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ABSTRACT: Direct dynamics trajectory simulations were carried
out for the NO, oxidation of I-ethyl-3-methylimidazolium
dicyanamide (EMIM'DCA™), which were aimed at probing the
nature of the primary and secondary reactions in the system.
Guided by trajectory results, reaction coordinates and potential
energy diagrams were mapped out for NO, with EMIM*DCA”, as
well as with its analogues 1-butyl-3-methylimidazolium dicyana-
mide (BMIM'DCA™) and 1l-allyl-3-methylimidazolium dicyana-
mide (AMIM'DCA™). Reactions of the dialkylimidazolium—
dicyanamide (DCA) ionic liquids (ILs) are all initiated by proton
transfer and/or alkyl abstraction between 1,3-dialkylimidazolium
cations and DCA™ anion, of which two exoergic pathways are
particularly relevant to their oxidation activities. One pathway is
the transfer of a H’-proton from the ethyl, butyl, or allyl group of the dialkylimidazolium cation to DCA™ that results in the
concomitant elimination of the corresponding alkyl as a neutral alkene, and the other pathway is the alkyl abstraction by DCA™ via a
second order nucleophilic substitution (SN,) mechanism. The intra-ion-pair reaction products, including [dialkylimidazolium* —
Hc, "], alkylimidazole, alkene, alkyl-DCA, HDCA, and DCA™, react with NO, and favor the formation of nitrite (—ONO) complexes
over nitro (—NO,) complexes, albeit the two complex structures have similar formation energies. The exoergic intra-ion-pair
reactions in the dialkylimidazolium—DCA ILs account for their significantly higher oxidation activities over the previously reported
1-methyl-4-amino-1,2,4-triazolium dicyanamide [Liu, J.;et al. J. Phys. Chem. B 2019, 123, 2956—2970] and for the relatively higher
reactivity of BMIM'DCA™ vs AMIM'DCA™ as BMIM" has a higher reaction path degeneracy for intra-ion-pair H”-proton transfer
and its H’-transfer is more energetically favorable. To validate and directly compare our computational results with spectral
measurements in the ILs, infrared and Raman spectra of BMIM*DCA™ and AMIM'DCA™ and their products with NO, were
calculated using an ionic liquid solvation model. The simulated spectra reproduced all of the vibrational frequencies detected in the
reactions of BMIM'DCA™ and AMIM'DCA™ IL droplets with NO, (as reported by Brotton et al. [J. Phys. Chem. A 2018, 122,
7351—7377] and Lucas et al. [J. Phys. Chem. A 2019, 123, 400—416]).

1. INTRODUCTION dicyanamide (NCNCN™, abbreviated as DCA™)-based ener-
Ionic liquids, ILs (defined as low melting salts that melt at or getic ILs were reported as possible replacements for hydrazine in
below 100 °C"), have become of interest within the aerospace propellant formulations,” the design and synthesis of hypergolic
research community as green propellant alternatives to the ILs (i.e., those that spontaneously ignite when the energetic IL

highly toxic, volatile, and sensitive hydrazine and its derivatives
for rocket propulsion applications. The so-called energetic ILs in
this context are composed of asymmetric N-rich heterocyclic
cations and bulky anions.” They have extremely low vapor
pressures (thus present low vapor toxicity and eliminate the
hazard to human exposure), high thermal stability, and other
favorable physical properties for storage, transportation, loading,
and processing,"”’ and they can react with an oxidizer such as
N,0,/NO,, which is less toxic than hydrazine.* Since

comes in contact with an oxidizer) have become an emerging
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frontier in IL research. The designability of energetic ILs
includes the choice of cation and anion within a single salt and
the introduction of functional groups into the constituents.
Studies have shown that cations affect the physicochemical
properties of ILs, while anions are associated with hypergolicity
and play a decisive role in the induction stage of ignition." The
DCA™ anions were utilized for hypergolic ILs because of their
high nitrogen content and low viscosity (which facilitates the
rapid mixing of ILs with an oxidizer and makes initiation and
combustion faster),” and the 1,3-dialkylimidazolium cations
were chosen due to their high energy density, high stability, and
structural adjustability through the control of alkyl substituents."

A commonly accepted ignition mechanism between hyper-
golic ILs and an oxidizer involves two stages: a low-temperature
preignition stage during which exothermic redox reactions lead
to the formation of gaseous transient species and release of heat,
followed by a stage in which the system temperature reaches the
kindling point of the highly inflammable gaseous species leading
to ignition and subsequent combustion to occur."® Therefore,
understanding IL thermal stabilities, their reaction mechanisms,
and pathways leading to ignition and their associated reaction
dynamics and reaction kinetics is of utmost importance in
predicting the performance of hypergolic ILs and in optimizing
the design of propulsion systems that use ILs. We previously
reported photoionization mass spectrometric and infrared
spectroscopic measurements’ and molecular dynamics simu-
lations® of the thermal decomposition of 1-ethyl-3-methylimi-
dazolium dicyanamide (EMIM*DCA™) and 1-ethyl-2,3-dime-
thylimidazolium dicyanamide (EMMIM'DCA"™). The combi-
nation of experimental and theoretical approaches allowed us to
determine the decomposition products, branching ratios, and
underlying reaction kinetics and reaction dynamics of
alkylimidazolium—DCA ILs.

Recently, Kasier and co-workers’ reported the reaction of
NO, with levitated droplets of 1-methyl-4-amino-1,2,4-
triazolium dicyanamide (MAT*DCA™) using infrared and
Raman spectroscopic probes, in which many new vibrational
bands were observed for the oxidation products. Inspired by
their results, we utilized direct dynamics trajectory simulations
to probe the most likely reaction pathways and products of
MAT*DCA™ + NO,."” Analysis of the trajectory outcomes
combined with exploration of the reaction coordinates and
reaction potential energy (PE) diagrams helped us identify the
primary and secondary reactions in this system. More recently,
Kasier and co-workers reported similar spectroscopic inves-
tigations of the reactions of NO, with levitated droplets of 1-
butyl-3-methylimidazolium dicyanamide (BMIM*DCA™)"" and
1-allyl-3-methylimidazolium dicyanamide (AMIM*DCA~)."?
Following their new experiments, the present work extends
our theoretical investigations to the NO, reactions with
EMIM'DCA™, BMIM*DCA™, and AMIM'DCA™ to ascertain
the cation structural complexity effects.

2. APPROACHES FOR DIRECT DYNAMICS
SIMULATIONS AND REACTION COORDINATE
CALCULATIONS

The heat of combustion of energetic ILs is large by virtue of their
high heat of formation. Once combustion occurs upon heating,
the resulting oxidation and decomposition of ILs can be
vigorous, and these reactions may go to completion within a few
nanoseconds. These features of energetic ILs make it a challenge
to experimentally detect, in situ, all of the generated transient
species. Computational modeling offers an alternative to
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experimental measurements for testing and ascertaining the
possibility of various mechanisms in IL ignition. A complication
in IL dissociation and oxidation is that these processes are often
controlled by dynamics (particularly at high temperatures) and
do not necessarily follow the minimum energy pathways.'
Furthermore, reactions may be autocatalytic,'” and non-
statistical distributions among multiple product channels may
arise from direct collisions or non-Rice—Ramsperger—Kassel—
Marcus (RRKM)'* unimolecular processes. Accordingly, the
cognitive use of chemical intuition may be inadequate to predict
IL reactions. As such, an appropriate approach for examining IL
reactions would be to use direct dynamics simulations and to
energize reactants under specific conditions.">”** Direct
dynamics simulations do not require the use of analytical
potential energy surfaces (PESs); instead, energies, force
constants, and Hessians are calculated “on the fly”. Accordingly,
this method becomes computationally attractive when the
dimensionality of a system increases. The direct dynamics
trajectories explore multiple minima in the conformational
landscape and on the reaction PES. The motions of molecules
are followed in time, wherein the molecules show what the
preferred pathways and product structures are. A discovery
element of the simulations is the ability to identify new
unexpected reactions and energy dissipation pathways for
energetic ILs”"**7** and to locate reaction activation barriers
and rate-limiting steps by following the variations in the
potential energy and bond lengths along the trajectories.””>*

In the present work, we first used EMIM'DCA™ + NO, as a
model system to mimic the general features of the primary and
secondary reactions of 1,3-dialkylimidazolium—DCA with NO,.
In light of the trajectory findings of EMIM'DCA™ + NO,, the
reaction coordinates and the associated potential energy
diagrams for the decomposition of EMIM'DCA™ and for the
reactions of its primary products with NO, were mapped out
using density functional theory (DFT). The important reaction
pathways identified in EMIM'DCA™ + NO, were then inferred
to be occurring in the more extended systems of BMIM DCA™
+ NO, and AMIM*DCA™ + NO,, whose feasibilities were also
evaluated using the DFT calculations. Finally, to validate the
computational results, infrared and Raman spectra of the
theoretically predicted NO,-oxidation products of
BMIM'DCA™ and AMIM'DCA™ were calculated and com-
pared with Kasier et al’s measurements for the same
systems.1 b1z

Methodologies of direct dynamics simulations are provided in
the Supporting Information. In brief, initial conditions for
trajectories were set up using VENUS,””*® and the Hessian-
based predictor—corrector algorithm,” implemented in Gaus-
sian 09,%° was used to integrate the trajectories. The B3LYP/6-
31G(d) level of theory was used for the simulations as this
functional was satisfactory in calculating the energetics of
dialkylimidazolium-"""** and triazolium-based®* ILs, the infra-
red and Raman spectra of dialkylimidazoliu1n-ILs,36_40 and the
dynamics of EMIM*DCA~,® EMMIM*DCA™,® and
MAT*DCA™."? Trajectories were propagated using a quadrati-
cally convergent self-consistent field (SCF) procedure””*" with
a step size of 0.25 amu'/? b. In a previous work,'® we had
examined the explicit IL solvent effects on the reaction of
[MAT* — H¢s*] + NO, by running the same trajectories for the
gas-phase and the condensed-phase ILs. The two sets of
trajectories followed the same reaction pathways, with the only
difference being a small decrease in the product recoil energy in
the ILs. Since the trajectory results showed little differences in

https://dx.doi.org/10.1021/acs.jpcb.0c02253
J. Phys. Chem. B 2020, 124, 4303—4325


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c02253/suppl_file/jp0c02253_si_001.pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c02253?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Scheme 1. ChemDraw Structures of Reactant Ions, Intermediates, and Products
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the gas-phase vs the condensed-phase ILs, and since the gas-
phase computation was much faster than that of the condensed
phase, all trajectories in the present work were simulated in the
gas phase. Trajectory calculations were completed on a Linux

computer cluster. gOpenMol** was used for trajectory visual-
ization. Sorting of reaction pathways and analysis of trajectory
ensembles were carried out with custom programs written for

these purposes.
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Scheme 2. Optimized Structures of EMIM'DCA~, BMIM'DCA™, and AMIM'DCA™ with the Atom-Numbering Schemes

EMIM'DCA™

BMIM'DCA™

AMIM'DCA™

Table 1. Trajectory Reaction Probabilities (%) for EMIM*'DCA™ + NO, at Various Conditions”

temperature (K) 1000 2000 3000 4000 5000
E (eV) 0.1 0.1 0.1 0.1 without Nozb 0.1

PT1: [EMIM' — H,'] + HDCA 0 14 +3 23+ 4 13+3 31£5 24+ 4
PT2: [EMIM* — H¢,"] + NCHNCN 0 0 4+2 2+1 0 0
PT3: [EMIM* — Hg,"] + HN(CN), 0 241 0 342 0 6+2
PT4: MIM + C,H, + HDCA 0 0 0 S+2 0 3+2
ethyl elimination: MIM* + C,H + DCA~ 0 0 7+3 315 0 27 +4
methyl elimination: EIM* + CH; + DCA™ 0 0 11+3 11+3 0 6+2
ethyl abstraction: MIM + C,H;DCA 0 0 2+1 3+2 30+S 0
methyl abstraction: EIM + CH;DCA 0 0 2+1 2+1 10+3 0
ion-pair breaking 0 14+3 £2+5 60+ S 93+3 33£S
fragmentation of EMIM* 0 0 2+1 9+3 8§+3 33£S
fragmentation of DCA™ 0 4x2 11+3 20 + 4 12+3 36 £8

“Percent probabilities and uncertainties were calculated on the basis of 100 trajectories for each condition. PT, ion-pair breaking, and fragmentation
may all happen in a single trajectory, occurring either simultaneously or sequentially. “Data from ref 8.

