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Abstract

Hydrogen atom abstraction (HAA) reactions by NH, radicals from fuel molecules are critical in ammonia
combustion chemistry, particularly in the co-combustion of ammonia with high reactivity fuels, as these C-N
cross-reactions play a pivotal role in the development of ammonia blend fuel mechanisms. This study explored the
influence of multi-structural effects on the kinetics and thermodynamics of HAA reactions from a range of
representative alkanes (n-butane, iso-butane, n-pentane, iso-pentane, n-heptane, and iso-octane) and oxygenated
species (butanol, methyl propyl ether and ethyl ethanoate). Rate constants were determined using on-the-fly
canonical variational transition-state theory with small-curvature tunneling and multi-structural torsional
anharmonicity. The calculated kinetics data were compared with previous reported results obtained from traditional
transition state theory with unsymmetrical Eckart tunneling and the 1-D hindered rotor treatment. Additionally,
this study investigated the effects of recrossing corrections and small-curvature tunneling, revealing the differences
between different tunneling treatment and the influence of recrossing on reaction kinetics. These findings provide
critical insights into reaction mechanisms and offer alternative kinetic data for advancing ammonia-hybrid
combustion models. The work emphasizes the necessity of accounting for anharmonicity and multi-structural
effects in rate constants and thermochemistry calculations, particularly for relative larger molecules with multiple
conformers.
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1. Introduction

Nowadays, quantum chemistry methodologies offer several approaches for handling hindered internal rotations
1) each with distinct advantages in terms of accuracy and computational efficiency: (1) the single structure
harmonic oscillator approximation, which considers only the most stable conformer while treating all vibration
modes as harmonic oscillators; (2) the one-dimensional hindered rotor (1-D HR) treatment that specifically models
low-frequency modes between heavy atoms as 1-D internal rotations; and (3) The multi-structural approximation
with torsional anharmonicity (MS-T) 23, which explicitly accounts for multiple conformational structures
generated by torsional motions. Among these, the latter two methods have gained particularly prominence in
quantum chemistry studies due to their superior accuracy. The choice of methodology impacts the calculated
kinetic and thermodynamic properties, making comparative studies of these different treatments an ongoing
research focus in computational chemistry.

Ammonia (NHj3) has gained significant attention as a clean fuel alternative, addressing both fossil fuel depletion
and stringent emission requirements +°. While NH3 exhibits lower reactivity than conventional fuels, blending it
with more reactive compounds offers a practical approach for implementation in existing engines %7. Alkanes are


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04721h

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 June 2026. Downloaded on 6/3/2026 5:39:24 AM.

(cc)

Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/D5CP04721H

promising candidates for blending with NHj to create hybrid fuels 810, effectively addressing the low reactivity
and ignition challenges of NHj, particularly at lower temperatures. Their high energy density, favourable ignition
characteristics, and efficient combustion behaviour enhance combustion stability and improve overall engine
performance 12, Additionally, their compatibility with existing storage and transport infrastructure facilitates
practical implementation. For instance, n-butane and n-pentane possess high volatility, ensuring efficient
vaporization and enhancing cold-start performance in NHj blends. iso-Butane and iso-pentane, with their branched
structure, offer higher octane numbers, reducing engine knock and improving combustion efficiency. n-Heptane,
known for its low octane number, serves as a benchmark for ignition quality, enhancing the ignition characteristics
of NHj; blends in compression-ignition engines. iso-Octane, with its high-octane number, significantly reduces
knock tendencies, ensuring stable and efficient combustion when combined with NHj3 in spark-ignition engines.
n-Butanol demonstrates superior characteristics among alcohol-based biofuels, serving both as an efficient fuel
and performance-enhancing additive '>'4. When derived from renewable feedstocks, it provides substantial
environmental advantages by reducing fossil fuels dependence and lowering lifecycle carbon emissions. The fuel
exhibits a high energy density (29.2 MJ/L) comparable to gasoline and approximately 25% higher than ethanol 3,
enabling superior energy output in combustion application. Its advantageous physicochemical properties including
reduced volatility, lower vapor pressure and corrosivity minimize volatile organic compounds (VOCs) emissions
while maintaining excellent compatibility with existing fuel infrastructure components. The n-butanol/NH; blend
system presents particular promise ¢, as both fuels share liquid-phase storage compatibility, facilitating seamless
integration into current distribution networks. Furthermore, high octane rating of n-butanol significant enhances
the anti-knock performance of fuel blends, improving both combustion efficiency and engine operational stability.

