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ABSTRACT

Dimethyl-, diethyl, and ethyl-methyl carbonate are important components of lithium batteries. They are used as solvents and
comprise the medium through which the lithium ions move between the anode and the cathode during charge and discharge.
However, these species are susceptible to decomposition if thermal runaway occurs, forming flammable gases inside the battery,
and eventually leading to mechanical failure and ignition with the surrounding air. These events have been reported and are
extremely hazardous. To avoid these incidents, it is important to understand the reactivity of carbonates by building chemical
kinetic mechanisms based on experimental testing and theoretical calculations. These models are also important when using these
species in combustion as additives or replacements to fossil fuels. Because of their high oxygen content, researchers believe that
including carbonates in combustion processes would decrease soot and particulate matter emissions. Existing models typically use
estimated reaction rate parameters; thus, more accurate rate parameters would benefit existing and new models. In this study, the
rate coefficients of H-atom abstraction reactions by H and C H;, 8-scission, isomerization, and internal radical migration reactions
are computed from CCSD(T)/aug-cc-pV(D+T)Z//B3LYP-D3BJ/def2-TZVP calculations. Additionally, solvation effects have been
investigated to allow for comparison between liquid and gas phase kinetics. Consistent with the literature, H-atom abstraction by
H is found to be faster than that by C H,. At the low-temperature end of the investigated range (300 K), available literature rate
coefficients and the present rate coefficients are deviating up to three orders of magnitude. Notably, uncertainties in the imaginary
frequency computation are found to contribute most to deviations between the present calculations and combined theoretical and
experimental literature data for DMC + H. For the unimolecular reactions of the fuel radicals, 3-scission is found to dominate
radical consumption and differs from previous analogy-based rates by up to about one order of magnitude. Solvation effects are
found to be pronounced for diethyl and ethyl-methyl carbonate, with up to two orders of magnitude faster isomerization in the
liquid phase compared to the gas phase. The presented rate coefficients will aid future detailed chemical kinetic modeling.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
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1 | Introduction

The demand for finding a clean source of energy has been
increasing in tandem with the massive climate change. Knowing
that carbon dioxide emissions are a significant key in this
problem, researchers have been making a lot of effort to find an
efficient alternative to burning fossil fuels [1].

Pure or hybrid electric vehicles are now dominating the market
as one of the best in terms of decreasing pollutant emissions [2].
A significant number of these vehicles operate on rechargeable
lithium-ion batteries [3]. However, even at normal operating con-
ditions [4], a thermal runaway hazard may occur according to the
activity and combustibility of the traditional battery components
[5]. Carbonate esters are a dominant constituent in the battery, as
they comprise the medium through which the lithium ions move
between electrodes during the charge and discharge cycles [6],
but they are flammable substances. Accordingly, it is important
to understand the reactivity of these carbonates to be able to
inhibit ignition, and thus increase the durability and safety of
these batteries.

Carbonate esters can also be employed as potential biofuel
additives or replacements to petroleum-derived diesel fuels. Since
these species are oxygenated, it is likely that this would decrease
the soot and particulate matter (PM) emissions [7-9].

Looking at the variety of applications for these carbonate esters,
diverse studies have been performed. In this context, we will
focus on three different carbonates: dimethyl-, diethyl-, and
ethyl-methyl carbonates (DMC, DEC, and EMC, respectively).

The combustion of DMC was studied by Sinha and Thomson
[10] using a counterflow diffusion flame in which the species
concentrations were measured, followed by the study of Glaude
et al. [11], using the same experiments to build a kinetic mecha-
nism for DMC of which the rates targeted in this study were all
estimated from different literature mechanisms. Bardin et al. [12]
measured laminar burning velocities of DMC with air using the
heat flux method, where the flame was stabilized on a perforated
plate burner at atmospheric pressure. Furthermore, Henriksen
et al. [13] used a 20-L explosion sphere to determine the laminar
burning velocity of DMC and propane at pressure of 100 kPa
and temperature of 300 K. Hu et al. [14] and Alexandrino et al.
[15] studied the ignition of DMC using a rapid compression
machine and a shock tube, whereas Atherley et al. [16] used a
shock tube also for spectroscopic measurements to measure time
histories of CO and H,0. Most importantly for the present work,
Peukert et al. [17] studied DMC pyrolysis experimentally with
complementary ab initio calculations, providing rate coefficients
for H-atom abstraction by H, among others.

