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Abstract
The reaction of dimethyl ether (DME) with nitrogen dioxide (NO2), which plays a critical role in the low-temperature oxida-
tion behavior of DME, is employed as prototype for reactions of heavier clean ether fuels to assess different hybrid density 
functionals and “double-hybrid” density functionals. The reaction energies and barrier heights for the reaction system were 
computed with CCSD(T) theory extrapolated to the complete basis set limit using augmented cc-pVDZ and cc-pVTZ basis 
sets. The involved energetics were also improved by the CCSD(T)/6-311+G(2df,2p), QCISD(T)/6-311+G(2df,2p), G3B3, 
G3MP2B3, CBS-QB3, G4, and G4MP2 calculations. It is shown that “double-hybrid” density functionals with the TZVP 
basis set can give accurate geometries and principal moments of inertia of reactants and products and the B2PLYP/TZVP 
level can achieve results for barrier heights comparable in accuracy to the high-level ab initio results, which is identified as 
an important potential theoretical level for direct kinetics studies on the rates of these and homologous reaction systems. The 
calculated results indicate that NO2 preferentially captures an out-of-plane hydrogen atom from the DME molecule by the 
O or the N end via three distinct channels to produce trans-HONO, cis-HONO, and HNO2, respectively, and each channel 
involves the formation of a van der Waals post-reaction adducts lying lower in energy than their separate products.

Keywords  Dimethyl ether · Nitrogen dioxide · Hydrogen abstraction · Multi-reference diagnostics · Reaction mechanism · 
Computational chemistry

1  Introduction

Over the last few decades, there have been increasing 
searches for clean alternative fuels as well as more efficient 
combustion strategies for pollutant emission from fossil-
based fuel combustion. Ethers, having promising character-
istics, are nowadays considered as clean additives blended 
with conventional internal combustion engine fuels on 
environmental grounds [1, 2]. Dimethyl ether (DME) is a 
prototype of such a fuel source for its high cetane number 
(55–60) and environmentally friendly combustion merits 
with ultralow emissions of volatile organic compounds, 
soot, and NOx—three undesirable exhaust constituents 
from compression-ignition engines [3]. DME was selected 
in the present work because it was small enough to allow 
for a thorough study of its oxidation pathways to achieve 

the fundamental understanding of the combustion of larger 
ether fuels.

Even though the automobile engines are fueled by neat 
ethers, nitrogen dioxide (NO2) can be produced in consider-
able amounts by the thermal oxidation of atmospheric nitro-
gen (N2) [4]. Several previous investigations have observed 
that, under combustion conditions, NO2 would accelerate 
the combustion rate of the remaining ethers and lower the 
ignition temperatures, and such an effect became more pro-
nounced as the NO2 concentration rose, especially in the 
low-temperature oxidation range [5–7].

To develop the promising DME-fueled engines, the 
enhancement of NO2 on the combustion of DME should 
be clearly explored, and a well-validated DME/NO2 kinetic 
model is desired. NO2, which is an odd-electron species, 
based on the identified reactions of NO2 with alkanes [8], 
is capable of capturing an H atom readily from the DME 
molecule by the O or the N end to produce trans-HONO 
(channel a), cis-HONO (channel b), and HNO2 (channel c), 
respectively

(a)NO
2
+ DME → trans-HONO + CH

3
OCH

2

 *	 Yulei Guan 
	 guanyl@nwu.edu.cn

1	 School of Chemical Engineering, Northwest University, 
Xi’an 710069, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00214-019-2503-5&domain=pdf


	 Theoretical Chemistry Accounts (2019) 138:114

1 3

114  Page 2 of 16

In this regard, examining the kinetic mechanism of the 
NO2 + DME reaction is a valuable step towards capturing 
the low-temperature behavior and understanding the reaction 
pathways of the larger ether species to select the next-gen-
eration alternative fuels intelligently. However, these three 
reaction channels have received very little experimental 
concern and understanding is hampered by the lack of their 
kinetic data due to the fact that a variety of radical interme-
diates, especially the NO2 and CH3OCH2 radicals involved 
in the combustion of DME, are challenging to characterize 
by experimental approaches before they reach the thermo-
dynamic equilibrium and the presence of inter-conversion of 
trans-HONO, cis-HONO, and HNO2 and their subsequent 
decomposition to NO + OH rapidly increase the experi-
mental difficulty. There is also the theoretical challenge of 
whether too much multi-reference character is involved in 
the NO2 and transition state structures and single-reference 
formalisms can reasonably treat the reaction system.

Depending on the discussions above, the main purpose 
of the present work is particularly to explore each channel 
mechanism of the DME/NO2 reaction systematically and 
give accurate results for the bond energies, reaction ener-
gies, and barrier heights of these three reactions. In addition, 
we attempt to build a computationally affordable electronic 
compound method utilizing density functional-based con-
siderations, which is then employed in subsequent direct 
kinetics calculations in the case without apparent reduction 
of accuracy.

2 � Computational methods

All the quantum chemical calculations were carried out 
using the Gaussian09 computational chemical codes [9]. 
Ground-state geometries of reactants, products, intermedi-
ate, and transition state on the potential energy surfaces of 
the reaction of DME with NO2 were completely optimized 
with the density functionals of BMK [10], MPW1K [11], 
MPWB1K [12], MPW3LYP [12], wB97X [13], wB97XD 
[14], M05 [15], M05-2X [16], M06 [17], M06-2X [18], 
M06HF [18], and M06L [19] with “tight” convergence 
criteria and “Int = UltraFine”. These density functionals 
except that the wB97X and wB97XD were paired with 
the TZVP [20] basis set, were coupled with the MG3S 
[21] basis set. It has been reported that the combinations 
of BMK, MPW1K, M05-2X, M06L, and M06-2X den-
sity functionals with the MG3S basis set could provide 
accurate thermochemistry and barrier heights for hydro-
gen-abstraction reactions [22, 23]. The M05 and M06 

(b)NO
2
+ DME → cis-HONO + CH

3
OCH

2

(c)NO
2
+ DME → HNO

2
+ CH

3
OCH

2
.

functionals were adopted in this work due to the fact that 
they might provide higher accuracy in the cases with large 
multi-reference character involved. No symmetry restric-
tions were applied for the calculations. Because NO2 and 
CH3OCH2, transition states, and post-reaction complexes 
(IM) were doublet states, all open-shell systems studied 
here were performed with unrestricted formalism and the 
calculated results were assessed for wave-function insta-
bility, while the spin-restricted formalism was used in the 
DME, trans-HONO, cis-HONO, and HNO2 singlet-state 
calculations.

In addition, “double-hybrid” density functionals (includ-
ing B2PLYP [24], B2PLYPD [25], B2PLYPD3 [26, 27], 
mPW2PLYP [28], and mPW2PLYPD [25]) in conjunction 
with the TZVP basis set have also been employed to char-
acterize the reaction of DME with NO2.