Methyl propyl ether (MPE) !7-!8 and Ethyl ethanoate (EE) !° have emerged as versatile biofuel components,
serving as representative benchmarks for ether and ester fuel families due to their physicochemical properties.
MPE demonstrates particularly attractive characteristics for renewable fuel applications, including a high energy
density and superior combustion performance. Its high cetane number ensures efficient ignition in compression-
ignition engines, while the relatively low boiling point (39°C) promotes rapid vaporization — particularly
advantageous for cold-start conditions. The oxygenated structure of MPE facilitates cleaner combustion, typically
reducing particulate matter and carbon monoxide emissions compared to conventional diesel fuels !7. Ethyl
ethanoate (EE) exhibits excellent volatility and a high oxygen content, promoting more completed combustion
with reduced emissions. Its compatibility with existing fuel systems and production pathways from renewable
sources 20 further enhancing its sustainability credentials. The potential for blending either MPE or EE with NH;
presents exciting opportunities to develop hybrid fuel systems that combine the combustion advantages of these
oxygenates with the environmental benefits of ammonia, potentially creating next-generation renewable fuel
formulations.

With optimized blending ratios and combustion conditions, these high-reactivity-ammonia mixtures could
provide a high-performance, low-emission alternative fuel solution for transportation, power generation, and
industrial sectors, supporting global efforts toward carbon neutrality. H-atom abstraction (HAA) from blended
fuels by NH, radicals is one of most important C-N cross reactions and plays a vital role in constructing ammonia-
hybrid combustion mechanisms 21-23. Recent theoretical studies have been carried out to systematically investigated
H-atom abstraction from various hydrocarbon fuels, including alkanes 24, alcohols 2%, ethers 2° and esters 2%, by
NH, radicals. These theoretical calculation studies employed 1-D torsional treatment to account for the low-
frequency torsional modes and used conventional transition state theory with Eckart tunnelling correction 27 to
calculate rate constants across a temperature range of 500-2000 K. To improve the understanding and accuracy of
reaction kinetics for larger fuel molecules and to validate two commonly used methods for rate constant
calculations, this work is motivated by assessing the influence of multi-structural effects on rate constants and
thermodynamic properties. Previous studies have often overlooked these effects, relying solely on the lowest-
energy conformers of reactants and transition states, despite providing useful kinetic parameters for various HAA
reaction types.

The primary objective of this study is to evaluate the impact of multi-structural effects on both kinetics and
thermodynamics by comparing the 1-D hindered rotor treatment with a multi-structural method incorporating
torsional anharmonicity. This comparison is carried out for HAA reactions by NH, radicals from a representative
set of alkanes and oxygenated biofuels taken the recrossing and small-curvature tunneling effects into
consideration.

2. Theoretical and computational methods

2.1 Electronic structure calculations

To maintain consistency with prior computational studies employing 1-D hindered rotor treatments, the M06-
2X 28 density functional combined with the 6-311++G(d,p) 2**° basis set was adopted for distinguishable conformer
searches and structural optimizations of the reactants and saddle points. For initial structure generation, the
torsional angles of the reactants were sampled at five equal increments, corresponding to 72°, 144°, 216°, 288°,
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and 360°, while those of transition states were divided into three increments (120°, 240° and 360°) to account for
coupled internal torsional rotors. Distinguishable conformers were identified from optimized geometries based on
root mean square deviation and energy deviation. Vibrational frequency calculations were performed at the M06-
2X 28/6-311++G(d,p) level of theory, with scaling factors of 0.970 and 0.983 applied to correct the zero-point
energies (ZPE) and vibrational frequencies, respectively 3!. All reactants and products were confirmed to have no
imaginary frequencies, and each saddle point has only one imaginary frequency.

Electronic structure calculations for all species used Gaussian 16 program 32, SCF calculations were converged
using the criteria of energy change (AE) < 10-® a.u. and density change (AD) < 10-1° a.u. in Gaussian16. Geometry
optimizations employed the Opt=Tight keyword. The convergence thresholds were: maximum force < 0.00045
a.u., RMS force < 0.0003 a.u., maximum displacement < 0.0018 a.u., RMS displacement < 0.0012 a.u. The
Int=grid=99974 was used for all DFT calculations.

2.2 Multi-structure and torsional anharmonicity

The multi-structural local harmonic (MS-LH) 3* and multi-structural torsional anharmonicity (MS-T) 23
methods were employed to calculate partition functions and thermodynamic properties. The MS-T method
accounts for all distinguishable conformers arising from multiple minima due to torsional degrees of freedom. It
enhances the accuracy of harmonic approximations by incorporating torsional anharmonicity and coupling of
torsions with overall rotation with each another. The conformational-rovibrational partition function in MS-T
method is expressed as:

QD= ZQrm,, exp(-4U) O] ]_[f M)

=1
Where J is the number of distinguishable structures Ui is the energy of structure J» Orot; 1s the rotational partition
function for structure j, QM is the harmonic oscillator v1brat10nal partition function for structure j, ¢ is the number
of torsions, and f;, is an internal-coordinate torsional anharmonicity factor. If f;, is set to unity, this partition
function reduces to the MS-LH partition function.
The correction factor for multi-structural torsional anharénonlclty is defined as:
MS-T
FMS»T(D* Qcon rov1b(T) (2)
= SSHO
Qcon—rovib (T)
where Qif,;i‘r?,vib is the single structure harmonic oscillator partition function. Similarly, the multi-structural
correction factor that accounts for vibrational anharmonicity while neglecting torsional anharmonicity is defined
as:

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

! Otonrovin(1)
FSHD= G550 oy 3)
con-rovi
Multi-structural calculations were performed in the MSTor 2023 program 34, detailed description is available in
MSTor manual 3.
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The 1-D hindered rotor treatment result together with the optimized geometries, vibrational frequency
calculations was employed in the partition function calculations, which were subsequently used to calculate
thermochemical properties for the selected representative species at different temperatures. The atomization
method, combined with the composite calculations was employed at the CBS-QB3 33, CBS-APNO 3¢, G3 37 and
G4 38 Jevels of theories to calculate the enthalpies of formation at 0 K for stable molecules involved in the reactions.
Based on these inputs, the partition functions and thermodynamic properties, including the standard enthalpy of
formation (AHf,esk), entropy at 298 K (Sesk), and heat capacity C, were calculated using the ThermP code 3. The
calculated thermochemistry data were subsequently fitted to NASA polynomial format using the PAC99 code 3°-
41

The MS-T calculates partition functions and thermodynamic functions of species differently. Based on the
enthalpy values calculated using the MS-T method, the standard enthalpies of formation adopted by He et al. 4>
were employed. A hypothetical formation reaction, x C(g) + y/2 Hx(g) + z/2 O»(g) = CH,0,(g), was constructed
to calculate the gas phase standard enthalpy of formation for C,H,O, species:

AHf,zosK(CxHyOz) = Hﬂ298K(CxHyOz) — X Hio3x(C) — y/2 Hiposx(Hz) — 2/2 Hi208x(02)
+ X AH}298x(C) + y/2 AHgo8x(Hy) + 2/2 AHt 931 (O2) @

2.4 Rate constants calculations

Rate constants were calculated over the temperature range of 298.15-2000 K using the multi-structural
canonical variational theory combined with the small-curvature tunneling (MS-CVT/SCT):

kMS—CVT/SCT (DzaMS—T(T)KSCT[CVT(T)kTST(T) (5)
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Where K5T(T) is the rate constant calculated using the canonical transition state theory (C-TST) method
implemented in the POLYRATE software. aMS=T(T) is the multi-structural torsional anharmonicity factor on

reaction kinetics: N
FY$T(T)
MS-T
a> (D)= VST

TMST (6)
. . . reactaml (T) reactamZ(T) . .
kSCT is the small-curvature tunneling probability 43, and A°VT(T) is the rate constant calculated using canonical

variational transition-state theory (CVTST) #4, incorporating recrossing corrections. Conventional transition-state
theory (TST) typically considers a single saddle point as the sole transition state separating reactants and products.
In contrast, CVTST accounts for a sequence of TSs along the minimum energy path (MEP), the distance along the
MERP is called s. The rate constants are determined by minimizing the free energy barrier along the forward reaction
pathway at a given temperature. This can be expressed as the product of the canonical recrossing transmission
coefficient, I'°VT(T), and the conventional transition state theory rate constant, offering a more accurate
representation of the reaction kinetics:

kCVT(T): min kTST(T,S) :[CVT(Z)kTST(T) (7)

The Polyrate 17-C 4 and Gaussrate 17-B 4346 programs are uesed to compute k<°VT(7), xSCT, and vibrationally
adiabatic ground-state energies 9 (s), where:

Vo ()=Vaep(8)+69 (5) (®)

Where £9(s) is the ZPE of structure at a selected location along the MEP.

For single-structure rate constants, the most stable conformer of the reactant and TS is adopted. The Page—
Mclver method and the reorientation of the dividing surface algorithm 47 are employed to compute the MEPs along
curvilinear internal coordinates. The reaction coordinate s for MEP calculation ranges from —1.0 A to 1.0 A, with
a step size of 0.005 A and a mass scaled of 1 amu. Hessians are updated every nine steps.

3. Results and discussion

3.1 Fuel molecules selected

To systematically investigate the impact of hindered rotor treatments on kinetic and thermodynamic predictions,
seven C4—C8 alkanes and three oxygenated fuel molecules with multiple conformers were selected. Fig. 1 presents
the molecular structures, compound names and the labeling scheme for various HAA sites, which follows the
convention established in our previous studies 2426, Conformational analysis indicated that straight-chain alkanes
generally exhibit greater conformational diversity than their branched isomers with the same carbon number. For
example, n-pentane possesses seven distinguishable conformers, whereas iso-pentane has three and neopentane
only one. This trend aligned with chemical intuition and supported by prior theoretical studies by Truhlar et al. 48
and Gao et al. %, served as the basis for selecting straight-chain oxygenated species for multi-structural analysis.
The oxygenated compounds of butanol, methyl propyl ether and ethyl ethanoate were chosen to represent the
chemical families respectively and maintain the molecule chain lengths for conformational analysis. Due to the
significant computational demands of MS-T calculations for larger molecules like n-heptane and iso-octane, only
their dominant channels were examined in this study.

