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Abstract
The thermal decomposition of methylmethacrylate (MMA) was studied through
species time-history measurements of formaldehyde (CH2O), carbon monox-
ide (CO), and carbon dioxide (CO2) behind reflected shock waves over a
temperature range of 1200–1600 K near 1 atm. Tunable laser absorption
spectroscopy was employed to spectrally and temporally-resolve a cluster of
rovibrational lines in the Q-branches of the v1 fundamental band and the
v2+v4 combination band of CH2O near 3.60 µm, three rovibrational transi-
tions in the P-branch of the fundamental band of CO near 4.98 µm, and a
transition in the R-branch of the (0100→0101) v3 band of CO2 near 4.19 µm.
Spectral fitting procedures are subsequently used to infer CO, CO2, and
CH2O mole fraction during the pyrolysis of shock-heated mixtures of MMA
in argon. These data provided valuable experimental constraints on MMA
pyrolysis chemical kinetic models. Sensitivity analysis of a detailed chemical
model for MMA decomposition identified specific reactions likely to account
for differences observed between the species measurements and simulations
of the test conditions. Modified reaction rate parameters for select MMA
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decomposition reactions are proposed, determined via a genetic algorithm
optimization procedure anchored to the speciation data.
Keywords: methyl methacrylate, methyl ester, pyrolysis, decomposition
kinetics, absorption spectroscopy, time-history, high temperature

1. Introduction

Poly methyl methacrylate (PMMA, also commonly referred to as acrylic
glass) is a synthetic solid fuel of keen interest to both the fire science and
propulsion communities [1–9]. In fire science, PMMA has recently been used
as a baseline solid fuel to study flame spread in both normal [10] and re-
duced [11] gravity, with applications to material flammability for in-space
missions. In propulsion, the stability of PMMA in long-term storage has
motivated its investigation as both a hybrid rocket propellant [7, 12] and
for solid-fuel scramjet applications [13]. In both applications, knowledge of
PMMA’s regression rate—which is influenced heavily by local radiant heat
flux and flow conditions—is critical to device safety, performance, and mis-
sion lifetime. Unlike many polymers, the pyrolysis kinetics of PMMA are
not complicated by charring or cross-linking behavior and it involves rela-
tively simple depolymerization behavior; its constituent monomer—methyl
methacrylate (MMA, C5H8O2)—accounts for over 90% of its pyrolysis prod-
ucts [3], providing a relatively tractable model for solid fuel combustion.
However, the detailed reaction chemistry of the MMA monomer itself is not
well-characterized, hindering the design and modeling of next-generation hy-
brid combustion devices and advanced fire science experiments.

Existing models describing MMA reaction chemistry have been primarily
developed during broader investigations of oxygenated hydrocarbon reaction
kinetics. MMA belongs to a class of oxygenated compounds known as esters,
specific types of which have received increasing attention in recent years ow-
ing to their potential to augment or replace conventional fossil-derived hydro-
carbon fuels [14]. However, the pyrolysis and oxidation kinetics of many such
esters are difficult to characterize in the laboratory owing to their high molec-
ular weights and low vapor pressures [15–17]. For this reason, relevant exper-
imental and computational research efforts have focused on smaller molecules
with similar or analogous functional groups—including short-chain akyl es-
ters like MMA—with the aim of providing kinetic insights on their long-chain
counterparts. Examined esters which share reaction chemistry with MMA
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include acetates and formates [18, 19], butanoates and propanoates [16, 20],
as well as crotonates, propenoates, and acrylates [15, 17], among others.

However, previous chemical kinetic studies specifically involving MMA—
which can provide modeling constraints specific to its molecular structure—
have been limited to laminar flame investigations [1, 15, 21–24]. Laminar
flames provide useful validation benchmarks, but the convolution of trans-
port mechanisms with pyrolysis and oxidation chemistry complicate the in-
terrogation of specific reaction pathways, specifically the incipient fuel de-
composition chemistry. Moreover, the kinetics of fuel pyrolysis and ignition
are radically distinct from those of flames [25], wherein the destruction of the
fuel molecules is achieved mainly through H-abstraction reactions readily en-
abled by an abundance of radicals provided by the flame zone. To illustrate
the shortcomings of reaction model optimization on the basis of laminar
flames alone, time-resolved well-mixed constant pressure reactor simulations
of MMA decomposition at 1350 K and 1 atm using two different chemical
kinetic models are shown in Fig. 1. The first chemical model shown, by Dak-

