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ABSTRACT: Hypergolic ionic liquids (HILs) have emerged as
promising self-igniting green space propellants in combination with

an oxidizer, replacing toxic hydrazine family rocket fuels. Despite . _ .7 .

numerous new HILs being reported in the literature, there is no : :

systematic study addressing the key reaction mechanism of such 2 ’\['L]

hypergolic ignition. Here, the first comprehensive molecular level ‘s, .-

understanding of this ignition reaction is revealed, exploring a 1- l: :[OXJ Droplet ’ N\ \
ethyl-3-methylimidazolium cyanoborohydride—hydrogen peroxide  ,~~~, Meig ‘
([EMIM][CBH]-H,0,) green bipropellant pair by a novel \: <’

chirped-pulse droplet-merging technique in a controlled environ-
ment. Mechanistically, the anion [CBH]™ triggers the hypergolic
ignition through facile exoergic oxidation of the boron center
yielding boron dioxide (BO,) in a barrierless termolecular reaction
with two molecules of H,0,, followed by an enhanced reactivity of the cation [EMIM]*, as evidenced from the excess yield of
carbon dioxide (CO,) and evaluated decay rate constants of [EMIM]" in situ during the droplet-merging reaction.

S ince the elucidation of the mathematical concept of rocket performance.” *® In general, the anions are shown to initiate
propulsion by Robert H. Goddard in the early 20th century, and promote the hypergolic ignition.”” Thus, key electron and
scientists have pursued the goal of operating faster rockets and fuel-rich anions {e.g., dicyanamide [N(CN),]”, nitrocyanamide
reaching distant regions of space beyond the boundary of Earth." [N(NO,)(CN)]~, borohydrate [BH,]”, and cyanoborate
After decades of research, hypergolic or self-igniting bipropel- [BH,(CN),_,]~ (n = 1-3)}, which can be easily oxidized,
lants have become a popular choice for distant space missions, have been synthesized, with the high-energy-density boron-
circumventing the limitations and complexities of cryogenic centered anions exhibiting superior ignition pe1‘formance.30

propulsion systems.z A traditional hypergolic propellant consists Here, we explore the hypergolicity of such an energetic ionic
of a fuel, which ignites spontaneously (without any ignition liquid: 1-ethyl-3-methylimidazolium cyanoborohydride
source) upon contact with an oxidizer, followed by generating ([EMIM][CBH]) with concentrated hydrogen peroxide
superior thrust and excellent combustion performance. (H,0,, >80%, w/v) (Figure 1). The constituent ions of the
Unfortunately, common hypergolic fuels, for example, hydrazine ionic liquid (IL) are purposefully selected. First, cyanoborohy-

(N,H,) and its derivatives, such as methylhydrazine [H,NNH- dride ([BH;(CN)]")-based ILs have exceptional thermal
(CH;)] and unsymmetric dimethyl hydrazine [UDMH,

(CH;),N,H,)], used in combination with an oxidizer, like
white fuming nitric acid (WFNA, HNO;) or dinitrogen
tetroxide (N,0,), are highly toxic, volatile, and carcinogenic.‘z’4

In a major scientific breakthrough by Schneider et al. in 2008,
specific “ionic liquids”, salts that are liquid at room temperature,
were demonstrated to be hypergolic by testing synthesized 1-
allyl-3-methylimidazolium dicyanamide with WENA as an
oxidizer.” This introduction to hypergolic ionic liquids (HILs)
has revolutionized the development of green bipropellants as
potent replacements for the harmful hydrazine family of fuels.
Numerous HILs have been synthesized, composed of distinct
classes of anions and cations, to enhance reactivity and

stabilities, moisture insensitivity, and high energy content
when compared to energy-rich borohydrates.'* Second,
imidazolium-based ILs possess greater stability than their
triazolium or tetrazolium analogues and are suitable for flexible
design and synthesis. In particular, [EMIM]* in the dicyanamide
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Figure 1. (a) Hypergolic bipropellant 1-ethyl-3-methylimidazolium cyanoborohydride ((EMIM][CBH]) and concentrated H,0, (>80%, w/v).

Synchronized, temporally resolved (b) optical and (c) infrared camera

images of the droplet-merging event followed by ignition between

[EMIM][CBH] and 92% (w/v) H,O,. The evolution of the ignition is spectroscopically probed by recording (d) time-resolved emission (UV—vis)

spectra. (e) Deconvolution of the most intense flame emission spectrum wit

h the corresponding optical image depicted in the inset.

