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Abstract

We investigate the first direct proton abstraction reactions from reducing agents

(RAH) hydrazine and diethyl hydroxylamine (DEHA), towards dioxygen (O2) in the

aqueous phase, spanning ambient to high temperature conditions. Quantum chemistry

methods and molecular dynamics simulations are employed in this study. Quantum

chemistry methods are used to analyze the quasi-equilibrium between a reactive confor-

mation and a transition state in the [RAH,O2] cluster. On the other hand, molecular

dynamics simulations estimate the probability of observing a reactive conformation of

the [RAH,O2] cluster in the solution. In this study, we assume that the energy barrier

of the quasi-equilibrium is sufficiently high for the RAH/O2 association process to be

at equilibrium. Our findings indicate that the first proton abstraction process from a

reactive conformation cluster by DEHA is energetically favored compared to hydrazine.

Conversely, the association process of hydrazine and O2 in solution is more favorable

than that of DEHA. Consequently, the rate constant for the first proton abstraction

process is similar for both hydrazine and DEHA, particularly at high temperatures,

with activation energies of approximately 21.5 ± 1.5 kcalmol−1 for both compounds.

These results align with recent experiments investigating the complete O2 scavenger

process in liquid water with hydrazine and DEHA. Therefore, our findings support the

assumption that first proton abstraction reactions are the rate-determining steps in O2

scavenger processes in the aqueous phase.

Keywords. Molecular dynamics, quantum chemistry, hydrazine, DEHA, O2, reactivity, hydration.
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1 Introduction

The compound hydrazine (N2H4) is an energy-rich molecule commonly utilized as a propellant in

spacecraft vehicles and satellites. It also serves as a powerful reducing agent (RAH) extensively

employed as an O2 scavenger in water circuits of industrial and power plants.1 Due to its widespread

usage and its toxicity to all living organisms, including humans,2 there is a pressing need to explore

alternatives to hydrazine as a reducing agent. Several alternatives have been investigated, such as

carbohydrazide,3 erythorbic acid,4 methylethyl-ketoxime,5 but the compound that has garnered

the most interest is diethylhydroxylamine (DEHA).5–8

Only scarce and somewhat fragmented experimental data are available regarding the O2 scav-

enger process in solution for all the aforementioned RAH. Regarding DEHA for instance, two

different scavenger mechanisms have been reported. The first mechanism, proposed by Cáceres

et al. 6 is based on a rate determining step of first-order kinetics that yields the HO2
• radical

DEHA+O2 → (CH3CH2)2NO
• +HO2

• (1)

The authors reported an apparent activation energy (Ea) for DEHA in chlorobenzene solutions,

ranging from 273 to 330K, to be 16.5 ± 2.0 kcalmol−1.6 Remarkably, this value aligns closely with

the estimated Ea for hydrazine in the aqueous phase at elevated temperatures (from 380 to 573K)

as reported by Buxton and Stuart, which was 16.7 ± 1.2 kcalmol−1.9 Interestingly, these orders

of magnitude for Ea correspond with the energy barrier estimates for the first proton abstraction

step of hydrazine in the gas phase, as recently computed by Asgharzade et al. using quantum

chemistry methods.10 Depending on the level of theory employed, the energy barrier ranges from

24 to 30 kcalmol−1 when considering O2 in its most stable triplet state.

Jäppinen et al. 5 recently adopted the aforementioned first-order rate-limiting mechanism to

interpret high-temperature kinetic data regarding the O2 scavenger process of hydrazine, DEHA,

and erythorbic acid in a recirculation water loop of a Pressurized Water Reactor (PWR). Their

findings revealed that hydrazine exhibited a threefold faster kinetics compared to DEHA at high

temperatures (around 573K).

However, Shaffer and Heicklen 11 proposed a more intricate mechanism for the O2 scavenger
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process of DEHA in the aqueous phase, which relies on the following chain-initiating step:

OH− +O2 → HO3
− (2)

HO3
− +DEHA → (CH3CH2)2NO

• +H2O+O2
− (3)

(CH3CH2)2NO
• +O2 → nitrone + HO2

• (4)

That chain mechanism has recently been reinvestigated, taking into account the DEHA decom-

position kinetic in solution,8 yielding an apparent activation energy Ea = 14.4 kcalmol−1, which

aligns well with the Ea estimation of Ishida et al. 12 for hydrazine in interpreting high temperature

data in bulk water (with a consideration of 1 and 0.5 partial orders for hydrazine and O2), resulting

in a value of 10.3 kcalmol−1.

The aim of our study is to combine quantum chemistry methods and MD simulations based on

an ab initio-based polarizable force field (i.e. empirical inter atomic potentials built by considering

only quantum chemistry data and no experimental result) to investigate the hypothesis of Cáceres

et al. regarding the O2 scavenger process of hydrazine and DEHA in the aqueous phase for tem-

peratures that range from 300 to 550K, i.e. the scavenger mechanism for both compounds rely on

the simple rate limiting step reaction

RAH+O2 → RA• +HO2
• (5)

Experimental data at high temperatures regarding hydrazine.5,13,14 show its decomposition rate

to be relatively slow, and experiments performed by one of us (MR) show that even DEHA and

hydrazine are partially degraded at 423 K during 20 min, a sufficient amount of both compounds is

still present in solution (see the Supporting Information). As earlier experimental studies also show

the O2 scavenger kinetics of hydrazine and DEHA to be close and the apparent activation energy

Ea for both compounds to be large (≥ 10 kcal mol−1), we assume here the association between the

solvated species RAH and O2 to reach equilibrium before proton abstraction to occur.

That yields reaction (5) to obey the following three steps scheme
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RAHs +O2,s
(a)−−⇀↽−− [RAH,O2]

r
s

(b)−−⇀↽−− [RAH,O2]
‡
s

(c)−−→ RA•
s +HO2

•
s (6)

here, the subscript s denotes single species and associated clusters in solution. Step (a) corresponds

to the equilibrium (unaltered by any competitive process) between dissociatedRAH and O2 species

and as associated in a reactive cluster. We define a cluster to be in reactive conformation when the

cluster moieties are close enough to each other and in a geometry that favors the proton transfer

between them. Step (b) is the quasi equilibrium (according to the Eyring approach) between a

cluster [RAH,O2]
r
s in a reactive conformation and the transition state [RAH,O2]

‡
s. Finally step

(c) yields the reaction products.

We denote below pa the probability to observe an associated [RAH,O2]s cluster in solution

and we denote pr the probability for an associated cluster to be in a reactive conformation. Taking

the concentration c0 of RAH and O2 species in solution as equal, the equilibrium constant Ka

corresponding to the association of RAH and O2 in solution obeys Ka = pa/[c0(1−pa)
2]. From our

assumption regarding the efficiency of the reactive step (b), the rate constant k(T) corresponding

to a first proton abstraction reaction (5) is

k(T) =
kBT

h

prpa
c0(1− pa)2

exp

(
−∆G‡

s

kBT

)
, (7)

here, kB and h are the Boltzmann’s and the Planck’s constants, respectively.