To construct reaction coordinates for the trajectory-predicted
pathways, structures of the reactants and of the corresponding
reaction intermediates, transition states (TSs) and products
were recalculated at the B3LYP/6-311++G(d,p) level of theory
using Gaussian 09°” or Gaussian 16.** Structures of the TSs
were optimized by using a number of high potential energy,
barrier-like geometries identified in the reactive trajectories as
starting points. The Cartesian coordinates for all of the species
along the calculated reaction coordinates are provided in the
Supporting Information. ChemDraw structures of all reactants
and products are depicted in Scheme 1. Reaction enthalpies
(AH) and changes in free energy (AG) were evaluated at 298 K,
for which the zero-point energies (ZPEs) were scaled by a factor
of 0.981."

The infrared and Raman spectra of reactants and products
were simulated in a condensed-phase IL environment so that
they could be directly compared with the experimental
measurements of the same IL reactions. To this end, the
structures of the corresponding reactants and products were re-
optimized using the parameterized self-consistent reaction field
(SCRF) which involves the solvation model based on density
(SMD)* (also known as the generic ionic liquid solvation
model, SMD-GIL)* with appropriate solvent parameters. Due
to convergence difficulties encountered for some of the IL
structures when performing the SMD-GIL-coupled B3LYP
calculations, the SMD-GIL//M06/6-311++G(d,p) method*’
was instead adopted for spectral simulations. The latter method
has been successfully used in the spectral analysis for the
reaction of MAT*DCA™ IL droplet with NO,.”
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3. REACTION DYNAMICS, REACTION COORDINATES,
AND REACTION ENERGETICS FOR EMIM*DCA™ +
NO,

3.1. Primary Reactions. Prior to trajectory simulations and
reaction coordinate calculations, conformations of
EMIM'DCA~, BMIM'DCA™, and AMIM'DCA™ were opti-
mized at the B3LYP/6-311++G(d,p) level of theory to ensure
that their global minima were used as starting geometries in the
computational modeling. Scheme 2 illustrates the lowest-energy
structures of the three ILs together with the atom-numbering
scheme used. It is to be noted that the ILs are vigorously excited
in the trajectories as a result of excitations due to the high
temperatures and due to the collisions with NO,. Consequently,
the simulations explore all energetically accessible structures
during trajectory propagation, and all of the various reactant
conformers are able to form and contribute to the trajectory
outcomes, despite the fact that all of the trajectories are being
initiated from a global minimum structure. This consequence
results from the inherent nature of direct dynamics, which
incorporates all of the various energy contents of the reacting
species and explores reaction pathways in an unbiased manner.

We first simulated the reaction of an intact ion pair of
EMIM'DCA~ with NO, at a 0.1 eV center-of-mass (CM)
collision energy (E.,) and in the high-temperature range from
1000 to 5000 K. High temperatures were used to enhance the
reaction probability within the trajectory integration time (of ~3
ps). These temperatures are much higher than the decom-
position temperature in a typical experimental pyrolysis reactor.
As a result, some trajectories may find reaction pathways with
activation barriers too high to be of relevance to the ignition
process under realistic experimental temperatures. The point is
that with enough trajectories, all of the reaction pathways can be
identified, including those that control reactions under the

https://dx.doi.org/10.1021/acs.jpcb.0c02253
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conditions of interest. Once these pathways are found, their
reaction coordinates and potential energy diagrams are
calculated with the relevant TSs and intermediates, and one
only needs to consider those that are able to contribute
significantly to the kinetics of ignition.

Hundred trajectories were calculated for each of the five initial
conditions we chose. Trajectory results are summarized in Table
1, where the first column describes reaction pathways. Note that
multiple reaction pathways may occur in the same trajectory,
thereby causing the sum of reaction probabilities to be >100% at
some temperatures. Statistical uncertainties of the reaction
probabilities were calculated on the basis of the number of total
trajectories and the number of reactive trajectories for individual
pathways. No direct reaction was observed between
EMIM*DCA™ and NO, at any of the simulation temperatures.
The trajectories at 1000 K can all be characterized as direct,
nonreactive collisions. Ion-pair breaking started to emerge at
2000 K and increased with temperature. Fragmentation of
EMIM* and DCA™ moieties was observed during ion-pair
dissociation (either simultaneously or sequentially), and DCA™
was more prone to decomposition than EMIM". Besides ion-
pair dissociation and ion decomposition, the other trajectory-
predicted intra-ion-pair reactions are as follows.

3.1.1. Proton Transfer (PT). The most common outcome of
EMIM'DCA™ + NO, collisions corresponded to intra-ion-pair
PT from the C2 of EMIM to a terminal N of DCA™, forming
[EMIM* — H,*] + HDCA (referred to as PT1). PT1 represents
a probability of 13—24% at all temperatures above 1000 K. Some
trajectories underwent reversible PT, and these trajectories were
counted as nonreactive as long as the trajectories returned to
their starting structures. The second intra-ion-pair PT pathway
(PT2,2—4% at 3000—4000 K) transfers the proton from the C2
of EMIM" to a C atom of DCA™, forming [EMIM* — H¢,"] +
NCHNCN. The third intra-ion-pair PT pathway (PT3, 3—6% at
4000—5000 K) transfers the proton from the C2 of EMIM" to
the central N of DCA™, forming [EMIM' — Hc,"] + HN(CN),.

The last yet mechanistically most interesting intra-ion-pair PT
involves the transfer of a H’-proton from the EMIM* ethyl to a
terminal N of DCA™, which triggers the dissociation of the N1-
ethyl bond, producing methylimidazole (MIM) + C,H, +
HDCA (referred to as PT4). PT4 was observed at 4000 K and
above, with a probability of 3—5%. Figure 1 demonstrates a
representative PT4 trajectory. The top frame of the figure plots
the changes in the system potential energy, PE (left axis), and
the center-of-mass, CM, distance (right axis) between
EMIM*DCA™ and NO, throughout the trajectory. The
oscillations in the PE reflect the vibrations of reactants/
products, including their ZPEs. The collision between
EMIM'DCA™ and NO, is direct as evidenced by a single
turning point of the CM distance (around 410 fs) at which the
collision occurred. The bottom frame shows the changes in
various bond lengths participating in the reaction. In this
trajectory, the H-proton had a brief transfer between C” and
DCA™ from 50 to 110 fs. PT4 happened at 460 fs (slightly after
the collision point), which was indicated by the dissociation of
N1—C,H; and rC’—H” and the concurrent formation of rH”—
DCA. Note that PT4 could also occur before the collision as we
observed in the other PT4 trajectories.

3.1.2. Direct Alkyl Elimination. Another major group of
reactive trajectories involves the elimination of an alkyl group
from EMIM'DCA™ that accompanied ion-pair breaking,
producing methylimidazolium cation (MIM') and C,Hj +
DCA™ (accounting for 7—31% of the trajectories at 3000—5000

4307

-789.7 A N 9
] —— CM Separation for EMIM'DCA™ - NO,
-789.8 r8 <
0 ] c
° ] S
£ ] g
T -789.9 7 r7 53
o ] 2
1 =
-790.0 r6 o
] collision point
-790.1 +————— T T T T — 5
0 100 200 300 400 500 600
<
ES]
=)
c
9]
-
©
c
[s]
m
rc-H
0 - T T T T T
0 100 200 300 400 500 600

Trajectory Time (fsec)

Figure 1. Representative trajectory of PT4 for EMIM'DCA™ during its
collision with NO,, simulated at 4000 K and 0.1 eV collision energy.
(Top) The variations in the PE and in the CM distance between the
collision partners, and (bottom) the variations of various bond lengths
participating in the reaction. Snapshot shows concerted H/-transfer and
ethylene elimination. Video of the trajectory is available in the
Supporting Information.

K) or ethylimidazolium cation (EIM*) and CH; + DCA™ (6—
11% at 3000—5000 K).

3.1.3. Alkyl Abstraction. Different from direct alkyl
elimination, this group of trajectories has an alkyl group of
EMIM abstracted by a terminal N of DCA™, producing a pair of
neutral products methylimidazole (MIM) + C,H;DCA or
ethylimidazole (EIM) + CH;DCA. Abstraction may be
mediated by a first-order nucleophilic substitution (Sy1) or
second-order nucleophilic substitution (Sy2) mechanism, and
the latter is energetically more favorable®** (vide infra). In Sy2
ethyl abstraction, the departure of the imidazole ring occurs
simultaneously with the backside attack by DCA™ and the C*H,
group becomes planar during the abstraction. Alkyl abstraction
only happens with a terminal N but not with the central N of
DCAT, presumably because the barrier leading to the formation
of a terminally alkylated DCA is lower than that for a centrally
alkylated DCA.™

In a previous work,” we simulated thermal decomposition of
single EMIM*DCA™ at 4000 K using the B3LYP/6-31G(d) level
of theory. The results are included in Table 1 for comparison.
EMIM'DCA™ has shown significant ion-pair dissociation and
ion decomposition both with and without NO,. PT1 is
important under both conditions (and becomes the only PT
pathway in the thermal trajectories). A major difference between
the collision trajectories of EMIM'DCA™ + NO, and the
thermal trajectories of EMIM*DCA™ concerns alkyl elimination
and abstraction. The probabilities of methyl and ethyl
abstractions in the thermal trajectories are an order of
magnitude higher than in the collision trajectories (see the
4000 K column), whereas the probabilities of methyl and ethyl
elimination in the thermal trajectories drop to zero. The
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different reaction probabilities in the thermal decomposition of
EMIM*DCA™ vs in the collisions of EMIM*DCA™ + NO, can
be rationalized as follows: in the collision trajectories, part of
collision energy was transferred to product recoil energy; as a
consequence, the ions have acquired sufficient momenta to
depart from each other, and the ion-pair lifetime was too short to
initiate a complex-mediated Sy2 abstraction.

As aforementioned, the trajectory temperatures were higher
than the experimental temperature. To identify the most
relevant pathways under experimental conditions, the reaction
coordinates and reaction energetics for all of the trajectory-
predicted reactions were calculated at the B3LYP/6-311+
+G(d,p) level of theory, results of which are summarized in
Figure 2. Figure 2 gives both reaction AH (298 K) and AG (298
K) for individual TSs and products, and their structures are
depicted in Scheme 1 and in the Supporting Information.

81 7.50 (6.50)
MIM" + C,H, + DCA™
EIM* + CH, + DCA”

7] 7.46 (6.51)
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Figure 2. Reaction coordinates for the decomposition of
EMIM'DCA™. Reaction AH (eV) and AG (eV, in parentheses) were
calculated at the B3LYP/6-311++G(d,p) level of theory, including
thermal corrections at 298 K. Cartesian coordinates of stable structures
and TSs are provided in the Supporting Information.

Analysis of the collision trajectories of EMIM'DCA™ with
NO,, the thermal activation trajectories of EMIM"DCA”, and
the reaction potential energy diagram of EMIM*DCA~
decomposition has led to the following points: (1) PT1 and
PT4 are the two most favorable intra-ion-pair reactions, yielding
stable products [EMIM* — Hc,*] + HDCA and MIM + C,H, +
HDCA. PT1 has no reverse barrier, and the reaction initiates at
the thermodynamic threshold. PT4 has a negative change in free
energy and thus releases heat in the reaction. (2) Another
energetically and dynamically favorable process is Sy2 alkyl
abstraction, producing MIM + C,H;DCA and EIM + CH;DCA.
These findings have thus motivated us to examine the reactions
of NO, with the primary products [EMIM* — H,"], MIM,
EIM, HDCA, CH;DCA, C,H,DCA, and C,H,.

