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Abstract

Automatic potential energy surface (PES) exploration is important to better un-
derstand reaction mechanisms. Existing automatic PES mapping tools usually rely
on predefined knowledge or on computationally expensive on-the-fly quantum-chemical
calculations. In this work, we have developed a method for discovering novel reaction
pathways and automatically mapping out the PES when only being given a starting
species. We have therefore extended the reactive molecular dynamics simulation tool
ChemTraYzer2.0 (Chemical Trajectory Analyzer, CTY) for this PES-mapping algo-
rithm. To explore PESs with low-temperature reactions, we applied the acceleration
method Collective Variable-driven Hyperdynamics (CVHD). This involved the develop-
ment of tailored collective variable (CV) templates, which are discussed in this study.
The PES mapping algorithm can generate new seed species, automatically start replica
simulations for new pathways, and stop the simulation when a reaction has been found,
reducing the computational cost of the algorithm. It is validated for known pathways
in various pyrolysis and oxidation systems: hydrocarbon isomerization and dissociation
(C4H7 and CgH7 PES), mostly dominant at high temperatures, low-temperature ox-
idation of n-butane (C4HgO9 PES) and cyclohexane (CgH;102 PES). As a result, in
addition to new pathways showing up in the simulations, common isomerization and
dissociation pathways were found very fast: for example, 44 reactions of butenyl radi-
cals including major isomerizations and decompositions within about 30 minutes wall
time and low-temperature chemistry such as the internal H-shift of ROy —— QOsH
within one day wall time. Furthermore, since CTY keeps track of all found geometries
of the reactants, transition states, and products, PES mapping facilitates automated
higher-level calculations without a priori knowledge. Lastly, we applied PES mapping
to the oxidation of the recently proposed bio-hybrid fuel 1,3-dioxane and validated that
the tool could be used to discover new reaction pathways of larger molecules that are

of practical use.
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Introduction

Kinetic modeling of fuel pyrolysis and combustion is crucial for applications like design of
new biohybrid fuel or optimization of advanced engines.! To study reactions that are essen-
tial in combustion mechanisms, such as fuel pyrolysis and low-temperature oxidation (LTO),
automated potential energy surface (PES) searching is a building block for further determi-
nation of rate constants through quantum chemistry (QC). Hence, a multitude of reaction
network discovery tools has been developed to date,? each of which come with strengths and
weaknesses and a limited success rate in discovering a full reaction network in a given compu-
tational time. The following provides a non-exhaustive list of popular tools, which rely more
or less on a priori knowledge of reaction classes, templates, and heuristics. The well-known
tool Reaction Mechanism Generator (RMG)? is based on encoded elementary steps from
databases or heuristics and can explain novel phenomena via non-intuitive reactions. Arti-
ficial Force-Induced Reaction (AFIR) finding,? as well as the Single-ended Growing String
Method (SSM),® generates approximate transition states (TSs) also based on databases,
heuristics, or low-level methods, followed by TS optimization. The advanced AutoMeKin
program, % successor of the tsscds method, employs accelerated molecular dynamics (MD)
simulations with semi-empirical density functional theory (DFT) and detects reactions by
applying geometrical criteria (adjacency matrix, SPRINT coordinates) to find TS candi-
dates. These procedures can find novel reaction pathways but are relatively computationally
demanding for larger systems. Kinetik roBot (KinBot)!® has proven to be efficient for the
PES mapping of several systems but requires predefined reaction templates.'*!2 If tentative
elementary steps are known, which requires already-given reactants and products, double-
ended methods like the Nudged Elastic Band (NEB),'*"'® Freezing String Method (FSM), !¢
and Growing String Method (GSM)!'*!7 can be used to optimize the corresponding TSs.