The quantities pa and pr are estimated from MD simulations in the aqueous phase. Regarding

pr the magnitudes of the structural indexes allowing one to identify a potential reactive confor-

mation are defined from optimized quantum chemistry geometries regarding both the reactive

[RAH,O2]
r and transition state [RAH,O2]

‡ clusters. We will consider as structural indexes the

angle ξ –– ̸ (XH,HO) and the distance H · · ·O (here the XH moiety and atom O belong to RAH

and O2, respectively). The free energy barrier ∆G‡ corresponding to the quasi equilibrium (b)

in the aqueous phase will be estimated from high-level ab initio CCSD(T) (at the complete ba-

sis set limit) and quantum chemistry DFT methods. To account for solvent effects in our DFT

computations, we have use the standard Polarizable Continuum Model, PCM, approach.15

We will begin by providing a detailed description of the quantum chemistry methods employed,
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including the ab initio-based force field utilized to model the microscopic interactions between the

solute (hydrazine, DEHA, and O2) and water molecules. Additionally, we will outline the molecular

dynamics (MD) techniques utilized to explore the potential energy surface (PES) of the RAH/O2

system. To validate the accuracy of the force field, we examined the hydration structure and

calculated the Gibbs free energy of solvation for each solute, comparing our results with previous

experimental and simulation studies. Finally, by considering the quantum energy barriers (∆G‡)

and simulation data for probabilities pa and pr, we will discuss the rate constants (k(T)) for the first

proton abstraction process of hydrazine and DEHA in solution across a wide range of temperature

conditions.

2 Methods

2.1 Quantum chemistry computations

All quantum computations were carried out using the GAUSSIAN-16 package of programs.16 For

the [RAH,O2] clusters, we utilized the DFT UM06-2X functional,17 along with dispersion cor-

rections D3,18 and augmented with the aug-cc-pVTZ basis sets.19,20 To assess the reliability of

this level of theory, we extrapolated the cluster binding energies in the gas phase to the Complete

Basis Set (CBS) limit using the CCSD(T) level of theory (based on UM06-2X geometries). The

CBS extrapolation was performed from CCSD(T)/aug-cc-VXZ calculations (with X = D, T, Q).

For the binding energies of hydrated clusters, which were used to assign force field parameters, we

employed the PMP2/CBS level of theory with the frozen core approximation. PMP2 (projected

Møller-Passet theory) remedies spin contamination problems by applying a spin-projection oper-

ator to the unrestricted wave function.21 It is worth noting that we considered dioxygen O2 in a

triplet state throughout the study. Regarding the RAH/O2 clusters, the spin contamination for

standard PMP2 computations was found to be minimal, with a maximum of 3% (and even less,

0.1% in the CCSD(T) and UM06-2X calculations).

From UM06-2X/aug-cc-pVTZ computations, we estimate solvent effects on reactive and tran-

sition state clusters using the solvent Polarizable Continuum Model15 approach as implemented in
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GAUSSIAN16. The atomic van der Waals radii are 1.83, 1.75, 1.9255 and 1.443 Å for nitrogen,

oxygen, carbon and hydrogen atoms, respectively (using the scaling factor 1.1 and the dielectric

constant at infinite frequency ϵ(∞) is 1.777849). For that purpose we performed a series of com-

putations (for reactive and transition state dimer clusters) in which we set the dielectric constant

ϵs of liquid water to its experimental value at 1 atm and T = 300, 350, 400, 450, 500 and 550K

(namely, ϵs = 78, 63, 49, 40, 35 and 25, respectively).

We discuss in the present study UM06-2X estimates of the differences ∆E and ∆G(T) in

absolute energies E and free energies G(T) with respect to reactive clusters. All those ∆E and

∆G(T) estimates are corrected by the differences δECCSD between CCSD(T)/CBS and UM06-

2X/aug-cc-pVTZ absolute energy data regarding reactive, transition state and product clusters in

the gas phase.

Zero-point energies, ZPE, and thermal corrections to estimate ∆G(T) values are computed

according to the harmonic oscillator approximation from UM06-2X frequencies. To account for

anharmonicity effects, harmonic frequencies are scaled by the factors proposed by Bakowies and

von Lilienfeld 22 for the DFT M06-2X method used in conjunction with the cc-pVTZ basis set (i.e.

0.976 and 0.94 for DEHA and hydrazine, respectively). However, as demonstrated by Temelso and

Shields 23 for small water clusters, the scaling factor for frequencies lower than 1100 cm−1 should

be weaker compared to higher frequencies. In light of this, we also considered a scaling factor of

0.85 for frequencies weaker than 1100 cm−1.

Our results regarding [RAH,O2] clusters show from 2 (hydrazine) to 5 (DEHA) very low fre-

quencies that span between 10 and 100 cm−1. Some of those frequencies correspond to internal

rotations. Following the ideas of Zhao and Truhlar 24 we estimate the uncertainty tied to the use of

the harmonic oscillator approximation by computing two sets of thermal corrections : the first set is

computed from the scaled harmonic frequencies regardless of their magnitude (those corrections are

denoted Gthermal), whereas the second set is computed by raising all the scaled frequencies weaker

than 100 cm−1 to 100 cm−1 (those corrections are denoted G̃thermal). We assume the uncertainty

of our free energy ∆G(T) values to correspond to the absolute difference between ∆Gthermal and

∆G̃thermal data. Note those thermal corrections are dominated by their vibrational components :

the magnitude of their rotational components is one order of magnitude weaker compared to the
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vibrational one.

2.2 The polarizable force field

The total potential energy U is the sum of six terms:

Uww = U rep + U qq′ + Upol + Uhb + Udisp + U rel. (8)

The repulsive U rep, Coulombic U qq′ , and dispersion Udisp terms are defined as

U rep =

N∑
i=1

N∗∑
j=1

aij exp (−bijrij) , (9)

U qq′ =
N∑
i=1

N∗∑
j=1

qiqj
4πϵ0rij

, (10)

Udisp = −
N∑
i=1

N∗∑
j=1

(
r∗ij
rij

)6

. (11)

N is the total number of atoms, rij is the distance between the atomic centers i and j, qi are atomic

static charges, and aij , bij and r∗ij are adjustable parameters. The repulsive term U rep is truncated

for distances larger than 5.0 Å. Dispersion effects are only accounted for to model interactions

between non-hydrogen atoms. The sums corresponding to the superscript ∗ include only pairs of

atoms separated by more than two chemical bonds.

The energy term U rel corresponds to intramolecular degrees of freedom, like the O–O bond or

the dihedral angles H–NN–H of hydrazine. It is the sum of the standard stretching, bending and

dihedral torsional energy terms, whose analytical forms are those of the CHARMM force field.25

The polarization energy term Upol is defined as

Upol =
1

2

Nµ∑
i=1

p2i
αi

−
Nµ∑
i=1

pi ·Eq
i −

1

2

Nµ∑
i=1

N∗
µ∑

j=1

piTijpj . (12)

Only the Nµ non-hydrogen atoms are taken as polarizable centers and their isotropic polarizability
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is αi. The induced dipole moments pi obey

pi = αi ·

Eq
i +

N∗
µ∑

j=1

Tij · pj

 . (13)

Tij is the dipolar interaction tensor and Eq
i is the electric field generated on the polarizable atom

i by the surrounding static charges qj . Tij and Eq
i include a Thole-like26 short-range damping

component.