(DCA) series of ILs has been shown to be most reactive amon,
the imadzolium cations with saturated alkyl substitutions.’®
Overall, [EMIM][CBH] possesses a high thermal stability and
has an extremely low vapor pressure (in comparison to
hydrazine family fuels), a preferable density (0.98 g cm™),
and a low viscosity (19 mPa s)."*** Low viscosities are essential
for the contact and mixing of reactants, which make it a viable
fuel for convenient engine operations. Environmentally
unfriendly oxidizers, such as white/red fuming nitric acid
(HNO;) or dinitrogen tetroxide (N,O,), are replaced with a
“clean” and ecofriendly alternative, hydrogen peroxide
(H,0,),”™% making the reactant pair ([EMIM][CBH]—
H,0,) substantially much “greener” compared to common
hypergols.

Here, we report the first comprehensive combined exper-
imental and computational study to unravel the hypergolic
ignition chemistry exploiting the [EMIM][CBH]-H,0,
bipropellant pair. It is worth mentioning that the liquid fuel
(ionic liquid) and the oxidizer initially interact at the droplet
level inside the combustion chamber of the rocket,>*>” unlike
the usual drop tests performed, which have significant surface
contribution and excess oxidizer content, thus, do not reflect
true ignition delay values and vary largely within different
experimental groups. Therefore, the present experiments are
performed systematically under controlled conditions in a
closed process chamber filled with argon, exploiting a novel
droplet-merging method, where quantifiable individually
levitated droplets of the HIL and the oxidizer are merged via
frequency chirped amplitude modulation of the carrier wave in
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an ultrasonic levitator apparatus®®*” (section SI of the
Supporting Information). Multiple synchronized spectroscopic
tools have been utilized in conjunction for the sensitive
detection of the gaseous products [Fourier transform infrared
(FTIR) spectroscopy] and reaction intermediates [time-
resolved ultraviolet—visible (UV—vis) emission and Raman
spectroscopy],”’~** revealing boron dioxide (BO,) to be the key
emitting intermediate driving the hypergolic ignition, as evident
from a bright green flame. To unravel the specific roles of the
anion and cation during the oxidation, the reaction has been
slowed down by diluting the oxidizer (H,O,), thus enabling the
identification of the initial reaction intermediates formed in situ
(Raman spectroscopy). Extensive state-of-the-art electronic
structure theory calculations (section S2 of the Supporting
Information) complementing the experiments identify the
origin of hypergolicity at the molecular level along with the
reaction mechanism for the formation of stable products and
intermediates.

Hypergolic Ignition via Chirped-Pulse-Triggered Droplet Merg-
ing. The merging process of the droplets of [EMIM][CBH] and
92% H,O, loaded in the lower and upper pressure nodes,
respectively, in the standing wave generated in the acoustic
levitator, followed by the ignition event, was monitored by high-
speed, temporally resolved, synchronized optical and infrared
cameras (Figure 1 and Movies S1 and S2 of the Supporting
Information). A series of snapshots depict distinct stages
comprising (i) levitating reactant droplets (pre-merging), (ii)
merging motion upon application of the frequency chirp pulse,
and (jii) merging instance accompanied by temperature rise

https://doi.org/10.1021/acs.jpclett.4c03624
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Figure 2. (a) FTIR spectra of the gas phase products formed during the reaction of ionic liquid [EMIM][CBH] and selected concentrations of
hydrogen peroxide (H,0,) with colored segments for the detected species. Water features are subtracted from the 1600—1200 cm™" segment to reveal
bands of methane (CH,) and hydrogen cyanide (HCN). (b) Quantification of the major gaseous products during the reaction of ionic liquid
[EMIM][CBH] and distinct concentrations of H,0,. The shaded area represents hypergolic reactions. The lower panel shows the percentage

conversion of carbon dioxide (CO,) from the [EMIM]" ion.

(exoergic) with subsequent (iv) initiation and (v and vi)
progress of the ignition (combustion) events revealing bright
greenish flames with yellowish tints (Figure 1).

Dense smoke formation is associated with the initiation of the
ignition (iv), and the temperature exceeds 2500 K upon
expansion of the flame (section S3 of the Supporting
Information). An ignition delay (ID) of 390 + 10 ms is
determined from the time difference between the merging and
initiation of the ignition. Further, testing the IL ([EMIM]-
[CBH]) with diluted H,0, (10—80%) revealed the threshold
oxidizer concentration for the hypergolicity of this bipropellant
pair to be 80% (Figure S6 and Movies S3 and S4 of the
Supporting Information). Consequently, the noted ignition
delay (ID) is lengthened to 520 + 10 ms compared to that
involving 92% H,0,, suggesting a direct concentration depend-
ence of the oxidizer. The molar concentration of H,0, is
required to be about four times with respect to the IL for the
occurrence of these hypergolic reactions, as evaluated from the
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quantification of the reactant droplets (Table SI of the
Supporting Information).