In turn, MD simulations with reactive force fields (FFs) do not require a priori knowl-
edge of possible reactions or products, are very fast, and allow for trajectory-based reac-

tion detection from bond-order analysis. Reactive molecular dynamics (RMD) has also
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shown the capability to describe combustion reactions requiring much fewer computational
resources than ab initio methods.'® However, the time scale in those simulations still re-
mains a problem when temperature is lowered, especially below 1000 K. To accelerate the
simulation process and tackle the time scales required to study complex reaction systems,
various methods have been developed that apply some sort of bias in thermal or potential
energy or its gradient. Enhanced sampling methods, examples of which are metadynamics, !°
Temperature-Accelerated Dynamics (TAD),?° and Adaptive Biasing Force (ABF),?' concen-
trate on improving the overall sampling of the configuration space and thus address the
problem of ergodicity in the MD simulation. However, these methods either lack flexibility,
restricting the applicable scope to a small range of problems, which is a common weakness
of accelerated MD methods, or, due to their biases, fail to accurately describe some reaction
pathways and system properties. The requirements for the generality of a comprehensive
PES searching process have led us to the Collective Variable-Driven Hyperdynamics (CVHD)
method, which combines the strengths of accelerated MD methods and enhanced sampling

1.22 Here, a small number of collective vari-

methods and was recently developed by K. M. Ba
ables (CVs) is used to distinguish all relevant states of the system, and a successively added
biasing potential AV fills up energy minima, thereby considerably reducing the waiting time
between well-to-well transitions. As a result, an exhaustive exploration of the full dynamics
of the fuel combustion process at technically relevant temperatures and time scales can be
reached efficiently.??

In this work, we have developed an automated PES exploration by using parallel MD
simulations with the Chemical Trajectory analYzer (CTY) software package.?t2¢ The CTY
software package can identify complex reaction mechanisms and derive rate constants from
a single MD trajectory, as was demonstrated for high-temperature methane combustion?*
and Hy + O, reactions with coupled recalculations via QC.2% For the present work, we have

extended CTY by an algorithm that explores the PES by subsequently starting further simu-

lations for obtained products, facilitated by parallel simulations and acceleration by CVHD.
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In the test cases, PESmapping of parallel simulations explored high-temperature chemistry
of butenyl radicals C4;H; and the acetylene addition to phenyl radical CoHy + CgHs, while
CVHD was adopted for PESmapping of LTO of typical paraffins n-butane (C4H;O; network)
and cyclohexane (cycCgHi100 network). For LTO, which requires CVHD acceleration, a
thorough CV study was performed to optimize parameter sets of CVs. These have been
integrated as templates into the CTY software code?* so that CVs can be generated on the
fly for MD simulations. The efficiency and performance of the generalized CV parameters
was evaluated. To validate their effectiveness and flexibility, the updated CTY was then

applied to 1,3-dioxane, a recently proposed bio- and e-fuel candidate.?” 29

Methods

The automated PES mapping (see Fig. 1 for a workflow diagram) is enabled by interac-
tion of CTY,?** Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS),30:3!
and Plumed.?? LAMMPS provides the platform of reactive MD simulations with the CVHD
method implemented in version 2.7.0 of Plumed?? to accelerate simulations, and CTY enables
on-the-fly trajectory processing, reaction identifications, and reaction pathways extraction.
The explored trajectories and related structures were carefully checked via Visual Molecular
Dynamics (VMD),?* and some TSs were validated by DFT calculations with Gaussian16.3
CTY2.0 allows for an automated recalculation of stationary points (reactants, products,
and transition states) with higher-level QC methods, but this study focuses on the actual
mapping-out of PES as a necessary step in complete characterization of reactive systems. Ge-
ometries extracted from reactive MD trajectories serve as excellent starting points for higher-

level QC optimizations,?® especially with more sophisticated TS-finding algorithms. 3638
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Figure 1: Workflow of PESmapping. Solid lines represent transitions of activities and dashed
lines represent interaction of different programs. The red dash-dotted line emphasizes a newly
constructed connection in this work.

Simulation details

The reactive force field ReaxFF provides a good compromise between accuracy and compu-
tational effort. We employ the parametrization for C/H/O from the work of Ashraf and van
Duin,? which is an extension of the first ReaxFF combustion force field for hydrocarbons
(> C3) developed by Chenoweth et al.*® in 2008. Therein, QC data of CO/HCO reactions
as well as Hy /Oy chemistry was added. We perform MD simulations with this force field
using LAMMPS3%3! and QEq charge equilibration.*!