Figure 1: Predicted combustion species evolutions at 1350 K from a 1% initial concentra-
tion of MMA diluted in argon at 1 atm using the chemical models published by Yang et
al. (dot-dashed line) and Dakshnamurthy et al. (dashed).

shnamurthy et al. [23], has been reduced from the second model shown by
Yang et al. [15] and optimized for multidimensional reacting flow simulations
of MMA combustion. In these chemical models, many Arrhenius reaction
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rate parameters relevant to MMA decomposition and oxidation have been
estimated [20] or based on those of similar reactions of other molecules [23].
Notably, the two models disagree in their time-resolved species predictions
by multiple orders of magnitude, despite both reasonably reproducing species
profiles and flame speeds of laminar flames fueled by MMA [15, 23].

To address these discrepancies, the predictive capability of fuel decom-
position models can be evaluated in the laboratory through comparison
with time-resolved species measurements behind reflected shock waves using
optically-based measurement methods such as laser absorption spectroscopy
(LAS) [26]. Notably, shock tube experiments can provide near homogenous,
isothermal conditions absent of transport phenomena, and may be used to
study high-temperature chemical kinetics without oxidation chemistry. As
such, shock tubes provide an ideal reactor for studies of thermal pyrolysis.
When coupled with automated reaction model optimization [27–29], multiple
Arrhenius rate parameters can be optimized simultaneously across multiple
experiments performed at different temperatures, reducing the uncertainties
in parameters that were hitherto estimated by functional group analogy or
through ab-initio computational chemistry.

In this study, we investigate the reaction kinetics of methyl methacrylate
decomposition at elevated temperatures (1200–1600 K) and near-atmospheric
pressures behind reflected shock waves via time-resolved laser absorption
measurements of CO, CO2, and CH2O mole fraction. We first present our
experimental methodology, including experimental shock tube apparatus,
optical setup, and laser absorption spectroscopy, with specific attention to
wavelength selection and data interpretation. We follow this with a presenta-
tion of our novel dataset capturing CO, CO2, and CH2O evolution alongside
predictions of kinetic models targeting MMA reaction chemistry. A detailed
analysis is performed examining the causes of disagreement between model
predictions and experimental observations, identifying some key uncertain
reactions in the models by performing sensitivity analyses of reactions with
respect to predicted mole fractions of CO, CO2, and CH2O. We modify mul-
tiple rate parameters of these identified reactions using an automated opti-
mization procedure which seeks to minimize the discrepancies between the
model predictions and experimental observations across all of the tempera-
tures achieved in the experiments. The modified rate parameters are shown
to yield significant improvement in predictive capability for time-resolved
CO, CO2, and CH2O evolution during MMA decomposition. It is envisioned
that the adjusted rate parameters will provide more accurate predictions in
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applications involving MMA for which chemical timescales are particularly
relevant, such as in turbulent [30] and extinction [31] combustion regimes,
which pervade propulsion and fire environments, respectively.

2. Experimental Methods

2.1. Experimental setup
High-temperature chemical kinetics experiments in this study were per-

formed in the High Enthalpy Shock Tube facility (HEST) at UCLA, described
in previous work [32, 33] and depicted in Fig. 2. The stainless steel shock
tube comprises a 1.5-m high-pressure driver section and a 4.9-m low-pressure
driven (test gas) section, separated by a polycarbonate diaphragm. The test
section of the shock tube has a transverse optical pathlength of L = 10.32 cm
and is circumscribed by interchangeable ports holding either sensors or opti-
cal windows, positioned axially 2 cm from the end wall. For all experiments,
reflected shock pressure in the shock tube test section is measured directly
with a dynamic pressure transducer (Kistler 601B1) via a charge amplifier
(Kistler 5018A) and post-shock temperature is inferred from the shock wave
speed determined via time of arrival sensors (Dynasen, Inc.) along the shock
tube. Uncertainty in reflected shock test conditions are typically about 1%
when properly accounting for vibrational relaxation of all components of the
test gas [34].

