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Figure 2. Free energy profiles for the initial decomposition steps of (a) CBH™ + H,0, and (b) CBH™ + HNO; systems calculated at a temperature

of 298.15 K.

using all-atom classical molecular dynamics simulations, where
the potentials are modeled using the generalized Amber force
fields,®® using the CP2K*® software. Next, we perform a
constant NPT (298.15 K and 1 bar) simulation to ensure the
proper system density. We then equilibrate the system
isotropically again with constant NPT with ab initio molecular
dynamics (AIMD) simulations using the barostat developed by
Martyna et al.,** to maintain a proper density ( 1.1 g/cm®).
Finally, we equilibrate the box at a constant NVT ensemble
using the CSVR (canonical sampling through velocity
rescaling)** thermostat to generate configurations for the
production runs.

Choosing an appropriate level of theory that balances the
computational cost and accuracy is key to successful dynamics
simulations of the [EMIM]*[CBH]~ + HNO,/H,0, system in
the condensed phase. All AIMD simulations are performed
with the BLYP functional**** and a TZV2P basis set.** The
Goedecker-Teter-Hutter (GTH) pseudopotentials® describe
the interactions between the ionic cores and valence electrons.
We emPon the hybrid Gaussian and Plane-waves method
(GPW)“® with the Quickstep module in CP2K, which uses the
atom-centered Gaussian-type orbitals to describe the wave
function and an auxiliary plane wave basis set for expansion of
the electron density. This same level of theory is employed for
simulations of chemical reactions in room temperature ionic
liquid of similar sizes,"”*® where careful benchmarking was
performed against functional of higher hierarchy and larger
basis sets. We set a plane wave cuto of 450 Ry and employ
Grimme’s dispersion correction (DFT-D3) to treat the long-
range van der Waals interaction. The equations of motion are
integrated with a 0.5 fs time step. For each system
([EMIM]*[CBH]™ + HNO4/H,0,), 50 frames are obtained
from AIMD NVT simulations, from which we initiate well-
tempered metadynamics (WTMetaD)*° simulations with the
PLUMED plug-in.>® The parameters employed by WTMetaD
and the collective variables used will be explained in the
Results section. Our simulation setup and parameters
employed for the condensed phase simulations are largely
inspired by recent work on chemical reactions in room-
temperature ionic liquids by Voth and co-workers.*"*®

B resuLTs AnD Discussion

Reactions in the Gas Phase. For the gas phase
calculations, we follow the experimental finding that the
anion primarily influences the chemical properties of ionic
liquid systems and focus on the reaction between the anion
and the oxidizer molecule.®***~>3 We use the Becke, Lee—
Yang—Parr (BLYP) functional*®*® with 6-31G(d)**** basis

set, and Grimme’s D3 dispersion correction for the gas phase
PES calculation. This level of theory is low, but it is chosen
because it agrees well with the reference PES*® as well as
closely resembles the level of theory used in the liquid phase
AIMD simulations. This consistency is important to relate the
condensed phase reaction dynamics to the gas phase reaction.
We follow the intrinsic reaction coordinate (IRC)>® in both
directions of the transition state to connect to its respective
intermediates.

The initial steps of the reaction for both systems follow what
was reported by Fujioka et al.?**® and their free energy
profiles (at 298.15 K) are shown in Figure 2. In the case of
H,0,, a H-bond complex (int1, N--H distance: 2.04 A) forms
with the N-terminal of CBH™, weakening the O—OQ bond. The
oxidizer then dissociates into two -OH radicals, where one
associates with the -BH; terminal of CBH™ (ts1). This step is
the rate-limiting step for ignition, and its energy is  17.9 kcal/
mol above stable hydrogen-bonded complex intl. The
hydrogen in the -OH radical of ts1 eventually transfers back
to the other -OH radical and forms H,O. Simultaneously, the
OH group attached to boron tumbles to form a B—O bond
(int2). int2 is stabilized by a hydrogen bond between the
H,B(OH) moiety and H,0 (O--H distance: 1.86 A). Overall,
in the process of forming int2 from the separated reactants,
one oxygen atom from H,O, inserts into the B—H bond of
CBH™ and releases some 81.7 kcal/mol energy.