The PES-mapping algorithm only requires choosing an initial molecular structure to be
investigated (the seed species). For high-temperature pyrolysis (2500, 3500, and 4500 K) of
the radicals, 50 replicas have been used for butenyl (C4H;) and 30 replicas for acetylene
and phenyl (CgH7). The accelerating effect of high temperature here has been enough to

observe a sufficient number of reactions, i.e. large parts of the network, in combination with
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an adequate total simulation time achieved by parallel replica sampling. In contrast, for
LTO of butane, cyclohexane, and 1,3-dioxane, all of the simulations have been carried out
with CVHD acceleration. For temperatures of 500, 700, and 1000 K, 100 parallel samples
each have been simulated. All samples were run in parallel on one core each within a
maximum of two hours wall-time. Each sample contains a single molecular structure and
the box dimensions are chosen to correspond to a density of 10molm~=3. For each sample,
random initial velocity distributions have been assigned to the same initial positions. Each
configuration has been simulated using a time step of 0.1 fs and a Nosé-Hoover thermostat 423
with a damping constant of 10fs. The atomic configurations and connectivities have been
written to text files every 1 ps and 20fs, respectively.

For Trajectory analysis of our parallel simulations we have been using CTY. CTY per-
forms on-the-fly analysis to detect reactive, i.e. bond order changing, events. Once a reaction
is detected, energies and structures of molecules and TSs are extracted and subsequently op-
timized in LAMMPS. In this study, for each new well, further simulations have been started
with 100 samples per default until no new well was formed (Since the number of atoms
remains constant, the number of wells must be finite). For the TSs extracted by CTY,?* a

pre-optimization by a freezing method has been employed, which assigns zero force to the

atoms actively involved in the reaction, which also have been detected and stored by CTY.

On-the-fly generation of collective variables for hyperdynamics

The CVHD method?? is a CV-based algorithm that combines metadynamics with aspects
from hyperdynamics by using a history-dependent bias constructed from a sum of repulsive
Gaussians. The changes in CV values reflect how far the system has traveled away from
the reference state and are thus defined as local distortions X;. The local distortions are

combined into a global distortion X; using a p-norm to globally describe the distance from
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the reference states according to

n 1/p
X, = (Z Xf) 1)

Here, parameter p controls the weighting of the deviations from the reference states. A
greater value of p provokes more localized events dominated by a small number of CVs with
large distortions, whereas a smaller value of p leads to more “concerted” reactions influenced
by more of the n CVs. Due to the limited description of the configuration space by a single
set of CVs, redefinition of the CVs is generally required when the system reaches a new
state after a transition, i.e. reaction. Therefore, a criterion of the occurrence of a transition
and the following change in the reference state is needed, which is defined here based on the
global distortion. In case of possible transitions, the global distortion should take a value
equal to or greater than a predefined value X ;.

In this work, the CVHD method is implemented with Plumed,??3? which serves as a
plug-in in our MD simulation of reaction systems. While biasing CVs that monotonously
increase with distance quite naturally favors bond dissociations, bond formation processes
are conceptually more difficult to accelerate using CVHD. A convenient solution to also
bias bond formation in addition to bond dissociation is provided by the use of a switching
function (SWF),** enabled by the CVHD implementation in Plumed.?? A rational SWF is
described in Eq. 2. It maps bond distances r from the interval of |0, 400 to a variable s

between |0, 1[.

s(r) = ———m (2)
1 ()

Default values amount to dy = 0, n = 6, and m = 12. The adjustable parameter

ro describes the turning point of the switching function and is chosen to be 1.5A here,

cf. Fig. 2. This value should be reached for typical reaction coordinate values near a T'S.
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Figure 2: Rational switching function with default parameter values and o = 1.5 A.

The local distortions from Eq. 1 are then redefined as X; = ||s; — Srefl|. Choosing the
reference value s,¢f to zero corresponds to decreasing bond length and thus accelerating bond
formation. In turn, a reference value s, = 1 leads to increasing bond length and therefore
acceleration of bond breaking. In this way, bond formation and bond breaking can be treated
consistently under the same Plumed-based framework. At the start of our simulations,
upper and lower bounds of the transformed CVs are determined and the reference s, is
automatically assigned to zero for distances less than ro with its default value of 1.5 A and
to unity for distances greater than r.