Alkanes
(s-ps) (s-ps) (s-ps) (s- ~)
i -9 ?2 ¢ ) 2 c:
- - \ ~ - s - -S Ve
Cc4 (ﬁ:(l,( \C,(HA (o] l’ e Coem, €7 "}-13(’ - \(, “CH,
H, lz [[1 '\ H,
=2 (s-25) \(s—-\)
n-Butane n-Pentane n- nr.pldm.
”{ { s (@ q) 'CH; CH,
I L] 1
0 ddt-3p) @) & Pll JBCUL T Liesap)
(ﬁ)(l‘ HS(’ 3 ;’\( u([—i1
H, 0
(\ pl) (s- lq)
iso-Butane iso-Pentane iso-Octane
Alcohol Ether Ester
(r-5) (a-s) U‘ *'
ST YN («hp) g “ﬁ"
LCL, A om) - (a'- “ (p- P)
-p
H,C h ~OH 8 o~

2

(-s) (n 9

Butanol Methyl propyl ether Ethyl ethanoate

Fig. 1. Molecular structures of target species and the abstracted hydrogen atom sites investigated in this study (black: primary
carbon, red: secondry carbon, blue: tertiary carbon, pink: hydroxyl).
3.2 Thermodynamics
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The standard enthalpy of formation (AHf29sx) and entropy at 298 K (S9sk), calculated using both 1-D torsional
treatment and MS-T method, were compared with literature results including the Active Thermochemical Tables
(ATcT) 2, the Third Millennium Ideal Gas and Condensed Phase Thermochemical Database for Combustion
(referred as Burcat’s database in this work) 5°, and the NIST Chemistry Webbook 3!:32. The comparison results are
shown in supplementary information (SI) Table S1.

To reduce the potential uncertainty from the different databases, Fig. 2 (a) presents the absolute deviation
between calculated standard enthalpy of formation and ATcT refence values, while Fig. 2 (b) shows the
corresponding deviations for entropies at 298 K relative Burcat’s database. Enthalpy of formation calculated by
both of the two computational methods are within 1.00 kcal mol-! difference from each other except for iso-octane,
where the 1-D torsional treatment shows a deviation of 1.33 kcal mol! from the literature 22. Mean unsigned error
(MUE) is 0.58 kcal mol™ for AHf,95x and 1.01 cal mol™! K for Syogx by using the 1-D torsional treatment method,
that are 0.24 kcal mol~' and 0.28 cal mol~! K-!, respectively by using the MS-T approach. These results show that
the MS-T method is relatively more accurate in calculating the thermochemistry data. The calculated heat
capacities across species showed systematic increases with molecular size, exhibiting good agreement between the
two partition function treatments (within 0.48 cal mol'K-') as well as with database benchmarks. Detailed
comparison between this work and the ones from the literature is shown in SI Table S2.

2.0 3.0 b 1-D HR
Ty = 1-DHR w1
E (a) s MS-T = 2.5 ( ) * MS-T
1.5 R u
7 10 . 220
= ) .
£ 1.0 £ 1.5
= E -
2 > 1.0+ . . .
2 0.5 " £ 8 .
P .ty 051, -
= L] - ] [ ] o
ool . . & 0.01 - -
« -0.5
-0.5 T T T T T T T T -1.0 T T
=70 -65 -60 -55 -50 -45 -40 -35 -30 -25 60 80 100

AH(298.15K) (keal mol'")

§ (298.15K) (cal mol'K™)

Fig. 2. Deviation between calculated (a) standard enthalpy of formation (b) entropy at 298 K and the corresponding literature
data for selected species in Fig. 1.

3. 3 Multi-structural torsional anharmonicity

A systematic conformer search for HAA reactions with NH, radicals revealed distinct conformational
landscapes across different molecular systems. Multiple conformational structures are generated by internal
rotations. Different conformations forming from the torsion of the C—-H-NH, moiety were included. Nitrogen
inversion was not considered. For the n-butane, 3 reactant conformers were identified, with 20 and 10 transition
state conformers located at the p-s and s-ps sites, respectively. iso-Butane exhibited 1 reactant conformer while 10
and 2 transition state conformers located at the p-t and t-3p sites. For n-pentane, 7 reactant conformers were found,
alongside 33, 24, and 18 transition state conformers at the p-s, s-ps, and s-2s sites, respectively. iso-Pentane
displayed 3 reactant conformers and 20, 32, 12, and 12 transition state conformers located at the p-s, t-s2p, s-pt,
and p-t sites, respectively. Larger alkanes showed increased conformational complexity. n-Heptane yielded 58
reactant conformers and 67 transition state conformers at s-ps site, while iso-octane produced 6 reactant conformers
and 62 transition state conformers found at p-q site. Oxygenated species exhibited particularly rich conformational
diversity. Butanol featured 27 reactant conformers and 54, 42, 100, and 86 transition state conformers located at
OH, o-s, B-s and y-s sites. For the methyl propyl ether, 9 reactant conformers were included, alongside 45, 24, 24,
and 50 transition state conformers at the o-p, a-s, B-s, and y-p sites, respectively. Ethyl ethanoate presented 7
reactant conformers and 34, 18, and 36 transition state conformers located at o'-p, a-s and B-s/y-p sites. All
conformer counts include enantiomeric pairs, as determined by rigorous symmetry analysis. These results highlight
the substantial variations in conformational complexity as a function of molecular size, functional group, and
abstraction site type.

