frequency  between  the  reactants  and  bath  gases  was  estimated
using the Lennard–Jones (L–J) model.  The L–J parameter values for
EO  and  the  bath  gas,  Ar,  were  taken  from  Wang  et  al.[23],  as  per
which their σ values  are  5.84  and 3.47  Å,  respectively,  and ε values
are  248.96  and  78.89  cm−1,  respectively.  The  L–J  parameters  of  the
products  formed  in  the  backside  attack  reactions  were  obtained
from  the  Reaction  Mechanism  Generator  (RMG)  molecular
database[24].  The detailed L–J parameter values of these substances
can  be  found  in Supplementary  Table  S1 of  Supplementary  mate-
rials.  For  small  molecules  with  available  accurate  experimental
measurements, the database adopts L–J parameters derived directly
from  experimental  fitting.  For  macromolecules  and  intermediate
radicals lacking experimental transport data, the database first esti-
mates critical physical properties, including critical temperature, cri-
tical pressure, and critical volume, using the Joback group additivity
method.  The corresponding L–J parameters  are then converted via
the  classical  physical-property  correlation  equations,  which  consti-
tute a reliable semi-empirical estimation approach. In this work, the
L–J  parameters  of  all  products  from  the  backside  attack  reactions
were determined using this semi-empirical estimation method.

The  detailed  reactions  proposed  in  this  work  and  the  corres-
ponding kinetic parameters are shown in Supplementary Table S2.

 Kinetic modeling
The  AramcoMech  3.0  mechanism[25] was  updated  by  incorpo-

rating  the  5  newly  conceived  species  and  the  13  newly  proposed
reactions,  resulting  in  a  detailed  kinetic  model  comprising  586
species and 3,049 reactions. The kinetic, thermodynamic, and trans-
port  parameters  of  the  original  mechanism  remain  unchanged.
The  thermodynamic  and  transport  parameters  of  the  newly  added
species  were  obtained  from  the  RMG  molecular  database[25].  This
database provides the thermodynamic parameters of these species,
taken  from  the  "DFT_QCI_thermo"  library,  which  contains  thermo-
chemical  parameters  calculated  by  high-precision  quantum  che-
mical  methods based on DFT/QCI,  including the standard enthalpy
of  formation,  standard  entropy,  and  temperature-dependent  heat
capacities.  The  transport  parameters  of  the  newly  added  species
were  obtained  using  the  group  additivity  estimation  method.  The

 

Fig. 1  Schematic sketch of the experimental apparatus for ethylene oxide pyrolysis.

  https://doi.org/10.48130/prkm-0026-0019

Page 2 of 7   Wei et al. Progress in Reaction Kinetics and Mechanism 2026, 51: e025

https://doi.org/10.48130/prkm-0026-0019
https://doi.org/10.48130/prkm-0026-0019
https://doi.org/10.48130/prkm-0026-0019
https://doi.org/10.48130/prkm-0026-0019
https://doi.org/10.48130/prkm-0026-0019


structures  and names of  the  main  species  can be  found in Supple-
mentary Table S3 in Supplemental materials.

The pyrolysis simulation of EO was performed using the perfectly
stirred  reactor  (PSR)  module  in  the  Chemkin-Pro  software.  All  PSR
simulations  of  EO  pyrolysis  were  conducted  under  isothermal  con-
ditions.  The reactor temperature was fixed at  discrete values in the
range  of  750–1,080  K.  The  LBVs  of  EO  and  CH3OH  were  calculated
using  the  Premixed  Laminar  Flame  Speed  Calculation  module.  The
computational domain length for the simulation was set to 5.0 cm,
with an axial starting position of 0.0 cm. The grid system was config-
ured with a maximum of 500 grid points, including 10 adaptive grid
points. To accurately capture the temperature and species gradient
variations in the flame front region, the adaptive grid control thresh-
olds  for  both  the  solution gradient  and curvature  were  set  to  0.01.
The oxidizer used was air.