Ultimately, along the CVs, Gaussian bells pile up during the simulation so that the bias
can adapt itself to the barriers of the relevant transitions, as is shown in Fig. 3. The height
and width of the Gaussian pulses, as well as the deposition rate influence not only the effec-
tiveness, but also the efficiency of the acceleration, which is represented by the parameters

HEIGHT in unit kcal/mol, SIGMA, and PACE in number of time steps, respectively.
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Figure 3: Bias in form of Gaussian pulses deposited on the energy surface

This large space of adjustable parameters poses the challenge of determining effective
parameter sets. We here adopt a systematic approach that consists of, first, choosing proper
CVs inspired by the LTO reaction mechanisms investigated here, and, second, acceleration
parameter testing. Note that the PESmapping approach is independent of the application
cases from this study. Optimization of the CVs employed herein only renders the explo-
ration more efficient. For different reaction classes and systems (especially of LTO), we have
developed seven templates with optimized CVs and parameter sets detailed in the Results

section.

Validation of reaction pathways by quantum chemical calculations

In order to validate species and TSs, DFT optimizations and frequency calculations have

been carried out at B3LYP /6-311+G(d,p) level.*> For some ambiguous TSs, intrinsic reaction

10

https://doi.org/10.26434/chemrxiv-2023-j1bgd ORCID: https://orcid.org/0000-0001-8147-3464 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-j1bgd
https://orcid.org/0000-0001-8147-3464
https://creativecommons.org/licenses/by/4.0/

coordinate (IRC) calculations have been performed at the same level. Moreover, to increase
the accuracy of the energy of some essential transition states on the PES of 1,3-dioxane,
additional optimizations at the M06-2X/aug-cc-pVTZ level S starting from the B3LYP/6-
311+G(d, p) results have been performed. While uncertainties in barrier heights evaluated
for the DBH24 database amount to more than 4kcalmol ' for B3LYP, the M06-2X /aug-
cc-pVTZ method yields uncertainties below 1kcalmol™.*” This is the second-best method
scaling at fourth order in the benchmark by Zheng et al.*” and therefore well-suited to

efficiently provide reliable barrier heights in this study.

Results and discussion

PES for pyrolysis: parallel simulations of butenyl isomerization and

decomposition of C4H; and CgH~

Reaction pathways on the C4H; PES extracted by CTY from ReaxFF simulations are shown
in Fig. 4. In total, 44 reactions of butenyl radicals, including the major isomerization and
decompositions that are reported in the literature, were found within only ~ 30 minutes
wall-time. One shortcoming of the ReaxFF' parametrization can be seen from e.g. the left
and right ends of Fig. 4: the sum of energies of decomposition products is often higher than
the TS connecting them. In principle, such submerged barriers may exist, but in these cases
this is owed to the ReaxFF parametrization badly reproducing the energy of the system (sim-
ilar issues may arise for BALYP barrier optimizations). Nevertheless, the obtained pathways
can be validated and the resulting geometries of T'Ss and products are descriptive starting
points for higher-level optimizations. The inset of Fig. 4 shows the comparison of the TS
geometry extracted by CTY at the ReaxFF level and the geometry optimized at QCISD /6-
311++G(2df,2p) level from the literature.*® The difference in bond lengths amounts to 10 %
to 30 %, but the TS features are well captured and good enough to serve as an initial geom-

etry guess for high-level quantum chemical calculation for both S-scission and isomerization

11
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Figure 4: PES of C4H7 extracted with CTY from reactive MD simulations at ReaxFF level,
Ashraf2017 parametrization.®® Reactions that are the same as in Huang et al.*® are denoted
in black, newly-observed reactions in blue, other not observed yet possible reactions in red.
Energy unit: kcal /mol

reaction of hydrocarbon radicals. Three reactions are marked in red, which are not found by
the MD simulation. The reason is mainly that MD simulation naturally favors reactions that
have lower barrier heights and we only simulated a limited temperature range and sample
numbers. If more high-barrier reactions are desired, acceleration methods can be used which
will be introduced below for the LTO systems.