The many-body anisotropic short-range energy term Uhb was originally introduced to accu-

rately model hydrogen bond, HB, networks among water molecules, see its most recent version

TCPE/2013.27 For our present study, we extend that approach to model hydrazine/DEHA - water

HBs. The analytical form of Uhb is

Uhb =
∑

f(r)g(θ, ϕ). (14)

The sum runs over all the possible RAH/water HBs. The HB lengths rhb and the angles θ and ϕ

are defined in Figure 1.

The functions f and g are Gaussian or a product of Gaussian functions :

f(r) = De exp

[
−
(rhb − re,hb)

2

γr

]
and g(θ, ϕ) = exp

[
−(θ − θe)

2

γθ

]
× exp

[
−(ϕ− ϕe)

2

γϕ

]
. (15)

re,hb, θe, ϕe, γr, γθ and γϕ are adjustable parameters. To account for environmental effects on the

magnitude of a particular HB, De is taken as a linear function of the local density ρxh of X-H

bonds (X = N or O) in the vicinity of the moiety that accepts hydrogens in HBs (see Figure 1).

De = de(1 − ξρxh), with de and ξ two adjustable parameters depending on the nature of the

hydrogen acceptor moiety. The local density ρxh is estimated according to

ρxh =
∑

exp

[
−
(rhb − re,hb)

2

γ′rt

]
. (16)

The sum runs on X–H bonds not involved in the HB, see Figure 1.
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Figure 1: Definition of the HB geometrical parameters of the energy term U lh. A and B:
definition for sp3 oxygen and nitrogen proton acceptor molecules, respectively. The violet
vectors connect the center of mass of the Ri groups to the O/N proton acceptor atoms. C
: definition of the water molecules that are accounted for to compute the local density ρxh
for the violet water molecule in order to modulate the strength of the HB between the violet
and blue water molecules.

2.3 Force-field parameters

The geometrical parameters (bond distances and angles) for intramolecular stretching and bending

energy terms for hydrazine and the ethanol amine NOH moiety are shown in Figure 2 and the

corresponding harmonic stretching and bending constants are set to best reproduce the harmonic

vibrational spectra of isolated hydrazine and DEHA monomer from quantum MP2/aug-cc-pVTZ

computations. The remaining set of geometrical parameters (to model DEHA ethyl groups, for

instance) correspond to those of the CHARMM v2.7 force field.25

The dihedral torsional energy term corresponds to the standard three cosine function sum

U tor = V1 cos (ω) + V2 cos (2ω) + V3 cos (3ω) . (17)

V1−3 are adjustable parameters and ω is a standard 1-4 intramolecular dihedral angle. For our

purpose all the U tor parameters have been assigned to best reproduce torsional energy profiles

from quantum MP2/aug-cc-pVTZ computations (see also Figures S1 and S2 of the Supporting
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Information). In the particular case of hydrazine and as already proposed by earlier authors,28

we define two kinds of hydrogens H and H2. The hydrazine torsional energy term is a function of

only the dihedral angle H2 –NN–H2 (see Figure 2 for definition). The best values of the hydrazine

torsional parameters V1 to V3 are 1.0, 5.4 and 1.2 kcalmol−1, respectively.

Figure 2: Geometrical data for hydrazine and DEHA. For hydrazine, the definition of its
hydrogens H2 used to compute its dihedral energy component are shown. The Coulombic
charges of hydrazine are -0.56 (N) and 0.28 (H) For DEHA, the Coulombic charges of its
ethanol amine moiety are -0.14 (N), -0.40 (O), +0.30 (H), and -0.02 for the carbons con-
necting the ethyl groups to the ethanol amine one and -0.21 for the remaining carbons. The
charge for all DEHA aliphatic hydrogens is +0.07. All charges in e. The isotropic polariz-
abilities for hydrazine nitrogens are set to 1.73 Å3, whereas they are 2.1 (C), 1.5 (N) and 1.3
(O) Å3 for DEHA.

Water is modeled according to the original TCPE/2013 model.27 We assign the parameters

corresponding to hydrazine/DEHA - water intermolecular interactions in two steps. First we ad-

justed repulsive, polarization damping and hydrogen bonding energy parameters to best reproduce

quantum MP2/CBS data regarding small ammonia and methanol homo clusters as well as and am-

monia/water and methanol/water hetero clusters. Then we refine this starting set of parameters

to reproduce our quantum data regarding small hydrazine/DEHA - water clusters (comprising up

to four water molecules, see Figures S3 to S4 and Tables S1 to S2 of the Supporting Information).

We set the O2 inter oxygen distance dO2 to 1.22 Å (its equilibrium distance from quantum

computations) and the corresponding stretching harmonic constant to 300 kcalmol−1 Å−2 (note

that we systematically constrain the dO2 distance along our simulations). We do not account for
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dioxygen O2 as computing Coulombic interactions (the O2 Coulombic charges are set to zero).

However, O2 is a polarizable molecule (its oxygen polarizability is set to 0.675 Å3 to reproduce

its molecular polarizability in the gas phase,29 1.35 Å3). The polarization damping, repulsive and

dispersion parameters to model water (or RAH) - O2 interactions are assigned to best reproduce

our quantum PMP2 geometrical and binding energy data regarding water/hydrazine-O2 hetero

dimers, as well as the dimer dimethyl hydroxyl amine DMHA/O2 for efficiency reasons. Quantum

energy and geometry data are compared to force field ones regarding O2-based hetero dimers in

Figure 3.

All the force field parameters assigned for the present study are summarized in the Supporting

Information.

2.4 MD simulation details

Bulk MD simulations are performed using boundary periodic conditions in the NPT ensemble. The

temperature and pressure are monitored using the Nosé-Hoover barostat30 (the barostat coupling

constant is set to 2.5 ps). The simulated systems correspond to cubic boxes that comprise about

1000 water molecules and a single RAH/O2 species or a single [RAH,O2] pair (that corresponds

to a 0.05m scale aqueous solution). All the X–H bond lengths (as well as the O2 bond length)

and all the H–X–H bending angle values are constrained using the RATTLE procedure (the

convergence criterium is set to 10−5 Å). Electrostatic (Coulombic and polarization) energies and

forces are computed according to a lattice-based Smooth Particle Mesh Ewald, SPME, summation

approach31 (the direct term cut off distance, the grid dimension and the expansion order are set

to 12, 1 and 8 Å, respectively). The induced dipole moments are solved iteratively until the mean

difference in their values between two successive iterations is smaller than 10−6Debye and the

maximum difference for a single dipole is smaller than 25 × 10−6Debye.

The equations of motion are solved using a Multiple Time Steps, MTS, algorithm devoted to

polarizable force field based on induced dipole moments.32 Three time steps are used : 0.25 fs

(stretching and bending intramolecular forces), 1 fs (torsional and short-range Coulombic and po-

larization forces) and 5 fs (long-range Coulombic and polarization forces). The cutoff distance to

compute short-range forces is set to 8 Å.
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Figure 3: Quantum and force field data regarding binding energies (BE) and geometries of
hydrazine/O2 (A), water/O2 (B) and DMHA/O2 (C) hetero dimers.
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All molecular modeling computations and simulations were performed with our own code PO-

LARIS(MD).33

2.5 Hydration free energy computations

Gibbs hydration free energies ∆Gsolv of the solutes O2, DEHA and hydrazine are computed in two

steps using a 20 windows Thermodynamical Integration, TI, scheme.34 Each TI MD simulation

is performed at the 10 ns (O2 and hydrazine) and 20 ns (DEHA) scale. The potential energy

derivatives are computed each 250 fs. The first step consists in linearly downscaling to zero the

solute charges and polarizabilities. During the second step, all the solute atoms (that correspond

now to uncharged and non-polarizable centers) are linearly transformed into ghost centers fully

decoupled from the solvent. During that step and to prevent numerical instabilities,35 inter atomic

distances rij are incremented by the quantity 1 − λ as computing the repulsive, dispersion and

hydrogen bond energy terms. λ is the scaling parameter monitoring the progressive downscaling of

solute/solvent interactions in the TI scheme.