The ignition delay times of DEC were measured using a rapid
compression machine and a shock tube by Nakamura et al. [18]
in order to help build a kinetic mechanism where rate constants
of H-abstraction reactions were all based on analogies with
ethyl esters or alkanes. To build a kinetic model for DEC high-
temperature pyrolysis and combustion, Sun et al. [19] recorded
the mole fractions of species using gas chromatography during
pyrolysis of DEC in a flow reactor. The authors used analogies

to ethyl esters to model the rates of H-atom abstraction reactions
and the subsequent reactions. Shahla et al. [20] measured stable
species using a jet stirred reactor to validate the model from
Nakamura et al. [18]. They also measured the burning velocities
of DEC/air mixtures. AlAbbad et al. [21] investigated the initial
pyrolytic steps experimentally and theoretically, and their results
show good agreement with the values from Notario et al. [22] at
low temperatures. Sela et al. [23] extended the temperature range
of directly measured rate constant data for the unimolecular
decomposition of DEC, their results show a good agreement with
some reported literature data [24, 25], and a significant deviation
from others [26].

Few pyrolysis studies have been performed on EMC. Using a
reaction vessel, Taylor [27], Cross et al. [24], and Gordon and
Norris [26] measured decomposition rates of EMC around 600 K.
Theoretical decomposition rates have been computed by Notario
et al. [22], Afiez et al. [28], and Chuchani et al. [29]. Takahashi
et al. [30] studied the reactivity of DMC, DEC, and EMC in the
gas phase using a weak flame in a micro flow reactor, and then in
a complementary study [31], they developed a chemical kinetic
mechanism for EMC based on the mechanism of Nakamura
et al. [18] for DEC. Recently, Grégoire et al. [32] used shock tube
spectroscopic CO measurements to study the pyrolysis of the
three title carbonates.

In the present study, we provide calculated rate coefficients
for the H-abstraction reactions by H and C H, and the sub-
sequent reactions for DMC, DEC, and EMC radicals, as it is
clear now that all the existing mechanisms are largely based
on estimated rate parameters for these reactions. Moreover,
we considered both gas and liquid phases to take into con-
sideration the effects of solvation on the reactivity of these
carbonates, which has not been investigated until now. Barnes
et al. [6] performed ab initio characterization of the solvation
properties of DMC, but they did not target the aforemen-
tioned reactions. The importance of these reactions lies in the
fact that they take place in pyrolysis and oxidation, which
means that their rates are valuable for all chemical kinetic
mechanisms.

2 | Computational Methods
2.1 | Gas Phase

The Gaussian 16 software, Revision C.01 [33], was used for all
electronic structure calculations in this work. Geometries and
vibrational harmonic frequencies are computed at the B3LYP-
D3BJ/def2-TZVP level of theory throughout the study. This level
of theory is a well-established method for decades, and computa-
tionally not expensive, so it is sufficient to obtain accurate results
with reasonable computational efforts.

The geometries from this method are used to calculate single-
point energies (SPEs) at the CCSD(T) level of theory with
augmented double- and triple-zeta basis functions (aug-cc-
pV(T+D)Z). The complete basis set (CBS) extrapolation is done
following the approach described in [34]. The accuracy of this
method for hydrogen abstraction barriers has been assessed to
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FIGURE 1 | Potential energy surface of DEC H-abstraction by I and
C H;, radical isomerization, internal radical migration, and -scission for
two radicals. The energy of DEC R 1 s set to zero and energetic differences
due to different stoichiometric formulas are accounted for by subtracting
the energies of H, and CH,. The energies are zero-point corrected at 0 K.

be +0.57 kcal/mol [35]. Tl-diagnostics are used to check the
resilience of the single-reference approach and were all found to
be well below 0.044 [36].