When HNO; is the oxidizer, the association of the reactants
forms a hydrogen bond between the H atom of HNO; and the
N atom of CBH™ (int1’, N--H bond distance: 1.50 A). The
proton transfer from HNO; to CBH™ takes place via a
concerted three-membered ring (involving B, C, and N atoms)
transition state, tsl’. This step involves a simultaneous
isomerization (from H;BCN to H;BNC) and a proton transfer
from HNO; to the C-terminal of H;BNC, leading to the
formation of int2’. int2" is a H-bond complex (O--H bond
distance: 1.50 A) between H,B-NCH and NO;™. ts1’ was
reported to be the rate-limiting step of the oxidation of CBH™
with HNOj, by Fujioka et al. > and is  35.8 kcal/mol above
the hydrogen-bonded complex intl’ in this study. Overall,
forming int2’ involves a proton transfer from the oxidizer and
the rotation of the cyano group in CBH™, and it is exothermic,
releasing 12.7 kcal/mol energy.

The free energy profile of both reactions qualitatively
supports the findings of the levitated droplet experiments®"**
in the sense that (1) temperature rising after droplet merging
(e.g, forming intl and intl’ is exothermic) and (2) H,0O, is
more reactive than HNO; as an oxidizer (e.g., barrier height
ts1 < ts1”). It is also important to note qualitative di erences
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Figure 3. Snapshots of trajectories showing the reaction between CBH™ and H,0O, where the proton abstraction to form H;B(OH)CN™ involves

(a) one H,0,, (b) two H,0,, and (c) three H,O, molecules.

between the free energy profile (Figure 2) and the levitated
droplet experiments. The barrier of the reaction (17.9 kcal/
mol for H,O, and 35.8 kcal/mol for HNQ;) is too high for
reactions to be spontaneous, let alone hypergolic. Studies
employing higher-level theories (e.g., Fujioka et al.?**%)
reported very similar barrier height.

Reactions in the Liquid Phase: [EMIM]*/[CBH]™ +
H,0,. Instead of assuming that the reaction follows the initial
steps as indicated in the gas phase (Figure 2), the first goal is to
explore whether the system is inherently unstable enough to be
reactive in the liquid phase. Unbiased AIMD simulations are
carried out with the NVT ensemble at 298.15 K for a total of
20 ps. No chemical reactions are observed within this time
frame. Well-tempered metadynamics (WTMetaD) is then
applied to both systems to accelerate the reaction. WTMetaD
adds a time-dependent bias energy to the Hamiltonian of the
system along the collective variables (CVs). This energy
pushes the system out of free energy minima and lets it explore
configurational spaces not accessed by the unbiased
simulations. The CVs are selected to capture the configura-
tional change of the rate-limiting step, as shown in the gas-
phase reaction (Figure 2). For the [EMIM]*[CBH]™ + H,0,
system, the targeted pathway (intl - tsl - int2) involves the
simultaneous dissociation of the O—O bond and the formation
of the B—H-—0-H hydrogen bond. We randomly selected one
CBH anion as the reactive molecule, which can react with all
H,0, molecules in the system. A combination of two CVs is
chosen: CV1 is the coordination number between all three
hydrogen atoms in -BH; and the oxygen atom from all H,0,
molecules; CV2 is the coordination number between boron

and the three hydrogen atoms in -BH;. The two CVs are
shown in Figure S1 in the ESI. As the system progresses from
intl to int2, one B—H bond dissociates, and the dissociated
hydrogen forms a new bond with a hydroxyl radical (-OH)
resulting from H,O, dissociation; i.e., CV2 decreases and CV1
increases.

Independent WTMetaD simulations with constant NVT are
initiated from 50 di erent frames chosen randomly from the
unbiased simulation. A Gaussian bias is deposited every 50
steps with a height of 0.5 kcal/mol and a width of 0.1 for both
CVs. The simulations stop once a chemical reaction is
observed. As such, the bias energy from WTMetaD accelerates
the reaction by disturbing the system in a controlled manner
instead of its traditional role of estimating the free energy of
the reaction. This choice is made for two reasons: (1) The goal
of the research is to understand why the hypergolicity of
[EMIM]*[CBH]" is oxidizer dependent. As mentioned in the
Introduction, the forward reaction (e.g., hydroxyl and proton
transfer) is the rate-limiting step, after which the temperature
of the system increases and triggers the decomposition. And
(2) as it has been well-documented in reactions with extensive
hydrogen bond network rearrangement, the backward reaction
is extremely di cult to capture with enhanced sampling
methods like WTMetaD.**>" Therefore, limited resources are
dedicated to the forward reaction only.