Our values ∆Gsolv account for the ideal gas compression correction δGrf to match the usual

experimental reference state (1mol L−1) as measuring Gibbs hydration free energies. At 300K δGrf

amounts to RT ln
(
V0
)
=+1.90 kcalmol−1 (V0 is the molar volume of an ideal gas).

2.6 PMF computations

The Potentials of Mean Force, PMFs, of a RAH/O2 pair in the aqueous solution are computed

according to a MD-based umbrella sampling protocol. The degree of freedom R restrained during

these simulations, using the harmonic potential kc (R−Rc)
2, is the distance between the centers of

mass of hydrazine and O2, and the distance between the DEHA oxygen and the center of mass of

O2. kc is set to 5 kcal mol−1 Å−2. The target distances Rc are regularly spaced by 0.5 Å and they

span from 2.0 up to 12.0 Å. The duration of each MD simulation is set to 10 ns. The distances R

are sampled each 50 fs. The PMFs are computed by post-processing the set of sampled distances

using the Umbrella Integration method.36 They account for the entropic correction 2RT ln (R).
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2.7 Clustering

To identify the main RAH/O2 conformations along a MD trajectory, we define a 5 (hydrazine)

and 7 (DEHA) dimension vector V corresponding to

1. the four hydrazine hydrogen - O2 distances and the angle Ψhydrazine between the hydrazine

NN and O2 axes ;

2. the three sets of the two distances between DEHA oxygen, nitrogen and alcoholic hydrogen

and O2 oxygens, and the angle value ΨDEHA between the DEHA OH bond and the O2 axis.

For distances corresponding to the same definition (as the two DEHA oxygen/O2 distances) they

are sorted out from the smallest to the largest values and then stored in V. We systematically

consider the absolute value of the scalar product to compute the angles Ψ. The set of vectors V

from sampled MD snapshots are post-processed using the clustering algorithm detailed in Ref. 37

(the maximum number of clusters is set to 20).

3 Results and discussion

3.1 Hydrazine, DEHA and O2 hydration properties from MD sim-

ulations

Here we discuss data from NPT MD simulations regarding the hydration of each single species

hydrazine, DEHA or O2, in the aqueous phase at a temperature ranging from 300 to 550K. Note

that the water model TCPE/2013 is able to reproduce bulk liquid water properties within a large

range of temperature conditions at ambient pressure, in particular up to the water critical point

(that TCPE/2013 predicts to lie at 653 ± 14K).27 All the error bar magnitude mentioned below

are computed from the root mean square deviation of a quantity averaged over 1 ns MD segments

(starting once the first 1 ns segment of a simulation is achieved).
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3.1.1 Hydration Structures

In Figure 4, we present a series of normalized radial distribution functions g(r) and their corre-

sponding integrals n(r) for different solute/water distances. These plots provide insights into the

spatial arrangement of water molecules around the solute. From the integrals n(r), we calculate

the mean coordination number N̄c, which represents the average number of water molecules within

a distance smaller than the position of the first minimum (denoted M1) of the g(r) functions. The

uncertainty associated with the N̄c values is determined by the difference in n(r) values between

the position of M1 and the closest position where g(r) exceeds its value at M1 by 5%.

All the functions g(r) present at short distances a first peak whose height decreases as the

temperature increases (and which can even disappear at the highest temperature 550K). That

yields a systematic reduction of N̄c values as the temperature rises.

Regarding O2, its oxygens - water oxygens functions g(r) are characterized by a first broad

peak centered at 3.4 ± 0.1 Å and the location of their first minimum M1 is consistently found at

5.2 ± 0.1 Å, regardless of the temperature. The mean coordination number N̄c of O2 decreases

as T increases from 16.2 ± 0.9 (300K) down to 12.2 ± 0.8 molecules (550K). Interestingly, the

magnitude of N̄c for O2 at ambient conditions is comparable to that of methane (for which the

reported values of N̄c range from 18 to 22 ± 1 molecules38,39). Visual analysis of our MD trajectories

reveals that O2 is predominantly surrounded by water molecules in clathrate-like cages, similar to

methane, and a small fraction of water hydrogen atoms point towards the oxygen atoms of O2

throughout the temperature range.

The nitrogens - water oxygens functions g(r) for hydrazine are rather complex at short range.

They display two small peaks spanning from approximately 2.8 to 3.6 ± 0.1 Å, followed by a rel-

atively flat minimum at around 5.0 ± 0.5 Å, which we refer to as M1. The mean coordination

numbers N̄c for the nitrogens of hydrazine are similar in magnitude to those of O2, regardless of

temperature. However, due to the flatness of the g(r) functions near M1, the uncertainties in N̄c

are large, approximately ±3 molecules.

The radial distribution functions g(r) between the hydrazine hydrogens and water oxygens

exhibit two distinct peaks. The first peak is centered at approximately 2.0 ± 0.1 Å, indicat-

ing the presence of hydrogen bonds formed between hydrazine hydrogens and water molecules
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Figure 4: Radial distribution functions (bold lines, left axis)) and their integrals (dashed
lines, right axis) corresponding to (a) O2 oxygens - water oxygens, (b) O2 oxygens - water
hydrogens, (c) hydrazine nitrogen - water oxygens and (d) hydrazine hydrogens - water
oxygens, (e) DEHA oxygen - water oxygens and (f) DEHA nitrogen - water oxygens. In
black, dark blue, light blue, green, orange and red : data corresponding to 300, 350, 400,
450, 500 and 550K, respectively. The vertical grey dashed lines are located at the distribution
function minima discussed in the main text. For readability purpose, the radial distribution
functions are all scaled by the water density at ambient conditions (0.0331 moleculeÅ−3 for
the water model TCPE/201327) and the original raw data are smoothed by a 20 windows
binomial smoothing scheme.
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(Hhydrazine · · ·Owater). The second peak, located at around 3.2 ± 0.2 Å, has a height that is two to

three times higher than the first peak. The average number of these hydrogen bonds per hydrazine

hydrogen decreases from 0.4 at 300K to 0.30 ± 0.05 at 550K. On average, hydrazine hydrogens

are involved in less than half of a hydrogen bond with water molecules.