The shock tube is connected to vacuum pumps, an agitated mixing tank,
and a gas delivery manifold used to barometrically prepare gas mixtures for
all experiments using dual-capacitance heated manometers (MKS Baratron
627B). Notably, the gas delivery manifold is also connected to an inter-
changeable glass flask containing either solid or liquid chemicals from which
gaseous vapors are evaporated and mixed with inert gases during preparation
of the test gas mixtures. For studying the decomposition of MMA, mixtures
of MMA in argon (Ar) were prepared by evaporating liquid MMA from the
interchangeable glass flask into the agitated mixing tank to a desired partial
pressure (below MMA’s vapor pressure of ∼29 Torr) and subsequently filling
the tank with Ar. Prior to the preparation of each mixture and before each
shock test, the inner surfaces of the mixing tank and shock tube driven section
are passivated with MMA and the prepared MMA/Ar mixture, respectively,
after which the mixing tank and shock tube test section are vacuumed and
filled to the desired fill pressure. The procedure specifics were developed such
to mitigate adsorption of MMA from the test gas mixture into the walls.
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Figure 2: (top left) Cross sectional view of HEST facility showing optical access and
laser/detector setup. (bottom) Side view of HEST facility marking location of cross section
at the end of the driven section on the left. (top right) Representative time histories
of pressure (black), formaldehyde (green), CO (red) and CO2 (blue) from shock heated
mixture of MMA.

Figure 3: Bottom: Absorption linestrengths for CH4, CH2O, CO2, H2O, and CO at 1200 K,
simulated using the HITRAN [35] and HITEMP [36] databases. Top: Absorption simu-
lations for CH2O (left), CO2 (middle), and CO (right), highlighting targeted wavelength
regions and spectral features. CH2O absorption simulated using the AYTY line list [37].
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2.2. Laser Absorption Spectroscopy
Laser absorption spectroscopy (LAS) is a well-established optical diagnos-

tic technique for shock tube kinetics studies, owing to its high time-resolution,
species specificity, and quantitative capability in the measurement of species
and temperature [26]. Spectral absorbance α(ν) of species measured in this
work is calculated using the ratio of transmitted light (It) to incident light
(I0) at wavenumber ν [cm−1] as defined by two different forms of the Beer-
Lambert law:

α(ν) = − ln

(
It
I0

)
ν

= PXabsSi(T )φi(ν)L

= σabs(ν, P, T )LNabs

(1)

In the first form, P [atm] is the total pressure, Xabs is the absorbing species
mole fraction, Si(T ) [cm−2/atm] is the linestrength for rovibrational transi-
tion i at temperature T [K], and L [cm] is the absorption pathlength. In
the second form, σabs(ν, P, T ) [cm2/molec.] is the absorbing species cross-
section (dependent on ν, P , and T ), and Nabs [molec./cm3] is the absorbing
species number density. The first form, used here to evaluate temperature
and concentration of CO and CO2, is typically employed when a compre-
hensive line-by-line spectral database of an absorbing species is confidently
known and the spectral transitions i are easily separable in the absorbance
measurement [8].
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Figure 4: Time evolution of absorbance of CO, CO2, and CH2O shown for a test at mid-
range condition (T5 = 1390 K, P5 = 0.98 atm)

The second cross-section formulation of the Beer-Lambert law is appro-
priate for broadly-absorbing species for which the temperature-dependent
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line-by-line spectroscopy are less well-known and/or the absorbance spectra
are convoluted enough to preclude identification of individual spectral transi-
tions from the absorbance measurement. In this study, we employ this second
form of the Beer-Lambert law to quantitatively evaluate the temperature and
concentration of formaldehyde, CH2O, using a database of spectrally-resolved
cross-sections σabs(ν, P, T ) at multiple pressures and temperatures detailed
in a separate work [38]. Spectroscopic measurements of CO and CO2 are
simultaneously performed with line-by-line interpretation.

An interband cascade laser (ICL, Nanoplus) with ∼8.3 mW of output
power is used to target absorbance features of CH2O near 3.60 µm, while
an ICL (Nanoplus) with ∼6 mW of output power targets CO2 absorption
features near 4.19 µm and a quantum cascade laser (QCL, ALPES Lasers)
with ∼50 mW of output power targets CO absorbance features near 4.98 µm.
Figure 2 shows the optical setup in which the output light from each laser is
pitched through the shock tube test section, spectral bandpass filters, irises,
and focusing lenses onto photovoltaic (PV) detectors (VIGO Photonics).

The targeted spectral regions for each of the species measurements are
shown in Fig. 3. The ICL used for CH2O provides a scan depth of 1.03 cm−1

over a spectral range surrounding a collection of lines near 2778.5 cm−1 com-
prising the QQ5 branch of the v1 symmetric C–H stretch band and the PQ7

branch of the v2+v4 combination band of CH2O [39]. Likewise, the ICL tar-
geting CO2 provides a scan depth of 1.25 cm−1 over the R(0,60) line of CO2’s
(0100→0101) v3 fundamental band near 2385 cm−1, while the QCL provides
a scan depth of 1.45 cm−1 over the P(0,31) and P(2,20) lines of CO’s fun-
damental band near 2008.5 cm−1. All lasers are scanned at 40 kHz using a
triangle wave; representative scans for both the incident (I0) and transmit-
ted (It) intensity of each laser are shown in the right of Fig. 2 alongside a
corresponding dynamic pressure measurement.