The effect of multi-structural torsional anharmonicity on rate constants is represented by the factora™MST(T),
which is defined as the ratio of FY$T(7) to FYS.I (7). In this study, since one of the reactants is the NH, radical,
which does not exhibit multi-structural with torsional anharmonicity effects, only the effects of TSs and the other
reactant need to be considered. The individual contributions of multi-structural effects and torsional anharmonicity
to the reaction kinetics can be evaluate by the ratio aMST(T) oMSLH(T) which quantifies the impact of torsional
anharmonicity on rate constants.
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Fig. 3 present the influence of torsional anharmonicity, namely a™ST(T)/ «M3H(T), on reaction rate constant
across different HAA sites. The rotation of the methyl group in conformers does not lead to distinguishable
structures, so it does not contribute to multi-structure effects. However, the torsions involving the methyl group
couple with other torsions, thereby contributing to the torsional anharmonicity effects. As shown in Fig. 3, the
value of eMST(T)/ MSTH(T) for primary carbon sites range from 0.15 to 0.65, for secondary carbon sites from
0.23 to 0.76, for tertiary carbon sites from 0.19 to 0.46, and for the hydroxyl site from 0.44 to 0.61. Regardless of
the specific site characteristics, the overall impact of torsional anharmonicity consistently below 0.8, which
decreases the rate constants systematically. This result reveals that considering only the anharmonicity arising from
conformational distributions while neglecting coupled torsional potentials leads to the rate constants being
overestimated by approximately 20-85%. These findings highlight the critical importance of incorporating
complete torsional coupling effects in kinetic predictions, particularly for systems exhibiting complex multi-
dimensional potential energy surfaces. The observed universal suppression effect across all site types suggests
torsional anharmonicity represents a fundamental correction factor that should be routinely included in HAA
kinetic calculations.
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Fig. 3. Effects of torsional anharmonicity on reaction rate constants as a function of temperature for various reactants and
different types of HAA.

The oMST(T) values for different types of HAA reaction sites, including primary carbon, secondary carbon,
tertiary carbon, and hydroxyl group, are shown in Fig. 4. The multi-structural torsional anharmonicity factor (oS
(7)) exhibits a temperature-dependent influence on reaction rate constants, with values larger than one, leading to
rate constant enhancement and vice versa. The factor values for the same type of site across different species
exhibit significant variation. For example, the a™S(7T) values for the primary HAA site of iso-octane range from
9.3 to 10.6, whereas those for iso-pentane vary from 2.5 to 5.0. Substantial differences also exist in the factor
values for similar sites within the same species. For methyl propyl ether, the value for the a-p site ranges from 7.0
to 7.7, whereas that for the y-p site ranges from 0.2 to 1.5. For the secondary carbon sites in butanol, the values for
the B-s and y-s sites exhibit strong temperature dependence, ranging from 0.3 to 6.7. In contrast, the value for the
o-s site remains below 0.7 across the whole temperature range. A comprehensive analysis reveals that the
temperature dependence of a™ST(7) cannot be reliably inferred from reaction site type alone, as different HAA
types exhibit no consistent trends in torsional anharmonicity behavior. This lack of class-specific patterns
underscores the necessity of first-principles calculations for each distinct reaction pathway, requiring rigorous
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evaluation of the full conformational distributions of both reactants and transition states, as well as the internal
torsional modes and associated energy landscapes of flexible molecular frameworks. This detailed analysis can
derive the rovibrational partition functions accurately and ultimately obtain accurate oS T(7) values that properly
account for the complex interplay of multi-structural effects in kinetic predictions.

g 12 |Primary Secondary S
o) 6 B
3 0 ——ieOumume B e
-

g e

-

8 54 =Ry - - =
%‘ [_E Ga BE S Eile mosre s S MPE(@p :4& - - MPE (¢-s) " 7= —Butanol (-5)]
2 % g |—--Ethyl ethanoate (gp). —-=-=-—"—="—-—1 = . - ~Ethyl ethanoate (u-5)
-] “N s ——iso-Pentane (p-t E 2 e e,k
o - - P e ———Iso-Pentang (s-pt
- 4 —— 1s0-Pentane (p-s) = - ” el SR W SRy E