Regarding DEHA, the first peaks at short range of its oxygen/nitrogen-water oxygens functions

g(r) are noticeably smaller than for both the other species (and that first peak for DEHA oxygen

even vanishes at 550K, see Figure 4). The DEHA coordination numbers N̄c are thus weak : they

decrease from about 1.9 to 1.2 molecules (DEHA oxygen) and from about 1.2 to 0.8 molecules

(DEHA nitrogen) as the temperature increases (the N̄c uncertainties are weak, about 0.1 water

molecules). The presence of ethyl groups near the reactive hydroxyl amine moiety of DEHA limits

the interaction with water molecules at short distances. This accounts for the smaller coordination

numbers observed. On the other hand, the reactive hydrogen - water oxygens g(r) functions show

that water molecules establish slightly stronger hydrogen bonds with the DEHA reactive moiety

compared to hydrazine. The N̄c values, representing the average number of DEHA/water hydrogen

bonds, decrease from approximately 0.85 to 0.5 ± 0.1 as the temperature increases. These values

are roughly twice as large as those observed for hydrazine.

Our N̄c values for hydrazine, considering their large uncertainties, are in agreement with the

earlier data reported by Kallikragas et al. 40 using a standard pairwise force field. For example,

Kallikragas et al. showed that N̄c for hydrazine nitrogens decreases from 11.4 at 298K to 7.0

at 573K. However, it is not possible to make a direct comparison between their data and ours,

as the uncertainty estimates for their N̄c values were not provided. It is worth noting that our

radial distribution functions g(r) are similar to those reported by Kallikragas et al., although their

hydrazine nitrogen functions show a single broad peak at short range rather than two distinct

peaks. This difference could be attributed to the use of the directional energy term U lh to model

hydrazine/water hydrogen bonds in our simulations.

Our functions g(r) for O2 are consistent with those reported from simulations using pairwise

force fields such as the study by Thapa and Adhikari 41 . However, there have been only a few

MD simulation or quantum chemistry studies specifically investigating the hydration of the DEHA

hydroxylamine moiety. Most studies have focused on the hydroxylamine molecule (NH2OH), such
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as the works by Vizoso et al. 42 and Ferreira de Lima et al. 43 . It is also worth mentioning a recent

study that examined the interaction of DEHA with a single water molecule in the gas phase.44

In a pioneering work, Vizoso et al. 42 developed pairwise force fields based on ab initio quantum

chemistry data to investigate the hydration structure of NH2OH in liquid water at ambient condi-

tions. However it is difficult to directly compare our results for DEHA with those of Vizoso et al.

for NH2OH since the functions g(r) computed from their different force fields already significantly

differ from each other.

3.1.2 Hydration energies

The Gibbs hydration energies ∆Gsolv of O2, hydrazine and DEHA from our TI simulations at

ambient conditions amount to -6.9, +2.9 and -11.5 ± 0.2 kcal mol−1, respectively. All those ∆Gsolv

values are already converged from 3ns simulations (see Figure S8 of the Supporting Information).

For hydrazine, our estimate agrees with the most recent experimental data, -6.3 kcal mol−1.45

Regarding O2, our ∆Gsolv estimate is included within the range of available data, for instance:

+1.76 kcalmol−1 (from pairwise force field-based simulations,46 that value doesn’t account a priori

for the reference state correction δGrf = +1.9 kcalmol−1), +2.0 kcalmol−1 (experimental, cited in

Ref. 47) and +6 kcalmol−1 (as computed from the O2 experimental solubility in water48).

As far as we know, no experimental ∆Gsolv estimate for DEHA is available. However as-

suming hydration enthalpies to be about 30 to 40% larger in magnitude than free energies for

neutral compounds (for instance, the hydration enthalpy and free energy of water are about −10

and −6 kcalmol−1, respectively), our DEHA ∆Gsolv estimate is in line with the magnitude of the

DEHA hydration enthalpy value that may be computed from the DEHA solubility (0.28 in log

scale according to the empirical Crippen’s method49) and from the sublimation and vaporization

enthalpies of the pure DEHA compound (12.66 and 3.16 kcalmol−1 from experiment50 and the

empirical Joback method,51,52 respectively) .
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3.2 First proton abstraction reactions from quantum chemistry

methods

We investigated using quantum chemistry methods the following first proton abstraction reactions

of RAH towards O2 in the gas phase and in the aqueous phase

[N2H4,O2]
r → [[N2H3 · · ·H · · ·O2]

‡ → [N2H3
•,HO2

•]p (18)

[(CH3CH2)2NOH,O2]
r → [(CH3CH2)2NO · · ·H · · ·O2]

‡ → [(CH3CH2)2NO
•,HO2

•]p. (19)

We first investigated the effect of the spin multiplicity on the initial steps of reactions (18) and (19).

It was found that in the gas phase, both the reactive and transition state clusters in a singlet state

have higher energy compared to their triplet state counterparts by a minimum of 30 kcalmol−1.

Therefore, for the purpose of the study, singlet state clusters were disregarded, and the focus was

solely on triplet state clusters. The data discussed below correspond to these triplet state clusters.

The optimized geometries of clusters corresponding to the reactive [RAH,O2]
r, transition state

([RAH,O2]
‡ and product [RA•, HO•

2 ]p clusters are shown in Figure 5 (cluster Cartesian coor-

dinates are provided in the Supporting Information). Absolute energies ∆E and free energies

∆G(T) (which include ZPE and thermal corrections) of transition state and product clusters wrt

the reactive ones are summarized in Table 1. In the gas phase :

1. In hydrazine and DEHA transition state clusters, the X · · ·H · · ·O bridge is almost linear

(the angle ξ between the vectors XH and HO is smaller than 20°) and the distances X · · ·H

and H · · ·O are close (about 1.22 ± 0.03 Å) ;

2. In reactive clusters, the angle ξ is more distorted (it is about 65 and 35° for hydrazine and

DEHA, respectively), and the distance XH · · ·O is twice as large than in transition state

clusters (about 2.3 and 2.6 Å for hydrazine and DEHA) ;

3. The geometry of hydrazine evolves towards an almost planar conformation in the product

cluster. We note the same trends for DEHA hydroxyl amine moiety but in a lesser extend: its

improper dihedral angle ̸ CCNO evolves from 65° (reactive cluster) to 29° (product cluster).
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From analysis of the spin density, the two species composing the product clusters are radicals

(with the spin density maximum equally located on the NO moiety for DEHA) ;

4. The magnitude of the absolute energies ∆E‡ for both RAH in the gas phase is large (≥

+22 kcalmol−1). However, it is noticeably weaker for DEHA compared to hydrazine, by

+5.2 kcalmol−1.

Figure 5: Reactive, transition state and product cluster geometries in the gas phase from
quantum chemistry computations. The distances and the difference in gas phase energy (in
bold characters) are expressed in Å and kcalmol−1, respectively. ∆Ec correspond to the
change in the absolute energy of step (c) of the reaction scheme (6). The angular values
correspond to the angle ̸ (X · · ·H · · ·O) = 180◦− ξ. Raw absolute energy data are reported
in Table S5 the Supporting Information.

Solvent effects have a relatively weak impact on the global conformation of RAH in both reac-

tive and transition state clusters. However, they do significantly alter the distances of the transition

state X · · ·H · · ·O bridges, distances that are now resulting in clear asymmetry. Specifically, the

bond lengths X · · ·O and X · · ·H are 1.47/1.09 Å (hydrazine) and 1.23/1.13 Å(DEHA), regardless

of T (i.e. regardless of the water dielectric constant). Furthermore, solvent effects weaken the

energy barriers ∆E‡ by about δE(ϵ) = 3.4 kcalmol−1 for hydrazine and 2.2 kcalmol−1 for DEHA.