The measured absorbance over 1 ms of post-shock test time is shown for
each of CO, CO2, and CH2O in Fig. 4. Following the procedure described in
[8], the CO and CO2 spectra at each scan or time-step are fit assuming Voigt
lineshape profiles [40] with absorption areas, collisional widths, and linecen-
ters as free parameters, while the CH2O spectra are spectrally fit against the
cross-section database by fixing temperature (via two-line thermometry of
the CO and CO2 spectra) and pressure (from pressure transducer) and with
mole fraction as a free parameter.
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3. Results

Shock tube experiments were conducted with 1% MMA near 1 atm (0.88 atm–
1.10 atm) at initial post-shock temperatures in the range 1200–1600 K. Mole
fraction time-histories for the three species measured in this work are shown
in Fig. 5 for two representative experiments at different temperatures, along
with corresponding predictions by the chemical models of Yang et al. [15] and
Dakshnamurthy et al. [23]. Mole fraction time-history predictions are simu-
lated by assuming the measured reflected shock temperature T5, pressure P5,
and gas composition as the prescribed initial conditions in a constant pressure
well-stirred reactor model. Representative error bars are shown for uncer-
tainty in measured species time histories and were calculated by propagating
the uncertainty in measured temperature, reference-temperature transition
linestrength (for CO and CO2), absorption cross-section (for CH2O), and the
reflected shock temperature and pressure, as in previous shock tube stud-
ies [32, 33]. The average relative uncertainties in measured mole fractions of
CO and CO2 were 9% and 6%, respectively. For CH2O, the average relative
uncertainty was ∼25% due to uncertainty in the cross-sections used to cal-
culate mole fraction and weak relative signals. For this reason we primarily
employ the CO and CO2 measurements to guide the rate parameter modifi-
cation (discussed later) and use the CH2O data as a supplementary tool for
validation.

T5 = 1365K
P5 = 1.0 atm

CO

CO2

CH2O

T5 = 1555K 
P5 = 0.9 atmYang et al.

Modified
Dakshnamurthy et al.

Data

Figure 5: Comparison of measured CO, CO2, CH2O mole fractions with simulations using
the short MMA mechanism from Dakshnamurthy et al. (dashed line), the full mechanism
from Yang et al. (dot-dashed line), and the modified mechanism from the current work
(solid line).

The measurements deviate significantly from the predictions by both
models with respect to CO and CO2 mole fraction, with the detailed model
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Figure 6: Comparison of measured CO and CO2 mole fractions with simulations (solid
lines) using the short MMA mechanism from Dakshnamurthy et al. (top) and the modified
mechanism from the current work (bottom).

by Yang et al. [15] over-predicting the production of CO and CO2, and the
reduced model by Dakshnamurthy et al. [23] under-predicting the produc-
tion of all measured species. Notably, measurements of CH2O show modest
to good agreement with the magnitude of mole fraction predictions by the
detailed model of Yang et al. However, the detailed model predicts rapid
CH2O formation followed by slow depletion above T5 ≈ 1230 K, whereas this
behavior is only observed experimentally at conditions above T5 ≈ 1390 K.

The observed temperature dependence of this species production and de-
struction is better predicted using a modified version of the reduced model
presented here (described in Sec. 4), despite residual discrepancy in magni-
tudes at the highest temperatures. We provide detailed discussion on the
methodology of the rate parameter adjustments in the development of our
modified version of the chemical model in Section 4; however, we include
the modified model predictions in this section for reader convenience and to
avoid redundancy in figure content.

Measured species time histories at multiple different initial temperatures
are plotted in Fig. 6 for CO and CO2, alongside predictions using both the
reduced model by Dakshnamurthy et al. [23] and our modified version of
that model. As discussed in Section 4, we anchored the rate parameter opti-
mization to the mole fractions time-histories of both CO and CO2 while the
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CH2O data, where available, served as a valuable additional benchmark for
independent verification. Across all temperatures examined, CO and CO2
are produced in measurable quantities immediately post-shock at formation
rates that increase with increased initial temperature T5. At low tempera-
tures (T5 < 1400 K), CO and CO2 are observed to increase monotonically
during the measured test time (∼1 ms), while at higher temperatures, a
plateau in yield is observed, wherein the mole fractions of CO and CO2 both
increase rapidly, and subsequently increase more slowly for CO while nearly
stagnating for CO2. The experimentally observed leveling off of CO2 sup-
ports the hypothesized reaction pathways of both the detailed and reduced
models, which predict CO2 formation relatively early in MMA decomposi-
tion [15, 23], despite its traditional role as a final product in combustion.
Within the measurement test time, this transition point in kinetic behavior
is predicted by the Dakshnamurthy et al. model to occur at higher tem-
perature than were observed experimentally, whereas the Yang et al. model
predicts this trend transition at lower temperatures.
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10-4