Relaxed 1D rotor scans with a 30° increment were performed
using the same method as described above to establish the
minimum energy conformer. When these scans declared a new
minimum, then the corresponding structure was used for new
subsequent 1D scans. This loop prevailed until the lowest energy
conformer was found.

These minimum energy conformers, the 1D hindered rotors
potential energy profiles, and the SPEs were then used to calculate
the rate constants. Thus, we assume that the structure with
minimal energy, in combination with the 1D scans, accounts for
the relevant conformational space. While we acknowledge that
this is not always assured, we have confidence that this method is
adequate for the compounds investigated here.

The conventional transition state theory (cTST) and the zero-
curvature Eckart approach for tunneling are used to calculate
the reaction rate constants for hydrogen abstraction. Because of
the high energy barriers and imaginary frequencies, variational
effects are expected to be of minor importance.

The rate constants are calculated for temperatures from 500 to
2000 K for combustion applications and are provided in the
Supporting Information (SI). Regarding the thermal runaway of
a battery, it occurs over time, starting from room temperature.
Accordingly, another set of calculations was also done at lower
temperatures, from 300 to 700 K for both the gas phase and the
liquid phase for a direct comparison in the present study.

Temperature- and pressure-dependent rate constants for the
unimolecular §-scission, internal radical migration, and isomer-

ization are calculated via the Master Equation (ME) using the
MESS software package [37]. Collisional relaxation has been
modeled using the Lennard-Jones (LJ) collision frequency model
[38] in combination with the single-exponential down model. For
the collision frequency model, the L parameters o = 4.93, 5.23,
and 548 A and ¢ = 693.2, 786.7, and 877.7 K have been used
for DMC, EMC, and DEC, respectively. These parameters have
been obtained using the adopted 1D-min approach as detailed in
[39]. For the bath gas nitrogen, the parameters ¢ = 3.7 A and
€ = 85.2 K have been obtained from [40]. The single-exponential
down model uses an average energy deactivation of (Ejown) =
200 cm™ - (T/300K)°%.

2.2 | Solvation

To compute the liquid-phase rate parameters, the optimized gas-
phase structures were re-optimized at the same level of theory
using the polarizable continuum model (PCM) of the Gaussian
software package. The rotor scans, however, have not been
recalculated, as these are expected to change only marginally. Re-
using the potential energies of the gas-phase hindered rotor scans
is based on the assumption that the relative energies along the
torsional modes are not strongly influenced by the PCM model.
Thus, we modeled the liquid phase hindered rotations based on
the gas-phase hindered rotor potential energy profiles. The SPEs
have been recalculated using the previously used level of theory,
but with the PCM.

The permittivity used for the three solvents is ¢ = 19 as verified
by Self et al. [41] for lithium ion battery electrolyte environments.
Pressure-dependent rate coefficients have been calculated using
the MESS software package, yet only the high-pressure limits are
used in the following discussion for clarity.

Note that for the SPEs with PCM, the standard state is 298 K
and 1 mol/L, in contrast to the ideal gas phase standard state at
1 atm. By default, Gaussian provides results at the ideal gas phase
standard state. This necessitates correcting the free enthalpy by
ReTeIn(1 mol/L/o®(T)) for each species and transition state [42].
While this correction cancels out for unimolecular reactions, it
does affect bimolecular reactions, such as H-atom abstractions.
In the transition state theory formulation, the free enthalpy
correction translates to a prefactor of 0.0820528T/K for the rate
coefficient expression. This is included as a correction to the A-
factor and the temperature exponent by A0.0820528 and n+1,
respectively.