The dependence of the δE(ϵ) value and the cluster harmonic frequencies on the water dielectric

constant ϵ are weak. For both RAH’s, the δE(ϵ) value decreases by only 0.1 kcalmol−1 as ϵ
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decreases from 78 to 25 and the harmonic frequencies in bulk water differ at most by 5 cm−1 com-

pared to their counterparts in gas phase, on average. We then estimate the thermal corrections

∆Gthermal/∆G̃thermal from gas phase frequency data. Note that the latter corrections are almost

insensitive (within 0.2 kcal mol−1) to the frequency scaling factor value used (from 0.85 to 1.0).

From the data summarized in Table 1, the thermal corrections ∆Gthermal/∆G̃thermal have a

significant effect on the ∆G‡ barriers. ∆Gthermal are systematically larger by 2 to 3 kcal mol−1

compared to ∆G̃thermal data for both RAH’s. However those corrections contributes to further

favor the reactivity of hydrazine compared to DEHA for all temperatures.

Table 1: Transition state and product cluster absolute energies ∆E and free
energies ∆G(T) wrt reactive clusters from quantum chemistry computations. ∆E
: values in the aqueous phase and in the gas phase (data in italic, for transition
state clusters, those energies account for the corrections δECCSD that amount to
+0.3 and +3.1 kcal mol−1 for hydrazine and DEHA, respectively). ∆G(T) : values
from the thermal corrections ∆Gthermal and ∆G̃thermal (data in italic). Regarding
products, the energy values are pure UM06-2X/aug-cc-pVTZ + D3 data. All
energies in kcal mol−1.

Transition state [N2H4, O2]
‡ [(C2H5)2NOH,O2]

‡

∆E‡ 24.7 28.2 20.6 22.7
∆G‡(300K) 23.9 22.9 21.4 19.4
∆G‡(350K) 24.5 23.4 22.1 19.8
∆G‡(400K) 25.1 23.5 22.9 20.2
∆G‡(450K) 25.7 23.9 23.7 20.6
∆G‡(500K) 26.3 24.2 24.5 21.0
∆G‡(550K) 26.9 24.5 25.3 21.5

Product [ N2H3
• ,HO2

•]p [(CH3CH2)2NO
• ,HO2

•]p

∆E‡ 19.4 21.1 13.2 15.7

3.3 Propensity of O2 for hydrazine and DEHA in the aqueous

phase and reactive conformations from MD simulations

We define the propensity of O2 for hydrazine and DEHA in the aqueous phase from the main

features of the hydrazine/O2 and DEHA/O2 PMFs in liquid water as computed according to our
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simulation protocol. Specifically, the O2 propensity is related to the characteristics of the first

minima in the PMFs. A deeper minimum at short intermolecular distances indicates a stronger

propensity. The PMFs for temperatures ranging from 300 to 550K are plotted as a function of the

inter-molecular distances R defined in Section 2.6 in Figure 6. To align the PMF profiles, we shift

them so that they are zero at Rshift = 9.5 Å. The uncertainty associated with the PMF values is

approximately 0.1 kcalmol−1.

Figure 6: Hydrazine/O2 (a) and DEHA/O2 (b) PMFs in the aqueous phase as a function of
the inter molecular distance R. PMFs from 300 to 550K are shown by bold lines from black
to red. All PMFs are shifted to be zero at Rshift = 9.5 Å.
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From 300 to 400K, the PMF profiles for hydrazine are nearly identical within the computational

uncertainties. These PMFs exhibit a consistent pattern: a first minimum at approximately 4.1 Å,

followed by a maximum at around 5.5 Å, and a second minimum at approximately 6.9 Å. The depths

of the latter minima are −0.35 and −0.10 kcalmol−1, respectively, whereas the height of the first

maximum is +0.15 kcalmol−1. Notably, these features of the hydrazine PMFs at low temperatures

align with those observed for the methane dimer in the aqueous phase.38 At higher temperatures,

the O2 propensity for hydrazine decreases: the energy depth of the PMF first minimum decreases

from 450K up to be positive at 550K (by +0.5 kcalmol−1). The propensity of O2 for hydrazine is

thus almost equal until 400K and then it starts to noticeably decrease. To assess the reliability of

the hydrazine/O2 PMFs, we performed simulations using an alternative set of hydrazine/water force

field parameters that yield a weaker solvation free energy (∆Gsolv) value for hydrazine, differing by

1 kcalmol−1 compared to our original parameter set. Specifically, we modified the parameters of the

U lh term, resulting in binding energies of the hydrazine/water dimer of −7.1 and −6.4 kcalmol−1

for the original and altered parameter sets, respectively. The PMFs computed using the alternative

parameter set matched the previously described PMFs obtained with the original parameters (see

Figure S9 of the Supporting Information).

The DEHA PMFs clearly differ from the hydrazine ones. If they present a weak first minimum

located at about 3.7 Å up to 400K, that minimum vanishes at higher temperatures. Moreover that

minimum (when it exists) is less stable than the second one located at about 6 Å, which exists at

all temperatures and whose depth is comparable to that of the hydrazine PMF first minimum.

The spatial domain corresponding to the PMF first minima is a sphere of radius R1 = 5.5 Å

(hydrazine, up to 550K) and R1 = 4.7 Å (DEHA, up to 400 K). We assume the probability pa(T)

of O2 presence in the sphere corresponding to the latter first PMF minima to be the association

probability of RAH and O2 in solution at a temperature T. We compute pa(T) according to

pa(T) =
1

Z

∫ R1

0
exp [−βPMF(r)] r2dr, (20)
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here, β is the Boltzmann factor and Z is a normalization factor that we define as

Z =

∫ Rshift

0
[exp (−βPMF(r))− 1] r2dr + V̄. (21)

Here, V̄ is the mean volume of the cubic simulation cell at temperature T. Our definition for Z

yields the probability to find one O2 molecule per MD simulation box to be normalized.

The pa(T) values are summarized in Table 2. Overall, these values are weak and exhibit a de-

creasing trend with increasing temperature. For hydrazine, the pa values range from approximately

1.2 to 2%, while for DEHA, they range from about 0.6 to 0.8%. Importantly, the simulations

reveal that the probability of O2 being in close proximity to hydrazine is approximately 2.3 times

higher than for DEHA, irrespective of temperature. This indicates a stronger propensity of O2

towards hydrazine compared to DEHA in diluted DEHA/hydrazine-O2 aqueous solutions, at the

scale of 0.05m.

Table 2: Probabilities pa and ratios pr for hydrazine and DEHA. The values pr
are here computed from the parameter set (δr, ξ) = (0.4 Å, 45◦). The uncertainties
regarding pr values amounts to ±15 % (DEHA) and ±2 % (hydrazine). Regarding
pa values, they amount to at most ±5 %, regardless of RAH. V̄ is the mean
volume of the simulation cell along our NPT simulations (the volume uncertainty
is ± 0.1 nm3).