3.2.[EMIM* — Hc,*1 + NO,. The bimolecular collisions were
simulated at temperatures from 1000 to 4000 K and E_ of 0.1
and 0.5 eV. No reaction was observed at 1000 K. Reactions at
higher temperatures can be grouped into three types, as listed in
Table 2. The first group leads to the formation of an aromatic
nitro radical complex [O,N — EMIM*—H,*]* (as NO, is a
molecular radical), wherein the N of NO, is bonded to the C2 of
[EMIM* — Hg,"]. All of the [O,N—EMIM* — Hc,*]*
complexes decayed back to reactants before the end of the
trajectories. The second group is featured by the abstraction of a
NO, oxygen atom by the C2 of [EMIM* — H,"], producing 1-
ethyl-3-methyl-1,3-dihydro-2H-imidazole-2-one ([O—EMIM*
— H¢,']) + NO. The third group represents a hydrogen transfer
(HT) from the methyl of [EMIM* — H,"] to NO,, producing
[EMIM* — He,* — Hyg)® and nitrous acid HONO. In addition,
the elimination of H,, CH;, or C,H; from [EMIM* — Hc,"] was
observed at 3000—4000 K.

Reaction coordinates for the three reaction pathways are
shown in Figure 3. Reaction is initiated by a precursor complex
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5 111(158)  EMIM —He, —Hyel
0 F3.7S3 [BMIM" ~ He,” — Hyel
T INO,+ J/ otses MM He Hh
JEMIM® - H,"] ; 0.15 (0.62) 0.76 (0.73)
05 B A, , 0.18 (0.66) 0.76 (0.73)
> P / F3.Ts2 0.76 (0.74)
° [AMIM* — H_,"] , —
— 0.0 Toooo — ——— F3.precursor,”_ —— . .
o) :0(0.0) - —é-o.14(0.19) =y T I (o [ON-EMIM = Hg,'T
2 .05 -0.15 (0.21) 007 (0.41) \ NQN-BMIM' —He, T
-0.08(0.39) \ - +
T -0.13(0.21) ' | [ON-AMIM" — Ho,'T
5 -0.06 (0.42) L
101 -0.78 (-0.25)
s \ 0.79 (-0.27)
© \ -0.75 (-0.23)
§ -1.5 ] \
\
-2.0 A \\ NO +
-2.91(-2.79) [O-EMIM" — H, ]
-2.5 - -2.82 (-2.80) [O\BMIM‘—HCZ‘]
-2.81(-2.79) [O-AMIM" - H,"]
-3.0

Reaction Coordinate

Figure 3. Reaction coordinates for NO, with [EMIM* — Hg,"']
(indicated in black), [BMIM" — Hc,"] (red), and [AMIM* — H,"]
(blue). Reaction AH (eV) and AG (eV, in parentheses) were calculated
at the B3LYP/6-311++G(d,p) level of theory, including thermal
corrections at 298 K. Cartesian coordinates of stable structures and TSs
are provided in the Supporting Information.

formed by the electrostatic binding of 0.14 eV, from which three
TSs lead the system into three different product channels. The
fact that the binding energy of [O,N—EMIM* — H¢,"]* is only
0.78 eV and that it was short-lived in the trajectories implies that
this complex is better described as an electrostatically bound
entity rather than a covalent one. As a consequence, the most
likely products of [EMIM* — Hc,*] with NO, are [O—EMIM*
—He,"] + NO followed by [EMIM® — He," — Hyg]* + HONO.

3.3. Reactions of NO, with MIM and EIM. A batch of 100
collision trajectories each was calculated for both MIM + NO,

Table 2. Trajectory Reaction Probabilities (%) for [EMIM'—H¢,"] + NO, at Various Conditions”

temperature (K) 1000 2000 3000 4000
E (eV) 0.5 0.5 0.1 0.5 0.1 0.5
short-lived [O,N—EMIM* — H,*]* 0 1+1 0 0 0 1+1
O-abstraction: [O—EMIM* — Hc,"] + NO 0 1+1 1+1 0 0 2+1
HT: [EMIM*—Hg," — Hy;]* + HONO 0 1+1 0 0 0 3+2
fragmentation of [EMIM" — H,"] (elimination of H,, CH;, and C,H;) 0 0 3+2 6+2 49+5 35+

“Percent probabilities and uncertainties were calculated on the basis of 100 trajectories for each condition.
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Table 3. Trajectory Reaction Probabilities (%) for MIM + NO,, EIM + NO, and C,H, + NO, at Various Conditions”

temperature (K) 1000 2000 3000 4000 TS? products”
E_, (eV) 0.5 0.5 0.5 0.5 AH (eV) AG (eV) AH (eV) AG (eV)

MIM + NO,
[MIM — H,;]* + HONO 0 0 1+1 442 0.89 1.34 0.72 0.70
[MIM — Hy;]* + O—NH-0 0 0 0 0 0.95 1.37 1.03 1.02
[MIM — H,;]* + H + NO, 0 0 0 9+3 3.98 3.63
[MIM — H,] + H, + NO, 0 1+1 241 9+3 341 3.07
[MIM — CH,]* + CH, + NO, 0 0 0 S+2 3.08 3.03 323 2.69
short-lived [MIM—ONO]* 3+2 2+1 4+2 S+2 1.34 1.87 —0.06 0.20
O—-MIM + NO 0 0 0 0 221 2.65 0.93 0.97
ring fragmentation 0 0 1+1 7+3

EIM + NO,
[EIM — Hﬂ]' + HONO 0 0 0 1+1 1.42 1.80 1.07 1.01
[EIM — H’]* + O—NH-O 0 0 0 0 1.30 1.68 1.37 1.33
[EIM — H”]* + H + NO, 0 0 1+1 3+2 432 3.94
[EIM — CH,]* + CH, + NO, 0 0 1+1 241 332 277
[EIM — CH,] + CH, + NO, 0 0 0 1+1 3.47 3.44 2.82 2.33
[EIM — C,H,]* + C,H, + NO, 1+1 0 0 743 3.17 2.57
2-ethyl-1,3-imidazole 0 0 0 3+2 2.41 2.44 0.56 0.58
ring fragmentation 0 0 1+1 6+2

C,H,+ NO,
short-lived [CH,CH,NO,]* 1+1 2+1 1+1 1+1
short-lived [CH,CH,ONO]* 13+2 S+2 S+2 6+2
[CH,CH,NO,]* 0 0 1+1 1+1 051 0.94 031 0.81
[CH,CH,0NO]" 0 0 1+1 241 1.29 1.50 0.44 0.84

“Percent probabilities and uncertainties were calculated on the basis of 100 trajectories for each condition. bStructures of all calculated species are

available in the Supporting Information.

and EIM + NO, at various temperatures and E_ specified in
Table 3. Few reactions were observed in these trajectories, most
of which are due to the elimination of H, H,, methyl, methane, or
ethyl from imidazole and ring fragmentation. These reactions
have high-lying activation barriers (>3 eV) and endothermicities
and therefore are less likely to contribute to the overall reactivity.
Short-lived [MIM—ONO]* complexes (with ONO bonded to
the C2 position) were observed, but none of these converted to a
covalent complex or produced O—MIM + NO. EIM may
isomerize to 2-ethyl-1,3-imidazole at higher temperatures, but
the reaction activation barrier is 2.41 eV.

Among the trajectory-predicted reaction pathways of MIM,
the one that may likely contribute to the IL reactivity is methyl-
H transfer to form [MIM — Hy;]* + HONO. Interestingly, no
nitryl hydride (O—NH—O) formation was observed in the HT
trajectories, presumably because the formation of O—NH—-O
requires more energy than that of HONO. A similar HT reaction
was observed for EIM, ie, EIM + NO, — [EIM — H]* +
HONO, although it appears to be disfavored both energetically
(with higher activation barrier and endothermicity) and
kinetically (only 1% at 4000 K) compared to that for MIM +
NO,.

3.4. Reactions of NO, with HDCA, Alkyl-DCA, and
DCA". Previously, we had reported dynamics simulations of
NO, with HDCA and DCA™ in the 1000—6000 K regime.10
HDCA + NO, has two most important reaction pathways,
leading to [HNC(—ONO)NCN]* and HNCNC(—ONO)N®,
respectively. Formation of [HNC(—ONO)NCN]* accounted
for 3% of the trajectories at 3000 K and E_; = 1.5 eV, and 8% at
6000 K and E, = 1.5 €V. A large fraction of [HNC(—ONO)-
NCN]* subsequently eliminated NO. Formation of [HNCNC-
(—ONO)N]"* was less common and accounted for at most 1% of
the trajectories at higher temperatures. The remaining reactive
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trajectories could be characterized as HT from HDCA to NO,
and forming HONO (trajectory probability was 4% at 4000 K,
increasing to 11% at 6000 K) or O—NH—O (as a minor process,
with a probability of 1-2% at 4000—6000 K). The reaction
coordinates and energetics for HDCA + NO, are shown in
Figure S1 in the Supporting Information. Besides the trajectory-
predicted pathways, Figure S1 includes reaction pathways that
are initiated at other collision orientations. One surprising
finding of comparing the dynamics trajectories with a statistical
reaction model is that the trajectory-predicted reactions do not
represent minimum energy pathways, and the two lower-energy
pathways, leading to the formation of [HNC(—NO,)NCN]*
and [HNCNC(—NO,)N]*, were not observed in the
trajectories. On the basis of the RRKM evaluation of the
properties and unimolecular kinetics of nitro (—NO,) and
nitrite (—ONO) complexes, it was assumed that the shutdown
of nitro-complex formation in the trajectories is mainly due to
their rapid decomposition (because of the shallow product
potential well after the TS that leads to that product). In
addition, short-time, nonstatistical collisions of HDCA with
NO, may result in insufficient intramolecular vibrational
redistribution to achieve a statistical situation.

CH;DCA and C,H;DCA are the two products produced from
the Sy2 alkyl abstraction in EMIM*DCA™. It is reasonable to
assume that the two alkyl groups behave similarly in the reaction
with NO,. Figure 4 shows the reaction profile for CH;DCA +
NO, calculated at the B3LYP/6-311++G(d,p) level of theory.
These reactions are similar to those of HDCA + NO,, except
that the barriers leading to CH;NO, (via F4.TS6 in Figure 4)
and CH;0ONO (via F4.TS6’) become much higher than those in
the case of HDCA + NO, - O—NH—-O + DCA (via FS1.T6 in
Figure S1) and HONO + DCA (via FS1.TS6’ in Figure S1).
Table 4 compares the NO, reaction energetics with CH;DCA,

https://dx.doi.org/10.1021/acs.jpcb.0c02253
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Figure 4. Reaction coordinates for CH;DCA with NO,. Reaction AH
(eV) and AG (eV, in parentheses) were calculated at the B3LYP/6-
311++G(d,p) level of theory, including thermal corrections at 298 K.
Cartesian coordinates of stable structures and TSs are provided in the
Supporting Information.

CH,=CHCH,DCA, and HDCA. The energetically favorable
pathways for CH;DCA correspond to the formation of
[CH;NC(—ONO)NCN]*, [CH;NCNC(—ONO)N]*, and
[CH;NCNC(—NO,)N]*. However, on the basis of the
dominant formation of nitrite complexes over nitro complexes
(as a result of nonstatistical kinetics) in the trajectory

simulations of HDCA + NO, and C,H, + NO, (vide infra),
we tend to assign [CH;NC(—ONO)NCN]* and [CH;NCNC-
(—ONO)N]"* as the two most probable products of CH;DCA +
NO,. Based on the same argument, the most probable product
for the reaction of C,H,DCA + NO, is [C,H.NC(—ONO)-
NCN]* followed by [C,H;NCNC(—ONO)N]".

The reactivity of DCA™ toward NO, is much weaker
compared to that of its neutral counterpart HDCA. Few
reactions were observed in the collision trajectories of DCA~™
with NO,, most of which resulted in the formation of short-lived
[NCNCN-NO,]*” and [NCNC(—ONO)N]*", with proba-
bilities of up to 3%. The reaction coordinates for the trajectory-
predicted pathways and the other likely routes are shown in
Figure S2 in the Supporting Information. The resulting reaction
potential energy diagram shows the repulsive nature for the
complex structure of [NCNCN—NO,]* (i.e., after taking into
account the ZPE and the thermal correction at 298 K, the
reaction AH and AG values for NCNCN—NO,]*” formation
are located above the NO,-addition barriers). This suggests that
the alternative complex structure [NCNC(—ONO)N]*~ (and
its dissociation products NCNC(O)N~ + NO) may be the most
likely outcome of DCA™ + NO,.