Flame Emission Spectra. The ignition chemistry was probed
spectroscopically exploiting UV—vis emission spectroscopy in
the 200—1100 nm spectral range; the time-resolved emission
spectra are displayed in Figure 1d. The temporal evolution of
emission spectral intensities indicates the commencement of the
ignition, the spread of the flame to its peak intensity, i.e., the
combustion of the ionic liquid droplet, followed by no emission,
implying the completion of the oxidation process. This time
sequence as perceived spectroscopically also mirrors the
recordings of the optical camera (Figure 1b). The deconvolution
of the emission traces (Figure le and Table S2 and Figure S7 of
the Supporting Information) reveals dominant emission features
of the boron dioxide (BO,) radical (548.4 nm; A I1,—X
ZHg) 5% The strong presence of BO, is attributed to the facile
oxidation of the sp>-hybridized B center of the [CBH] anion.
However, another probable emitting intermediate, boron

https://doi.org/10.1021/acs.jpclett.4c03624
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Figure 3. Rate constants of the (a) reactants and (b) products/intermediates with respect to the percentage concentration of H,O, evaluated by the
kinetic fitting of the decay or formation of the characteristic peaks over time as extracted from the consecutive Raman spectra (Figure S15—526 of the

Supporting Information).

monoxide (BO),*” could not be detected in the emission spectra
owing to the intense emissions from boron dioxide. Traces of
alkali metals present in the IL are also detectable via their
characteristic atomic emission lines of sodium (Na) [589 nm,
2p%3p *P — 2p®3s 2S; 819 nm, 2p°3d D — 2p°3p *P] and
potassium (K) [769 nm, 3p®4p *P — 3p°4s 2S].** The temporal
profile of the reactive intermediate BO, (Figure S8 of the
Supporting Information) reveals a more or less asymmetric bell-
shaped curve with the peak around 10 ms, and the strong
ignition lasted about 20 ms. On the contrary, the ignition with
80% H,0, was found to be short-lived (Figure S6 of the
Supporting Information), suggesting that the oxidation of the B
center of [CBH]™ is facilitated by a higher concentration of the
oxidizer.

Gas Phase Products. Irrespective of the ignition, the [EMIM]-
[CBH]-H,0, merging process was accompanied by the
generation of gaseous products, and those were detected via
FTIR spectroscopy (Figure 2 and Figure S9 and Table S3 of the
Supporting Information). Because the oxidizer contains water as
the medium, the broad features (stretching, 3950—3490 cm™;
bending, 1910—1320 cm™") of water vapor are obvious in the
FTIR spectra. The primary combustion product, carbon dioxide
(CO,), is detected from its strong asymmetric stretching (2350
cm™") and bending (667 cm™") vibrations along with carbon
monoxide (CO) by its stretch at 2143 cm™'. Characteristic
features for hydrogen cyanide (HCN, 3311 and 712 cm™),
isocyanic acid (HNCO, 2269 cm™'), methane (CH,, 3150—
2870 cm™), and ammonia (NH;, 950 cm™) are identified.
HCN and HNCO plausibly originate upon the decomposition
and oxidation of the —C=N functional group existing in
[CBH]". The strong presence of CO, in the spectra suggests the
involvement of the carbon-rich cation. In the analogous non-
hypergolic reaction of the same IL with WENA, no CO, was
formed, thus assuring a significant reactivity of cation toward
H,0,.*” Note that the quantification of the major gaseous
products (Figure 2b) from the calibration curves (Figures S10—
S13 of the Supporting Information) shows that their amounts
(CO,, CO, HCN, and CH,) increase with the rise in the oxidizer
concentration as a general trend, indicating greater decom-
position of the IL. The yield of the predominant product, CO,,
reaches the maximum conversion efficiency for the hypergolic
reaction with 92% H,0, of 59% from [EMIM]", assuming that
the latter is its primary source because of the six constituent
carbon atoms (Table S4 of the Supporting Information). A slight
decrease in the quantity of HCN is observed while increasing the
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H, 0, concentration from 80 to 92%, which can be linked to the
subsequent oxidation of HCN.*