3 | Results and Discussion
3.1 | Potential Energy Surfaces

The potential energy surfaces (PESs) for DMC and DEC are
represented in Figures 1 and 2, respectively (cf. SI for EMC PES).
The H-atom abstraction reactions and unimolecular fuel radical
reactions are shown on the plot for a consolidated view of the
chemistry. This is done by correcting the hydrogen abstraction
reaction energies by the products of the abstracting radicals, i.e.,
H, or CH,,. This representation immediately reveals that so-called
hot 5-scission [43] is not relevant in the case of dialkyl carbonates,
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FIGURE 2 | Potential energy surface of DMC H-abstraction by H and C Hs, radical isomerization, internal radical migration, and -scission. The

energy of DMC R is set to zero and energetic differences due to different stoichiometric formulas are accounted for by subtracting the energies of H, or

CH,4. The energies are zero-point corrected at 0 K.

atleast not for the considered abstracting radicals. The energies of
the relevant stationary points on the PES are provided in Table 1.

In the three PESs there are three different pathways for each
radical. The PES of DMC is the simplest as it produces only
one radical, followed by DEC, which produces two radicals, and
lastly EMC, which produces three different radicals. For each
radical, the most likely pathways are highlighted in black for a
clearer presentation. In the three cases, the pathways with the
lowest energy barriers are the S-scission pathways, and certain
isomerization pathways in the cases of DEC and EMC. The
migration pathways of the radical to the ether-oxygen in all cases
have the highest energy barriers, followed by the migrations of
the radical to the central carbon of the solvent. However, when
this pathway eventually leads to the same products as for the
B-scission, then it has a very close energy barrier to that of the
B-scission case.

In the context of thermal runaway within a lithium-ion battery,
the presently investigated reaction scheme does not directly
contribute to the exothermicity of this critical process. Although
the H-atom abstraction reactions are slightly exothermic, the
subsequent reactions of the freshly formed radicals are all
endothermic. Ultimately, the exothermicity fueling the thermal
runaway comes from the formation of CO, and interactions with
oxidizing agents.

3.2 | H-Atom Abstraction by Hydrogen and
Methyl Radicals in the Gas Phase

As mentioned earlier, the H-atom abstractions by hydrogen
radicals and methyl radicals are studied. All rate coefficients are
provided per site, meaning they include all abstractable H-atoms
situated at a specific carbon site. For the three carbonates, the

abstraction by hydrogen radicals is faster than that by methyl
radicals at all positions. This trend is consistent with similar
abstraction reactions in the literature [44], and it agrees with
the PESs, where the energy barriers are consistently lower for
abstraction by H.

Three-parameter Arrhenius expressions are fitted to reaction rate
constants and are presented for all abstractions in Figure 3. The
comparison between the rate constants of the three different
solvents’ radicals for the abstraction by H shows that the fastest
abstraction belongs to DEC to give the secondary carbon radical,
closely followed by EMC to give the same radical position as
well. This was expected, as abstraction from a secondary carbon is
known to be favored over abstraction from a primary carbon. For
abstraction by a methyl radical, abstraction from the secondary
positions of EMC and DEC is also the fastest at the lower end
of the investigated temperature regime, yet abstraction at the
primary carbons starts to take over with increasing temperature
due to the larger number of H-atoms at these sites. Interestingly,
compared to abstraction by H, the rate coefficients for abstraction
from the secondary site are not as clearly distinct from those
for abstraction from the primary sites for abstraction by C H;.
This is firstly due to the wider spread of activation energies
among the three abstraction sites of EMC. Secondly, abstraction
at the secondary site by C H; comes with more pronounced
steric hindrance compared to abstraction at the primary sites.
Steric hindrance is mostly irrelevant for abstraction by H.
Figure 4 shows the corresponding transition state for H-atom
abstraction from the secondary site of EMC by C H,. transition
state for H-atom abstraction from the secondary site of EMC
by C H;.

Figure 5 shows the variation of literature rate coefficients for H-
atom abstraction via H and C H, from the three title compounds.
The literature values are taken from Peukert et al. [17], Nakamura
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TABLE 1 | Potential energies in kcal/mol for all energetically impor- TABLE 1 | (Continued)
tant stationary points of DMC, DEC, and EMC.