3.5. C;H, + NO,. This reaction system is relevant to the
autoignition and combustion characteristics of fuels in
propulsion systems.””~>” Deng et al.”” conducted exhaustive
calculations for all of the possible reaction pathways between
C,H, and NO, at the CCSD(T)/CBS//M06-2x/6-311+

Table 4. Energies (Units: V) of TSs and Products for the Reactions of NO, with RDCA vs HDCA”

RDCA + NO,
R = CH, R = CH,CHCH, HDCA + NO,

structures AH AG AH AG structures AH AG
F4.TS1 1.32 1.82 1.44 191 FS1.TS1 1.33 1.79
[RN(—NO,)CNCN]* 1.32 1.85 129 1.77 [HN(—NO,)CNCN]* 134 1.81
F4.TS2 1.04 1.56 0.98 1.47 FS1.TS2 0.92 142
[RNC(-NO,)NCN]* 0.72 127 0.65 1.14 [HNC(-NO,)NCN]* 073 124
F4.TS4 0.94 1.40 0.88 1.32 ES1.TS4 0.95 1.44
[RNCNC(-NO,)N]* 092 1.40 0.86 1.31 [HNCNC(-NO,)N]* 0.93 142
F4.TSS 1.50 1.96 1.42 1.82 FS1.TSS 1.50 1.95
[RNCNCN—-NO,]* 1.47 1.88 1.39 1.77 [HNCNCN—-NO,]* 1.49 1.92
F4.TS6 1.87 2.27 1.60 1.92 FS1.TS6 0.81 1.21
DCA + RNO, 0.66 1.56 0.58 0.54 DCA + O-NH-O 0.96 0.95
F4.TS1’ 2.28 2.78 2.23 2.68 FS1.TS1’ 2.42 2.88
[RN(-~ONO)CNCN]* 191 2.40 1.84 229 [HN(-~ONO)CNCN]* 2.04 248
F4.TS2' 1.19 1.71 1.11 1.59 FS1.TS2' 1.23 1.72
[RNC(—ONO)NCN]* 025 0.77 0.19 0.65 [HNC(—ONO)NCN]* 032 0.78
F4.TS3' 243 2.90 2.37 2.79 FS1,TS3’ 2.47 2.92
[RNCN(—ONO)CN]* 2.36 2.84 2.30 272 [HNCN(—ONO)CN7]* 2.38 2.83
F4.TS4' 1.48 1.90 1.42 1.79 FS1.TS4’ 1.54 1.95
[RNCNC(—~ONO)N]* 0.62 1.07 0.55 0.95 [HNCNC(—ONO)N]* 0.60 1.03
F4.TSS' 2.12 2.56 2.04 2.43 FS1.TSs’ 2.11 2.55
[RNCNCNONO]* 2.08 2.49 2.00 2.38 [HNCNCNONO]* 2.06 2.48
F4.TS6’ 2.29 2.67 1.93 2.27 FS1.TS6’ 0.76 1.14
DCA + RONO 0.80 0.81 0.68 0.63 DCA + HONO 0.66 0.63
RN(O)CNCN + NO 2.03 2.11 1.96 1.98 HN(O)CNCN + NO 2.35 2.37
RNC(O)NCN + NO 0.66 0.77 0.60 0.65 HNC(O)NCN + NO 0.83 0.89
RNCN(O)CN + NO 2.53 2.58 247 2.45 HNCN(O)CN + NO 2.65 267
RNCNC(O)N + NO 1.57 1.56 1.50 1.45 HNCNC(O)N + NO 1.60 1.60
RNCNCNO + NO 1.25 1.28 1.17 1.15 HNCNCNO + NO 1.23 1.24

“Calculated at the B3LYP/6-311++G(d,p) level of theory, including thermal corrections at 298 K. Structures of all calculated species are available

in the Supporting Information.
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+G(d,p) levels of theory, wherein the relatively less endothermic
pathways (with activation barriers <1.5 eV) involved the
formation of [C,H,NO,]* and [C,H,ONO]*, followed by the
formation of C,H; + HONO and C,H; + O—NH-O via HT.
We have recalculated the reaction energies for these four
pathways at the B3LYP/6-311++G(d,p) level of theory and the
results are summarized in Figure S. The [C,H,ONO]* may
eliminate NO or HNO, and thereby convert to CH;CHO,
epoxide, or [CH,CHO]".

C,H, + O-NH-0
ie ] 174 (2.49) CH, + HONO F5.TS7 1.56 (1.96)
F5.TS3 1.34 (1.69)  1.48 (2.15) F5.756 1.44 (1.90)
F5.TS2 —_—
o 10 Tl ) F5.755 1.14 (1.56)
()
= 0.44 (0.84)
O 05 %) [CH,GH,0NO] 0.41 (0.36)
2 510. [CH,CHOT + HNO
T [CH,CH,NO,J"
S oo 10000 0.31(0.81)
2 0.0 {2000,
5 C,H, + NO, 0,27 (-0.24)
§ 051 H C/O\CH +No
m - 2! 2
1.0
1,56 (-1.57)
15 ] [CH,CHOT'+ NO

Reation Coordinate

Figure S. Reaction coordinates for C,H, with NO,. Reaction AH (eV)
and AG (eV, in parentheses) were calculated at the B3LYP/6-311+
+G(d,p) level of theory, including thermal corrections at 298 K.
Cartesian coordinates of stable structures and TSs are provided in the
Supporting Information.

We have also simulated the collisions of C,H, with NO, at
temperatures from 1000 to 5000 K and E_ of 0.5 eV (see Table
3). The most probable reactions corresponded to the formation
of [CH,CH,0ONO]"* rather than [CH,CH,NO,]*, despite the
fact that [CH,CH,NO,]* is more stable and has half the
activation energy compared to [CH,CH,ONO]*. The non-
statistical trajectory outcome of C,H, + NO, bears a
resemblance to that of HDCA + NO,. Most of the
[CH,CH,ONO]"* formed in the trajectories were short-lived
and decayed back to reactants before the end of trajectories; only
2% of the trajectories were able to maintain a stable
[CH,CH,0ONO]"* structure throughout the trajectory time at
3000 K.

In sum, the synergistic dynamics simulations and reaction
coordinate/energetics calculations have predicted the following
probable primary and secondary reaction pathways for
EMIM*DCA™ with NO,

EMIM'DCA™ — [EMIM — H,"] + HDCA (1a)
(1b)

(Ic)

MIM + C,H, + HDCA
MIM + C,H,DCA

EIM + CH;DCA (1d)
[EMIM* — Hc,*] + NO, —» [0O-EMIM* — H,*] + NO (2a)
— [EMIM* — He,* — Hygl" (2b)
+ HONO
MIM + NO, — [MIM — H,;]* + HONO (3)

4311

HDCA + NO, — [HNC(—ONO)NCN]* — HNC(O)NCN (4a)
+ NO

— [HNCNC(—ONO)N]* (4b)
— DCA + HONO (4¢)
RDCA + NO, — [RNC(—ONO)NCN]* (R = alkyl) (5a)
— [RNCNC(—ONO)NJ* (5b)

DCA + NO, — [NCNC(—ONO)N]"~ (6a)

= [NCNCN-NO,]*” (6b)

C,H, + NO, — [CH,CH,ONO]" (7)

4. EXTRAPOLATION OF THE EMIM*DCA~ RESULTS TO
BMIM*DCA~ AND AMIM*DCA"

4.1. BMIM*DCA™ + NO,. It is reasonable to assume that the
chemistry of BMIM'DCA™ with NO, is similar to that of
EMIM'DCA™ with NO,; consequently, reactions 1—7 of
EMIM'DCA™ + NO, were used as the starting points to
construct the reaction coordinates for BMIM*DCA™ + NO,.
Figure 6 shows the intra-ion-pair reaction coordinates for

8 1 7.55 (6.50)
MIM® + C,H, + DCA
BIM' + CH, + DCA
7 7.41 (6.44)
((BMIM— H'y '] + HDCA 4.36 (3.87)
% [BMIM' — H_,"] + NCHNCN 4.05 (3.60)
—~ 49
— YTV T T
2 [38’:'7"\:3 3;“” 1+ HDCA BMIM® + DCA~
et B 3.35 (2.92)
3 .
<4 234.(1.93) F6.TS4 2.72 (2.73)
5 [BMIM® — H,,.'] + HDCA F6.TS5 2.42(2.39)
S ) [BMIM™— H;,] + HDCA 2.30/(1.86)
g [BMIM® - Hg,1 + HN(CN), F6.TS1 1.54 (1.55)
['4 faeocae) 1.76 (1.78) F6.TS3(SN2)
1.25 (0.83, F6.TS2(SN2)
1 JBMIM™ - H, ]+ HDCA 1.52 (1.47)
MIM + 1-C,H, + HDCA 0.16 (:0.32)
0.73 (-0.23) 0.0 (0.0) BIM + CH,DCA
BM'M*DCA’ ——

0.13 (-0.37) MIM + C,H,DCA

Reaction Coordinate

Figure 6. Reaction coordinates for the decomposition of
BMIM*'DCA"™. Reaction AH (eV) and AG (eV, in parentheses) were
calculated at the B3LYP/6-311++G(d,p) level of theory, including
thermal corrections at 298 K. Cartesian coordinates of stable structures
and TSs are provided in the Supporting Information.

BMIM'DCAT, and the reaction energetics is compiled in Table
5. Reaction AH and AG between the same reaction pathways of
BMIM'DCA™ and EMIM*DCA"™ differ only by 0.01—-0.1 €V.
The favorable pathways of BMIM*DCA™ are intra-ion-pair PT
and alkyl abstraction. PT leads to the formation of [BMIM* —
Hc,*] + HDCA and MIM + 1-butene + HDCA. Note in the
latter case, the transfer of a butyl-H” in BMIM" induces the
elimination of a 1-butene molecule. Alkyl abstraction in
BMIM'DCA is also favored via an Sy2 mechanism, producing
MIM + C,H,DCA and BIM + CH,DCA.

The BMIM*-specific primary products include [BMIM* —
Hc,"], 1-butene, and BIM. The fact that the trajectory-predicted
reactivity of EIM is lower than that of MIM led us to assume that
BIM too should be less reactive than MIM and thus was not
considered further. Figure 3 compares the reactions of NO, with
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[EMIM* — Hc,"], [BMIM* — He,'], and [AMIM* — Hc,"],
which in the case of [BMIM* — H,"] leads to the formation of
[O-BMIM* — H,"] + NO, [O,N—BMIM* — H,*]*, and
[BMIM* — Hc¢,” — Hyg)® + HONO. The energy differences
between the three reaction systems are no more than 0.09 eV. A
major difference between BMIM'DCA™ and EMIM'DCA™
concerns the formation of an asymmetrical alkene C,H;CH=
CH, in BMIM'DCA™. NO, may attack and attach to either of
the two vinyl C atoms in C,H;CH=CH,, and their reaction
profiles are illustrated in the two separated frames of Figure 7.