Reaction Kinetics from Raman Spectroscopy. The stepwise
chemical changes for determining the underlying reaction
mechanism have been investigated in situ Raman spectroscopi-
cally by slowing the reaction using diluted H,0, (10—50%).
These merging processes are accompanied by a gradual
temperature increase with time and gas release via bubble
formation in the droplet (Figure S1S of the Supporting
Information). The Raman spectra (Figures S14—S16 of the
Supporting Information) of the merged droplet reveal several
new features (Table S6 of the Supporting Information) of
oxygenated intermediates compared to the reactants upon
thorough spectral deconvolution, such as cyanato (N=C-0),
isocyanato (N=C=0), boron hydroxy (B—OH), orthoborate
(BO;), and B(O—0O)B linkage.

The reactivities of the IL and oxidizer have been quantified
through the derivation of the decay rate constants as extracted
by individual first-order fitting of the time-dependent character-
istic Raman peak areas (normalized) during the reaction
occurring in the merged droplet (Figures S17 and $23—S26 of
the Supporting Information). Similarly, the temporal evolution
and the rate constants of formation/decay of the intermediates
are also determined (Figures S18 and $23—S26 of the
Supporting Information). From the summarized rate constants
as a function of the H,0, concentration (Figure 3), it is apparent
that H,O, decays faster than both the anion and cation at a given
concentration, and the decay is significantly accelerated upon
increasing its concentration.

On the other hand, [CBH]™ is found to be consistently more
reactive (0.104 + 0.019 s™') in comparison to [EMIM]* (0.037
+ 0.014 s7!) and measured to be about three times faster at the
oxidizer concentration of 50%. The cumulative decay rate
constants for the IL (sum of respective rate constants of the
anion and cation) follow a trend similar to the decay rates of
H,0,, but the latter increases rapidly when the oxidizer
concentration exceeds 40%. A relevant comparison of similar
reactions of this IL with 30% H,0, and HNO;, individually,
reveals that the decay rate constant of [EMIM]" relative to
[CBH] is much faster in the former (0.018 = 0.01 s™' versus
0.04 + 0.02 s™*) than the latter (0.007 + 0.003 s™* versus 0.1 +
0.01 s7').>® This observed phenomenon ensures the exclusive
reactivity of the cation to the present oxidizer (H,O,)
quantitatively.
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Figure 4. PES for the bimolecular reactions of (a) [CBH]™ and (b) [EMIM]" with H,0,, respectively.

The appearance of the spectral features corresponding to the
intermediates at the merging instance suggests that they are
formed immediately. From the temporal profiles of these
intermediates (Figures S18 and $23—S26 of the Supporting
Information), it is evident that the boron-containing species
continue forming with the progress of the reaction, whereas
intermediates bearing cyanato (N=C—O) and isocyanato
(N=C=O0) groups undergo decay for the same. The
formation/decay rates for all functional groups have been
found to be strongly dependent upon the H,0, concentration
(Figure 3b), and at a higher oxidizer concentration (>40%), the
magnitude of the formation rate constants for boron-containing
intermediates exceeds the decay constants of cyanato (N=C—
0) and isocyanato (N=C=0) group-bearing intermediates.

Electronic Structure Calculation. To explore the reaction
mechanism of the hypergolic [EMIM][CBH]-H,0, system,
the experimental results were merged with extensive electronic
structure calculations performed at the B2PLYP/cc-pVTZ//
B3LYP/6-31G* level of theory for determining the zero-point
energies of reactants, intermediates, transition states, and
products (section S2 of the Supporting Information). Note
that the computational treatment considers the whole ionic
liquid, where the reactive ion (anion/cation) is only shown or
discussed in the figures for simplicity, while the non-reacting ion
(cation/anion) remains a spectator in the potential energy
surfaces. The potential energy surfaces (PES) for the simplest
bimolecular reactions between [CBH]™ or [EMIM]* with H,O,
(Figure 4 and Figure S27 of the Supporting Information) reveal
that, although the corresponding entrance channels consist of
energetically favored van der Waals complexes (il and i4), the
subsequent steps of the hydroxyl (OH) reaction with the
respective reactants (il — i2 and i4 — p3) possess a significant
barrier. The magnitude of the barrier with respect to the
separated reactants is significantly higher for the cation (210 kJ
mol™") compared to that for the anion (35 kJ mol™"); this
finding is consistent with the experimentally observed greater
reactivity of [CBH]™ than [EMIM]* (Figure 3). Upon B—C
bond cleavage of HOBH,CN™ (i2 — c1), a H-bonded complex
of hydroxyborane (H,BOH) and CN~ is formed. Consequently,
HCN can be formed easily either by proton transfer from
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hydroxyborane (H,BOH) (c1 — p2) or through stepwise
complexation (c1 — i3) and proton transfer from water (i3 —
pl) to CN~, while the former path (c1 — p2) is exoergic by 203
kJ mol™" and preferred in comparison to the other path.