Fig. 5 gives the explored PES of the reaction of acetylene and the phenyl radical, which
serves as the first step of the hydrogen-abstraction-acetylene-addition (HACA) mechanism.*?
The most important decomposition and isomerization steps are observed (the same as ob-

served by Mebel et al.*?). The difference between TSs geometries at the ReaxFF level and

B3LYP/6-311G** level from Mebel et al.?® is very small: both the bond lengths and bond
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Figure 5: PES of CgH7 extracted with CTY from reactive MD simulations at ReaxFF level,
Ashraf2017 parametrization. 3’

angles differ less than 15 %.

PES for low-temperature oxidation: CVHD-accelerated parallel sim-

ulations for C4;HgO5 and cyclic C¢H{10>

We observe typical LTO reactions such as RO5 isomerization to QO-H or QOsH decomposi-
tion to cyclic ethers when CVHD acceleration is used. Our studies on butyl and cyclohexyl
radical oxidation also serve to train the CVs required for the acceleration method. The
C4HyO2 PES from PESmapping is shown in Fig. 6. The PESmapping algorithm does not
only reproduce a large number of important reactions known from literature, cf. Duan et
al.,?® but also leads to some reactions not considered in state-of-the-art mechanisms. The
corresponding barriers are mostly larger than the ones of the known reactions and do not
produce products of great importance to the butane oxidation mechanism, which may be the
reason for them not being part of state-of-the-art butane mechanisms. Rather, the result-
ing reactions indicate that PESmapping reasonably explores chemical space without prior

knowledge about the involved mechanism.
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Figure 6: PES of the n-butyl peroxy radical C;HgO, extracted with PESmapping in CTY
from reactive MD simulations at ReaxFF level, Ashraf2017 parametrization.3® Reactions
that are known from Duan et al.?® are depicted in black, newly-observed reactions in blue.
The energy unit is kcal /mol.

Fig. 7 presents the comparison between the extracted TS geometry for isomerization of
the butyl peroxy radical to QO>H, and decomposition of QOsH at ReaxFF level, and the
TS geometries optimized from the ReaxFF initial structures at the B3LYP /6-311++G(d,p)
level. Here, the average relative deviation in relevant bond lengths ranges from 4.1 % to
19.5 % for TS structures. Once again, the ReaxFF level structures serve as a good initial T'S
guess.

We further validate PESmapping for a cyclic fuel, cyc-CgH;10,. Knepp et al.?! have laid
out a detailed mechanism for the LTO of cyclohexane. The key reactions are reproduced by
PESmapping, and two more pathways show up in the simulations, cf. Fig. 8.

A phenomenon showing up both in the butane and cyclohexane reaction systems, is the
OH-shift isomerization, a pathway also noted by Green et al.®? in their QO,H — HOQO

isomerization study. In MD simulations, atoms are in constant vibration, especially lighter

14

https://doi.org/10.26434/chemrxiv-2023-j1bgd ORCID: https://orcid.org/0000-0001-8147-3464 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-j1bgd
https://orcid.org/0000-0001-8147-3464
https://creativecommons.org/licenses/by/4.0/

J
a2 b2 Y c2 “@®

1.76
123@) 0 @@ e
O 1367 142 « < J 2.20 ‘ ®
e ‘Q . &
8T e e
~
v J J
Figure 7: Transition state structure comparison for reaction ROy — W1 (al, a2), W1—P1+
OH (b1, b2) and W3 — P8 + OH (c1, ¢2) (cf. Fig. 1 in Supplementary Information). al, bl,
cl were optimized at the ReaxFF level, while bl, b2, b3 were calculated at the B3LYP /6-

311++G(d,p) level (which was also used by Duan et al.®® in 2021). Distances are reported
in Angstrom.

atoms like H atom or groups like OH with less inertia. This results in a strong tendency to
drift away either as a free radical or to other radical sites. Also due to the low barrier at
the ReaxFF level (< 10kcal mol '), reactions like H- or OH-shifts were frequently observed.
To treat this reaction pathway rigorously, our QC approach at B3LYP/6-311G(d,p) level
of theory (and further 6-31+G(d,p) basis to reproduce Knepp et al.?! values) was adopted
to calculate the barrier height for OH-transfer from cyclic C4OoH-2 structure. As shown
in Fig. 9, the to-be-formed C-0O bond in TS b initiated at the ReaxFF geometry a is

1.50 in their cyclohexyl oxidation study.