Harmonic vibrational frequency analyzes of the located 
stationary points, calculated at the same level, were per-
formed partly to confirm that the optimized structures 
were located at minima or transition states on the potential 
energy surfaces and partly to obtain the zero-point vibra-
tional energy (ZPVE) and the thermal contributions to the 
enthalpy and free energy. Transition states corresponded to 
the first-order saddle points characterized by a single imagi-
nary frequency which confirmed the process of the abstrac-
tion of an H atom from DME and a transfer to the O or the 
N end of NO2. Furthermore, intrinsic reaction coordinate 
(IRC) computations [29, 30] in both forward and backward 
directions with a step size of 0.04 bohr were also performed 
to verify that the identified transition states with products 
and reactants were correctly connected.

A variety of coupled cluster approximations were used 
to compute single-point electronic energies for the opti-
mized stationary points with the aforementioned theoreti-
cal levels. The coupled cluster approximations used in this 
work were as follows: coupled cluster theory with single 
and double substitutions, CCSD [31, 32] and QCISD [33]; 
coupled cluster theory with single and double excitations 
and a quasiperturbative treatment of connected triple excita-
tions, CCSD(T) [34] and QCISD(T) [33, 34]. In the cases 
of CCSD, CCSD(T), QCISD, and QCISD(T) calculations, 
augmented correlation-consistent aug-cc-pVDZ and aug-cc-
pVTZ basis sets [35–37] have been used and extrapolated 
to the complete basis set limit. To reach the CBS limit, we 
have used coefficients recommended by Schwenke [38] in 
two-point extrapolation schemes involving the aug-cc-pVDZ 
and aug-cc-pVTZ basis sets.

We have also used the G3B3 [39], G3MP2B3 [39], CBS-
QB3 [40], G4 [41], and G4MP2 [42] composite methods to 
evaluate the involved energetics of the NO2 + DME reaction. 
Specifically, the post-reaction complex calculations were 
performed by taking the counterpoise correction for basis 
set superposition error (BSSE) [43] into account.
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3 � Results and discussion

3.1 � Multi‑reference diagnostics

Before characterizing the reaction of DME with NO2 with 
different single-determinant reference formalisms, it is much 
necessary to evaluate whether such methods are reasonable 
above all. The T1 [44], GB1 [16, 45], and %TAE[T] [46] 
diagnostic approaches were employed here to measure multi-
reference extent in the wave function of the involved species.

The T1 diagnostic provides a qualitative assessment of the 
extent of multi-reference feature by examining the amplitudes 
from single excitations in the CCSD calculations. It has been 
mentioned that the presence of large single amplitudes in a spe-
cific species was debatable, and the T1 value over ca. 0.02 for a 
closed-shell species suggested that significant multi-reference 
character was involved in its wave function [44]. With regard 
to the open-shell species, several previous studies [47–50] have 
suggested that threshold for the T1 values up to ca. 0.045 could 
be more reasonable. The T1 diagnostic results performed on the 
M06-2X/MG3S, B2PLYP/TZVP, and wB97XD/TZVP opti-
mized reactants, products, post-reaction adducts, and transition 
states of reaction channels R(a)–R(c) are outlined in Table 1. 
Most of the open-shell species (NO2, CH3OCH2, TSb, TSc, 
IMa, IMb, and IMc) involved in the reactions R(a)–R(c) do 
not possess substantial multi-reference character, but TSa has 
a T1 value between 0.037 and 0.042, depending on the method 
adopted, which approaches the upper limit of 0.045, showing 
multi-reference warning sign. T1 diagnostic for the closed-shell 
species DME is calculated to be significantly smaller than the 
threshold of 0.02, whereas those for the three HNO2 isomers 
are very close to the threshold of 0.02. The above T1 diagnostic 
calculations suggest that the single-reference treatments seem 
suitably to describe the NO2 + DME reaction, despite the criti-
cal problems related with the transition state TSa.

However, some previous investigations [45, 51, 52] have 
concluded that the T1 diagnostic was not completely reli-
able. Consequently, the (G)B1 and %TAE[(T)] diagnostic 
methods were also employed to evaluate the multi-reference 
features for the NO2 + DME reaction system.

Truhlar et al. [16, 45] proposed the GB1 diagnostic proce-
dure, a more computationally affordable alternative compared 
to the T1 diagnostic, by evaluating the extent of multi-refer-
ence feature associated with energetics. The GB1 diagnostic is 
an improved level of the B1 diagnostic where the absolute dif-
ference in zero-point-exclusive bond energies calculated with 
the BLYP (no Hartree–Fock exchange) and B1LYP (25% of 
Hartree–Fock exchange) functionals based on the BLYP geom-
etries in both cases plays the part of the predictor of multi-
reference feature. The discrepancy over ca. 41.84 kJ mol−1 in 
energy between the results of these two functionals implies the 
presence of significant multi-reference feature. Table 2 lists the 
B1 diagnostic values for the four bond dissociation energies 
and the GB1 diagnostic values for the three reaction energies, 
three forward activation barriers, and three reverse activation 
barriers for these three reaction channels in the present work.

It can be concluded from the B1 and GB1 diagnostic values 
in Table 2 that all of the breaking and forming bonds involved 
in the three reaction channels and the reaction energies for 
reactions R(a), R(b), and R(c) are appropriate for treatments 
using single-reference formalisms: the B1/GB1 diagnostic 
quantities for all of these three reaction pathways are substan-
tially lower than the threshold of 41.84 kJ mol−1 for signifi-
cant multi-reference feature. In addition, the GB1 values for 
forward and reverse barrier heights are appreciably larger than 
those for bond and reaction energies, and an encouraging sign 
of consistency between the T1 and GB1 diagnostic is that T1 
diagnostic value for TSa is large, and we find the forward and 
reverse barrier heights of R(a) also have large GB1 diagnostics.

Table 1   T1 diagnostics for species involved in the reaction of DME with NO2

Species CCSD/cc-pVDZ CCSD/cc-pVTZ CCSD/aug-cc-pVDZ CCSD/aug-cc-pVTZ

M062X B2PLYP wB97XD M062X B2PLYP wB97XD M062X B2PLYP wB97XD M062X B2PLYP wB97XD

CH3OCH3 0.009 0.009 0.009 0.009 0.010 0.009 0.011 0.011 0.011 0.010 0.010 0.010
NO2 0.023 0.024 0.023 0.023 0.024 0.023 0.024 0.026 0.025 0.024 0.025 0.024
TSa 0.037 0.041 0.037 0.037 0.041 0.038 0.038 0.042 0.038 0.037 0.041 0.038
TSb 0.029 0.031 0.027 0.028 0.030 0.027 0.029 0.030 0.028 0.028 0.030 0.027
TSc 0.021 0.022 0.021 0.021 0.021 0.021 0.022 0.022 0.022 0.021 0.022 0.021
IMa 0.019 0.020 0.019 0.018 0.020 0.019 0.020 0.021 0.020 0.019 0.020 0.019
IMb 0.019 0.020 0.020 0.019 0.020 0.020 0.020 0.021 0.021 0.020 0.020 0.020
IMc 0.018 0.019 0.019 0.018 0.019 0.018 0.019 0.020 0.020 0.018 0.019 0.019
CH3OCH2 0.015 0.015 0.015 0.015 0.015 0.015 0.017 0.017 0.017 0.016 0.016 0.016
trans-HONO 0.019 0.021 0.019 0.019 0.020 0.019 0.021 0.022 0.021 0.019 0.021 0.020
cis-HONO 0.020 0.021 0.020 0.019 0.020 0.019 0.021 0.022 0.021 0.020 0.021 0.020
HNO2 0.019 0.020 0.019 0.018 0.019 0.018 0.020 0.021 0.020 0.019 0.020 0.019
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The %TAE[(T)] multi-reference diagnostic [46] is per-
formed by calculating the percentage of the CCSD(T) total 
atomization energy (TAE) that comes from the (T) correc-
tion and is given by