2.0 .
[C,H,CHCH] + O-NH-0
178 (1.77) .
151 [C,H.CHCH] + HONO  ¢7 1571 4 47 (1.87)
) F7.7S3' 1.34 (1.72) 1.62(1.48) 1\
F7.TS6" 1.35 (1.81)
! N
> 107 F7.1520.97(1.39) F7.TS5' 1.06 (1.48)
()
= 0.40 (0.81)
O 05 F7.751'0.42 (0.86) [C,H.CHCH,ONOJ 0.30(0.26)
a —_— [C,H,CHCHO'+ HNO
T [C,H,CHCH,NO,J"
S 00 10000 3 0.26 (0.71)
c C,H,CH=C'H, + NO,
o 10.35 (-0.28)
= 0.35 (-0.28)
& -057 o +No
e C,Hs-CH—CH,
1.0 4
1.39 (-1.38)
15 ] ) ) C,H,CH,CHO + NO
(a) Reaction of NO, with C' s
2.0
1.57 (1.55)
[C,H,C=CH,]'+ O-NH-O )
15 ] - F7.TS7%1.49 (1.98)
: F7.TS4% 1.29 (1.68) 1.31(1.26)
F6.TS3%1.19 (1.58)- [CHC=CHTTHONO (7 +oco 1 o7 (1.54)
> 107 F7.TS2° 1.03 (1.47)
[}
= 0.45 (0.85) 2
& o0s1 i (CH G ONO)cH,y  F7Ts8"052(1.02)
= F7.78170.51 (1.00) - ———— 0.28 (0.24)
~ [C,H,CH(-NO,)CH,J" n
j<: 0.0(0.0) 0.36 (0.84) [C,HC(O)CH, I+ HNO
2 00 e H.ctH=cH, + No,
o -0.35 (-0.28)
5 -0.35 (0.28)
§ 05 O +NOo
e C,Hs-CH—CH,
1.0 4
- . N -1.74 (-1.74
15 (b) Reaction of NO, with c? cszC(o)CHj,, NO)

Reaction Coordinate

Figure 7. Reaction coordinates for 1-butene with NO,. Reaction AH
(eV) and AG (eV, in parentheses) were calculated at the B3LYP/6-
311++G(d,p) level of theory, including thermal corrections at 298 K.
Cartesian coordinates of stable structures and TSs are provided in the
Supporting Information.

For ease of comparison, the TSs for the similar pathways are
labeled using the same sequential numbering but differentiated
by superscripts, e.g., TSI1' that leads
to [C,H;CHC'H,(—NO,)]* vs TS1? that leads to [C,H;C*H-
(-NO,)C'H,]*. Both vinyl C may form nitrite and nitro
complexes, but C1 appears to be slightly more reactive than C2
as judged by their reaction barriers. The nitro compounds, if
formed, may be unstable and quickly decay back to reactants
(due to their shallow potential wells with respect to the TSs). As
a result, the most probable reactions of 1-butene are 1-C,Hg +
NO, = [C,H;CHCH,ONO]* and/or [C,H;CH(—ONO)-
CH,]*. BMIM*DCA" also generates MIM, HDCA, RDCA (R=
alkyl), DCA™, and alkene. Therefore, reactions 3—7 would be
expected in the BMIM'DCA™ system.

4.2. AMIM*DCA~ + NO,. Guided by the results of the
EMIM'DCA~ and BMIM'DCA™ systems, the reaction
coordinates for AMIM*'DCA™ were constructed at the
B3LYP/6-311++G(d,p) level of theory, as shown in Figure 8.
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8 -
AIM"* + CH, + DCA”
7.44 (6.49)
7 MIM® + CH,CH=CH, + DCA
6.81 (5.83)
3 [AMIM’ - H,,'] + NCHNCN3.99 (3.57)
A
®  JAWMMT—H,, T+ HDCA 3.78 (3.35)
A R AMIM® + DCA”
2 [AMIM* - H", *] + HDCA 3.07 (2.62) 3.36 (2.95)
I 3
< 2.34 (1.91) F8.TS4 2.67 (2.72)
5 [AMIM' — H,e'] + HDCA 2,09 (2.08)
= 1.80 (1.34) F8.TS1 1.99 (1.95
S 2 {AMIM - He,, ] + HDCA FB.TS5 1.99 (1.99)
2 TAMIM™ —H_, ] + HN(CN)4.54 (1.10) F8.TS2(SN2)1.51 (1.46)
JIAMIM — He,] + HDGA1.20 (0.77) F8.TS3(SN2) 1,42 (1.43)
L VIVES CH,=C=CH, + HDCA
1.01(0.08) 0.14 (-0.35)
0.0 (0.0) MIM + CH,CH=CH,DCA
0 \AMIM DCA 0.13 (-0.34) AIM + CH,DCA

Reaction Coordinate

Figure 8. Reaction coordinates for the decomposition of
AMIM*'DCA™. Reaction AH (eV) and AG (eV, in parentheses) were
calculated at the B3LYP/6-311++G(d,p) level of theory, including
thermal corrections at 298 K. Cartesian coordinates of stable structures
and TSs are provided in the Supporting Information.

AMIM'DCA™ indeed is seen to similarly follow the most
probable pathways as those of EMIM'DCA™ and BMIM'DCA”,
including intra-ion-pair PT that leads to [AMIM — Hc,"] +
HDCA and MIM + allene + HDCA and Sy2 alkyl abstraction
that leads to MIM + CH,CHCH,DCA and AIM + CH;DCA.
We have compared in Table S the reaction pathways and
products for all of the three dialkylimidazolium—DCA ILs.

AMIM -specific PT products are [AMIM — H,"] and allene.
The common reaction pathways for NO, with [EMIM — H,"],
[BMIM — H,*], and [AMIM — Hc,"] are illustrated in Figure
3. Figure 9 focuses on the NO, reactions with the allyl in [AMIM
— Hc,"], and Figure 10 on the NO, reactions with allene. NO,
may attack the allyl C# and C7 atoms, forming nitrite and nitro
complexes followed by NO elimination. Considering the
reaction energetics and the nonstatistical kinetics of NO,
addition, the most likely NO,-adducts to the allyl of [AMIM
—Hg,"] are [(MIM* — H,")CH,CHCH,ONO]"* and [ (MIM*
— Hg,")CH,CH(—ONO)CH,]*. We also examined the
reactivity of the allyl group in AMIM" and compared this to
that in [AMIM — H,"] in Table 6. The two allyl groups present
the same reaction routes with NO,, but the allyl in AMIM*
appears to be less reactive than that in [AMIM* — H,*] as
inferred from its relatively high TSs and product AHs (0.1-0.2
eV higher than those for [AMIM* — H,"]).

5. COMPARISON WITH EXPERIMENTS

5.1. Reactivities of BMIM*DCA~, AMIM*DCA~, and
MAT*DCA™. Kaiser et al.’s experiments on the NO, oxidation of
MAT*DCA~,” BMIM*DCA™,"! and AMIM*DCA™"* revealed
the following facts: (1) DCA™ reacts with NO, to a greater
extent than the cations. (2) The reactions involved the bonding
of the nitrogen dioxide N and/or O to an imidazolium C or N.
The infrared and Raman spectra of the oxidation products
suggested the formation of nitrites (RONO), nitroamines
(RR'NNO,), aromatic nitro compounds (ArNO,), and
carbonitrates (RR'C=NO,"), as well as a carbonyl group in
higher-order products. (3) By measuring the decrease of
reactant Raman intensities at 2192 (sym CN stretch of
DCA") and 1011 cm™ (8 ring mode of BMIM') and the
increase of the product Raman intensities at 1698, 1603, and
1219 cm™!, the reaction rate constant of BMIM'DCA™ was
determined to be (1.5—2.5) X 1073 s™%. The measurement was

https://dx.doi.org/10.1021/acs.jpcb.0c02253
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Figure 9. Reaction coordinates for NO, with the allyl group of [AMIM*
— Hc,']. Reaction AH (eV) and AG (eV, in parentheses) were
calculated at the B3LYP/6-311++G(d,p) level of theory, including
thermal corrections at 298 K. Cartesian coordinates of stable structures
and TSs are provided in the Supporting Information.
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Figure 10. Reaction coordinates for allene with NO,. Reaction AH
(eV) and AG (eV, in parentheses) were calculated at the B3LYP/6-
311++G(d,p) level of theory, including thermal corrections at 298 K.
Cartesian coordinates of stable structures and TSs are provided in the
Supporting Information.

made at 298 K with a NO, concentration of 0.2%. For
comparison, the rate constant of MAT*DCA™ was measured to
be (7.3-10.4) x 107° s7' under the same experimental
conditions,” and so the rate constant is a factor of ~20 lower
for MAT*DCA™ than that for BMIM*DCA™. The rate constant
of AMIM'DCA™ was measured at 308 K with a NO,
concentration of 0.4%. After correcting for the different
temperatures and NO, concentrations, the actual rate constant
for AMIM'DCA™ is lower than that for BMIM'DCA™ by a
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factor of 2. Thus, the order of reactivity with NO, decreases in
the order of BMIM*DCA™ > AMIM*DCA™ > MAT'DCA".
The reactions of BMIM*DCA~, AMIM*DCA™, and
MAT*DCA™ are all initiated by intra-ion-pair PT (and alkyl
abstraction for BMIM'DCA™ and AMIM'DCA"), leading to
the formation of HDCA, alkyl-DCA, [1,3-dialkylimidazolium* —
Hc,*], [MAT* — H¢s*], etc., followed by the reactions of the
primary products with NO,. The different reactivities among the
three ILs originate from their different cation structures. BMIM*
and AMIM" differ from MAT™ in that the amino group of MAT"*
is, respectively, replaced by a butyl and an allyl group and that
the imidazolium ring has one less N atom than the triazolium
ring. Consequently, each IL presents some unique reaction
pathways and intermediates as follows: (1) BMIM" has a total of
13 H (methyl-H, butyl-H, and H,) available for PT followed by
9 in AMIM" (methyl-H, allyl-H, and H,) and then 6 in MAT*
(CS—H, amino-H, and methyl-H). Moreover, a unique intra-
ion-pair PT in BMIM'DCA~ and AMIM'DCA"™ is the
concerted HP-transfer and elimination of 1-C,Hy or CH,=
C=CH,. To this end, BMIM* has two butyl-H” available for
PT, whereas AMIM* has only one allyl-H” available for PT (i.e.,
the reaction statistical factor of H’-PT is 2 for BMIM* and 1 for
AMIM"), and the reaction is exoergic for BMIM'DCA™ but
slightly endoergic for AMIM*DCA™. Consequently,
BMIM*DCA™ is more reactive than AMIM'DCA™. (2) In
contrast to MAT*DCA™, both BMIM® DCA~ and AMIM*
DCA™ have exoergic Sy2 alkyl abstraction reactions, which
release heat that can promote other reactions and thus account
for their higher reactivities than MAT*DCA™. (3) The ion
binding energies of BMIM'DCA™ and AMIM'DCA™ are AH =
3.35—-3.36 eV and AG 2.92—2.95 eV, and those of
MAT*DCA™ are AH = 3.97 eV and AG 3.49 eV,
respectively,'” which makes the DCA™ in MAT*DCA™ more
strongly paired with the cation and less accessible to the reaction
with NO,. (4) Following the TS theory-based rate constant

k(T) = kBTT e ~(AGH(T)/KT) (kg is Boltzmann’s constant, h is

Planck’s constant, and T is the temperature),53 the measured
rate constants of BMIM'DCA™ and AMIM'DCA™ correspond
to overall barriers of 0.92 and 0.94 eV, respectively. As there are
multiple primary and higher-order reactions in the ILs, these
activation barriers cannot be simply related to a particular
reaction, but the measured barriers are comparable to the
primary reactions of BMIM'DCA™ and AMIM'DCA" listed in
Table 5.