almost identical to that reported by Knepp et a
The activation energy amounts to 21.8 kcalmol™" according to the same B3LYP/6-31G(d,p)
calculation as by Knepp et al.,®" which decreases to 20.0 kcal mol™ using the 6-311+G(d,p)

basis set. In their ReaxFF study on low-temperature pentane oxidation, Krep et al.?? also
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70.73

ﬁ"‘ C,Hy + HOZ

Figure 8: PES of the cyclohexyl peroxy radical cyc-CgH;1; 05 extracted with PESmapping in
CTY from reactive MD simulations at ReaxFF level, Ashraf2017 parametrization.®® Reac-
tions that are known from Knepp et al.?! are depicted in black, newly-observed reactions in
blue. The energy unit is kcal /mol.

noted a significant underestimation of methyl group migration (from 2-pentyl to isopentyl) by

45kcalmol ™. Such isomerization barriers seem to be generally underestimated by ReaxFF.

CYV efficiency study

Inspired by the various reactions of the LTO of butane and cyclohexane, we have developed
various CV templates to efficiently explore the space of (LTO) reactions and studied the
influence of CV parameters on effectively found reaction types and CPU times. The corre-
sponding templates are named with four letters: the first two describe the elements of the
atoms involved in the respective bond, followed by “bb” if bond breaking is accelerated and
“bf” if bond formation is accelerated. Seven templates have been generated (and equally ap-
plied during the simulation setup) that make use of CVs with optimized parameter settings
given in the SI: (1) chbb without switching function, (2) cobf, (3) cobf, cobf + ccbb, cobf +
cebf, (4) ccbb without switching function, (5) ccbb, (6) ccbf, (7) ohbf. Template 3 contains

three cases with the same weight of one third.
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a J1812.66148 b 2‘216‘ c .
At AR

Figure 9: Comparison of TS structure for the OH-isomerization of cyclic C4O2H, structure
2 (W2 — P10 in Fig. 2 in Supplementary Information). Indices a, b, and ¢ refer to the
TS structure obtained, respectively, at ReaxFF level, B3LYP/6-311+G(d,p) level based on
structure a, and at the B3LYP/6-31G(d, p) level used by Knepp et al.?" in 2007. Distances
are given in Angstroms.

To illustrate the major reaction classes addressed by the integrated templates, we use
reactions from the cyclohexane 2-peroxy radical system as test case. We use eight represen-
tative key reactions from this network to study CV templates, listed in Table 1.

For the key reactions from Table 1, five templates that show an interesting distribution
among accelerating these key reactions are presented in Fig. 10.

Different templates have a focus on different reaction classes as can bee seen from Fig.
10. Template 2 (cobf) derived from the cyclohexane system exhibits a good performance in
discovering epoxides and OH-transfer reactions. Template 3 can be regarded as the most
all-around and robust template owing to its complex composition. Template 4 (ccbb w/o
switching function) and template 5 (ccbb) derived from cyclohexane and n-butane system,
respectively, exert their effects on accelerating C—C bond fission. Both are implemented to
improve the diversity of this kind of reactions in paraffin and naphthene systems. Template
6 (ccbf) was also obtained from the n-butane system in order to promote the formation of
methyl-cyclopropane and cyclobutane. Its capability in discovering the same reaction class

in cyclohexane system has been successfully proven by the template tests.
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Figure 10: The distribution of key reactions defined in Table 1 in template 2, 3, 4, 5, and 6.

Influence of parameter HEIGHT

Fig. 11 shows the influence of parameter HEIGHT on the key reactions for cyclic C4OoH-
2. As written above, template 2 will mainly yield epoxides for the cyclohexane case when
working properly. We therefore check for how often 1,3-epoxycyclohexane is produced when
varying parameter HEIGHT. For HEIGHT larger or equal to 3.2kcalmol ™', the desired
product is obtained in more than 40 % of the samples with this reaction event, cf. Fig. 11a.
CPU time was saved by nearly 50 % compared to the case of 0.1 kcal mol ™. A further increase
in HEIGHT continued to lower computational costs without diminishing the recognition
rate. Through a comparison regarding the average CPU time, it was shown that the bond-
breaking process, cf. template 4 in Fig. 11b, evolves an order of magnitude faster than

the bond formation process. The latter one usually spends more time trapped in one well
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until sufficient energies have been accumulated. To further study the increased proportion
of the desirable product 3-butanal, we extend the bias potential range by 5kcalmol™' and
10 kcal mol ™ in our automatically generated CVs, facilitated by the extremely low CPU time
needed, cf. Fig. 11.