The 50 independent WTMetaD simulations reveal that the
reaction (intl - int2) is accompanied by an extensive
hydrogen bond network rearrangement. Similar to the gas
phase reaction, the reaction starts with one of the -OH radicals
(from the dissociation of the O—0O bond in H,0,) abstracting
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Figure 4. Bias energy profiles for all 50 WTMetaD trajectories for (a) IL+H,0,, and (b) IL+HNO; systems when a reaction takes place. The
average bias energy along the reaction coordinate is plotted with a dotted-dashed black line.

Figure 5. Snapshots of trajectories showing the reaction between CBH™ and HNO;: () formation of HCN via int2’, (b) formation of HNC, (c)
formation of HNC which later forms HCN via a proton transfer from a neighboring HNO; molecule, and (d) formation of H, molecules.

a hydrogen from the -BH; group in CBH™ and forms one H,O
molecule. In contrast to the gas phase reaction, where this
newly formed H,O molecule can undergo only a hydrogen
bond exchange with the other adjacent -OH radical to form

H,B(OH)CN™ (int2), the hydrogen bond network surround-
ing the reactant can rearrange extensively. Snapshots from
three example trajectories are shown in Figure 3, where one
(Figure 3a), two (Figure 3b), and three (Figure 3c) di erent
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H,0, molecules can be involved in this process. As each
trajectory starts from a di erent configuration, the bias energy
needed for the reaction to occur is di erent. Figure 4a shows
the barriers associated with the bias energy range from 5 to 20
kcal/mol, with the average value of 12 kcal/mol and a
standard deviation of 4 kcal/mol. The bias energy reported in
Figure 4a is obtained from the minimum ener5gy path
computed using the zero-temperature string method.”®

It is important to note that biased MD simulations, such as
WTMetaD, force the reaction to occur primarily along a path
defined by the CVs. Since CVs are chosen prior to the
simulations with chemical intuition, the reaction pathway
found with a certain set of CVs is not necessarily the minimum
free energy path. In addition to the aforementioned one
(Figure Sla), multiple CVs that can promote the targeted
reaction pathway (e.g., intl — int2) have been attempted,
including singles and combinations of the coordination
number between the boron and all oxygens from all H,0O,
molecules, the B—C bond length, and the O—0O bond length in
a randomly selected H,O, molecule. However, these CVs
require a higher bias energy to induce the targeted or other
reactions.

Reactions in the Liquid Phase: [EMIM]*/[CBH]™ +
HNO,. Similar to [EMIM]*[CBH]™ + H,O,, no oxidation
reactions take place within the time frame of the unbiased
simulations for [EMIM]*[CBH]~ + HNO, However, it is
interesting to note that a proton spontaneously transfers from
HNO; to CBH™ forming [H;BCN-H] and [NO3] ™. Therefore,
WTMetaD was employed to accelerate the target reaction. As
shown in Figure 2b, the first step of the gas phase reaction
features a rotation of the B—C group to form H;B-NC,
accompanied by a proton transfer from HNO; to form
H;BNCH (int2’) and [NOs]~. As argued for the
[EMIM]*[CBH]™ + H,O, reaction, di erent CVs (e.g., the
B—C bond length, the coordination number between the
carbon atom of CBH™ and the hydrogens of all HNO,
molecules, the coordination number between all three
hydrogens of -BH; and the oxygens of all HNO; molecules,
and the bond angle BCN) and their combinations have been
attempted to accelerate the reaction. Several CVs are designed
to weaken B—H bonds in the -BH; group with the hope of
seeing if deprotonation of -BH; can trigger hydrogen network
rearrangement and facilitate the target reaction. It turns out
that the target reaction is very di cult to recreate in the liquid
phase. Bias energy applied through di erent CVs results in
various reactions, including the formation of BHj; H,,
BH;(OH), NO,, HCN, and HNC. Among all the CVs tested,
the mechanistic study focuses on the WTMetaD trajectories of
asingle CV, the BCN bond angle (Figure S1b), which is the
most e ective in promoting the chemical reaction of the
[EMIM]*[CBH]™ + HNO; system. A Gaussian bias with a
deposition rate of every 50 steps, a height of 0.5 kcal/mol, and
a width of 0.1 rad is applied along this CV.