 Results and discussion

 Effects of backside attack reactions on EO
pyrolysis
 Backside attack reactions on EO

Due  to  the  symmetry  of  the  EO  molecule,  backside  attack  reac-
tions may occur at three positions, i.e., (a) on the carbon atom from
the side opposite the oxygen atom; (b) on the carbon atom from the
side  opposite  the  other  carbon  atom;  and  (c)  on  the  oxygen  atom
from the side opposite  a  carbon atom,  as  shown in Fig.  2. Figure 3
shows the energy profiles of these backside attack reactions,  along
with their rate constants at T = 750−1,080 K and 1 atm.

The first case involves a backside attack by the H atom on the EO
on C(2) from the side opposite the oxygen atom to form the C(2)–H
bond  (direction  a  in Fig.  2),  while  the  C(2)–O(1)  bond  cleaves,
resulting in the formation of the ethoxyl radical (C2H5O). The energy
barrier for this reaction, EO + H = C2H5O (R1), is 12.49 kcal·mol−1,  as
shown in Fig.  3.  The second case involves  a  backside attack  by the
H  atom  on  the  EO  on  C(2)  from  the  side  opposite  C(3)  to  form
the  C(2)–H  bond  (direction  b),  while  the  C(2)–C(3)  bond  cleaves,
resulting in the formation of methoxymethyl (CH3OCH2). The energy

barrier for this reaction, EO + H = CH3OCH2 (R2), is 20.99 kcal·mol−1.
The third case involves  a  backside attack by the H atom on the EO
on O(1) from the side opposite C(2) to form the O(1)–H bond (direc-
tion c),  while the O(1)-C(2) bond cleaves,  resulting in the formation
of  2-hydroxylethyl  (PC2H4OH).  The  energy  barrier  for  this  reaction,
EO + H = PC2H4OH (R3), is 16.41 kcal·mol−1.

Among  the  three  reactions,  R1  has  the  highest  rate  constant,
followed  by  R3,  while  R2  has  the  lowest  rate  constant,  about  ten
times lower than R1 and R3, as shown in Fig.  3b. This trend follows
that  of  the  reaction  energy  barriers  of  the  three  reactions.  The
lengths  of  the  C–O  and  C–C  bonds  of  EO  are  calculated  to  be  143
and  146  pm  in  this  work.  In  comparison  with  the  typical  bond
lengths of C–O and C–C in ethanol (C2H5OH)[26], i.e., 143 and 154 pm,
respectively,  the  C–C  bond  in  EO  is  shortened  obviously.  This  indi-
cates  that  the  C–C  bond  strength  is  strengthened  in  EO.  Conse-
quently,  this  strengthened  bond  results  in  higher  energy  barriers
and  hence  lower  reaction  rate  constants  for  backside  attacks  that
cleave  the  C–C  bond.  This  makes  the  cleavage  of  the  C–O  bond  in
EO pyrolysis a more competitive pathway.

The  backside  attack  reactions  by  OH  and  CH3 on  EO,  as  well  as
similar  reactions  on  CH3OH,  were  also  investigated  in  this  work,  as
shown in Supplementary Figs. S1−S3 of Supplementary materials. It
is  clear  that  the  rate  constants  of  the  backside  attack  reactions  by
the  H  atom  are  higher  than  those  by  OH  and  CH3.  Since  the  steric
hindrance  follows  the  trend  CH3 >  OH  >  H  atom,  the  highest  rate
constants  for  the  backside  attack  reactions  by  the  H  atom  are
expected.

 Effect of backside attack reactions on EO pyrolysis
Figures 4 and 5 compare the performance of the AramcoMech 3.0

mechanism  and  the  updated  mechanism  against  the  experimental
results  of  EO pyrolysis.  It  can  be  seen from the  figures  that,  except
for  formaldehyde  (CH2O),  adding  the  13  backside  attack  reactions
has little effect on the mole fraction of the main pyrolysis products
of EO. This is particularly evident in Fig. 5, where the updated mech-
anism is shown to greatly improve the prediction results for CH2O.

To further demonstrate this difference, the flow rate of CH2O was
analyzed  at  900  K,  corresponding  to  79.2%  consumption  of  EO,  as
shown in Fig. 6.