The %TAE[(T)] calculated values can be divided into four 
grades in a qualitative level: the %TAE[(T)] values (1) less 
than 2% suggest dynamical correlations are largely dominant 
in the systems; (2) ranging from 2 to ~ 4–5% imply weak 
nondynamical correlation; (3) in the range from ~ 4 to 5% 
to about ~ 10% imply modest nondynamical correlation; 
and (4) above 10% indicate strong nondynamical correla-
tion. The aug-cc-pVTZ basis set was adopted through the 
%TAE[(T)] diagnostic procedure.

Table 3 collects the %TAE[(T)] diagnostic results for 
the optimized geometries at the M06-2X/MG3S, B2PLYP/
TZVP, and wB97XD/TZVP levels. These data in Table 3 
suggest that all of the species in the three reaction channels 
are suitable for investigations with single-reference meth-
ods as well: the %TAE[(T)] diagnostics for all involved 
species are lower than 10%.

Depending on the three multi-reference diagnostic analy-
ses, especially the (G)B1 and %TAE[(T)] diagnostics, it can 
be argued that single-reference formalisms can be employed 
to adequately describe the NO2 + DME reaction system.

3.2 � Geometries

In this regard, we are focusing on the performance of 
these adopted density functionals in the optimizations of 
the ground-state geometries of the reactants and products 

(1)%TAE[(T)] =
|TAE[CCSD(T)] − TAE[CCSD]|

TAE[CCSD(T)]

involved in R(a), R(b), and R(c). Especially, the discrepan-
cies between the principal moments of inertia of the ground-
state geometries and the calculated equilibrium ones are 
interested, because the rotational partition functions, which 
are required by the rate constant calculations, are derived 
using these aforementioned quantities.

Figure 1 depicts the optimized geometries of the reactants 
and products of reactions R(a), R(b), and R(c). Selected geo-
metrical parameters and products of the principal moments 

Table 2   Bond energies, reaction energies, barrier heights, B1 diag-
nostics, and GB1 diagnostics in kJ mol−1

Properties BLYP/MG3S B1LYP/MG3S (G)B1 diagnostic

De(H–CH2OCH3) 411.17 415.63 4.46
De(H3C–OCH3) 338.93 344.82 4.11
De(trans-H–

ONO)
328.05 332.18 4.12

De(cis-H–ONO) 322.17 330.49 8.32
De(H–NO2) 300.35 309.08 8.73
ΔE[R(a)] 83.11 83.45 0.34
ΔE[R(b)] 89.00 85.14 3.86
ΔE[R(c)] 110.82 106.55 4.27
ΔfEa[R(a)] 98.82 123.32 24.50
ΔfEa[R(b)] 78.92 89.39 10.46
ΔfEa[R(c)] 85.87 93.48 7.61
ΔrEa[R(a)] 33.87 58.94 25.06
ΔrEa[R(b)] 9.66 23.54 14.49
ΔrEa[R(c)] 0.80 7.86 7.07

Table 3   %TAE[(T)] diagnostic

Species %TAE[(T)]

M062X B2PLYP wB97XD

CH3OCH3 1.34 1.30 1.30
NO2 8.16 8.59 8.26
TSa 3.29 2.99 3.26
TSb 3.04 3.06 3.02
TSc 3.06 3.12 3.07
IMa 2.64 2.73 2.68
IMb 2.65 2.73 2.68
IMc 2.82 2.92 2.86
CH3OCH2 1.42 1.43 1.42
trans-HONO 5.20 5.50 5.27
cis-HONO 5.21 5.45 5.27
HNO2 5.90 6.17 5.96

Fig. 1   Reactants and products for reaction of DME with NO2. Color 
coding of atoms: red, oxygen; blue, nitrogen; gray, carbon; and white, 
hydrogen
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of inertia obtained with various DFT-based electronic model 
chemistries used in this study are compared in Table 4 with 
the experimental data. The last three lines in Table 4 cor-
respond to the mean unsigned errors (MUEs) of calculated 
bond lengths, bond angles, and products of the principal 
moments of inertia with respect to experimental data. The 
latest version of Computational Chemistry Comparison and 
Benchmark Database [53] (http://cccbd​b.nist.gov/) provides 
the experimental results for the geometries and products of 
the principal moments of inertia for the involved species 
except CH3OCH2 and HNO2.

As can be seen from Table  4 that the equilibrium 
structures optimized by the different density functionals 
except the M06HF/MG3S level match very well with their 
experimental results for ground-state geometries, even for 
the strongly non-rigid NO2 geometry, leading MUEs by 
0.36–1.27% to the bond lengths (R), 0.38–0.82% to the 
bond angles (A), and 1.66–9.26% to the products of the prin-
cipal moments of inertia (IAIBIC). In particular, the com-
puted equilibrium geometries and products of the principal 
moments of inertia by the “double-hybrid” density function-
als, especially the B2PLYP/TZVP level with the smallest 
mean unsigned errors, achieve the best agreement with the 
experimental data.

As can be seen from Fig. 1 and Table 4, complete opti-
mizations of DME, NO2, trans-HONO, cis-HONO, and 
HNO2 ultimately lead to C2v, C2v, Cs, Cs, and C2v symme-
tries, respectively. There are two equivalent C–O bonds but 
two different H atom distributions in the DME geometry. 
Because the two in-plane C–Hs bonds appear to be a little 
shorter than the four out-of-plane C–Ha bonds, it can be 
argued that NO2 prefers to attack the out-of-plane Ha in the 
hydrogen-abstraction process. In addition, we can observe 
that the two in-plane Hs atoms eclipse the central O atom 
with the bending angle being ca. 112°.