T (K) V̄ (nm3) pa (in %) pr (in %)
hydrazine DEHA hydrazine DEHA

300 29.9 2.03 0.86 22.1 0.1
350 30.4 1.62 0.73 23.5 0.2
400 31.3 1.58 0.72 24.5 0.5
450 32.7 1.48 0.68 25.2 0.8
500 34.4 1.41 0.63 25.3 0.8
550 36.8 1.30 0.58 24.3 1.4

To further investigate RAH/O2 conformations in liquid water, we performed two new series of

NPT MD simulations for T ranging from 300 to 550K and along which we harmonically restrained

the intermolecular distance R to target values Rc corresponding to the location of the PMF first

minimum for hydrazine and DEHA as observed at T ≤ 400K. These new simulations were per-
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formed at the 50 ns scale and sampled each 5 ps. We post process them according to the clustering

protocol detailed in Section 2.7 to identify the main RAH/O2 conformational clusters.

Figure 7 shows representative geometries of the eight most abundant hydrazine/O2 clusters

identified at 300K, which account for 92% of all the sampled conformations. At higher temper-

atures, the number of identified clusters decreases to five at 550K (see Figures S10 and S11 of

the Supporting Information). However, these clusters can be regarded as sets of clusters identified

at 300K. Within the 300K clusters, the shortest oxygen/nitrogen distance ranges from 3.24 to

3.74 Å. As expected, this distance increases with increasing temperature, reaching a range of ap-

proximately 3.40 to 3.95 Å for 550K clusters. These distances are consistent with those observed

in the hydrazine/O2 reactive cluster in the gas phase (as discussed in Section 3.2). The mean angle

value between the NN and O2 axes in all clusters, regardless of T, varies from 29 to 84°. From

visual inspections of the cluster conformations, it can be observed that at least one of the hydrazine

hydrogens typically lies in close proximity to one of the oxygen atoms of O2.
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Figure 7: Most abundant hydrazine/O2 clusters at 300K corresponding to the hydrazine/O2

PMF first minimum in the aqueous phase. The structures shown correspond to the center
of mass of the cluster distribution. In parentheses, the cluster relative abundance. Data in
bold characters correspond to the mean angle between the NN and the O2 axes and to the
shortest and longest O2/nitrogen distances (in Å).
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For DEHA, the number of identified clusters is generally lower compared to hydrazine at all

temperatures, ranging from five at 300K down to three at 550K. Importantly, the most abundant

DEHA/O2 geometries do not correspond to a reactive conformation where O2 is in close proximity

to the DEHA hydroxyl amine hydrogen. Instead, in the four most abundant clusters at 300K, O2

interacts at short range with the hydrophobic ethyl side groups of DEHA rather than with the

hydroxyl amine hydrogen. Figure 8 provides visual representations of these DEHA/O2 clusters.

Figure 8: The four most abundant DEHA/O2 clusters at 300K corresponding to the PMF
first minimum in the aqueous phase. The structures shown correspond to the center of
mass of the cluster distribution. In parentheses, the cluster relative abundance. Data in
bold characters correspond to the mean angle between the NO and the O2 axes and to the
shortest O2/oxygen O2/nitrogen distances (in Å).
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We quantify the proportion pr of [RAH,O2] conformations that are in potential reactive ge-

ometry as the proportion of conformations in which a least one single RAH hydrogen-O2 oxygen

pair obeys:

1. the atom pair distance is smaller than rmax,

2. the angle ξ between the vectors XH and HO (X and H belonging to hydrazine or to the

DEHA hydroxyl amine moiety) is smaller than ξmax.

rmax and ξmax are two arbitrary parameters whose magnitude are inferred from the quantum

chemistry geometries of reactive and transition state clusters. From the discussions of Section 3.2,

the shortest equilibrium distance rqmin between aRAH reactive hydrogen and an O2 oxygen is about

2.3 Å (hydrazine) and 2.6 Å (DEHA). In transition state clusters, the angle ξ is 41 (hydrazine) and

22° (DEHA). That yields us to consider here a set of three ξmax values, namely: 25, 45 and 60°.

We also consider a set of three values rmax: they correspond to the above rqmin values to which we

add δr =+0.2, +0.4 and +0.6 Å.

The pr data for (δr, ξmax) = (0.4 Å, 45◦) are summarized in Table 2 (all the data pr and the exact

RAH hydrogen-O2 oxygen radial distribution functions are reported in Table S6 and Figure S12

of the Supporting Information). The values pr are about 24.0 ± 1.0% (hydrazine) and 0.1 ± 0.1%

(DEHA) for the latter parameter set (δr, ξmax), regardless of T. They are three times weaker for

ξmax =25°, and twice as large for ξmax = 60°, regardless of the compound, T and δr. Lastly, for a

given ξmax value, the values pr increase by a factor of 1.5 as δr increases, regardless of T and the

compound.

In Figure 9, we plot the largest and weakest ratios (on average) of pr values, computed from all

the parameters (δr, ξmax), between hydrazine and DEHA as a function of T. We also include the

mean ratio computed over the full parameter sets and the ratio corresponding to the parameter

set (δr, ξmax) =(0.4 Å, 45°). It can be observed that all of these ratios follow exponential decay

functions of T, and they decrease as the value of ξmax increases. Importantly, the ratios indicate

that hydrazine clusters in a reactive conformation are more abundant at any temperature compared

to DEHA clusters, regardless of the choice of the parameter set (δr, ξmax). Additionally, the mean

ratio of pr values is close to that computed from the parameter set (0.4 Å, 45°), which suggests that
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this parameter set is a reasonable choice for investigating reactive conformations for both hydrazine

and DEHA.

Figure 9: Left axis and full symbols : ratios of the proportion pr (between hydrazine and
DEHA) as a function of T for the parameter sets (δr, ξmax) = (0.6 Å, 60°), (0.2 Å, 25°),
(0.4 Å, 45°) in red, blue and black symbols, respectively. Right axis and open symbols
: DEHA-hydrazine differences in free energy values Gconformation computed from the latter
three pr ratios. In green symbols (left axis) the mean ratio of pr values computed from all
the parameter sets (δr, ξmax).

The weaker proportion of [DEHA,O2] reactive clusters as compared to hydrazine, can be at-

tributed to the hydrophobic nature of O2, a species that prefers to interacts at short range from

RAH hydrophobic moieties to minimize the destabilizing effects induced by its presence on the

solvent water and on the local interaction network between water and the DEHA hydroxyl amine

moiety.

3.4 First proton abstraction rate constants

We define the free energy quantity Gconformational = −RT ln
[
prpa/(1− pa)

2
]
from which we rewrite

the rate constants k(T) of Equation (7) as
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k(T) =
kBT

hc0
exp

[
−β
(
∆G‡ +Gconformational

)]
. (22)

The rate constants for hydrazine and DEHA are plotted as a function of T in Figure 10 from

Gconformational data computed using the geometrical index set (δr, ξmax) = (0.4 Å, 45◦).

The electronic density reorganization effects tied to the proton transfer from RAH to O2 are

measured by the quantity ∆G‡, whereas the quantity Gconformational is a thermodynamic measure of

the weight of conformational effects (usually referred as steric effects) on the first proton abstraction

reactions here investigated. The ratio of the rate constants k(T) between hydrazine and DEHA

depends on the differences ∆∆G‡ and ∆Gconformational in the ∆G‡ and Gconformational values between

both compounds.