However, PES (Figure Sa) depicting the oxidation of [CBH]~
by two molecules of H,0, forming boron dioxide (BO,) is
found to be entirely submerged in comparison to the separated
reactants. The initial van der Waals complex (i5, —131 k] mol™")
undergoes a concerted OH reaction substituting the H atom at
the B center generating a H-bonded intermediate (i6) traversing
the global maximum in the PES (—33 k] mol ™). Intermediate i6
eventually releases a hydrated hydroxyl anion (H,O0--OH") via
subsequent hydride elimination from the B center to form a
bound complex [i7, HB(OH)CN--H,0].

Through stepwise B—C bond cleavage (i7 — i8),
recombination (i8 — i9), and isomerization (19 — il0), a
new B—N bond is formed [i10, (HO),BNHCH], which is
ruptured in the next step to produce metaboric acid (HOBO)
and methanimine (H,C=NH) (il1). Species in complex i1l
are stabilized via the formation of a H-bonded complex, i12.
Upon an intermolecular H atom transfer in complex il2,
complex i13 (CH;NH--BO,) is formed, which finally generates
doublet radicals: boron dioxide (BO,) and methylamino
(CH;NH) (p4). Alternatively, complex i12 can also produce
BO, and the aminomethyl radical (CH,NH,) via the
decomposition of the newly formed O—C linkage in
OBOCH,NH, (il4 — pS). Ammonia (NHj,), an experimen-
tally detected gas phase reaction product, can be liberated from
complex i12 as well via B—C bond formation along i12 — il5,
followed by a concerted C—N bond cleavage and H atom
transfer, forming a van der Waals complex of NH; and a cyclic
heteroatomic species (HO—BCO) (i16), which is then cleaved
to the final products. This PES noticeably outlines the facile
oxidation mechanism of the B center, ultimately leading to the
formation of BO,, which is a predominant emitting intermediate
as revealed experimentally and drives the ignition reaction.
Evidently, all of the product formation (r3 — p4, pS, and p6)
channels are exoergic by more than 200 kJ mol™', and the
released energy can activate subsequent decomposition/
oxidation steps, yielding smaller end products.
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Figure 5. PES for the termolecular reactions of (a) [CBH]™ and (b) [EMIM]" with two molecules of H,0,, respectively.

Similarly, exploring the oxidation of the C center of [CBH]",
several pathways exist, which form major gas phase products,
such as CO,, CO, HNCO, and functional groups of the
intermediates, as detected by Raman spectroscopy; e.g, ~O—
C=N and -N=C=O are determined (Figure S28 of the
Supporting Information). These reaction channels are energeti-
cally favored, and the energy maximum for the PES is only 4 kJ
mol™!. However, excess CO, as quantified from infrared
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spectroscopy explicitly suggests that oxidation of the cation
must have a major contribution. Hence, a termolecular reaction
of [EMIM]* with two molecules of H,0, has also been explored
(Figure Sb). The entrance channel leads to the formation of a
bound van der Waals complex (i17, —84 kJ mol™"), followed by
a concerted peroxo (—O—O-) linkage cleavage of H,0, and
double OH insertion in the adjacent carbon atoms of the
imidazolium ring along i17 — il8. This step is the energy
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maximum (172 kJ mol™") of the PES and lowered by 38 k] mol™*
compared to that of the [EMIM]*—H,0, bimolecular reaction.
Ring opening (i18 — i19) takes place via C—N bond cleavage in
the methyl-substituted side, followed by oxidation to a
carboxylic acid terminal group (i20). Decarboxylation from
complex i20 yields CO, by accessing an energy barrier of 277 kJ
mol™" (i20 — p7). CO formation from complex i19 can occur
via an energy barrier of 286 kJ mol™' (il19 — p8). The
oxygenated two-carbon chain becomes detached through a
subsequent C—N cleavage along the i19 — i21 path, forming
glyoxal (CHO—CHO) and an (E)-N-((methylamino)-
methylene)ethanaminium cation, where the latter undergoes a
C—C cleavage on the ethyl chain to produce CH, (p9). Among
all of the exoergic products (CH,, CO, and CO,) in the PES, the
CO, formation path emerges to be most favored and depicts the
global minimum (—632 kJ mol™") as well. Finally, the extensive
oxidation of the residual ethanaminium-containing cation
during the exothermic reaction is likely to produce CO and
CO, as stable end products.