10-3

10-2

1600 1500 1400 1300 1200

0.65 0.7 0.75 0.8
1000/T [K-1]

10-4

10-3

10-2

1600 1500 1400 1300 1200
T [K]

0.65 0.7 0.75 0.8

10-4

10-3

10-2

X i

1600 1500 1400 1300 1200

CH2OCO2CO

Dakshnam
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Figure 7: Mole fraction yield for CO, CO2, and CH2O at 0.5 ms for 1% MMA/Ar pyrolysis.
Markers represent measurements and lines represent the Yang et al. [15], Dakshnamurthy
et al. [23], and final modified models.

Figure 7 shows the measured mole fraction yield of CO, CO2, and CH2O
at 0.5 ms post-shock as a function of temperature compared to predictions
by the three models considered in this work. Improved agreement is achieved
across the measured temperature range for CO and CO2 mole fractions with
our modified model. Starting from 1200 K, CO and CO2 yields increase
rapidly with temperature until a temperature threshold for trend transition
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is reached near 1400 K, above which the CO and CO2 yield increase more
slowly. As temperatures approach the higher end of the measured range,
the three models converge in prediction of CO and CO2, highlighting the
value of data at lower temperatures (T5 < 1400 K) where model predictions
more distinctly diverge. For T5 = 1500–1600 K, both the Yang et al. and
modified models predict a more dramatic plateau in CO2 mole fraction than
is observed experimentally, while the Dakshnamurthy et al. model under-
predicts the mole fraction most significantly. The measured CH2O yield ini-
tially increases with temperature, peaks around T5 ≈ 1390 K, then decreases
with further increasing temperature. The models all predict a similar trend,
albeit with different temperature ranges governing this trend. The Yang et
al. and Dakshnamurthy et al. models both predict a lower peak CH2O yield
than observed, with the Yang et al. model suggesting peak yield at a lower
temperature and the Dakshnamurthy et al. model predicting peak yield at
a higher temperature than observed. The modified mechanism more closely
matches the peak yield magnitude and temperature. With the exception of
the mole fraction yield recorded near T5 = 1550 K, the modified model most
effectively reproduces the measured CH2O yield, despite not being included
as a speciation target in the mechanism optimization.

4. Kinetic modeling

In this section, we discuss the reaction kinetics of MMA decomposition
and analyze chemical models for this kinetic behavior in context of the re-
sults presented in the previous section. We first briefly review existing kinetic
models describing MMA reaction chemistry by Yang et al. [15] and Dakshna-
murthy et al. [23]. We describe our methodology for using sensitivity analyses
alongside descriptions of relevant initial MMA decomposition reactions and
subsequent reaction pathways, from which a few key reactions were selected
for adjustment. Modified rate parameters to these key reactions are pro-
posed, via an optimization process anchored to time-resolved CO and CO2
speciation data.

4.1. Decomposition Pathway Analysis
The detailed model by Yang et al. was developed during the study of three

C5 unsaturated esters—including MMA—anchored to species mass spec-
trometry measurements in sub-atmosphere premixed flames [15, 20]. This
model includes 411 species and 2926 reactions. In general, the Yang et al.
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model shows accelerated species formation relative to experimental speciation
trends, most notable at the lower end of the temperature range studied. This
is clear in the 1365 K condition in Fig. 5. Such accelerated species formation
at a given temperature suggests that the activation energies for reactions re-
lated to MMA decomposition may be underestimated in the detailed model.
Such was the observation of Dakshnamurthy et al. in the development of their
reduced model [23] optimized against laminar flame experiments; the acti-
vation energies for reactions related to MMA decomposition were increased
and other reactions were adjusted as part of their model optimization based
on recommendations from the literature. Several adjustments to rate param-
eters were based on those of similar reactions of methyl butanoate [41–44],
methyl tiglate [45], methyl-2-methyl but-3-enoate [46], isobutene [47–49], 1-
butene [50], methyl-2-butenoate [51], the isobutenyl radical [52], as well as
propyne and allene [53]. The reduced model of Dakshnamurthy et al. also
incorporated a base chemistry from Narayanaswamy et al. [54] to achieve
accurate predictions for laminar burning velocities of not only MMA, but of
smaller hydrocarbons as well. The mechanism, therein referred to as “short
MMA mechanism”, consists of 1084 reactions and 88 species. We focus here
on optimizing the model against our time-resolved speciation measurements
and proposing modified rate parameters for select reactions included in their
short MMA mechanism.