5.2. Product Infrared and Raman Spectra. To compare
with Kaiser et al’s spectroscopic measurements of the
BMIM'DCA™ and AMIM'DCA™ droplets reacting with NO,,
we calculated vibrational frequencies and their infrared
absorptivities and Raman scattering activities for BMIM*DCA”,
AMIM'DCA", and their reaction products using the SMD-
GIL//M06/6-311++G(d,p) method. The surrounding IL
solvation shell was defined as & (static dielectric constant of
the solvent) = 11.5, n* (dynamic dielectric constant) = 2.0449, @
(H bond acidity) = 0.229, f (H bond basicity) = 0.26S, y
(surface tension at interface) = 61.24, ¢ (carbon aromaticity) =
0.2308, and y (electronegative halogenicity) = 0.0000.*° In a
previous work, '’ we calculated both harmonic and anharmonic
vibrations of MAT*DCA™. It turned out that the harmonic
infrared and Raman data better matched the spectra of the
levitated IL droplet. Therefore, only the harmonic spectra were
chosen for the spectral analysis in the present work. The
calculated vibrational frequencies were scaled by an empirical

https://dx.doi.org/10.1021/acs.jpcb.0c02253
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Table 6. Energies (Units: eV) of TSs and Products for the Reactions of NO, with [AMIM* — H¢,*] vs AMIM* *

[AMIM® — H¢,'] + NO, AMIM" + NO,
Structures AH AG Structures AH AG
[(MIM'—H¢,)CH,CHCH]" + O-NH-O 1.80  1.79 | [MIM'CH,CHCH]" + O-NH-O 187 186
F9.TS1 0.47 092 | TS1" 0.64 111
[(MIM" - He, )CH,CHCH,NO, 032 0.77 | [MIM'CH,CHCH,NO,]’ 050  0.94
F9.TS2Y 1.05 147 | TS2Y 1.35 1.77
[(MIM" - He,)CH,CHCH,ONO]* 043  0.87 | [MIM'CH,CHCH,ONO]’ 0.54 0.96
F9.TS3" 138 147 | TS3' 162 2.01
[(MIM" - He," )CH,CHCH]* + HONO 1.53  1.49 | [MIM'CH,CHCH]" + HONO 1.61 1.57
F9.TS5" 112 1.55 | TS5 112 155
8 /o\ CH /o\
HaGoN " S -CHCH-CH, 031 026 | MO R-CHCHCH, -0.16  -0.10
H\C=C/H +NO H\C=C/H +NO
F9.TS6! 143 191 | TS6" 1.65 212
[(MIM" - He," )CH,CHCHO]" + HNO 0.38  0.35 | [MIM'CH,CHCHO] + HNO 072 0.8
F9.TS7 153 197 | TST 1.82 219
[(MIM" - He, YCH,CH,CHO] + NO 142 -1.41 | MIM'CH,CH,CHO + NO -129  -1.27
F9.TS1P 0.60 1.07 | TS1P 082 131
[(MIM' — He,")CH,CH(-NO,)CH,]* 0.48  0.96 | [MIM'CH,CH(-NO,)CH,]' 059  1.10
F9.TS2" 112 156 | TS2P 1.38 1.81
[(MIM' — He, )CH,CH(-ONO)CH, 0.48  0.93 | [MIM'CH,CH(-ONO)CH,]" 0.67  1.11
F9.TS3P 127 1.68 | TS3P 1.45 1.82
[(MIM' — He,")CH,C=CH,]"+ HONO 140 135 | [MIM CH,C=CH,]" + HONO 146 141
F9.TS4" 142 1.82 | TS4P 159 2.01
[(MIM' — H,"CH,C=CH,]' + O-NH-O 1.66  1.64 | [MIM'CH,C=CH,]’ + O-NH-O 1.73 1.70
F9.TS5" 1.09 155 | TS5 113 157
F9.TS6" 0.57 1.08 | TS6" 0.71 1.20
[(MIM' - He,)CH,C(O)CH,]"+ HNO 032 0.28 | MIM'CH,C(O)CH, + HNO 0.63  0.59
F9.TS7" 141 193 | TS7? 169 217
[(MIM® — He,")CH,C(O)CH;] + NO -1.65  -1.63 | MIM'CH,C(O)CH; + NO -1.65  -1.63

“Calculated at the B3LYP/6-311++G(d,p) level of theory, including thermal corrections at 298 K. Structures of all calculated species are available

in the Supporting Information.

factor of 0.957, which was determined by least-squares fitting of
the calculated BMIM*DCA™ and AMIM*DCA™ vibrations to
the experimental values. Accuracies of the theoretically
predicted frequencies were evaluated using root-mean-square

(RMSD) = \/i 2:’;1(1{_&31 ~ Uyexpr) » Where m is the total

number of vibrations for comparison, and v;, and v, are the
scaled SMD-GIL/MO06/6-311++G(d,p) and experimental
frequencies, respectively. RMSD is 25 cm™" for infrared and
23 cm™! for Raman. The harmonic bands of BMIM'DCA™ and
AMIM'DCA™ were then convoluted using Gaussian curves with
a full width at half-maximum (FWHM) of 32 cm™ to best match
the experimental linewidths. The resulting infrared and Raman
spectra are compared with the experimental spectra in Figures
S3 and S4 in the Supporting Information. The assignments in
Tables S1—S4 are based on the experimental data. Note that,
while vibrational frequencies can be predicted with fairly high
accuracy, vibrational intensities often cannot be.

4315

Figure 11 presents the simulated infrared (in the top frame of
each figure) and Raman (in the bottom frame) spectra for the
primary and secondary products of BMIM'DCA™ and
AMIM*DCA", each of which corresponds to a specific type of
reaction as we have described for EMIM'DCA™ and is labeled
accordingly. Peaks that are close to or overlap with experimental
BMIM*'DCA™ (or AMIM*DCA") vibrations and consequently
were obscured by the reactant peaks in the measurements are
labeled in black. Peaks that match the new product peaks
detected in the experiment (within the stated RMSD) are
labeled in red. As we will present below, each of the new
experimental IR and Raman peaks can be attributed to one or
more reaction products and to N,O, (which is in equilibrium
with NO,). Note that infrared and Raman follow different
selection rules and some vibrations have nearly identical
frequencies; as a result, a calculated frequency may correspond
to a black-labeled peak in the infrared spectrum and a red-
labeled peak in Raman spectrum (and vice versa). Occasionally,

https://dx.doi.org/10.1021/acs.jpcb.0c02253
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Figure 11. SMD-GIL//M06/6-311++G(d,p)-simulated infrared (top) and Raman (bottom) spectra of theoretically predicted products, where the
Franck—Condon gaps are omitted. Frequencies were scaled by a factor of 0.957. Red-labeled peaks match experimental products and black-labeled
ones are close to reactant IL vibrations. Peaks that do not match experimental data are indicated with question marks.

there are peaks that do not match any of the experimentally
detected vibrations and thus are labeled with question marks.
The origin of mismatches could be due to the combined
uncertainties of experiments and theory.

5.2.1. Product Spectra for BMIM*DCA™ + NO,. Assignments
of specific products were made by matching the simulated
product spectral features with the experimental measurements
(see Table 7). The product pair of [BMIM* — H¢,"] + HDCA,
produced from the intra-ion-pair PT (similar to those in reaction
la of EMIM*DCA™), have numerous vibrational peaks that were
identified in the experiment. This indicates that they are among
the most probable products detected in the experiment. Their
characteristic IR peaks include 1388 (strong, ring swinging),
1338 (strong, CH, wagging), 1172 (strong, CH, twisting), 1021
(ring H—CC—H scissoring, CH, rocking, and CN stretch), 734
(ring torsion), and 690 cm™" (CH, rocking) for [BMIM" —
He,*]and 2254 cm™ (asym N—C—N stretch) for HDCA. Their
distinguishable Raman peaks include 1537 (ring CC stretch),
1368 (CH, scissoring), 1031 (ring H—CC—H scissoring), and
1021 cm ™" for [BMIM* — H,*] and 2254 (strong), 1460 (asym
C—N-C stretch), and 603 cm™ (C—N—H bending) for
HDCA. Besides, HDCA has NH stretch (3452 cm™), swing
(470 cm™"), and rocking (378 cm™"), which were all beyond the
experimental detection range.

The product pair of MIM + 1-C,Hy, similar to those in
reaction 1b, also present vibrations that match the experimental
results. These include IR peaks at 1354 (CH,; umbrella), 1195
(ring CH rocking), and 725 cm™ (strong, ring CH out-of-plane
wagging) for MIM and at 163S (strong, CC stretch), 1396 (CH,
scissoring), 1035 (CC stretch and CH, rocking), and 828 cm™
(CHj; and CH, rocking) for 1-C,Hg, and Raman peaks at 1468
(sym ring C—N—C stretch) and 1456 cm™" (asym ring stretch)
for MIM and at 1635 (strong), 1348 (CH, scissoring), 1317
(CH, umbrella), 1211 (CH, twisting), and 1035 cm™" for 1-
C,H,.

C,HyDCA represents a specific product of butyl abstraction
(similar to that in reaction 1c). It displays three IR peaks at 2231
(strong, asym N—C—N stretch), 1522 (DCA CN stretch), and
596 cm™! (bending of DCA N—C—N) and four Raman peaks at
2231 (strong), 1522, 1370 (CH, scissoring), and 1028 cm™

4318

(C—DCA stretch) that match the experimental data, suggesting
its detection in the experiment.

BIM and CH;DCA represent the methyl abstraction products
(similar to those in reaction 1d). Identification of BIM in the
actual products was based on its IR peak at 1004 cm™" (ring
CH—-N-CH scissoring) and Raman peaks at 1472 (ring CC
stretch), 1368 (CH, scissoring), 1350 (asym ring C—N—C
stretch), 1027 (ring H—CC—H scissoring), 1004 (sym HC—
N—CH stretch), 826 (out-of-plane twisting of ring H-CC—H),
606 (ring out-of-plane distortion), 328 (C—DCA bending), and
314 cm™" (butyl bending); and that of CH;DCA was based on
its IR peaks at 1618 (sym N—C—N stretch), 1370 (CH,
scissoring), 1353 (CH; bending), and 563 cm™' (DCA
twisting), and Raman peaks at 1618, 1370, and 1353 cm™,

The products from the NO, reactions with [BMIM* — H,*]
(similar to those as in reactions 2a,b) include [O—BMIM" —
He,'l, [BMIM* — He," — Hyz]®, HONO, and NO. NO may
correspond to the 1907 cm™ peak® in the product Raman
spectrum. [O—BMIM* — H,*] has IR peaks at 1663 (strong,
CO stretch), 1397 (methyl bending), 1391 (CH; wagging),
1364 (CH, scissoring), 1178 (ring H—CC—H rock), 1011 (ring
H—CC—H bending), 731 (ring out-of-plane twisting and CH,
rocking), 685 (CH, rock), and 571 cm™" (ring out-of-plane
twisting) and Raman peaks at 1364, 1328 (ring CN stretch), and
1032 cm ™ (asym C—C—C stretch) that match the experimental
data. [BMIM* — Hc," — Hyp]® has product-matching IR peaks
at 1543 (ring C=C stretch), 1390 (CH, scissoring), 1357
(strong, CH, scissoring and ring H—CC—H rocking), 1182
(strong, ring H-CC—H rocking), 1037 (ring H-CC-H
bending), and 593 cm™' (ring out-of-plane twisting) and
Raman peaks at 1543, 1390 (strong), 1373 (ring stretch and
CH, scissoring), 1323 (strong, CN stretch and =CH,
scissoring), 377 (CH, out-of-plane wagging), and 339 cm™
(CH, out-of-plane twisting). The IR peaks of HONO at 1704
(O—N stretch), 1263 (strong, OH in-plane rocking), and 572
cm™' (strong, OH out-of-plane rocking) and the Raman peaks of
HONO at 1704 and 1263 cm™' have close matches in the
experimental spectra, suggesting that the reaction of the 2b type
occurred in the experiment. Note that ciss HONO (not shown in
Figure 11), which is 0.04 eV higher in energy than the

https://dx.doi.org/10.1021/acs.jpcb.0c02253
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Table 8. Assignments of the New Vibrational Peaks Detected in the Experiment of AMIM'DCA™ + NO,