ZPE-corrected

ZPE-corrected Stationary point energy/kcal/mol
Stationary point energy/kcal/mol
il CO[C]=0 + CC=0 16.4
DMC TSR2 - R3 28.9
RH+H 54 R3 28
TS RH+H — R+H2 162 TS R3 — CCOC(=0)C[O] 33.1
RH+CH3 4.6 CCOC(=0)C[O] 10.7
TS RH+CH3 —~ R+CH4 187 TS CCOC(=0)C[O0] — CCO[C]=0 + 25.9
R 0.0 C=0
TS R —» COC(=0)C[O] 36.2 TS R3 - CCO[C]=0 + C=0 34.2
COC(=0)C[O] 13.6 CCO[C]=0 + C=0 211
TS COC(=0)C[0] - COC=0 + C=0 19.4 Note: Species without specific names (such as RH) are identified via SMILES.
TSR — COC=0 + C=0 37.5
COC=0 + C=0 24.3 T /K
DEC Loz e 500 400 333 286
RH+H 2.6 1011 —_-]I))i\?/lccli{l I
TS RH+H — R1+H2 14.2 R
TS RH+H — R2+H2 1.0 =
RH+CH3 1.8 m:'
TS RH+CH3 — R1+CH4 16.6 L2
TS RH+CH3 — R2+CH4 14.0 <
R1 0.0
TS R1 — CCOC(=0)[0] + C=C 26.4
CCOC(=0)[0] + C=C 23.7
TSR1 — R2 26.6
R2 —4.4 "o
TS R2 - CO[C]=0 + CC=0 29.6 E
CO[C]=0 + CC=0 16.1 "=
o
EMC =
e
RH+H 2.6 <
TS RH+H — R1+H2 14.3
TS RH+H — R2+H2 1.1 102 12Y € , . ,
15 2.0 2.5 3.0 35
TS RH+H — R3+H2 13.3 1000K/T
RH+CH3 1.8
TS RH+CH3 — R1+CH4 16.7 FIGI.JRE 3 .I Slt?—SpeCIfIC rate constants for hydrogen abstraction
reactions by H and C H; for DMC, DEC, and EMC.
TS RH+CH3 — R2+CH4 14.0
TS RH+CH3 — R3+CH4 15.9 . . .
etal. [45], and Yu et al. [46], with the latter two being either based
R1 0.0 on rate rules or analogies to DMC.
TS R1 — COC(=0)[O] + C=C 26.6
COC(=0)[0] + C=C 23.9 All literature rate coefficients show.an increas.ing discrepancy
from the presently calculated rates with decreasing temperature.
TSR1-R2 4.2 H-atom abstraction via H and C H; both differ by up to three
TSR1 - R3 28.7 orders of magnitude, with DEC and EMC showing the largest
R2 —4.4 discrepancies. Interestingly, all literature rate coefficients are
larger than the presently predicted rates. For DMC, the largest
TS R2 — CO[C]=0 + CC=0 30.1

difference to the rate coefficient of Peukert et al. [17] amounts
(Continues) to almost a factor of 5. This difference can be explained by the
combined differences in activation energies (10.84 kcal/mol vs.
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FIGURE 4 | A scheme of the hydrogen abstraction from the sec-
ondary carbon of EMC by C Hj.

T/K
. 667 500 400 333 286
10 T
—— DMC R [Peukert et al.]
— =DEC R1 [Nakamura et al.]
P —— DEC R2 [Nakamura et al.]
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2
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FIGURE 5 | H-atom abstraction comparison to literature.

10.49 kcal/mol [17]) and imaginary frequencies (1303 cm™ vs.