We plot in Figure 9 the differences ∆Gconformational as a function of T for the three sets of

geometric indexes (δr, ξmax) discussed in the above Section 3.3. The values ∆Gconformational slightly

depend on T and on the latter indexes : they vary from about -2.9 (300K) up to −4.1 kcalmol−1

(550K). On average and regardless of T, ∆Gconformational is about −4.0 ± 0.3 kcalmol−1, a value

that cancels out the differences ∆∆G‡ between hydrazine and DEHA at any temperature. Ac-

counting for the two sets of thermal corrections ∆Gthermal and ∆G̃thermal, that consequently yields

the first proton abstraction rate constants for hydrazine and DEHA to be similar (∆G̃thermal) or

larger for hydrazine (∆Gthermal), as depicted in Figure 10, irrespective of temperature. In other

words, the reactivity of DEHA towards O2 is unfavorably affected by conformational (steric) effects,

leading to an approximately 30-fold increase in the magnitude of its constant k(T) compared to

hydrazine. On the other hand, the proton transfer from hydrazine to O2 is more hindered compared

to DEHA.

We determine the activation energies Ẽa for the first proton abstraction reactions by fitting

the rate constants k(T) to the Arrhenius equation. Regardless of the thermal corrections, the

estimated best values for both RAH’s are Ẽa = 21.5 ± 1.5 kcalmol−1. The uncertainty takes into

account all the discussed uncertainties as well as the interpolation uncertainty associated with the

raw k(T) data. Interestingly, the lower bound of our estimated Ẽa value for DEHA overall aligns

with the higher estimate bound of the experimental apparent activation energy for the complete O2
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Figure 10: Top: Neperian logarithm of the rate constants of the first proton abstraction pro-
cess for hydrazine (full symbols) and DEHA (empty symbols) as a function of T. Rate con-
stants in black and blue symbols are computed from the quantities ∆Gthermal and ∆G̃thermal,
respectively. In dashed lines the best Arrhenius functions extrapolated from the rate con-
stant data (for readability purpose, the Arrhenius plot for hydrazine based on ∆G̃thermal

data is not shown). Down: ratio of the rate constants between hydrazine and DEHA from
∆Gthermal (black symbols) and ∆G̃thermal (blue symbols). The yellow domain delimits the
range of possible ratios as taking into account all the sources of uncertainty.
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scavenger process in solution, as reported by Buxton and Stuart,9 which is 16.7 ± 1.2 kcalmol−1,

and it is larger but within the same order of magnitude as the experimental estimate reported by

Shaffer and Heicklen 11 , despite their experimental value corresponding to a potentially different

O2 scavenger process mechanism depicted in Eqn. 2.

Regarding the ratio of the rate constants k(T) for the first proton abstraction reactions between

hydrazine and DEHA, it spans between 4 and 7 from ∆Gthermal data, whereas it amounts to about

1 as accounting for ∆G̃thermal values, regardless of T. Our latter two ratios nicely bound the

experimental estimate (approximately 3) of the rate constant ratio between hydrazine and DEHA

for the complete O2 scavenger process in solution, as recently reported by Jäppinen et al. 5 .

In summary, our data support a O2 scavenger process that relies on an initial rate-determining

step corresponding to the first proton abstraction reaction from RAH to O2, resulting in the

formation of radicals RA• and HO2
•. Therefore, our simulations endorse the interpretation of

kinetic data for the O2 scavenger process involving RAH compounds such as hydrazine and DEHA

using the simple kinetic equation k(T)[RAH][O2], as in the recent experimental study by Jäppinen

et al. 5 .

4 Conclusion

We detailed a comprehensive theoretical protocol combining quantum chemistry methods and MD

simulations to investigate the initial stages of the O2 scavenger process in the aqueous phase of

hydrazine and DEHA, i.e. the proton first abstraction reactions from a reducing agent RAH that

yields the radical HO2
•. Quantum chemistry methods are utilized to study the proton transfer

from an associated [RAH,O2] cluster in a reactive conformation. Furthermore, these methods

provide valuable data for determining the parameters of the force field used in the subsequent MD

simulations. Using MD simulations, we estimate the probability of the RAH and O2 species to be

associated in a reactive geometry. It is assumed that the first proton abstraction processes occur at

a sufficiently slow rate, allowing the RAH/O2 association to reach equilibrium before the reaction

takes place. In our present study, we have applied this theoretical protocol to compare the behavior

of hydrazine and DEHA as O2 scavengers over a temperature range spanning from 300K up to
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550K.

Our findings reveal that the first proton abstraction reaction of hydrazine is influenced by

conformational effects. In other words, the probability of observing a reactive cluster [hydrazine,

O2] in solution is higher than for DEHA, due to these conformational effects. On the other hand,

the electronic density reorganization effects associated with the proton transfer from RAH to O2

favor DEHA. Interestingly, the magnitudes of these opposing effects counterbalance each other,

resulting in similar rate constants k(T) for the first proton abstraction reactions of hydrazine and

DEHA. This holds true regardless of the temperature under consideration.

The two O2 scavenger mechanisms considered to interpret experimental data are based on a

complex chain of reactions, as depicted in Equations (2) and (5). In a chain mechanism, the

experimental apparent activation energy Ea is generally a weighted average of the standard state

enthalpies of all the intermediate, transition state, and product entities involved in the reaction

mechanism.53,54 Assuming that the first proton abstraction reaction is the rate-determining step

of the hydrazine and DEHA O2 scavenger process in solution, the overall agreement between our

activation energies Ẽa and the experimental estimates suggests that the subsequent chain steps

are rapid and lead to intermediate stable compounds that possess similar stability as the initial

reactants. That hypothesis is supported by the quantum chemistry data presented by Asgharzade

et al. 10 , which show that the most stable forms of the reactants and of the intermediate states of

the hydrazine/O2 reaction in the gas phase (resulting in the HNNH and H2N2(OH)2 compounds)

exhibit nearly isoenergetic behavior within a few kcalmol−1.

Based on our extensive quantum chemistry calculations and MD simulations, we provide sup-

port for the interpretation of experimental data concerning the O2 scavenger process involving

RAH species such as hydrazine and DEHA in the aqueous phase. The simple kinetic equation

k(T)[RAH][O2] appears to be a suitable approach for describing the observed kinetics. Further-

more, our MD simulations demonstrate thatRAH compounds containing non-reactive hydrophobic

groups (such as the ethyl groups in DEHA) may not be inherently well-suited as efficient O2 scav-

engers in bulk water. This is because in the aqueous environment, O2 tends to interact more

favorably with hydrophobic groups rather than potential reactive RAH moieties, such as the hy-

droxylamine group in DEHA. However, this conformational (steric) artifact can be compensated for
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by considering compounds that contain reactive functional groups favoring direct proton transfer

reactions with O2.

Lastly we make use here of a sophisticated polarizable force field to investigate the association

properties of O2 with hydrazine and DEHA in liquid water. That may be also achieved using

standard non polarizable force fields (once a reliable set of parameters is available). Moreover and to

our opinion, comparing our own data to results based on standard force fields is an interesting route

to estimate the uncertainty regarding molecular association tied to the force field sophistication. We

made in the present study a comparison between the hydration structural properties of hydrazine

predicted by our polarizable approach and earlier findings from standard force fields. Even if

we point out differences, in all both kinds of force fields provide a close description of hydrazine

hydration, which suggests that investigating early steps of chemical reactions may be also achieved

using standard molecular modeling approaches.
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