Removing an out-of-plane Ha atom from DME by the 
O or the N end of NO2 to form trans-HONO (channel a), 
cis-HONO (channel b), and HNO2 (channel c), respectively, 
requires to get over the transition states TSa, TSb, and TSc 
which are directly connected to the post-reaction adducts 
IMa, IMb, and IMc. Vibrational frequency analysis of TSa, 
TSb, and TSc confirms the presence of a single imaginary 
frequency (Imag), as listed in the first line of Table 5. Here 
note that unsuccessful attempts were made to locate a transi-
tion structure for NO2 capturing the in-plane Hs atoms using 
various levels of theory. The identified geometries of the tran-
sition states for the three DME reactions are depicted in Fig. 2 
and given in Table 5 in detail. The three transition structures 
account for the lowest energy torsional conformations by opti-
mizations with all the DFT-based electronic model chemis-
tries used in this work. The geometries of reactants, products, 
and the transition states computed with the various DFT-based 
electronic model chemistries are very similar except that the 
transition states cannot be located by the M06HF/MG3S level. 
In order to avoid being redundant, the following discussions 
are only based on the geometrical parameters optimized with 
the M06-2X/MG3S, B2PLYP/TZVP, and wB97XD/TZVP 
levels, which are used in all single-point calculations through-
out this work. In addition, the B2PLYP/TZVP calculations 
will be used in the kinetics study of the title reaction.

For the TSa structure optimized at the M06-2X/MG3S 
level, the C···H bond being broken is stretched by only 
9.94% as compared to that in DME, while the length of 
the O···H bond being formed in TSa is 1.414 Å, 44.73% 
longer than its value in equilibrium structure of IMa, indica-
tive of a quite reactant-like character. Both the B2PLYP/
TZVP and wB97XD/TZVP levels qualitatively reproduce 
the same trend, and the B2PLYP/TZVP level gives an even 
earlier character to TSa compared to the M06-2X/MG3S 
results. For the R(b) process calculated at the M06-2X/
MG3S level, the C···H bond being broken is lengthened by 

Fig. 2   Transition states for the three reaction channels of DME with NO2

http://cccbdb.nist.gov/
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18.70% to reach the TSb transition structure (1.301 Å) from 
DME (1.096 Å), whereas the length of the O···H bond being 
formed in TSb is 1.293 Å, 30.74% longer than that (0.989 Å) 
of IMb, implying that TSb also possesses a reactant-like 
character, but is slightly “later” than TSa. Similar conclu-
sion follows from the calculated results of other adopted 
levels. By comparing the optimized DME, TSc, and IMc 
structures listed in Table 5, we can see that TSc is located to 
be product-like. Depending on the above geometrical param-
eters of TSa, TSb, and TSc, it leads to the conclusion that 
reactions R(a) and R(b) should be exothermic, while reac-
tion R(c) should be endothermic based on the Hammond’s 
postulate—transition states are located towards the higher 
energy side, and the activation barriers for the three forward 
reaction channels would be in the ΔfEa[R(a)] < ΔfEa[R(b)] 
< ΔfEa[R(c)] order.

The IRC outcomes clearly show that, on the reactant 
side, transition states connect to the NO2 + DME min-
imum-energy geometry with almost equal energy to the 
separate reactants; on the product side, the IRC evolutions 
of the three reaction channels vary with the formations 
of the hydrogen-bonded post-reaction complexes (see 
Fig. 3; Table 6 for detailed structures of IMa, IMb, and 
IMc) instead of the free products. One can observe that 
there are great geometrical similarity between the located 
post-reaction adducts and the separate products. In addi-
tion, the distances between the C atom of CH2 moiety in 
CH3OCH2 and the H atom of trans-HONO, cis-HONO, and 
HNO2 in the IMa, IMb, and IMc structures, are predicted 
at the B2PLYP/TZVP level to be 2.106, 2.121, and 2.093 
Å, respectively. The distance from the H5 atom of CH3 
moiety in CH3OCH2 to the O3 atom of cis-HONO in IMb 
and HNO2 in IMc is predicted to be 2.625 and 2.669 Å at 
the B2PLYP/TZVP level, respectively, indicating presences 
of a weak hydrogen-bonding interaction.

3.3 � Zero‑point energies

Table 7 presents the comparison of the computed zero-
point energies (ZPEs) for the reactants and products of 
reactions R(a), R(b), and R(c) with the experimental ones. 
The DFT ZPEs presented in Table 7 are corrected by the 
scaling factors which have values of 0.971 for BMK/
MG3S, 0.962 for M05-2X/MG3S, 0.977 for M05/MG3S, 
0.970 for M06-2X/MG3S, 0.981 for M06/MG3S, 0.978 
for M06L/MG3S, 0.982 for MPW3LYP/MG3S, 0.956 
for MPW1K/MG3S, 0.954 for MPWB1K/MG3S, 0.970 
for wB97X/TZVP, 0.975 for wB97XD/TZVP, 0.9832 for 
B2PLYP/TZVP, respectively [54, 55]. The present study 
improves the B2PLYPD/TZVP, mPW2PLYP/TZVP, and 
mPW2PLYPD/TZVP ZPEs by multiplying the same fac-
tors as that for the B2PLYP/TZVP-based ZPEs.

The scaled computed ZPEs are in good accord with 
experiment for the electronic model chemistries examined 
here, with MUEs in the range of 0.97–2.70 kJ mol−1. The 
best performance in the case of ZPEs is M06L/MG3S. We 
note that the B2PLYP/TZVP theoretical level, which will 
be used in the future kinetics calculations, also performs 
reasonably well with respect to the experimentally based 
ZPEs, with respective MUE by 1.17 kJ mol−1. The scaled 
ZPEs of the lowest energy transition state structures and 
post-reaction adducts structures for the three DME reac-
tions are also included in Table 7.

3.4 � Zero‑point‑corrected activation barrier heights

Adding the ZPE difference between each transition state 
and the reactants to the zero-point-exclusive barrier heights 
yields the zero-point-corrected barrier heights for reactions 

Fig. 3   Post-reaction adducts for the three reaction channels of DME with NO2
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R(a), R(b), and R(c), which correspond to the difference 
between the energy of the saddle point and that of the reac-
tants on the vibrationally adiabatic ground-state potentials 
for these reactions, ΔfEa. The same procedure can be done 
for the reverse processes of reactions R(a), R(b), and R(c) to 
obtain ΔrEa. These values calculated by various DFT meth-
ods for both the forward and reverse reactions are given in 
Table 8.

According to our calculated results collected in Table 8, 
the difference in the barrier heights among the three chan-
nels to form trans-HONO, cis-HONO, and HNO2 can be 
probably ascribed to the difference in the structures among 
trans-HONO, cis-HONO, and HNO2. These barrier heights 
indicate that only the two lower channels might be important 
at low temperatures since a decrease by 4.184 kJ mol−1 in 
the activation barriers will result in a remarkable increase 
in the rate constants by a factor of about 5. On the other 
hand, significant discrepancies are observed in the computed 
activation barriers, depending on the theoretical approach 
employed, i.e. the activation barriers without the ZPE cor-
rections are predicted to lie in the range of 105–130 kJ mol−1 
for R(a), 76–98 kJ mol−1 for R(b), and 81–99 kJ mol−1 for 
R(c), which points out the difficulty of obtaining an accurate 
energetic description of the title reaction.