1662 cm™ [17]). While the difference in activation energies
accounts for a factor of 1.79 at most, the difference in imaginary
frequencies accounts for a factor of up to 4.03 in the tunneling
correction. Given that the total tunneling correction factor is
about 7 at 300 K for the present level of theory, a difference of
factor 4.03 is in the same order of magnitude as the effect itself.
Testing a quartic tunneling correction for DMC + H gave a total
tunneling correction factor of 10 at 300 K. At 500 K, the difference
between the quartic and Eckart tunneling corrections, however,
dropped to 5.6%, indicating that the Eckart tunneling correction
is sufficiently accurate for elevated temperatures. The imaginary
frequency directly affects the prediction of tunneling coefficients,
and thus becomes increasingly important with decreasing tem-
perature. While Peukert et al. [17] used M06-2X/cc-pVTZ for
the H-atom abstraction transition state optimization, B3LYP-
D3BJ/def2-TZVP was used in the present work, resulting in
imaginary frequencies of 1662 and 1303 cm™, respectively, for
H-atom abstraction from DMC via H. As shown in the SI, the
present and the Peukert et al. [17] rate coefficients agree within
a factor of 2 for temperatures above 1000 K. It is known that the
imaginary frequency can rather strongly scatter with the level of

T/K
667 500 400 333 286
—— DMC-R
— -DEC-RI]

EMC-R3]

k (T)/s?

10 . AN .
15 20 25 30 35

1000K/T

FIGURE 6 | Site-specific rate constants for thermal f-scission of
radicals from different reactants.

theory [47], causing strongly pronounced uncertainties especially
at low temperature conditions. There is an urgent need for future
systematic investigations into imaginary frequency uncertainties
of varying levels of theory.

3.3 | p-scission and Isomerization

As represented in the PESs of the dialkyl carbonates, §-scission
and isomerization pathways are the most significant. A compar-
ison between all the rates of S-scission pathways is illustrated in
Figure 6.

These rates depend on the position of the radical in the molecule,
as the highest rates belong to the S-scission of the primary
radicals on the ethyl group of DEC and EMC, and the lowest
rate corresponds to the DMC radical. On the other hand, certain
radicals favor isomerization over S-scission, and the results are
consistent between the PESs and the rates of these reactions
presented in Figure 7. Looking at R2 of DEC, the isomerization
pathway will show larger rates at lower temperatures, and as
the temperature increases, the f-scission reaction dominates
(crossing not shown due to very low-rate coefficients). EMC
radicals R2 and R3, however, show comparable or larger rates for
isomerization over the entire temperature range.

As documented in the PES of EMC in the SI, the energy barriers
for the -scission pathways are higher than the barrier of iso-
merization between the two radicals. Comparing the rates of this
isomerization between R2 and R3, it appears that the direction
of giving R2 is faster. This means that the amplified production
of R3 leads to more production of R2 via isomerization, and thus
indirectly to more R2 dissociation products.

3.4 | Solvation

All the calculations that are done for the reactions in the gas phase
are also computed in the liquid phase using the same level of
theory, but with the PCM for describing solvation. This level of
theory for describing solvation is not sufficient to obtain definite
liquid-phase kinetics, yet we aim at gaining first insights into how
kinetics change when considering solvation effects. Here, we are
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FIGURE 7 | Difference between -scission and Isomerization pathways for DEC and EMC in gas and liquid phases.

showing only those reactions that are significantly affected by
solvation effects.

3.4.1 | H-Atom Abstraction Reactions

All H-atom abstraction reactions are similarly affected by solva-
tion, with Figure 8 showing a comparison of H-atom abstraction
in the liquid and gas phases (solid and dashed lines, respectively).
The use of PCM changed the activation energies for H-atom
abstraction by either radical consistently. For abstraction by H,
barrier heights for abstraction from both sides of the ethyl side
chains of EMC and DEC are lowered by about 0.2 kcal/mol, yet
barrier heights for abstraction from the methyl side chains of
EMC and DMC increase by about 0.2 kcal/mol. In contrast, all
barrier heights increase for the liquid phase H-atom abstraction
via C H;, yet consistently shifted by about 0.5 kcal/mol relative to
the solvation effects on abstraction via H.