B 1,3-epoxycyclohexane products not identified

100 5E+3

80 4E+3
=
Y
s 60 3E+3 3
= o]
2 [
Z O
=40 2E+3 %
8
>
<

20 1E+3

0 0E+0

0105 1 2 2326 29 32 35 5 10 +

HEIGHT (kcal/mol)
(a) Template2
B g-scission M products not identified 3-butenal
100 —pre— 200
10 i3
80
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\'J‘./
2
= 60 £
= o)
° 100 &
= o
A 40 &
g
=

50

20

0105 1 2 232629 3235 5 10
HEIGHT (kcal/mol)

(b) Template 4

Figure 11: Influence of parameter HEIGHT on finding key reactions for cyclic C4gH;;O9-2,
with corresponding product recognition rates, where R1 with template 2 and R5, R6 with
template 4 serve as examples. The average CPU time is given by averaging the sum of CPU
cost for each parallel simulation over the sample number and is recorded in seconds.

19

https://doi.org/10.26434/chemrxiv-2023-j1bgd ORCID: https://orcid.org/0000-0001-8147-3464 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-j1bgd
https://orcid.org/0000-0001-8147-3464
https://creativecommons.org/licenses/by/4.0/

Influence of parameter PACE

Another CV parameter PACE determines the frequency of the deposition of Gaussian pulses
in the number of time steps, which has retained a value of 200 during previous simulations.
As is depicted in Fig. 12, a relatively high ratio of intended reactions to all reactions has been
observed for values of 100, 200, and 300, which reflects the robustness of our CV templates,
yet a further increase led to worse performance in identifying the key products as a result of
the slower bias behavior. After testing a series of PACE values, the effectiveness of the unified
PACE of 200 in the present work has been validated. Nevertheless, regarding computational
cost a PACE of 100 or 300 may be a bit more efficient (note that the CPU time axis in
Fig. 12 is cut off at 1000) and can be examined in future applications of our templates on
similar reaction systems. Altogether, the parameter PACE has slighter influence than the

parameter HEIGHT.

90 2800
r other reactions B key products 7

80 B key reactions —&— average CPU time 72600

70 - 2400
S anl ) =
X 60 42200
.2 [ s =
g 50F 2000 >
o0 r 9% n =
2 a0f 8% . | o —1800 <
= 301 —41600
& " - <

20 +1400

10 +1200

1000

100 200 300 400
PACE (time steps)

Figure 12: Influence of parameter PACE on the simulation of cyclohexane oxidation (cyc-
CgH1109-2. The average CPU time is given by averaging the sum of CPU cost for each
parallel simulation over sample number and recorded in seconds.

a priori application of PESmapping and CVHD to cyclic C4H;O4

PESmapping in combination with proper CVHD templates can predictively reveal chemi-

cal mechanisms for fuels without knowledge on existing models. For the recently proposed
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potential biohybrid fuel 1,3-dioxane, no previous calculations have been available except
the very recent contributions involving our research group.2”2° We therefore have selected
1,3-dioxane oxidation upon designing this study as an interesting system to verify the effec-
tiveness and reliability of our approach. This involved application of on-the-fly generated
CVs using the preoptimized and integrated CV templates. As is summarized in Fig. 13,
important reaction classes in the first Oy addition were successfully reproduced within 600
samples for each peroxy radical and the hydroperoxyl radical. The batch time for each paral-
lel simulation was set to a constant value of 2 hours. All three peroxy radicals of 1,3-dioxane
followed similar reaction channels, including H-isomerization to form hydroperoxyl radicals,
formation of bridged cyclic ethers and dissociation to bimolecular products or trimolecular

fragments via [-scission.

Figure 13: PES of C4H;04-2 obtained from reactive MD simulations at ReaxFF level,
Ashraf2017 parametrization.3® The reactions of the same class as on the PES of cyclic C50,
is denoted in black, newly-observed reactions in blue. The energy unit is kcal/mol. PESs
for the other two peroxy radicals are given in the Supplementary Information.