 

Fig. 2  The transition states and products formed in the backside attack reaction by the H atom on EO from three directions: (a) on the carbon atom from
the side opposite the oxygen atom; (b) on the carbon atom from the side opposite the other carbon atom; (c) on the oxygen atom from the side opposite
the carbon atom.
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It can be seen that the main consumption pathways of EO include
the ring-opening isomerization to CH3CHO, H-abstraction reactions,
and decomposition to CH3 + HCO, consistent with the conventional
mechanism. The backside attack reactions by H atom on EO (R1 and
R3)  account  for  1.2%  of  the  EO  consumption.  Since  these  newly
added  backside  attack  reactions  contribute  marginally  to  the
consumption  of  EO,  the  contributions  of  the  isomerization  and
decomposition  reactions  remain  almost  unchanged,  while  that  of
the  hydrogen  abstraction  reaction  in  which  the  hydrogen  atom
participates, EO + H = C2H3O1-2 + H2 (R14), decreases from 20.8% to
19.6%. Since the backside attack reactions by the H atom, R1 and R3,
compete with this H-abstraction reaction, the contribution of R1 and
R3 to EO consumption is at the cost of the decreased contribution of
this H-abstraction reaction by the H atom.

Since  the  contributions  of  R1  and  R3  are  negligible,  the  mole
fraction distribution curves of most substances during the pyrolysis
of  EO  should  remain  essentially  unchanged,  as  shown  in Fig.  4.
However,  consumption  of  C2H5O,  the  only  product  of  R1,  over-
whelmingly leads to the production of CH2O via the decomposition
pathway C2H5O → CH3 + CH2O, contributing to 99.8% of both C2H5O
consumption  and  CH2O  production.  Therefore,  as  shown  in Fig.  5,
the current mechanism can greatly improve the production of CH2O.
Thus,  it  can be inferred that the backside attack reactions do occur
in the gas phase.

As for R3, its effect on EO consumption is negligible. Theoretically,
R3  can  promote  the  formation  of  C2H4;  however,  this  increase  is
insignificant  due  to  the  minor  contribution  of  R3  and  the  already
high mole fraction of C2H4, as shown in Fig. 4.

 

Fig.  3  Potential  energy profiles  (a)  of  the backside attack  reactions  by
the H atom on EO, and the corresponding rate constants at 750−1,080 K
and 1 atm (b).

 

Fig. 4  Experimental mole fraction (symbol representation) and simulated mole fraction (line representation) curves of ethylene oxide pyrolysis products:
(a) ethylene oxide (EO), (b) methane (CH4), (c) carbon monoxide (CO), (d) acetylene (C2H2), (e) ethylene (C2H4), and (f) ethane (C2H6). (g) Experimental mole
fraction  distributions  for  propylene  (C3H6)  and  ketene  (CH2CO),  and  simulated  mole  fraction  curves  for  the  reaction  between  C3H6 and  CH2CO,  (h)
acetaldehyde (CH3CHO), and (i) propane (C3H8).
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Thus, generally speaking, the backside attack reactions contribute
marginally to the pyrolysis of EO.

 Effect of backside attack reactions on the laminar
burning velocities of EO

In order to further explore the impact of the backside attack reac-
tions  on  the  combustion  performance  of  EO,  LBVs  were  also  simu-
lated using EO–air mixtures at 358, 473, and 500 K at 1 atm, as well
as at 1, 4, and 8 atm at 500 K, as shown in Fig. 7.

Figure  7 demonstrates  that  incorporation  of  the  backside  attack
reactions reduces the LBV of EO at different temperatures and pres-
sures.  At  1  atm,  the  simulated  peak  LBV  values  for  EO  are  103.7,
177.2,  202.1  cm  s−1 and  104.1,  177.6,  203.7  cm  s−1,  by  the  Aram-
coMech 3.0 mechanism, with and without the backside attack reac-
tions at 358, 473, and 500 K, respectively. Incorporation of the back-
side attack reactions reduces the peak LBV values of EO by 0.4,  0.4,
and  1.6  cm  s−1,  corresponding  to  a  reduction  of  0.4%,  0.2%,
and  0.8%,  respectively.  Meanwhile,  at  500  K,  the  simulated  peak
LBV  values  for  EO  are  202.1,  141.7,  131.1  cm  s−1 and  203.7,  143.9,
133.5 cm s−1, by the AramcoMech 3.0 mechanism, with and without