For H-atom abstraction via H at the ethyl side chain, the barrier
height dictates the change of reactivity through solvation. For
both sites of the ethyl side chain, the H-atom abstraction rate
coefficient is systematically larger in the liquid phase. Notably,
H-atom abstraction at the methyl group of EMC is also faster
in the liquid phase, contrary to the change in activation energy,
which can be explained by solvation increasing the activation
entropy, leading to a faster H-atom abstraction in the liquid
phase. For H-atom abstraction by C H; all rate coefficients
are consistently smaller in the liquid phase compared to the
gas phase, as indicated by the change in activation energy. In
summary, activation energies for H-atom abstraction by H are
only weakly affected by solvation, leaving space for changes in
activation entropy to noticeably affect rate coefficients in the
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FIGURE 8 | Rateparameters for hydrogen abstraction by Fand C Hs
for EMC in solvation.

liquid phase. For H-atom abstraction by C H,, however, changes
in activation energies determine how rate coefficients behave in
the liquid phase compared to the gas phase.
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FIGURE 9 | Effect of solvation on isomerization reactions of DEC
and EMC.

3.4.2 | pB-Scission vs. Isomerization

The dominating reactions are the same in the gas and the liquid
phases; however, the rates of the reactions are partly different.
Looking at Figure 7, the crossing point between isomerization
and S-scission is now at higher temperatures for all compounds
shown here, meaning that isomerization is more pronounced
at lower temperatures in the liquid than in the gas phase.
Isomerization reactions are most affected by the solvation, which
is due to the larger change in dipole moment associated with
this type of reaction, compared to -scission. As an example, the
isomerization transition state between EMC-R2 and R3 comes
with a dipole moment of 5.02 Debye, while the corresponding
EMC-R2 fB-scission transition state has a dipole moment of
2.33 Debye. As a consequence, the impact of the PCM on the
activation energy is profoundly amplified for the isomerization
transition state, changing it by —2.3 kcal/mol for isomerization,
yet only 0.6 kcal/mol for S-scission.

In Figure 9, the rates of the dominating isomerization reactions
of DEC and EMC are represented for both phases to highlight the
difference. The isomerization reaction rates in the liquid phase
are larger than those in the gas phase by almost two orders of
magnitude at the lowest temperatures. This difference between
liquid and gas phases is primarily determined through the
differences in activation energies. The aforementioned change
of activation energy through solvation effects of —2.3 kcal/mol
causes the rate coefficient to increase by about a factor of 50 at
300 K.

4 | Conclusion

In this work, the rate parameters of H-atom abstraction reac-
tions by H and C H; of dimethyl-, diethyl-, and ethyl-methyl
carbonates, and the subsequent radical isomerization, 5-scission,
and internal migration reactions were computed using B3LYP-
D3BJ/def2-TZVP level of theory for the geometries and vibra-
tional harmonic frequencies, and the CCSD(T) level of theory
with augmented double- and triple-zeta basis functions (aug-cc-
pV(T+D)Z) to calculate SPEs. This has been done for the gas and
liquid phases.

The results show that the rate of H-atom abstraction reactions by
H are always larger than those for abstractions by C H;, which
is consistent with literature findings [44]. For the unimolecular
radical chemistry, the S-scission and the isomerization reactions
are dominating. In contrast, the energy barriers of the internal
radical migration reactions are very high, except for the radical
migration to the central carbon, leading to the same products as
for the corresponding 5-scission. The rates for 5-scission reactions
are larger than isomerization rates in all cases, except for the
case of EMC radicals R2 and R3, and DEC radical R2 at low
temperatures.

The direct comparison between the rates with and without
solvation effects did not show an important change for most
of the reactions using the present level of theory, namely,
PCM. However, the isomerization reactions of EMC and DEC
were substantially affected. It is found that the magnitude
of the dipole moment of the corresponding transition states
strongly determines the impact of solvation on the rate coeffi-
cients. Further research with more elaborate solvation models is
advised.

With the present findings, future detailed chemical kinetic
modeling studies will be enabled to predict the ignition and flame
safety of the presently studied carbonates more reliably.
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