In this regard, we add ZPE contributions to our best esti-
mates of the zero-point-exclusive barrier heights obtained 
using coupled cluster single-point energy approximations 
at geometries optimized with the M06-2X/MG3S, B2PLYP/
TZVP, and wB97XD/TZVP levels. The calculated results 
are outlined in Table 9. Scaling the ZPEs computed with the 
various DFT-based electronic model chemistries in Table 7 
for the reactants and products resulted in anharmonic ZPEs 
that are in good agreement with experiment, indicating 
that the scaled ZPEs computed with these electronic model 
chemistries for the transition states should also be reliable.

It is satisfactory to observe from Table  9 that, with 
the basis set size and treatment of triple excitation, the 
CCSD(T)/6-311+G(2df,2p), CCSD(T)/aug-cc-pVTZ, 
CCSD(T)/CBS, and QCISD(T)/6-311+G(2df,2p) computed 
activation barriers based on the optimized structures at the 
M06-2X/MG3S, B2PLYP/TZVP, and wB97XD/TZVP lev-
els agree very well, and match well with the double-HDFT 
calculated results in Table 8. From Table 9, we can also find 
the activation barriers for the three reaction channels are 
predicted to be in the ΔfEa[R(a)] > ΔfEa[R(c)] > ΔfEa[R(b)] 
order, indicating that the reaction R(b) to form cis-HONO is 
the most possible reaction channel for the hydrogen abstrac-
tion from DME by NO2. However, the above energetic order 
is in contrary with the structural analysis based on the Ham-
mond’s postulate, which is also observed in the hydrogen 
abstractions R(a), R(b), and R(c) from the –CH3 group of 
CH3OH by the NO2 radical [56].
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Furthermore, the following functional form [57] is 
employed to predict the position of the first-order saddle 
point

x
∗
0
 ( 0 ≤ x

∗
0
≤ 1 ) in Eq. (2) which corresponds to the calcu-

lated result of the reaction coordinate for the first-order sad-
dle point; ΔE and ΔEa denote the reaction energy and the 
activation energy, respectively. The calculated results for x∗

0
 

are presented in Table 10. The reactions R(a), R(b), and 
R(c) are all endothermic with ΔE > 0. x∗

0
 for TSa, TSb, and 

TSc are calculated to be 0.680, 0.821, and 0.983 with the 
B2PLYP/TZVP-based results, respectively, greater than 0.5. 
It can be argued that the three transition structures for the 
reaction DME with NO2 should approach the post-reaction 
adducts with the higher energy content, which is contrary to 
the fact that both TSa and TSb are located to be reactant-like 
by quantum chemical calculations.

Although trans-HONO is the lowest energy HNO2 
isomer, followed by cis-HONO, then HNO2, the barrier 
heights are highest for the trans-HONO channel, and low-
est for the formation of cis-HONO with that for the pro-
duction of HNO2 being in between. This behavior can be 
partly attributed to the stabilizing effect of a seven-member 
ring in the TSc structure for HNO2 formation and an eight-
member ring in the TSb structure for cis-HONO formation, 
as recommended by Chan et al. [8]. In addition, given that 
trans-HONO is more stable than cis-HONO by only about 
2 kJ mol−1, one would expect the barrier height for R(a) to be 
close to that for R(b). However, this value is predicted to be 

(2)x
∗
0
= 1∕

[
2 −

(
ΔE∕ΔE

a

)]

about 37 kJ mol−1 much higher. This chemical behavior can 
be elucidated by the molecular orbitals of NO2, as suggested 
by Chai and Goldsmith [58]. One of the two nodal planes 
of the singularly occupied molecular orbital of NO2 centers 
on each oxygen atom, and the other centers on the nitrogen 
atom. When the DME molecule comes close to the N end of 
NO2, it overlaps with only one lobe. As DME heads either 
oxygen atom from the cis-direction, it mostly overlaps with 
the positive oxygen-centered lobe with minimal mixing of 
the negative lobe, but heading the trans-direction, the DME 
molecule suffers almost equivalent positive and negative 
overlaps in face of the oxygen-centered nodal plane, mak-
ing for a closer CH3OCH2H–ONO distance to ensure enough 
overlap which gives rise to extra Coulombic repulsion, and 
then the activation barrier for reaction R(a) grows. In addi-
tion, based on geometrical parameters shown in Tables 4 
and 5, one can see that the reactive N···O bond in the TSa 
geometry is stretched more to take part in the O···H bond 
being formed compared to that in the TSb geometry, indicat-
ing the tendency to break the N···O π bond for TSa, which is 
confirmed by the B2PLYP/TZVP calculated Mulliken spin 
densities on the reactive O atoms to form the O···H bonds 
of TSa and TSb by 0.64 e and 0.30 e, respectively. Here it 
should be pointed out that, compared to channel R(b), the 
geometry of NO2 fragment exhibits large change besides 
the C···H being broken and O···H being formed bonds in 
R(a), leading to that the unpaired electron is transferred to 
the O atom to take part in the formation of the O···H bond, 
which provides an essential contribution to increasing the 
energetics of TSa.

Table 8   Computed barrier heights (in kJ mol−1) by various DFT methods for the reaction of DME with NO2

ZPEs are scaled
a Values in parentheses exclude ZPE corrections

Electronic model chemistry Forward barrier height (ΔfEa) Reverse barrier height (ΔrEa)

R(a) R(b) R(c) R(a) R(b) R(c)