the  backside  attack  reactions,  at  1,  4,  8  atm,  respectively.  Incorpo-
ration of the backside attack reactions reduces the peak LBV values
of  EO  by  1.6,  2.2,  and  2.4  cm  s−1,  corresponding  to  a  reduction
of  0.8%,  1.5%,  and  1.8%,  respectively.  This  pressure-dependent
behavior originates from the AramcoMech 3.0 mechanism.

To  reveal  the  mechanism  responsible  for  the  lower  predicted
LBV of EO, sensitivity analysis of LBV was compared using both the
original  and updated mechanisms at 500 K and 1 atm, as shown in
Supplementary  Fig.  S4.  It  can  be  seen  that  the  dominant  chain-
branching  reaction,  O2 +  H  =  O  +  OH,  is  the  most  sensitive  one  in
increasing  the  LBV  of  EO.  After  incorporating  reactions  R1−R13,  its
sensitivity  coefficient  decreases  noticeably,  which  is  natural  since

 

Fig.  5  Experimental  mole  fraction  (symbol  representation)  and
simulated  mole  fraction  (line  representation)  of  CH2O,  a  product  of
ethylene oxide pyrolysis.

 

Fig.  6  Flow-rate  analysis  of  ethylene  oxide  pyrolysis  at  900  K.
Percentages  in  normal  font  are  related  to  the  updated  mechanism,
while those in italics are related to the AramcoMech 3.0 mechanism.

 

Fig. 7  The laminar burning velocity of EO (a) at 358, 473, and 500 K at 1 atm, and (b) at 1, 4, and 8 atm at 500 K.
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the  newly  proposed  backside  attack  reactions,  R1,  R2,  and  R3,
competitively consume the H atoms and lower the LBV. Meanwhile,
the  backside  attack  reaction,  C2H4O1-2  =  CH3 +  HCO,  simultane-
ously  increases  the  LBV.  As  a  result,  the  backside  attack  reactions
ultimately lower the LBV of EO only slightly.

Sensitivity  analysis  of  LBV  for  EO  at  different  temperatures  and
pressures  with  an  equivalent  ratio  of  1.2,  as  shown  in Supplemen-
tary  Figs.  S5 and S6,  indicates  that  the  backside  attack  reaction  by
the  H  atom  on  EO,  R3,  is  the  most  sensitive  reaction  among  the
proposed  backside  attack  reactions.  However,  its  sensitivity  only
ranks  9−14  in  reducing  the  LBV  of  EO.  This  result  is  expected
since  these  H-consuming  reactions  contribute  marginally  to  the
consumption of EO in pyrolysis.

 Effects of backside attack reactions on laminar
burning velocities of CH3OH

The backside attacks on CH3OH include three reactions: CH3OH +
H  =  CH4 +  OH  (R11),  CH3OH  +  H  =  CH3 +  H2O  (R12),  and  CH3OH  +
OH  =  CH3 +  H2O2 (R13).  R11  involves  the  backside  attack  by  the  H
atom on the C atom of  CH3OH to form a C–H bond,  while  the C–O
bond  cleaves,  leading  to  CH4 and  OH  generation.  R12  involves  the
backside attack by the H atom on the O atom of CH3OH to form an
O–H  bond,  while  the  C–O  bond  cleaves,  leading  to  CH3 and  H2O
generation.  R13 involves the backside attack by OH on the O atom
of  CH3OH  to  form  the  O–O  bond,  while  the  C–O  bond  cleaves,
leading  to  CH3 and  H2O2 generation.  The  effect  of  these  backside
attack reactions on the LBV of  CH3OH is  demonstrated in Fig.  8,  by
comparison with the experimental data for CH3OH. The entire work
is  based  on  the  experimental  condition  of  CH3OH–air  mixtures
under standard thermodynamic conditions.