Figure 5 shows snapshots of representative trajectories for
the formation of di erent products. Table 1 shows a list of the
products obtained experimentally and in liquid-phase WTMe-
taD simulations. As stated earlier, proton transfers from the
HNO; to a neighboring CBH anion in unbiased simulations.
Hence, the simulations start with the [H;BCN-H]* cation and
[NO;]™ anion, and proton transfer among HNO3; molecules is
observed. Only 3 out of the 50 trajectories show that a proton
from [H3;BCN-H] is first abstracted by a neighboring NO;™.
int2’ then forms via a C—N tumbling, which is followed by a

Table 1. List of Products Observed Experimentally and in
Liquid-Phase Simulations®

products observed in

liquid phase
system experimental products simulations
[EMIM][CBH]™ + H,0,  HCN, BO,, H,0, BH,(OH)CN, H,0
CO,, CO, HNCO,
CH,4, NH;
[EMIM]*[CBH]™ + HNO; N,0, HCN, NO, HCN, HNC, H,,
BH;(OH)™, NO,,
BH,NC

3If a species is observed in both experiments and simulations, it is
underlined. It should be noted that simulations are stopped once the
first reaction takes place and thus should be taken as the initial
decomposition products. The experiments were not set to detect
some of the species, e.g., H,.

proton abstraction from the neighboring HNO; molecule to
form HCN (Figure 5a). The bias energy barriers associated
with these three trajectories are 25, 35, and 36 kcal/mol, which
are significantly higher than the [EMIM]*/[CBH]~ + H,0,
reaction. In the majority of the trajectories (44 of 50
trajectories), the bias energy bends the BCN bond angle,
breaking the B—C bond and forming BH; and HNC
molecules. In 6 of these trajectories, the N—OH bond in a
neighboring HNO; molecule dissociates and then reacts with
BH; to form BH;OH™ and NO, (Figure 5b). Another
interesting pathway (2 trajectories) forming HCN is shown
in Figure 5c. Here, the CN group shu es a proton between
adjacent HNO3; molecules. In another trajectory (Figure 5d),
H, forms with all of the HNOj as spectators. Here, the rotation
about BCN forms HNC. The N—H bond dissociates
simultaneously as the B—N bond forms. This results in a
free H atom abstracting another H atom from the BH; group,
forming H,.

The bias energy profiles of 50 trajectories when the first
reaction takes place are provided in Figure 4b. The barriers
range between 11 and 40 kcal/mol with an average of 24.4
kcal/mol and a standard deviation of 6.9 kcal/mol. As stated in
the Introduction, the lower bound of the barriers determines
the system’s reactivity. Therefore, the [EMIM][CBH]™ +
HNO; system is considerably less reactive as compared to the
[EMIM]*[CBH]™ + H,0, system, whose lower bound is only
5 kcal/mol. This result supports the levitator experiment
showing H,0, is a more e ective oxidizer than HNO; for
[EMIM]+[CBH]_.21'22‘59

To further investigate whether the [EMIM]*[CBH]™ +
HNO; system follows a mechanism similar to that of the
[EMIM]*[CBH]™ + H,O, system, where [CBH]™ hydrox-
ylates to H,B(OH)CN™, an additional set of WTMetaD
simulations is carried out. The CVs employed are shown in
Figure S2. We use (1) the coordination number between
boron in a randomly chosen CBH™ and all oxygen atoms in all
the HNO; molecules, and (2) the coordination number of
boron and three H-atoms in the -BH; group. By simulta-
neously enhancing the B—O coordination and weakening the
B—H bonds, we explore potential hydroxylation pathways
similar to the [EMIM]'[CBH]™ + H,0, system. A Gaussian
bias is deposited at every 50 frames with a height of 0.5 kcal/
mol and a width of 0.1 for each CV. This set of CVs led to
various reactions, including the formation of H,, HCN, HNC,
BH;, HNCH,, HNO,, HBOH, H,BONO,, and H,B(ONO,)-
OH™. Snapshots from a representative trajectory are shown in
the ESI (Figure S3). Although some of these products have
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Figure 6. Snapshots of a trajectory showing the reaction between EMIM* and H,O, followed by proton abstraction from the CBH anion.

been observed in the experiments,>® the amount of the bias
energy required ranges between 35 and 60 kcal/mol (Figure
S4). These barriers are even higher than their counterpart from
a single CV (e.g, BCN bond angle); thus, this reaction
pathway is considered unlikely to be the initial reaction.
Rate of the Reaction. Although it is di cult to prove that
the reactions observed in WTMetaD simulations reflect how
they will progress in reality, the key takeaways are that under
disturbance (e.g., the bias energy), the [EMIM]*[CBH]™ +
HNO; system is more stable than the [EMIM][CBH]™ +
H,0, system. As noted earlier, the WTMetaD simulations are
terminated once the products/intermediates are formed, and
the rates for the reactions can be assessed with methods like
infrequent metadynamics (iMetaD).°®°" In iMetaD, the
acceleration factor for each simulation is approximated as a
time-average over the simulation, and the rate constant is given

asky = 1/<(,iti>, where o; and t; are the acceleration factor and

trajectory time of the i simulation, and the averaging is
performed over all the independent trajectories. Running a set
of trajectories in this case is essential because the barrier
crossings are stochastic in nature, and results over a set of
trajectories ensure statistical reliability.