® — AT A i - .MPE(-s) T
5 . | T—-— - -Ethyl elhanoz\le(|3-_p)iso_Bmme A ———— -Pentane (s-25) — n-Butane
2 —n-Pe B B EE G a i i o e i
-'g 0l e MPE (y-p) —— n-Butane 0 ——=n-Pentane (s-ps)— —Butanol (a-s) ——n-Heptane]
E 400 800 1200 1600 2000 400 800 1200 1600 2000
2 T(K) T (K)
S
IS
& 2 3
% Tertiary " |-OH
> . o™
§ w - —Butanol _ -~
(s} 24 -7 a
© £ e -

-
o] ; 14 4 = L
E : .’
5 I ‘E s
k: g ’ '
g ——iso-Butane ;7
s} hi
= -
R -
> 01— r . " 0L . , '
© 400 800 1200 1600 2000 400 800 1200 1600 2000
£ T (K) T (K)
= Fig. 4. Multi-structural torsional anharmonicity factors as a function of temperature for reactions at different H-abstraction type
'_

of various reactants.

3.4 Recrossing and tunneling effects

Open Access Article. Published on 02 June 2026. Downloaded on 6/3/2026 5:39:24 AM.

Canonical variational transition state theory (CVTST) calculations provided quantitative insight into recrossing
effects during HAA by NH, radicals, as evidenced by the transmission coefficients 7VT shown in Fig. 5 for
different reaction channels. Alkane reactant systems exhibit consistent site dependent recrossing behavior with
transmission coefficients VT of 0.70-0.95 for primary, 0.82—0.98 for secondary, and 0.90—1.00 for tertiary sites.
Oxygenated fuels demonstrate more complicated dynamics and the displacement of the generalized transition state
along the reaction coordinate serves as the primary indicator of variational strength, for example of butanol where
the a-site abstraction displays significantly stronger variational effects (generalized transition state displacement
progressing from —0.03 Bohr at 298 K to —0.067 Bohr at 2000 K) compared to the p-site (—0.015 to —0.023 Bohr).
Furthermore, branched alkanes consistently show coefficients nearer to unity than their linear counterparts,
indicating substantially reduced recrossing effects. The predominance of sub-unity coefficients (typically 0.7—
0.95) provides compelling evidence that conventional transition state theory systematically overestimates reaction
rates by 5-30%, with the degree of overestimation being highly dependent on both molecular structure and specific
abstraction site characteristics.
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To investigate the influence of quantum tunneling effects on reaction rate constants, the temperature-dependent
tunneling transmission coefficients k calculated using the small-curvature tunneling (SCT) method are presented
in Fig. 6, with Eckart tunneling (ET) corrections included for comparison. The SCT transmission coefficients
account for both quantum mechanical tunneling and non-classical reflection above the effective barrier. Tunneling
effects can be rationalized based on the shape of the vibrationally adiabatic ground-state potential energy curve—
the narrower and higher barriers typically exhibit stronger tunneling contributions, as the tunneling probability
increases with barrier steepness. HAA at primary sites generally involves larger reaction barriers, leading to more
significant tunneling effects compared to secondary or tertiary sites. To confirm that the reaction coordinate range
for MEP calculation of -1 to 1 A is sufficient to describe the low-temperature tunneling effect, the channels at the
B-p site of ethyl ethanoate (EE) and the p-s site of n-butane were selected for validation with different reaction
coordinate ranges, and the results are presented in Fig. S2 of the SI. In summary, expanding the reaction coordinate
range for MEP calculation has no contribution to k at temperature range from 298.15 K to 2000 K. Therefore, it is
reasonable to adopt the range of —1 to 1 A in this work.
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Fig. 6. Multi-dimensional SCT and one-dimensional ET tunneling transmission coefficients as a function of temperature for

3.5 Kinetics

each studied reaction.

Table 1
Electronic barriers (kcal mol!) comparison among different HAA reaction channels.
Species Primary Secondary Tertiary -OH
9.55!(p-s) 7.31'(s-ps)
n-Butane 8.412 6.242 -
3 3
c4 8.25 6.00
9.50'(p-t) 5.94!(t-3p)
iso-Butane 8.212 - 5.082
11.404 7.304
7.21'(s-ps)
9.43!(p-s) 6.20%
n-Pentane 8.352 7.341(s-25) -
6.07°
1(p-
Cs 93 12(p s) ] 5.651(t-s2p)
iso-Pentane 8.34 7:26(s-p) 4.582
9.33Y(p-t) 6.012 4'353
8.042 )
9.32'(p-q)
Neopentane 313 - -
I(s-
(oy) n-Heptane - 7.07'(s-ps) -
6.11%
. 8.94!(p-q)
(& iso-Octane 7 842 - -
5.35!(a-s) 7.58!
4.15%(0-s) 4.982
7.10'(B-s)
Alcohol Butanol - 5.59%(B-s)
7.59'(y-s)
6.31%(y-s)
7.09'(a-p) 5.45'(a-s)
6.19%(a-p) 4.42%(a-s)
Ether Methyl propyl ether 9.69'(y-p) 7.40'(B-s)
8.47%(y-p) 6.00%(B-s)
(o'
3;2222 3 6.831(a-s)
. =] 20y
Ester Ethyl ethanoate 10.30'(B-p) 5.76%(a-s)
9.04*(B-p)

! Previous QCISD(T)/CBS calculations (this work series).
2 This work at M06-2X/6-311++G(d,p) level.