Figure  8 shows  that,  basically,  incorporation  of  the  backside
attack  reactions  has  no  effect  on  the  simulated  LBV  of  CH3OH  at
the  lean  side,  whereas  it  reduces  the  simulated  LBV  of  CH3OH
under  fuel-rich  conditions.  As  the  equivalence  ratio  increases,  the
predicted  LBV  is  further  reduced  to  the  experimental  values  under
fuel-rich  conditions.  The  simulated  peak  LBV  values  for  CH3OH  are
45.3  and  45.5  cm  s−1,  respectively,  around  the  equivalence  ratio  of
1.2,  by  the  AramcoMech  3.0  mechanism,  with  and  without  the
backside  attack  reactions.  At  the  equivalence  ratio  of  1.4,  the

simulated LBV values  are  41.6  and 42.1  cm s−1,  respectively,  by  the
AramcoMech 3.0 mechanism, with and without the backside attack
reactions.  Incorporation  of  the  backside  attack  reactions  improves
the  prediction  of  the  LBV  of  CH3OH,  since  the  original  mechanism
overestimates the LBV at the rich side. Although the improvement in
our  experiments  is  minor,  adding  the  backside  attack  reactions  is
undoubtedly  the  right  direction  to  reverse  this  overestimation.
The  changes  in  LBV  are  outside  of  the  experimental  uncertainty,
obviously at the rich side in the case of CH3OH, as shown in Fig. 8.

To  further  demonstrate  this  difference,  the  sensitivity  analysis  of
the  LBV  of  CH3OH  was  conducted  at  the  equivalent  ratio  of  1.4,  as
shown in Supplementary Fig. S7, which indicated that the backside
attack reaction by the H atom on CH3OH, R12, is the most sensitive
reaction  among  the  proposed  backside  attack  reactions.  However,
its sensitivity only ranks 29 in reducing the LBV of CH3OH. Although
the  newly  added  backside  attack  reactions  ranked  relatively  low,
they still  improved the predictive performance of AramcoMech 3.0.
Adding  more  backside  attack  reactions  related  to  CH3OH  may
further enhance the predictive performance of the AramcoMech 3.0
mechanism for the LBV of CH3OH.

 Conclusions
In  this  work,  backside  attack  reactions  were  conceived  and

incorporated  into  the  current  C0−C4  combustion  mechanism.  The
effects  of  these  reactions  on  the  performance  of  the  AramcoMech
3.0  mechanism  were  investigated,  taking  EO  and  CH3OH  as  the
examples.  The  rate  constants  for  these  backside  attack  reactions
were calculated using Gaussian16 software and the MESS computer
code.  EO  pyrolysis  experiments  were  performed  in  a  JSR  using
synchrotron  radiation  vacuum  ultraviolet  photoionization  mass
spectrometry  in  the  temperature  range  of  750−1,080  K  and  at  a
pressure  of  760  Torr.  The  experimental  LBV  of  CH3OH  is  from  the
reported  work.  Simulated  LBVs  of  EO  were  calculated  using  the
Chemkin-Pro  software  with  and  without  the  newly  conceived
reactions in this work.

Incorporating the backside attack reactions remarkably improved
the predicted mole fraction of formaldehyde in the pyrolysis of EO,
due  to  the  consumption  of  C2H5O,  which  is  produced  from  the
backside  attack  on  EO  by  the  hydrogen  atom  targeting  a  carbon
atom  from  the  side  opposite  the  oxygen  atom.  Incorporating  the
backside  attack  reactions  may  also  reduce  the  simulated  laminar
burning velocity of EO at different temperatures and pressures.  For
CH3OH,  incorporating  the  backside  attack  reactions  may  improve
the prediction accuracy of its LBV at the rich side.

This work demonstrates that backside attack reactions play a non-
negligible  role  in  the  gas  phase,  although  the  improvement  in
prediction is not so significant. The method proposed in this study is
undoubtedly  the  right  direction  toward  further  improving  the
performance of the current models.
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Fig.  8  Comparison  of  experimental  (symbol  representation)[8] and
simulated (line representation)[25] curves of LBV of CH3OH at 1 atm and
298 K.
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