We identify the reactions to which CO, CO2, and CH2O concentrations
are most sensitive using a time-resolved sensitivity analysis in an idealized
reactor model in Cantera [55]. Although we use the Dakshnamurthy et al.
mechanism as our base model for optimization, we also applied our sensitivity
analysis to the detailed chemical model by Yang et al. [15], with all 411
species and 2926 reactions to ensure no crucial reactions were missed as
many reaction pathways are often eliminated in a mechanism reduction. For
completeness, we performed this analysis over the full range of post-shock
initial temperatures in this study.

As a first step, a constant UV reactor model is used to screen for sen-
sitive reactions in the existing models, initiated with the experimentally-
determined reflected shock conditions T5 and P5, as well as the molar com-
position X. We use the reactions and rates of the short MMA mechanism and
rank the reactions by their sensitivity with respect to CO, CO2, and CH2O,
and consider the top 50 in a subsequent sensitivity analysis utilizing the
measured shock tube pressure and post-shock temperature in a split-timestep
reactor model described in previous work [56], wherein non-reacting gas tem-
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Figure 8: Sensitivity coefficients for 1% MMA in argon at P5 = 1 atm using the Daksh-
namurthy et al. mechanism are shown at 0.1 ms for temperatures of 1200 K (left) and
1500 K (right). Reactions showing positive sensitivity factors increase species production.
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Figure 9: MMA decomposition pathways considered in this work.

perature changes caused by pressure rise or fall during the experiment are
modeled via isentropic compression or expansion, respectively. The resulting
sensitivity coefficients for reactions with high sensitivity for some or all of
the three targeted species in the Dakshnamurthy et al. model are shown in
Fig. 8. This analysis indicates that the targeted species sensitivity is heavily
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dominated by a small number of reactions. Notably, the H-abstraction reac-
tions are more sensitive for CO and CH2O at 1200 K, while more sensitive
for CO2 at 1500 K. We use these analyses to identify key reactions for rate
parameter modification, informed by the LAS measurements. The first two
reactions listed in Fig. 8 are the two unimolecular decomposition pathways
of MMA:

MMA iC3H5CO + CH3O (R1)

MMA tC3H5 + CH3OCO (R2)

The reaction leading to CH3OCO production (R2) is the most sensitive of
all reactions included in the mechanism and significantly more sensitive for
these species than R1. The sensitivity coefficients are positive for CO, CO2,
and CH2O for both of these reactions indicating that rate increases will lead
to increased production of all three molecules.

The next two reactions listed involve the decomposition of CH3OCO:

CH3OCO CH3O + CO

CH3OCO CH3 + CO2

The sensitivity coefficients for these reactions notably indicate inverse rela-
tionship of species formation for CO and CH2O versus CO2. The first reaction
directly produces CO as well as CH3O, which is a precursor to formation of
CH2O and CO; the second reaction produces CO2. Thus the relative rates
between these two pathways will affect the ratio of CO (and CH2O) to CO2
formed. Despite the high sensitivity of these reactions, we omit them from
our rate parameter modification, as these reactions have been studied more
extensively in the literature [16, 23].

The three reactions following (R3 through R5) are the hydrogen abstrac-
tion reactions of MMA with atomic hydrogen, resulting in the respective
allylic (PJ), vinylic (VJ), and alkylic (MJ) MMA radicals:

H + MMA H2 + CH C(CH3) C( O)−O−CH3 (PJ) (R3)
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H + MMA H2 + CH2 C(CH2)−C( O)−O−CH3 (VJ) (R4)

H + MMA H2 + CH2 C(CH3)−C( O)−O−CH2 (MJ) (R5)

CO and CH2O are also positively sensitive to the reactions R3–R5. Note
that abstractions by O and OH radicals, which are more relevant in oxidation
regimes, are included in the mechanism but not optimized in this work.