? Siddique et al. at CBS-QB3 level 7.
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4 Mebel et al. at G2M level 7.

As shown in Table 1, the electronic barriers calculated at the M06-2X/6-311++G(d,p) level are systematically
lower by approximately 1 kcal mol-1 compared to the benchmark values obtained at the QCISD(T)/CBS//M06-
2X/6-311++G(d,p) level of theory, which would introduce an error of ~20% in TST calculated rate constants over
the temperature range of 500-2000 K.

Anomalous transverse imaginary frequencies occurred during sampling along the minimum energy path (MEP).
The effects of these transverse imaginary frequencies on vibrationally adiabatic potentials, free energy profiles and
rate constants kMS-CVT/SCT(T) were comprehensively discussed. Fig. S3 in the supporting information compares
the results with and without interpolation correction modes of abnormal imaginary frequencies. Transverse
imaginary frequencies cause free energy profile truncation and significant free energy reduction, which is more
severe at high temperatures. The impact on the rate constants also increases with rising temperature. Channel-
dependent effects arise from differences in the number and spatial range of these imaginary frequencies. For
instance, MEP for the H-atom abstraction at the n-butane p-s site has two transverse imaginary frequencies near
the saddle point, whereas the ethyl ethanoate B-p site only has two between —0.3 and —1.2 A and one elsewhere.
Given that all channels have 1-2 uncorrected transverse imaginary frequencies near the saddle point, we estimate
a 35% uncertainty in &AMS-CVT/SCT(T) arising from this issue.

Analysis of the comparison results reveals that the presence of transverse imaginary frequencies causes
truncation of the free energy profile and a significant decrease in the free energy at the corresponding coordinate
points, and this effect is more pronounced at high temperatures. The impact on the rate constants also increases
with rising temperature. Furthermore, the rate constants of different reaction channels are affected to different
extents, which is attributed to variations in the number and existence range of transverse imaginary frequencies.

The rate constants for the HAA reactions by NH, radicals calculated using the multi-structural canonical
variational transition state theory with small-curvature tunneling and recrossing corrections (KMST&CVI/SCT(TY)) over
the temperature range of 298.15-2000 K are presented in Fig. 7 and Fig. 8. These results are compared with
previous calculations employing the 1-D hindered rotor (1-D HR) treatment in MESS [74] combined with
conventional transition state theory and Eckart tunneling corrections (k"STET(T)) over the temperature range of
500-2000 K. The comparative analysis reveals generally good agreement between the two methods across all
reaction channels. For the NH, + alkane systems, the largest discrepancy (a factor of 2.27 at 500 K) was observed
for the primary site abstraction in iso-octane over 500-2000 K and the rate constants for other alkane reaction
pathways showed excellent agreement with differences typically below 30%. In the low-temperature region (< 500
K), the rate constants from MS-T method were 15-20% lower than the 1-D HR method systematically, primarily
due to more rigorous treatment of multi-conformational distributions and coupled torsional potentials. The
comparison of rate constants obtained using the conventional TST with Eckart tunneling (TST/ET) and the multi-
structural variational transition state theory with small-curvature tunneling and torsional anharmonicity (MS-
T&CVT/SCT) reveals systematic differences across molecular classes. While the discrepancies between the two
methods remain within a factor of ~2 across the entire temperature range for most alkanes—highlighting
relativelymodest multi-structural and anharmonicity effects—significantly larger differences are observed for
oxygenated species. For instance, at 500 K, the a-site hydrogen abstraction from ethyl acetate shows an MS-
T&CVT/SCT rate constant that is over 2.5 times greater than its TST/ET counterpart. This pronounced deviation
is attributed to the increased conformational flexibility introduced by functional groups such as —OH, —O—, and —
COO-, which lead to a broader distribution of accessible conformers and more complex torsional energy
landscapes. Consequently, the multi-structural effects and torsional anharmonicity corrections become critical in
accurately capturing the kinetics of oxygenated fuel molecules—far more so than for structurally simpler
hydrocarbons.
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Fig. 7. Comparisons of rate constants (in cm® mol ! s-!) for the H-atom abstraction reactions of various alkanes with the NH,
radical.