As multiple sets of WTMetaD simulations are carried out for
each system, the set possessing the lowest barrier in the bias
energy is used for the rate constant assessment. Specifically, for
the [EMIM]*[CBH]~ + H,0,, trajectories that are generated
using the coordination number between all three hydrogens in
-BH; and oxygens from all H,O, molecules (CV1) and the
coordination number between boron and three hydrogens in
—BH; (CV2) and for the [EMIM]*[CBH]™ + HNO;,
trajectories generated using BCN. The calculated rate
constants are 9.6 x 107 fs™! and 358 x 1072 fs! for
[EMIM]*[CBH]™ + H,0, and [EMIM]*[CBH]™ + HNO;,
respectively. These results confirm that [EMIM]*[CBH]™ +
H,0, reacts significantly faster than does [EMIM]*[CBH]™ +
HNO,. To further assess the validity of the rate constant, an
additional set of WTMetaD simulations for the
[EMIM]*[CBH]™ + H,O, system is carried out. A total of
50 trajectories are initiated with identical conditions as the
previous set, but the Gaussian decomposition rate is now 10
times slower (i.e., every 500 steps). Since AIMD simulations
on large systems (205 atoms in this case) are time-consuming,
the simulation is extended to a maximum time of 250 ps or
until a reaction takes place, whichever happens first. Out of 50,
a total of 22 trajectories are reactive, with most following a
pathway similar to that shown in Figure 3. In addition to the
formation of H;B(OH)CN™ as mentioned earlier, formation of
H.B(OOH)CN™ is also observed in a few trajectories.
Interestingly, in one trajectory we observe a more complex
reaction path involving the cation EMIM* — addition of —OH
and -OOH on C1 and C4 of one of the EMIM* molecules,

with O—0O dissociation and proton-shu e between multiple
H,0, molecules. This is followed by B—H dissociation and B—
O bond formation in a CBH™ molecule. A rearrangement in
reacted EMIM® gives a 3,4-addition product. Notably, this is
the only trajectory in our whole study (including both fast and
slow biasing rates of all sets of CVs) where an EMIM*
molecule is directly involved in the reaction (Figure 6).

The rate constant of [EMIM]'[CBH]™ + H,0, assessed
from the new set of WTMetaD simulations (with a slower
biasing rate) is 1.4 x 10~* fs~%. This value is estimated to be
about 3 orders of magnitude larger than the previous estimate,
as the system relaxes longer to dissipate the bias energy. Such a
di erence is consistent with previous iMetaD reaction rate
assessments.®> More importantly, the di erence between the
rate constants estimated from the original WTMetaD
simulations and the slow-biasing WTMetaD simulations is
well outside the range for the [EMIM]*[CBH]™ + HNO;
reaction (3.58 x 102 fs™1). This further confirms that H,0, is
a much more e ective oxidizer for this specific ionic liquid.
Here, we note that the WTMetaD simulations with slower
biasing rates were not carried out for [EMIM][CBH]™ +
HNO,, as they are less reactive and require much longer
simulation times. Developing a trustworthy machine-learning
potential for such studies would significantly reduce the
computational cost, but this is beyond the scope of the current
manuscript.

I CONCLUSION

In this work, we investigated the fundamental reaction
mechanisms and kinetics of the [EMIM]*[CBH]" ionic liquid
with the oxidizers H,O, and HNO; in liquid phases. No
oxidation reactions were observed in the unbiased MD
simulations. Thus, WTMetaD simulations were employed
where the bias energy, applied along CVs, accelerates the
reaction. A large number of di erent CVs were screened, and
the analysis focused on the CVs that required the least amount
of bias energy. We find that for the IL+H,0, system, the
barrier ranges from  5—20 kcal/mol, while for the IL+HNO,
system, the barriers are significantly higher at  11—40 kcal/
mol. These barrier di erences between the two systems agree
with the experiments, which found that rocket-grade H,O, is a
much more e ective oxidizer for [EMIM]*[CBH]". The ratio
of the reaction rate constants was assessed with iMetaD and
showed that the oxidation with H,O, is about 10 times faster
than with HNO,,
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