BMK/MG3S 113.34 (122.45)a 80.16 (90.06) 92.88 (101.14) 59.12 (68.84) 24.14 (34.61) 6.89 (18.87)
MPW1K/MG3S 123.29 (135.23) 93.14 (103.45) 92.80 (101.13) 62.26 (73.89) 29.63 (38.60) 10.03 (21.20)
MPWB1K/MG3S 124.59 (135.98) 93.18 (103.83) 96.96 (105.55) 61.75 (72.37) 29.06 (38.92) 9.29 (20.91)
MPW3LYP/MG3S 102.67 (114.15) 73.51 (84.27) 80.71 (89.22) 45.25 (55.78) 13.44 (22.52) 0.02 (10.78)
M05/MG3S 123.03 (135.74) 90.19 (102.01) 92.11 (101.49) 52.71 (63.92) 18.40 (27.84) 5.56 (16.79)
M052X/MG3S 119.56 (130.78) 83.25 (94.44) 87.63 (97.05) 70.55 (80.73) 34.30 (43.79) 10.52 (22.44)
M06/MG3S 111.10 (123.28) 83.46 (94.58) 86.98 (95.40) 52.57 (64.18) 21.64 (32.71) 5.02 (15.43)
M062X/MG3S 112.70 (123.32) 78.92 (89.79) 89.06 (98.09) 65.67 (75.95) 31.29 (41.55) 8.61 (20.59)
M06L/MG3S 105.33 (117.20) 80.92 (92.11) 88.42 (97.08) 28.05 (38.95) 2.19 (11.38) − 4.29 (5.20)
B2PLYP/TZVP 129.01 (138.63) 94.19 (105.53) 98.84 (107.58) 60.75 (69.68) 20.47 (29.40) 1.67 (15.67)
B2PLYPD/TZVP 125.72 (135.78) 88.66 (99.90) 94.01 (102.36) 59.71 (68.39) 18.48 (27.47) 1.18 (15.52)
mPW2PLYP/TZVP 127.06 (137.88) 91.56 (102.80) 97.07 (105.77) 62.74 (72.18) 23.43 (32.53) 4.07 (17.84)
mPW2PLYPD/TZVP 123.72 (134.38) 87.50 (98.70) 93.51 (101.96) 61.82 (71.32) 22.01 (31.16) 2.43 (17.05)
wB97X/TZVP 116.00 (126.59) 85.15 (95.64) 93.50 (101.44) 60.94 (71.51) 27.51 (37.45) 9.59 (20.83)
wB97XD/TZVP 112.94 (123.37) 81.45 (91.63) 87.66 (95.44) 54.16 (65.03) 19.49 (29.55) 3.42 (14.56)
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Unfortunately, there is no experimentally derived activa-
tion barrier for each channel of the NO2 + DME reaction 
for comparison. Even the calculated barrier heights form-
ing cis-HONO (the lowest barrier channel) in this work are 
approximately 20 kJ mol−1 higher than the experimental 
result [6] of 73.64 kJ mol−1. Here we compare the calcu-
lated activation energies for the title reaction with those 
of similar reaction systems. The activation barriers for the 
hydrogen abstractions from the –CH3 group of CH3OH by 
the NO2 radical were predicted to be 89.54 kJ mol−1 in the 
temperature range 639–713 K by Anastasi and Hancock [59] 
and 89.54 kJ mol−1 at temperatures from 900 to 1100 K by 
Koda and Tanaka [60], respectively. From the above, one 
can see that our calculated activation energies for the title 
reaction match well with the previously reported estimates 
of similar systems.

Comparison of barriers for bimolecular NO2 + DME 
reaction versus C–O bond fission of DME (the dissocia-
tion barrier for C–O bond was previously computed to be 
339 kJ mol−1 [61]), suggests that the bimolecular process 
should enhance the combustion rate of DME and shifts the 
temperature for the initial oxidation to lower values. In addi-
tion, activation barrier for the title reaction is also predicted 
to be less than that for the bimolecular O2 + DME reaction 
[62], indicating that the DME combustion can be initiated 
at a lower temperature by the reaction of DME with NO2 
seeded in the DME–O2–NO2 system compared to the DME/
O2 interactions without NO2, which was observed experi-
mentally by Alzueta et al. [5].

Table 9   Computed barrier heights (in kJ mol−1) based on coupled cluster theory extrapolated to CBS limit and composite methods for the reac-
tion of DME with NO2

ZPEs are scaled
a Values in parentheses exclude ZPE corrections

Electronic model chemistry Forward barrier height (ΔfEa) Reverse barrier height (ΔrEa)

R(a) R(b) R(c) R(a) R(b) R(c)

CCSD/6-311+G(2df,2p)//M062X/MG3S 145.33 (155.95)a 102.10 (112.96) 108.66 (117.68) 98.00 (108.28) 52.13 (62.39) 24.14 (36.12)
CCSD(T)/6-311+G(2df,2p)//M062X/

MG3S
130.08 (140.70) 95.69 (106.56) 101.62 (110.64) 75.26 (85.53) 38.32 (48.58) 15.46 (27.44)

CCSD(T)/aug-cc-pVTZ//M062X/MG3S 130.06 (140.68) 93.03 (103.90) 103.70 (112.72) 76.35 (86.63) 37.67 (47.93) 14.08 (26.06)
CCSD(T)/CBS//M062X/MG3S 129.96 (140.79) 95.33 (105.19) 100.99 (108.60) 77.32 (87.81) 38.88 (51.86) 15.39 (27.37)
QCISD(T)/6-311+G(2df,2p)//M062X/

MG3S
129.90 (140.52) 94.25 (105.12) 101.39 (110.41) 74.35 (84.63) 36.04 (46.30) 14.28 (26.26)

CCSD/6-311+G(2df,2p)//B2PLYP/TZVP 145.46 (155.77) 97.77 (109.11) 106.03 (114.78) 100.21 (108.83) 50.41 (59.34) 20.00 (34.35)
CCSD(T)/6-311+G(2df,2p)//B2PLYP/

TZVP
131.03 (141.34) 95.17 (106.51) 101.08 (109.82) 77.58 (86.20) 39.12 (48.05) 12.85 (27.19)

CCSD(T)/aug-cc-pVTZ//B2PLYP/TZVP 130.84 (141.15) 92.90 (104.24) 103.93 (112.67) 78.70 (87.32) 39.15 (48.08) 12.35 (26.69)
CCSD(T)/CBS//B2PLYP/TZVP 130.76 (141.57) 93.12 (104.94) 99.96 (108.71) 79.20 (88.23) 39.27 (49.64) 12.72 (27.07)
QCISD(T)/6-311+G(2df,2p)//B2PLYP/

TZVP
130.76 (141.07) 93.76 (105.10) 101.19 (109.93) 76.70 (85.32) 36.79 (45.73) 11.83 (26.17)

CCSD/6-311+G(2df,2p)//wB97XD/
TZVP

139.43 (149.86) 100.96 (111.14) 108.58 (116.35) 91.16 (102.03) 49.89 (59.94) 23.55 (34.69)

CCSD(T)/6-311+G(2df,2p)//wB97XD/
TZVP

130.04 (142.48) 96.32 (106.50) 101.50 (110.27) 76.40 (87.34) 37.80 (47.85) 13.98 (27.26)

CCSD(T)/aug-cc-pVTZ//wB97XD/
TZVP

130.44 (142.95) 93.89 (104.07) 103.94 (112.71) 77.23 (88.18) 37.79 (47.85) 15.51 (26.65)

CCSD(T)/CBS//wB97XD/TZVP 130.00 (140.50) 94.72 (104.92) 100.40 (108.18) 77.47 (88.89) 38.18 (49.02) 14.90 (26.18)
QCISD(T)/6-311+G(2df,2p)//wB97XD/

TZVP
130.30 (140.74) 95.31 (105.49) 102.39 (110.16) 74.07 (84.94) 36.03 (46.09) 15.09 (26.23)

CBS-QB3 130.56 88.25 97.86 71.59 25.23 12.33
G3B3 127.12 88.31 99.03 71.76 28.86 12.20
G3MP2B3 127.47 88.65 100.23 73.09 30.01 13.01
G4 125.88 91.31 97.14 72.59 31.09 13.58
G4MP2 123.06 88.09 96.24 73.88 35.23 14.49
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3.5 � Zero‑point‑corrected reaction energies

The calculated energies of separate products and post-reac-
tion complex relative to the separate reactants NO2 + DME 
are summarized in Tables 11 and 12, respectively. The 
energy of separate reactants NO2 + DME is set as zero for 
reference.