Fig. 8 presents a comparative evaluation of rate constants for NH,-mediated HAA from butanol, methyl propyl
ether, and ethyl acetate, revealing systematic differences between the AMSTECVTSCT and fTSTET methodologies. The
most pronounced discrepancy occurs at ethyl acetate's a-s site, where the multi-structural approach yields rate
constants 2.53, 2.31, and 1.87 times larger than the conventional treatment at 500 K, 1000 K, and 2000 K
respectively. This variation stems principally from differential torsional treatments (aMST/q!-D HR ratios of 1.69,
1.68, and 1.66 at corresponding temperatures), with secondary contributions arising from tunneling methodology
variations (SCT vs. ET) and electronic barrier differences. Notably, although both the 1D HR-based TST with
Eckart tunneling (TST/ET) and the multi-structural variational transition state theory with small-curvature
tunneling (MS-T&CVT/SCT) yield rate constants within the commonly accepted two-fold uncertainty margin in
computational kinetics, the MS-T&CVT/SCT approach requires significantly greater computational resources. In
addition to harmonic frequency calculations, the MS-T framework necessitates extensive conformational sampling
for both reactants and transition states, accurate hindered rotor scans for all flexible torsional modes, and high-
resolution minimum energy path (MEP) calculations to capture variational effects and tunneling contributions. In
contrast, the 1D-HR method relies on a single optimized geometry and a limited number of torsional scans, making
it substantially more efficient. For the same reaction system, the MS-T&CVT/SCT method can require up to 5-10
times more CPU time and disk storage, depending on molecular complexity and the number of torsional degrees
of freedom. Despite this computational cost, the accuracy gains are modest for saturated hydrocarbons, whereas
for highly flexible or oxygenated species, the improvements become more pronounced and potentially necessary.
The observed temperature-dependent convergence of results suggests diminishing methodological sensitivity at
higher temperatures, particularly above 1000 K where quantum effects become less dominant.
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Fig. 8. Comparisons of rate constants (in cm?® mol™! s™') for the H-atom abstraction reactions of butanol, methyl propyl ether
and ethyl ethanoate with the NH, radical.

4. Conclusions

In this work, multi-structural canonical variational transition state theory with small curvature tunneling was
applied to calculate high-pressure limit rate constants for H-atom abstraction by NH, radical from a series of
representative alkanes, butanol, methyl propyl ether and ethyl ethanoate.

Two methods for treating hindered rotations, the 1-D hindered rotor treatment and the multi-structural treatment
with torsional anharmonicity, were used to calculate the standard enthalpy of formation, entropy and heat capacity
for nine representative compounds. The calculated values were compared with corresponding value in databases.
Both hindered rotation treatments predicted thermochemical properties within a reasonable range, with the MS-T
method generally showing closer agreement with the database benchmarks, as reflected in the lower mean unsigned
errors (MUE is 0.24 kcal mol~! and 0.28 cal mol~! K-! for MS-T, versus 0.58 kcal mol~! and 1.01 cal mol~! K-! for
the 1-D torsional treatment).

To investigate the effects of multi-structure and torsional anharmonicity on rate constants, the aMST, gMS-LH and
oMS-T/gMS-LH factors on rate constants were calculated as a function of temperature. The results indicate that, the
overall impact of torsional anharmonicity remains consistently within the range of 0.15-0.8 across all reaction site
types, demonstrating a universal suppression effect on reaction rates. The temperature dependence of multi-
structural torsional anharmonicity factors shows no predictable pattern based on reaction class, necessitating first-
principles calculations for each individual reaction pathway. These calculations must explicitly account for
complete conformational distributions of reactants and transition states, internal torsional modes of flexible
molecular frameworks, and corresponding energy landscapes to derive accurate rovibrational partition functions
and determine the resultant multi-structural torsional anharmonicity factors. Notably, these factors exhibit close
agreement (generally within a factor of two) with correction factors obtained from 1-D HR treatments, validating
the consistency between methodologies while highlighting the importance of pathway-specific analyses for precise
kinetic predictions.

To illustrate the contribution of variational and tunneling effects to the site-specific kinetic data, recrossing and
tunneling transmission coefficients were calculated. Recrossing corrections (transmission coefficients typically
0.7-0.95) systematically reduce rate constants, while tunneling effects are most significant at low temperatures
(298.15-500 K), particularly for primary sites. The small-curvature tunneling (SCT) and Eckart methods show
good agreement above 500 K (coefficients < 2.76) with maximum discrepancies of 1.2-1.8, though the MS-
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T&CVT/SCT approach yields different rates compared to 1-D HR-TST/ET method - notably iso-octane (2.27x at
500 K) and ethyl acetate a-sites (2.53% at 500 K) - due to improved treatment of multi-conformer systems, albeit
at 5—-10x greater computational cost. These results demonstrate that while the predictions of conventional TST/ET
and MS-T&CVT/SCT methods are comparable at high temperatures (> 1000 K), they exhibit significant
discrepancies for the low-temperature kinetics of oxygenated compounds and sterically hindered sites.
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