It can be easily noted that the reaction of the [CBH]™—2H,0,
system involves a submerged barrier and is energetically favored,
unlike the analogous reaction of [EMIM]*. This spontaneous
reaction sequence consisting of multiple exoergic product
formation channels for the oxidation of the anion, in turn,
results in the evolution of initial exoergic mixing enthalpy due to
droplet merging (Table S9 of the Supporting Information)
ranging up to 11 kJ mol™". On the other hand, the high global
maximum (172 kJ mol™) in the PES of the [EMIM]*—2H,0,
system is deemed to be unsurmountable. Alternatively, the high-
energy transition state (i17 — i18) can be attained easily from
the exoergic product formation steps ranging from 139 to 615 kJ
mol™" (Figure Sa and Figure S28 of the Supporting Information)
in the termolecular reactions of the [CBH] —2H,0, system.
The above-mentioned finding from an energetic viewpoint is
also manifested in the sluggish rate constants (Figure 3) for the
decay of [EMIM]"* (0.037 + 0.014 s™*) than that of the anion
(0.104 + 0.019 s™") while reacting with H,O, (rates mentioned
in the case of 50%), as determined from the Raman spectroscopy
data. At the molecular level, it can be inferred that the IL—H,0,
reaction is initialized by [CBH] ™ via the facile stepwise oxidation
of the B center, followed by the participation of the cation
through the simultaneous oxidation of adjacent unsaturated C
atoms of the imidazolium ring; overall, the elementary reactions
of the anion and cation, individually, are not simultaneous but
occur in consecutive steps. Considering both termolecular
reactions, four molecules of the oxidizer are consumed per IL
molecule, which is consistent with the measured molar ratio of
the IL to oxidizer for the occurrence of spontaneous hypergolic
ignition. In a much more complicated course of reactions
(Figure S29 of the Supporting Information), extensive oxidation
of [CBH]" leads to the highly exoergic formation of boric acid
(H;BO,, i40), and coupling of two B centers through a peroxo
linkage is also found to be feasible (HOBHOOBHOH, p15).
Vibrational features for both of these have been identified from
the Raman spectra.

This combined experimental and computational study of the
[EMIM][CBH]—H,O, bipropellant system by a novel chirped-
pulse droplet-merging technique in a controlled environment
reveals that the hypergolic ignition originated via the facile
exoergic oxidation of the boron center in the anion [CBH]~
upon a barrierless termolecular reaction with two molecules of
H,0,, followed by oxidation of adjacent unsaturated carbon
atoms of the imidazolium ring and a subsequent C—N bond
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cleavage in the cation [EMIM]*. The spontaneous oxidation of
boron leading to the formation of BO,, the key emitting reactive
intermediate, was unambiguously detected by temporally
resolved emission spectroscopy. The yield of excess CO,
quantified by FTIR spectroscopy and moderate decay rate
constants of [EMIM]" extracted from Raman spectroscopy,
even during the reaction with dilute H,O,, provides direct
experimental evidence for the enhanced reactivity of the cation.
However, the oxidizer (H,0,) concentration-dependent decay
constants conclude that [CBH]™ reacts faster than the cation,
which is correlated to the high initial energy barrier for the latter,
contrary to the overall submerged potential energy surface for
the former in the case of the respective termolecular reactions.
Pivotal initial oxidation steps of the IL were probed
mechanistically by identifying the Raman vibrational frequen-
cies for functional groups of intermediates, such as cyanato
(N=C-0), isocyanato (N=C=0), B—OH, and BOj, in the
merged droplet in situ. Overall, this pioneering work represents
the first ever systematic and novel experimental investigation to
untangle the complex chemistry emanating from the hyper-
golicity of ILs with H,O,. Further studies are aimed at exploring
the structure—reactivity effects originating from distinct organic
side groups in the cation for energetic cyanoborohydride ILs and
finally extending to other energy-rich anion-containing ILs, thus
providing a comprehensive framework of reactivities dictating
the hypergolicity of ILs at the molecular level, which is
necessitated for the advancement of energy-efficient green

hypergolic space propellants.
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