The remaining reactions listed involve competing pathways for the carbon
atoms without presence of oxygenated molecules as well as reactions causing
CH2O production or destruction. We exclude the former from modification
as we have lack relevant species measurements to which to anchor; and we
exclude the latter as these reactions are not specific to MMA kinetics and
the rates are comparatively well-studied. To summarize, rate parameters for
5 reactions are optimized in this work, reflecting both initial decomposition
(R1–R2) and H-abstraction reactions (R3–R5).

Figure 9 shows the decomposition pathways including the targeted re-
actions and subsequent reactions leading to the targeted intermediate and
product species. These pathways represent the most significant routes for
CO, CO2, and CH2O production during MMA pyrolysis in the temperature
ranges of interest in this chemical model. β-scission of the allylic and vinylic
MMA radicals leads to CH3OCO formation, from which both CO and CO2
are consequently produced, with CH2O an intermediate leading to CO. Al-
ternately, H-abstraction of MMA to form the alkylic-position MMA radical
has a distinct pathway leading via β-scission to iC3H5CO and thereafter, CO.
Thus, modifying the respective rates of the hydrogen abstraction reactions
significantly impacts the resulting ratio of CO and CO2 produced. The Yang
et al. detailed mechanism uses equal rates for the allylic and alkylic sites;
the reduced Dakshnamurthy et al. mechanism differentiates the three H-
abstraction reactions as the allylic radical is a relatively more stable molecule
and the three abstraction sites have distinct related C-H bond dissociation
energies (allylic < alkylic < vinylic) [23, 57].

Though not explicitly detailed here, CH3O becomes CH2O via third-body
collisions following its formation from CH3OCO. After complete decomposi-
tion of CH3OCO, reaction pathways to CO2 are no longer available; however,
CO continues to be produced by CH2O following the typical route through
the formyl radical, HCO. This explains the fast plateau of CO2 mole fraction
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seen at the higher temperatures (Figs. 5 and 6) while the mole fraction of
CO continues to increase slightly at the expense of CH2O.

4.2. Mechanism Modification

Table 1: Rate constants of the Dakshnamurthy et al. and the modified MMA pyrolysis
models

Reaction Original parameters Modified parameters
A n E A n E

R1 MMA → iC3H5CO+CH3O 9.55·1017 -0.39 369.0 5.68·1018 -0.40 303.6
R2 MMA → tC3H5+CH3OCO 6.42·1018 -0.35 350.6 8.31·1018 -0.32 353.2
R3 MMA+H → PJ +H2 2.37·107 2.02 49.47 1.75·108 2.67 35.49
R4 MMA+H → VJ+H2 1.86·105 2.54 11.66 1.85·106 3.16 8.35
R5 MMA+H → MJ+H2 1.92·107 2.06 31.08 1.22·108 1.76 18.16
A is in cm3·mol−1·s−1 or cm6·mol−2·s−1, E is in kJ·mol−1

As a next step beyond sensitivity analysis, an optimization procedure is
employed to adjust the Arrhenius rate parameters for the target reactions.
Often, shock tube pyrolysis studies aim to examine the decomposition rate
of a molecular species at different temperatures, in order to determine el-
ementary reaction rate constants based on pseudo-first-order kinetics [25].
This ideally involves direct time-resolved measurement of the decomposing
species; however, with these measured product species time histories, we can
compare the model predictions against experimental data and modify the
Arrhenius rate parameters of the several targeted reactions to mitigate dis-
agreement in the formation timescales and magnitudes observed. We focused
here on selecting reactions from initial to early stages of decomposition and,
in particular, reactions for which rate constants had relatively high levels of
uncertainty in existing mechanisms. The rate parameters were optimized by
employing a genetic algorithm-based method; the procedure followed is based
on and detailed in the work of Sikalo et al. [28]. In each iteration—or genera-
tion—of the optimization, the sets of reaction rate parameters that minimize
error between the measured and predicted species mole fraction (with equal
weighting for CO and CO2) are selected. These best-performing solutions are
then combined (some parameters from one solution set and merged with some
from another set) and mutated (randomly selected parameter in a solution is
varied) to be tested in the next iteration until a single solution is converged
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upon. Effectively, different permutations of the 15 Arrhenius rate parame-
ters (for reactions R1 through R5) are evaluated and improved upon until
the experimental species time-evolutions can be reproduced by the kinetic
model. The optimization was anchored to the first millisecond of test time
of CO and CO2 speciation data. The CH2O data had higher uncertainty,
and so was not weighted in the optimization; however, the improved agree-
ment seen between the CH2O mole fraction measurements and the modified
mechanism serves as a useful independent validation. The resulting modified
rates for the two initial MMA decomposition reactions (R1 and R2) and the
three hydrogen abstraction reactions with atomic hydrogen (R3 through R5)
are shown in Table 1.