From Table 11, one can see that the three reaction chan-
nels are all predicted to be endothermic. The M06-2X/
MG3S-based computations provide a zero-point-corrected 
reaction enthalpy of 70.01 kJ mol−1 for R(a), 70.28 kJ mol−1 
for R(b), and 107.86 kJ mol−1 for R(c) at 298 K, respec-
tively, being in excellent accordance with the experimen-
tal estimations of 73.27 kJ mol−1 for R(a), 75.21 kJ mol−1 
for R(b), and 106.33 kJ mol−1 for R(c), respectively, by 
employing these experimentally based enthalpies of for-
mation given by ΔHf,298° (CH3OCH3) = −184.01 kJ mol−1, 
ΔH f,298° (NO2) = 34.039  kJ  mol−1, and ΔH f,298° 
(trans-HONO) = −78.675  kJ  mol−1 in Ref. [63]; 
ΔHf,298° (cis-HONO) = −76.73  kJ  mol−1 and ΔHf,298°
(HNO2) = −45.61 ± 0.2  kJ  mol−1 in Ref. [64]; ΔHf,298° 
(CH3OCH2) = 1.97 kJ mol−1 in Ref. [65].

Here it should be noted that B2PLYP/TZVP, which will 
be used for the future kinetics calculations based on the good 

performance for geometry optimizations, ZPEs, and zero-
point-inclusive barrier heights, overestimates these values 
by about 15 kJ mol−1 with regard to the experimental val-
ues, and the wB97XD/TZVP level also overestimates these 
values by about 10 kJ mol−1. Table 11 also shows that if 
the CCSD(T)/6-311+G(2df,2p), CCSD(T)/aug-cc-pVTZ, 
CCSD(T)/CBS, and QCISD(T)/6-311+G(2df,2p) single-
point energies are employed, the computed reaction enthal-
pies with the ZPE corrections based on the optimized struc-
tures at the M06-2X/MG3S, B2PLYP/TZVP, and wB97XD/
TZVP levels are in reasonable agreement and compare very 
well with the experimental reaction enthalpies at 298 K with 
gap less than 3 kJ mol−1. The computationally less demand-
ing CCSD(T)/6-311+G(2df,2p) can reproduce the results 
of the CBS limit for the energetics of the present reaction 
system. Thus the less expensive CCSD(T)/6-311+G(2df,2p) 
method was chosen for the subsequent chemical kinetic 
analysis of ignition characteristics of DME. Comparing 
Tables 9 and 11, one can observe that the separate products 
CH3OCH2 + HNO2 lie higher in energy by about 8 kJ mol−1 
than the identified transition state TSc, implying that TSc 
cannot be directly linked to them.

Table 12 presents the calculated energies of three post-
reaction complexes located between the transition states and 
final separate products for reactions R(a), R(b), and R(c). 
From Table 12, we found that the CCSD(T) and QCISD(T) 
evaluations give very close energies of intermediates relative 
to reactants CH3OCH3 + NO2, and the basis set superposi-
tion errors involved in the present theoretical study are very 
small. IMc is predicted to lie by 15 kJ mol−1 in energy lower 
than TSc, and this value is reduced to 10 kJ mol−1 when the 
BSSE corrections are considered.

Depending on the discussions above, the theoretical com-
pound method CCSD(T)/6-311+G(2df,2p)//B2PLYP/TZVP 
will be chosen to conduct chemical kinetic analysis of the 
DME/NO2 reaction system.

4 � Conclusions

Quantum chemical calculations were performed on the three 
reaction channels of DME with the NO2 radical to form 
trans-HONO, cis-HONO, and HNO2, respectively. It was 
found that the hydrogen abstractions proceeded with NO2 
preferentially attacking the out-of-plane hydrogen atoms of 
DME. Each channel involved the formation of a van der 
Waals post-reaction complex lying below the corresponding 
transition state and separate products in energy. Single-refer-
ence formalisms were argued to reliably characterize the sys-
tems considered here, and “double-hybrid” density function-
als B2PLYP, B2PLYPD, mPW2PLYP, and mPW2PLYPD 
in conjunction with the TZVP basis set have been found to 
give accurate geometries and principal moments of inertia 

Table 10   Characterization of transition states for the reaction of 
DME with NO2

a x∗
0
 is the value of the defined reaction coordinate for the transition 

state

Electronic model chemistry x
∗
0

a

TSa TSb TSc

M062X/MG3S 0.632 0.716 0.912
CCSD(T)/6-311+G(2df,2p)//M062X/MG3S 0.633 0.714 0.868
CCSD(T)/aug-cc-pVTZ//M062X/MG3S 0.630 0.712 0.880
CCSD(T)/CBS//M062X/MG3S 0.627 0.710 0.868
QCISD(T)/6-311+G(2df,2p)//M062X/MG3S 0.636 0.723 0.876
B2PLYP/TZVP 0.680 0.821 0.983
CCSD(T)/6-311+G(2df,2p)//B2PLYP/TZVP 0.628 0.709 0.887
CCSD(T)/aug-cc-pVTZ//B2PLYP/TZVP 0.624 0.704 0.894
CCSD(T)/CBS//B2PLYP/TZVP 0.623 0.703 0.887
QCISD(T)/6-311+G(2df,2p)//B2PLYP/TZVP 0.630 0.718 0.895
wB97XD/TZVP 0.676 0.807 0.962
CCSD(T)/6-311+G(2df,2p)//wB97XD/TZVP 0.630 0.718 0.879
CCSD(T)/aug-cc-pVTZ//wB97XD/TZVP 0.628 0.713 0.870
CCSD(T)/CBS//wB97XD/TZVP 0.626 0.713 0.871
QCISD(T)/6-311+G(2df,2p)//wB97XD/TZVP 0.638 0.726 0.872
CBS-QB3 0.646 0.778 0.888
G3B3 0.639 0.754 0.890
G3MP2B3 0.636 0.747 0.885
G4 0.634 0.746 0.877
G4MP2 0.625 0.714 0.869
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Table 11   Computed reaction energies and enthalpies (ΔE and ΔH in kJ mol−1) based on separate products relative to separate reactants for the 
reaction of DME with NO2

ZPEs are scaled
a Values in parentheses exclude ZPE corrections

Electronic model chemistry R(a) R(b) R(c)