(Cﬁ:) Possible attributions ° R(irrnnalr; * | Possible attributions?
Frequencies that appear in both EMIM'DCA™ + NO; and BMIM"DCA™ + NOa.
The common products thereof are indicated in the gray-shaded cells.
2260 HDCA 2230 HDCA, [CH:NCNC(-ONO)N]*
CH:CHCH:DCA
1789 DCA, [CHsNCNC(-ONO)NJ", N2O4 2020 [HNC(-ONO)NCNT', [CH;NC(-ONO)NCNT,
1749 [NCNC(-ONO)N]* -, N2O4 1867 [ENCNC(-ONO)NJ*
1716 HONO, N204 1662 cis-HONO, [NCNCN-NO,|* -
[(MIM* — He,")CH,CHCH,ONOY",
[(MIM* — He,")CH,CH(-ONO)CH,]*,
[MIM*CH,CHCH,ONO]*
1524 [NCNCN-NO;]* - 1352 CH;3;DCA, [CH;NC(-ONO)NCN]*,
[CH3NCNC(-ONO)N]*
CH:CHCH:DCA, CH,=C=CH,, CH,CHCH,DCA,
[MIM*CH,CHCH,ONOJ", [MIM* — He,"JCH,CH(-ONO)CH,",
[MIM*CH>CH(-ONO)CH3]*, [(MIM* — He,")CH,CHCH,NO, I",
[MIM*CH;CHCH,NO:]", [(MIM* — He,")CH,CH(-NO,)CH, ",
[MIM*CH,CH(-NO,)CH,]* [CH,CHCH,NCNC(-ONO)NT*, [MIM*CH,CHCH,ONOJ",
[MIM*CH,CHCH,NO,]*, [MIM*CH,CH(-NO,)CH,]*
1356 MIM, CHsDCA, 1218 [HNC(-ONO)NCN]*, [CH;NC(-ONO)NCN]",
[CH3NC(-ONO)NCNT]*, [CH;NCNC(-ONO)N]* [NCNCN-NO,]*~
[AMIM* — He,'], CH.CHCH2DCA, AIM, [AMIM* — He,'], CH,CHCH,DCA, AIM,
[O-AMIM" — Hex '], [AMIM® — Hey" — Hyg]*, [AMIM* — Hc2* — Hmg]*,
[(MIM" — Hc,")CH,CHCH,ONOY°, [(MIM" — Hc,")CH,CHCH,NO, |°,
[(MIM" — He,")CH,CH(-ONO)CH,]°, [CH:CHCH2NC(-ONO)NCN]J*,
[(MIM* — He," YCH,CHCH,NO, ", [CH,CHCH,NCNC(-ONO)NT',
[(MIM* — He,")CH,CH(-NO,)CH., ", [CH,C(-ONO)CH,]*
[MIM*CH,CHCH,ONO]",
[MIM*CH,CH(-ONO)CH,]",
[MIM*CH;CHCH:NO:]",
[MIM*CH,CH(-NO,)CH,]*
1269 HONO, cis-HONO, [MIM — Hmg]* 492 [HNC(-ONO)NCN]*
[AMIM* — Hex'], AIM, [O-AMIM* — Hex'l, [(MIM* — He, YCH,CH(-NO,)CH, ",
[(MIM* — Hey")CH,CH(-ONO)CH, ", [CH,C(-ONO)CH,1*, [MIM*CH,CH(-NO,)CH,]*
[CH2CHCH:NC(-ONO)NCN]*,
[MIM*CH:CH(-ONO)CH;J*, [MIM*CH;CHCH;NOJ*
1040 [MIM - Hy]® 416 [NCNCN-NO,]*~
[AMIM* — He,], CH,CHCH,DCA,
[AMIM* — He," — Hyg]*, [(MIM* — He;")CH,CHCH,ONO?,
[(MIM* — He," )CH,CH(-ONO)CH,]",
[(MIM* — He," )CH,CHCH,NO, ",
[(MIM* — Hey")CH,CH(-NO,)CH,*,
[CH,CHCH,NC(-ONO)NCNT*, [MIM*CH,CHCH,ONOJ",
[MIM*CH,CHCH,NO,]*, [MIM*CH,CH(-NO,)CH,]*
AMIM*-specific peaks
1680 [0-AMIM* — Hcz'], [(MIM* — He2)CH2CHCH2ONOJ*, 2095 [CH,CHCH,NC(-ONO)NCN]*
[(MIM* — He2")CH2CH(-ONO)CHa]",
[CHCHCH2NCNC(-ONO)NJ*,
[CH:C(-ONO)CH2]",
[MIM*CH.CHCH:0NOJ",
[MIM*CH;CH(-ONO)CHJ*
4320 https://dx.doi.org/10.1021/acs.jpcb.0c02253
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Table 8. continued
(CIE:) Possible attributions © R(iﬁalr; ’ Possible attributions ®
1613 1964 CH,=C=CH;,
827 CH;=C=CH3, AIM, [(MIM* — Hc2*)CH2CH(-NOz)CH>]", 1773 N204
[CH,CHCH,NCNC(-ONO)NJ*, [MIM*CH,;CHCH;ONOJ",
[MIM*CH,CH(-ONO)CH,]*, [MIM*CH,CHCH,NO, ",
MIM*CH,CH(-NO:)CH;
711 [AMIM* — He'l, AIM, [AMIM* — Hey' — Hye]", 1592 [CH,CHCH,NCNC(-ONO)NJ,
[(MIM* — He;")CH:CHCH,ONO', [MIM*CH,CH(-NO,)CH]*
[((MIM* — Hc2")CH2CHCH:2NO:]*,
[((MIM* — Hc2")CH2CH(-NO2)CH3]°,
[CH2CHCH:2NC(-ONO)NCN]*,
[CH:CHCH:NCNC(-ONO)NJ*, [MIM*CH,CHCH,ONOT",
[MIM*CH,CH(-ONO)CH,]*, [MIM*CH2CHCH:NO:]*,
MIM*CH:CH(-NO;)CH]",
528 CH,CHCH,DCA, [MIM* — Hc>"| CH:CH(-ONO)CH?", 1456 AIM, [CH,CHCH,NCNC(-ONO)N]*
[CH:CHCH:NC(-ONO)NCNJ*, [MIM*CH,CHCH,ONOT",
[MIM*CH:CH(-ONO)CH:|*, [MIM*CH>CH(-NO2)CHa|*
1136 [(MIM* — He,"YCH,CHCH,ONOY",
[CHCHCH:NC(-ONO)NCN]*,
[CH,CHCH,NCNC(-ONO)NT*
1088 CH;=C=CH;, AIM
996 AIM, [AMIM" — Hey" — Hye]'s
[CH,CHCH,NCNC(-ONO)NJ*, [MIM*CH,CHCH,ONO*,
[MIM*CH,CHCH,NO ",
[MIM*CH,CH(-NO,)CH.]*
919 AIM
830 [AMIM® - He'l,
[(MIM" — He,")CH,CHCH,ONOT",
[(MIM* — He,")CH,CH(-ONO)CH, *,
[(MIM* — He,")CH,CHCH,NO, ',
[(MIM" - He,")CH,CH(-NO,)CHJ",
[CH,CHCH,NCNC(-ONO)N, [MIM*CH,CHCH,NO,1*,
[MIM*CH,CH(-NO,)CH,]*
653 [(MIM* — He,"YCH,CHCH,ONOJ*

“Ref 12. "The species in bold has a dominating IR or Raman intensity at the assigned frequency.

conventional HONO (i.e,, the trans-conformer), may also be
produced in the experiment.'” cis-HONO has slightly different
frequencies than HONO, with the O—N stretch shifting to 1664
cm™" and the OH in-plane rocking to 1275 cm™.

The formation of [MIM — Hy;:]* (i.e., reaction 3) could be
verified by IR peaks at 1481 (ring stretch), 1261 (strong, ring
CN stretch and CH rocking), 1039 (ring H—CC—H scissoring),
and 781 cm™' (strong, ring C—H out-of-plane wagging) and
Raman peaks at 1481, 1460 (strong, ring asym N—C—N
stretch), 1288 (asym C—N—C stretch), 820 (ring H-CC—H
out-of-plane twisting), and 352 cm™' (CH, wagging).

Reaction of HDCA with NO, (i.e., reactions 4a—c) produces
another group of products in the experiment. Among these,
[HNC(—ONO)NCN]* displays strong product-matching IR
features at 1397 (CO stretch), 712 (NH out-of-plane rocking),
674 (C—N—C scissoring), and 572 cm™ (NO rocking) and
Raman features at 2039 (NO stretch), 1996 (strong, asym N—
C—N stretch), 1221 (NH in-plane rocking), 988 (asym C—N—
C and N—C—N stretch), 470 (DCA out-of-plane twisting), and
461 cm™" (DCA in-plane bending). Its decomposition product
HNC(O)NCN was identified by its IR peaks at 2243 (asym N—
C—N stretch) and 553 cm ™" (DCA twisting) and Raman peak at
1966 ¢cm™' (CO stretch). The formation of [HNCNC-
(—ONO)N]* could be verified by its IR peaks at 1606 (CN

stretch) and 538 cm™' (N—C—ONO bending) and Raman
peaks at 1845 (NO stretch), 1606,and 1110 cm ™" (asym N—C—
O stretch). The neutral DCA produced from the HT between
HDCA and NO, shares similar vibrations as its anionic
counterpart in BMIM"DCA™. Its only distinguishable IR and
Raman feature is at 1817 cm™! (asym DCA stretch).
Reactions of CH;DCA and C,HyDCA with NO, lead to the
formation of [CH;NC(—ONO)NCN]*/[C,H,NC(—ONO)-
NCN]*® (reaction Sa) and [CH3;NCNC(—ONO)N]*/
[C,H,NCNC(—ONO)N]* (reaction 5b). [CH;NC(—ONO)-
NCN]* has product-matching IR peaks at 1371 (CH; umbrella),
707 (N—C—N out-of-plane displacement), and 588 cm™' (DCA
in-plane and out-of-plane bending) and Raman peaks at 2060
(NO stretch), 1371, and 1216 cm™! (strong, asym DCA
stretch). [C,H,NC(—ONO)NCN]* has similar IR features at
1374 (strong, N—C—O stretch, and CH, scissoring), 716 (N—
C—N out-of-plane displacement), and 546 cm™"' (DCA in-plane
and out-of-plane bending) and Raman features at 2031 (NO
stretch), 1374 (strong), 1135 (strong, CN stretch), and 1108
cm™! (CH, rocking). The formation of [CH;NCNC(—ONO)-
N]* was verified by matching numerous vibrations with the
experimentally detected frequencies, including 1801 (strong,
CO stretch), 1377 (CH, bending), and 578 cm™' (N—C-N
bending) in infrared, and 2222 (strong, asym N—C—N stretch),

4321 https://dx.doi.org/10.1021/acs.jpcb.0c02253

J. Phys. Chem. B 2020, 124, 4303—4325


https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02253?fig=tbl8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02253?fig=tbl8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02253?fig=tbl8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02253?fig=tbl8&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c02253?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

1801, 1601 (CN stretch), 1483 (asym DCA stretch), 1362
(strong, CH; umbrella), 1121 (asym N—C—O stretch), and 981
cm™' (sym N—C—O stretch) in Raman. Its analogue
[C,HoNCNC(—ONO)N]* has distinguishable features at
2181 (strong, asym N—C—N stretch), 1272 (CH, wagging),
799 (CN stretch), and 577 ecm™ (N—C—N bending) in the
infrared spectrum and at 1840 (strong, CO stretch), 1363 (CH,
scissoring), and 497 cm™' (N—C—O bending) in Raman.

The reaction of DCA™ with NO, produces [NCNC-
(—ONO)N]*~ (reaction 6a) and [NCNCN—NO,]*" (reaction
6b). They have displayed numerous vibrational peaks for which
we are able to find matches in the experimental data. The
matching IR peaks are at 2160 (strong, asym N—C—N stretch),
1736 (strong, NO stretch), and 765 cm™ (strong, asym skeleton
stretch) for NCNC(—ONO)N]*", and at 2184 (strong, asym
N—C—N stretch), 1676 (strong, asym N—C—N stretch), 1533
(strong, O—N—O stretch), 1332 (sym N—C—N and O—N—-O
stretch), 719 (N—C—N bending), 568 (N—C—N bending and
NN stretch), and 559 cm™ (N—C—N out-of-plane bending) for
[NCNCN—NO,]*". The matching Raman peaks are at 1736
cm™ for [NCNC(—ONO)N]*~ and at 1676 (strong), 1533,
1332, 1224 (sym O—N-O stretch), 914 (sym C—N-C
stretch), 473 (CC stretch), and 406 cm™' (NO, rocking) for
[NCNCN—-NO,]*".