The overall production of CO, CO2, and CH2O are all generally under-
predicted by the Dakshnamurthy et al. mechanism compared to this spe-
ciation data; our mechanism optimization unsurprisingly resulted in rate
increases for all targeted reactions. As the ratio of CO2 to CO produced
and overall production are strongly affected by the rates of R1 and R2, these
rates changed most significantly to better reflect the CO/CO2 observed in
the shock tube experiments. For the abstraction reactions, the updated pre-
exponential factors increased consistently by an order of magnitude for all
of R3, R4, and R5. The modified mechanism indicates that pre-exponential
factors A for the targeted reactions should generally fall between those pub-
lished in the Yang et al. and Dakshnamurthy et al. models. The optimization
resulted in near-negligible changes to most of the temperature exponents n
of the decomposition reactions and moderate changes (<30 %) for the H-
abstraction reactions. The activation energies E for the hydrogen abstrac-
tion reactions were all decreased, falling between the values published in the
Yang et al. and Dakshnamurthy et al. models for decomposition reactions
(R1 and R2) and lower than both existing models for the H-abstractions (R3,
R4, R5). Notably, the ordering of the activation energy magnitudes remained
unchanged for the abstraction reactions such as to follow the ordering of the
relative C-H bond dissociation energies.

The predictions using the refined mechanism model are compared with
the experimental species time-histories and existing mechanism in Fig. 5
and Fig. 6. The experimental and simulated mole fraction yields are shown
in Fig. 7. As discussed in Section 3, the modified mechanism overall more
closely predicts the experimental data of CO, CO2, and CH2O than either the
unmodified version of the short MMA mechanism and the original detailed
chemical model. However, the mole fraction magnitude agreement with the
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data worsens at the higher temperatures (T5 > 1500 K), particularly so for
CO2 and CH2O. Both the detailed Yang et al. and the modified mechanisms
predict the plateau level of the CO2 mole fraction to be around X = 0.4%
whereas we measure this to be around X = 0.6%. For CH2O, we measure a
more dramatic decline in mole fraction at T5 = 1555 K than is captured by
our modified model, though agreement is improved for the other four lower
temperature tests for which CH2O was measured. Despite these magnitude
discrepancies at select conditions, we observe good agreement in the time-
evolution trends for all three measured species across the temperature range.
Most notably, the modified mechanism shows significant improvement in cap-
turing the initial highly temperature-dependent formation timescales of the
decomposition products relative to both the Yang et al. and Dakshnamurthy
et al. across all conditions. As a check on the impact of these changes re-
garding prior experimental works, flame speed predictions using the updated
model were found to generally agree well with the flame speeds reported by
Dakshnamurthy et al., with deviation ranging from 0.3–8% over all condi-
tions with an average disagreement of 4%. This modest difference highlights
the enhanced sensitivity of the more targeted shock tube pyrolysis studies
performed in this work to the early decomposition reactions, which cannot
be readily isolated in flame experiments. Overall, these kinetic rate adjust-
ments represent a starting point in the refinement of a detailed mechanism
for MMA oxidation. Future shock tube studies with oxidizing mixtures are
expected to elucidate contributions of other reactions such as H-abstraction
by O and OH.

5. Conclusion

In this work, the chemical kinetics of methylmethacrylate (MMA, C5H8O2)
pyrolysis were examined in a shock tube reactor using infrared laser ab-
sorption spectroscopy. Experiments were conducted over a range of tem-
peratures from 1200–1600 K and near atmospheric pressure. Quantitative
interpretations of spectra obtained by laser absorption during the decompo-
sition of MMA enabled species time-history measurements of carbon monox-
ide (CO), carbon dioxide (CO2), and formaldehyde (CH2O). The data were
subsequently compared to existing models for MMA combustion, revealing
significant disagreements. Guided by sensitivity analyses and genetic algo-
rithm based optimization, we propose modified Arrhenius rate parameters
for the two unimolecular decomposition reactions and three H abstractions
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that initiate MMA pyrolysis. Updating these rates within the short MMA
mechanism of Dakshnamurthy et al. led to significantly improved agreement
with speciation measurements. Some discrepant behavior still exists at higher
temperatures that future experimental studies in different environments may
reconcile. The data-driven insights and reaction mechanism improvements
from this work are expected to help advance PMMA combustion models for
hybrid rocket propulsion systems and fire science studies.
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