ΔE ΔH ΔE ΔH ΔE ΔH

M062X/MG3S 69.14 (74.31)a 70.01 69.25 (74.28) 70.28 107.40 (108.32) 107.86
CCSD(T)/6-311+G(2df,2p)//M062X/MG3S 72.49 (78.52) 73.52 74.03 (80.20) 74.90 108.10 (110.01) 108.55
CCSD(T)/aug-cc-pVTZ//M062X/MG3S 68.84 (74.86) 69.87 70.43 (76.60) 71.30 106.30 (108.22) 106.76
CCSD(T)/CBS//M062X/MG3S 69.43 (75.46) 70.46 70.97 (77.14) 71.84 105.54 (107.46) 106.00
QCISD(T)/6-311+G(2df,2p)//M062X/MG3S 73.27 (79.29) 74.30 75.00 (81.17) 75.87 109.18 (111.10) 109.64
B2PLYP/TZVP 85.38 (92.08) 86.46 88.98 (95.77) 89.84 115.27 (117.09) 115.55
CCSD(T)/6-311+G(2df,2p)//B2PLYP/TZVP 72.04 (78.74) 73.12 73.63 (80.41) 74.49 108.58 (110.40) 108.86
CCSD(T)/aug-cc-pVTZ//B2PLYP/TZVP 68.02 (74.73) 69.11 69.83 (76.61) 70.69 106.81 (108.64) 107.10
CCSD(T)/CBS//B2PLYP/TZVP 68.43 (75.14) 69.51 69.97 (76.76) 70.83 106.99 (108.82) 107.27
QCISD(T)/6-311+G(2df,2p)//B2PLYP/TZVP 72.61 (79.32) 73.69 74.62 (79.32) 75.48 109.93 (111.75) 110.21
wB97XD/TZVP 81.29 (86.64) 82.31 83.71 (89.26) 84.54 112.09 (113.35) 112.46
CCSD(T)/6-311+G(2df,2p)//wB97XD/TZVP 72.94 (78.29) 73.95 74.70 (80.25) 75.53 108.96 (110.22) 109.34
CCSD(T)/aug-cc-pVTZ//wB97XD/TZVP 69.20 (74.55) 70.22 71.06 (76.61) 71.89 107.19 (108.44) 107.56
CCSD(T)/CBS//wB97XD/TZVP 69.73 (75.08) 70.74 71.46 (77.01) 72.29 106.28 (107.54) 106.66
QCISD(T)/6-311+G(2df,2p)//wB97XD/TZVP 73.65 (79.00) 74.66 75.68 (81.23) 76.51 110.12 (111.38) 110.49
CBS-QB3 77.43 78.51 79.26 80.12 110.99 111.33
G3B3 73.22 74.23 75.97 76.75 107.54 107.84
G3MP2B3 70.74 71.75 73.76 74.54 108.32 108.63
G4 72.60 73.58 75.29 76.06 106.32 106.63
G4MP2 69.43 70.40 72.28 73.05 106.50 106.80

Table 12   Computed energies (ΔE in kJ mol−1) of post-reaction complex relative to the separate reactants for the reaction of DME with NO2

ΔE and ΔH include ZPE corrections and ZPEs are scaled
a Values in parentheses include BSSE corrections

Electronic model chemistry IMa IMb IMc

ΔE ΔH ΔE ΔH ΔE ΔH

M062X/MG3S 47.03 (48.46)a 48.88 (50.44) 47.12 (48.24) 48.76 (50.02) 80.46 (81.75) 81.85 (83.53)
CCSD(T)/6-311+G(2df,2p)//M062X/MG3S 54.82 (58.77) 56.67 (60.74) 57.35 (60.53) 58.99 (62.32) 86.16 (90.30) 87.56 (92.08)
CCSD(T)/aug-cc-pVTZ//M062X/MG3S 53.71 (59.46) 55.56 (61.44) 54.74 (58.80) 56.38 (60.58) 88.62 (93.19) 90.01 (94.97)
CCSD(T)/CBS//M062X/MG3S 54.42 (58.98) 56.37 (60.93) 54.96 (58.20) 56.59 (59.83) 88.58 (92.90) 89.97 (94.29)
QCISD(T)/6-311+G(2df,2p)//M062X/MG3S 55.55 (59.51) 57.40 (61.49) 58.19 (61.40) 59.83 (63.19) 87.11 (91.26) 88.50 (93.04)
B2PLYP/TZVP 69.26 (72.50) 71.54 (74.88) 73.72 (76.71) 75.87 (76.88) 97.17 (99.75) 98.62 (101.28)
CCSD(T)/6-311+G(2df,2p)//B2PLYP/TZVP 53.45 (57.48) 55.73 (59.85) 56.04 (60.22) 58.20 (62.38) 88.23 (92.10) 89.70 (93.63)
CCSD(T)/aug-cc-pVTZ//B2PLYP/TZVP 52.14 (58.06) 54.42 (60.44) 55.90 (60.75) 58.05 (62.90) 89.58 (94.18) 91.05 (95.71)
CCSD(T)/CBS//B2PLYP/TZVP 52.46 (57.02) 54.31 (58.86) 56.66 (60.39) 58.21 (61.93) 89.52 (93.30) 90.83 (94.60)
QCISD(T)/6-311+G(2df,2p)//B2PLYP/TZVP 54.05 (58.03) 56.33 (60.30) 56.96 (61.16) 59.11 (63.31) 89.36 (93.88) 90.83 (95.36)
wB97XD/TZVP 58.77 (60.71) 60.31 (62.39) 61.96 (64.04) 63.25 (65.24) 84.24 (85.96) 85.24 (86.98)
CCSD(T)/6-311+G(2df,2p)//wB97XD/TZVP 55.57 (59.72) 57.11 (61.26) 58.52 (63.27) 59.81 (64.56) 86.38 (91.09) 87.38 (92.09)
CCSD(T)/aug-cc-pVTZ//wB97XD/TZVP 54.21 (60.39) 55.75 (61.93) 56.10 (61.58) 57.38 (62.87) 89.43 (94.90) 90.43 (95.91)
CCSD(T)/CBS//wB97XD/TZVP 54.59 (59.14) 56.13 (60.67) 54.78 (61.95) 58.07 (63.24) 89.36 (93.51) 90.38 (94.52)
QCISD(T)/6-311+G(2df,2p)//wB97XD/TZVP 56.24 (60.52) 57.77 (62.21) 59.28 (64.34) 60.56 (65.55) 87.29 (92.10) 88.30 (93.11)
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of reactants and products. In particular, the B2PLYP/TZVP 
level could provide results for zero-point-inclusive barri-
ers comparable in accuracy to the accurate CCSD(T) and 
QCISD(T) calculations while decreasing the computational 
time substantially. Finally, we found that it was unnecessary 
to drive the CCSD(T) theory extrapolated to the CBS limit 
from aug-cc-pVDZ and aug-cc-pVTZ basis sets with regard 
to the calculations of energetics involved in the reactions 
of DME with NO2. The CCSD(T) and QCISD(T) methods 
accompanied by the aug-cc-pVTZ and 6-311+G(2df,2p) 
basis sets based on the M06-2X/MG3S, B2PLYP/TZVP, 
and wB97XD/TZVP geometries could also produce results 
of benchmarking quality. Therefore, the computationally 
affordable CCSD(T)/6-311+G(2df,2p)//B2PLYP/TZVP 
electronic model chemistry will be employed to perform the 
kinetic modeling of the three reaction channels of DME with 
the NO2, and for the investigations of homologous reaction 
systems, the use of the proposed electronic model chemistry 
is also highly suggested.
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