Finally, we examined the spectra of [C,H;CHCH,ONO]*
and [C,H;CH(—ONO)CH,]* that are the products of 1-butene
with NO, (as reaction 7). [C,H;CHCH,0ONO]*® has many
vibrations that match the experimental spectra, i.e., IR peaks at
1667 (strong, NO stretch), 1395 (CH, scissoring), 1387 (CHj,
bending), 1345 (CC stretch, and CH, scissoring and rocking),
1319 (CH; umbrella), 1011 (CC stretch), 826 (CH, wagging),
and 789 cm™" (strong, NO stretch) and Raman peaks at 1667,
1356 (CH, scissoring), 1345, 1304 (CH, wagging), and 654
cm™' (N—O-C bending). [C,H;CH(—ONO)CH,]*, on the
other hand, has only one IR peak at 591 cm™ (CO stretch and
CH, wagging) and two weak Raman peaks at 1366 (CH,
scissoring) and 633 cm™" (CH, rocking and NO stretch) that
match the experiment, rendering it difficult to confirm its
formation in the experiment.

5.2.2. Product Spectra for AMIM*DCA~ + NO,. The infrared
and Raman spectra of the AMIM*DCA™ products share many
identical peaks as those of the BMIM*DCA™ products. Table 8
separates the product vibrations of AMIM'DCA™ into two
groups: one group consists of the same frequencies as those for
BMIM*DCA™ + NO, (and thus represent some common
products, e.g, neutral DCA, HDCA, CH,DCA, [NCNC-
(-~ONO)N]*", [NCNCN-NO,]*", [CH;NCNC(—ONO)-
N]*, [CH;NC(—ONO)NCN]*, N,0,, and HONO), and the
other group that was detected only in AMIM*DCA™ + NO,.

The intra-ion-pair PT and alkyl abstraction reactions of
AMIM*DCA™ produce [AMIM* — H,"], MIM, AIM, CH,=
C=CH,, CH,CHCH,DCA, CH,DCA, and HDCA. MIM,
CH,DCA, and HDCA are discussed in Section 5.2.1. Herein, we
focus on verifying the formation of [AMIM" — H,*], AIM,
CH,=C=CH,, and CH,CHCH,DCA. [AMIM — Hc,'] can
be identified by IR peaks at 1342 (CN stretch and CH,
umbrella), 1279 (asym C—N—C stretch and CH, wagging),
1031 (ring H-CC—H scissoring), and 694 cm™" (strong, ring
H—CC—H out-of-plane wagging) and Raman peaks at 1223
(strong, vinyl CH rocking) and 804 cm™' (H-—CC—H out-of-
plane twisting). CH,=C=CH, has a distinguishable IR feature
at 829 cm™' (CH, out-of-plane wagging) and Raman peaks at
1954 (asym C—C—C stretch), 1367 (CH, bending), and 1053
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cm™! (strong, sym C—C—C stretch). The product-matching
vibrations of CH,CHCH,DCA include IR peaks at 1533
(strong, sym N—C—N stretch), 1355 (CH, bending), 1051
(CH, rocking and asym C—C—N stretch), and 548 cm™ (CH,
rocking) and Raman peaks at 2237 (strong, asym N—C—N
stretch), 1346 (CH, bending), and 1226 cm™" (vinyl CH
rocking). Identification of AIM was based on its IR peaks at 1357
(CH, bending and wagging), 1281 (CH, bending and wagging),
804 (ring CH out-of-plane wagging), and 708 cm™" (strong, H—
CC—H out-of-plane wagging) and Raman peaks at 1470 (ring
CC stretch), 1235 (ring and side-chain CN stretch), 1222 (vinyl
CH rocking), 1084 (ring CN stretch), 996 (ring C—N—-C
bending), and 919 cm™" (vinyl CH, out-of-plane wagging).
The reaction of [AMIM* — Hc,"] with NO, produces [O—
AMIM* — Hc,"] (similar to that in reaction 2a), [AMIM" —
Hc," — Hyg]® (similar to that in reaction 2b), and [(MIM* —
H,")CH,CHCH,ONO]*, [(MIM* — Hg,")CH,CH-
(—~ONO)CH,]*, [(MIM* — H,")CH,CHCH,NO,]*, and
[(MIM* — H¢,")CH,CH(—NO,)CH,]*, which are due to the
reactions of the allyl group with NO,. Formation of [O—AMIM"*
— Hc,"] can be verified by its strong characteristic IR peak at
1665 cm™" (CO stretch) and others at 1351 (CH, bending) and
1268 cm™' (CH rocking). Formation of [AMIM* — Hc," —
Hyg]® is consistent with the observation of its IR peaks at 1373
(CH, bending), 1347 (CH, bending), 1033 (H-CC—H
scissoring), and 696 cm™' (ring N—C—N bending) and
Raman peaks at 1241 (asym ring C—N—C stretch), 1221
(vinyl CH rocking), and 994 cm™" (ring CN stretch and vinyl
CH, rocking). [(MIM" — H¢,")CH,CHCH,ONO]* shows
many product-matching features. The ones of significant
intensities are 1682 (NO stretch), 1345 (CH, bending and
CH, umbrella), 1047 (CH, rocking and CCC bending), and
689 cm™' (ring H-CC—H out-of-plane wagging) in its IR
spectrum and 1682, 1118 (CH, twisting), 800 (ring H-CC—H
out-of-plane twisting), and 632 cm™" (sym C—O—N stretch) in
its Raman spectra. The vibrational spectra of [(MIM' —
Hc,")CH,CH(—ONO)CH,]* are similar to those of [ (MIM" —
H¢,")CH,CHCH,ONO]*, and its product-matching IR peaks
are at 1684 (strong, NO stretch), 1348 (CH, bending and CH,
umbrella), 1262 (CH, wagging), 1060 (CH, rocking), 1041
(ring H-CC—H scissoring), and 507 cm™ (strong, CH,
wagging) and Raman peaks at 1684, 1339 (sym ring stretch),
and 800 cm™' (ring H-CC—H out-of-plane twisting). The
product-matching spectral features of [(MIM' — Hg,")-
CH,CHCH,NO,]* include IR peaks at 1347 (CH; umbrella
and CN stretch), 1031 (ring H—CC—H scissoring), and 699
cm™ (strong, ring H-CC—H out-of-plane wagging) and
Raman peaks at 1347, 1229 (CH, wagging), and 841 cm™
(O—N-0 bending and CN stretch). [(MIM* — H,")CH,CH-
(=NO,)CH,]* has similar characteristic peaks as [(MIM* —
Hc,")CH,CHCH,NO,]*, including IR peaks at 1348 (CH,
umbrella and CN stretch), 1034 (ring H—CC—H scissoring),
827 (O—N-O bending and CN stretch), and 693 cm™" (strong,
ring H—CC—H out-of-plane wagging) and Raman peaks at 1338
(sym ring stretch), 827, and 488 cm™' (CH, wagging).
Reaction of CH,CHCH,DCA with NO, results in
[CH,CHCH,NC(—ONO)NCN]* (reaction S5a) and
[CH,CHCH,NCNC(—ONO)N]* (reaction Sb). Despite that
[CH,CHCH,NC(—ONO)NCN]" presents many IR peaks that
match the experimental spectra, its most intense peak at 2073
cm™! was not detected in the experiment, making the formation
of this product doubtful. [CH,CHCH,NCNC(—ONO)N]"*, on
the other hand, has all vibrational peaks that are able to match
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either reactant or product spectra. Its infrared peaks at 1702
(strong, CO stretch), 808 (CN stretch and CH, rocking), and
728 cm™! (strong, NCN bending) and Raman peaks at 1364
(CH, bending), 1224 (vinyl CH rocking), 1107 (asym O—C—N
stretch), 981 (vinyl CH, twisting), and 808 cm™" are close to the
product spectra. The formation of [CH,C(—ONO)CH,]* from
the reaction of allene with NO, was confirmed by the
observation of its IR peaks at 1694 cm™" (strong, CO stretch)
and the Raman peaks at 1227 (C—C—C bending) and 477 cm™
(CO stretch and allyl rocking).

Besides the fact that AMIM*DCA™ has followed similar routes
of reactions 1—7 as EMIM*DCA™ and BMIM*DCA”, the allyl
group of AMIM® reacts with NO, and produces
[MIM*CH,CHCH,ONO]*, [MIM*CH,CH(—~ONO)CH,]",
[MIM*CH,CHCH,NO,]*, and [MIM*CH,CH(-NO,)-
CH,]*. As shown in Figure 11 and Table 8, the four adducts
demonstrate similar product-matching infrared features. Their
infrared vibrations at 1700 cm™" correspond to CO stretch, 1520
cm™! to asym N—C—N and/or O—N—N stretch, 1360 cm™" to
CH,/CHj, bending, 1240 cm™ to CH, wagging, 1050 cm™ to
CH, rocking and ring CH wagging, 845 cm™' to O—N-O
bending, 820 and 710 cm™ to ring CH out-of-plane rocking, and
510 cm™' to CH, rocking and/or O—C—C bending. The four
adducts also present product-matching Raman peaks but with
very low intensities.

6. CONCLUSIONS

Direct dynamics trajectories were used to find the most likely
reaction pathways and products for the NO, oxidation of
EMIM'DCA~, BMIM'DCA™, and AMIM'DCA™. Analysis of
the trajectory outcomes combined with the calculations of
reaction coordinates and reaction energetics for the trajectory-
predicted pathways revealed intra-ion-pair proton transfer and
alkyl abstraction in 1,3-dialkylimidazolium—DCA as the two
dominant primary processes followed by the secondary
reactions of the proton-transferred products (including
[dialkylimidazolium® — H¢,"], MIM, HDCA, C,H,, 1-C,Hy,
and CH,=C=CH,) and the alkyl-abstracted products
(including MIM, EIM, BIM, AIM, and alkyl- DCA) with NO,.
The good match between the theoretically predicted and
experimentally measured reactivities of BMIM'DCA™ and
AMIM'DCA™ toward NO, and between the simulated and
the measured vibrational spectra of oxidation products suggests
that our computational modeling has captured the important IL
oxidation dynamics.

The main differences among the three dialkylimidazolium—
DCA ILs are the statistical factor for intra-ion-pair H’-proton
transfer (three for EMIM'DCA™, followed by two for
BMIM'DCA™ and then one for AMIM'DCA™) and the
accompanying alkene elimination, and that only the reaction
of AMIM'DCA™ is endoergic. These facts account for the
relatively low reactivity of AMIM'DCA™. It is interesting to
compare the results of dialkylimidazolium—DCA + NO, with
that of MAT'DCA™ + NO,. The differences between the NO,
oxidation reactions of EMIM*DCA~, BMIM*DCA",
AMIM'DCA™, and MAT*DCA" are resulting from the different
cation structures of the dialkylimidazolium and the alkyltriazo-
lium, while their similarities are associated with the reactions of
the same DCA™ anion and the HDCA product molecule. When
comparing the product spectra of BMIM'DCA™ and
AMIM'DCA~ + NO, vs MAT*DCA™ + NO,,"° we indeed
found many common vibrations, including the IR peaks at
2260—2170, 1524—1497, 1373—1356, and 1040 cm™" and the
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Raman peaks at 2020—2010, 1867—1868, 497—492, and 416—
409 cm ™. The fact that all of the common vibrational peaks can
match the reaction products of HDCA + NO, and DCA™ + NO,
supports our interpretation. The experimental results indicate
that the reaction rate constant of MAT*DCA is a factor of 20
lower than that of BMIM DCA™. The extremely low reactivity of
MAT*DCA™ is mainly due to the lack of H’-transfer and alkyl
abstraction, whereas both of these reactions are exoergic in the
case of dialkylimidazolium—DCA and, respectively, produce
alkene and alkyl-DCA, releasing energy that promotes further
reactions in the dialkylimidazolium—DCA ILs.

The trajectories and the analysis of reaction energetics have
supported that the DCA-based ILs are not hypergolic with NO,.
In fact, the addition of N,0,/NO, has made the ignition delay
time longer in the hypergolic reaction of BMIM'DCA™ with
HNO;.>> However, NO, is indeed produced in the hypergolic
reactions via the thermal decomposition of HNO,.*® In this
context, the work on the NO, oxidation of dialkylimidazolium—
DCA ILs provides insights into the IL oxidation and combustion
chemistry that occur at high temperatures.
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