One reaction class of interest is the decomposition into a fused bicyclic compound and
HO,, which is not so important in hydrocarbon cyclic structures due to high strain energy.?®

As shown in Fig. 14, structures at the ReaxF[I level identified by ChemTraYzer?* were
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good approximations to DFT results, with a maximum deviation of 0.2A in the length of
the critical forming C—~O bond and of 0.4 A in the lengths of the breaking C-O bond.
Based on ReaxFF level results, the T'Ss were further validated at B3LYP /6-311+G(d,p) and
MO06-2X /aug-cc-pVTZ levels as shown in Table 2. The barrier heights for three/four/five-
membered-ring TSs are all below 20kcal mol 'and that leading to the three-membered ring
species is even below 5kcalmol™'. After refinement at the M06-2X /aug-cc-pVTZ level, the
activation energies slightly increased, but are still below 30kcalmol™'. Thus these paths

could possibly contribute to QO>H consumption in 1,3-dioxane oxidation.

al b1 c1

J

< 1.92 @
.b & 72
1 67 & v '{ ‘ %1 72 1 72 ’
o <
a2 b2 c2
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o % ) QL2 g 19 ~ 9
< 1.93 4’
‘%_;8 9 2.13 ‘%‘//‘J
=~ >

Figure 14: TS structures of reaction W4 — P9 +HO, (al, a2), W5 — P24 +HO, (b1, b2) in
Fig. 3 in Supplementary Information and W3 — P14 +HO, (c1, ¢2) in fig 13. Index 1 refers
to structures optimized at the ReaxFF level, while structures calculated at the B3LYP /6-
311+G(d, p) level carry index 2. Distances are reported in Angstroms.

PESmapping together with CV templates has revealed a multitude of oxidation reactions
for the three dioxane peroxy radicals. We expect the eight CV templates developed in this
study to accelerate oxidation reactions in general. Substantially different reaction systems
— e.g. involving substitutions, diradicals, other chemical elements — will need further tem-
plates to work with CVHD acceleration. The PESmapping algorithm is independent of the

acceleration method employed. At high temperatures, it can without acceleration quickly
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explore large chemical networks, as shown for butenyl and for the acetylene/phenyl system,

which is promising for studying soot precursors and formation pathways.

Conclusions

In this work, we made progress in the automatization of PES mapping incorporating a new
CVHD module into the CTY software, thus enabling for an efficient PES searching for hy-
drocarbons and oxygenated fuels regardless of temperature and their molecular structure.
With and without this acceleration, a PESmapping algorithm could automatically explore
large networks in pyrolysis and oxidation of fuel molecules. We showed that with paral-
lel simulations and PES mapping, common isomerization and dissociation pathways can
be found in wall-time scales of hours for hydrocarbon radicals (C4H7, CgHy). By deriv-
ing effective and flexible CV parameters and developing valuable templates that are highly
adaptive to different reaction systems at low temperatures, the reproduction of almost all
LTO reactions in butane, cyclohexane, and a newly proposed biohybrid fuel 1,3-dioxane, is
achieved. Furthermore, some important reaction pathways have been validated using QC.
The corresponding TS structures extracted from ReaxFF simulations have been proved to
be excellent initial approximations, which underlines the effectiveness of the well-tuned CVs
in accelerating correct dynamics.

A systematic study revealed influence of the bias potential parameters (HEIGHT and
PACE) on the consumed CPU time and recognition rate of products. This deepens the
understanding of the biasing process and offers guidance for future applications. Discussion
of the Gaussian height parameter HEIGHT and additional discussion about the frequency of
adding bias, namely PACE, confirms the reasonableness of choice (HEIGHT=3.2 kcal mol ™
to 3.5kcalmol™! and PACE=200) while PACE may also be chosen to be 100 as well. The
modular CV templates can be further expanded for more reaction systems in an elegant

manner, such as the automatic exploration of soot formation and soot oxidation, which was
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previously inaccessible using existing computational chemistry methods.

While the PESmapping algorithm of this study is independent of the employed MD
acceleration method, the optimized CVHD templates are expected to generally work for
oxidation networks. Our CV template development procedure can be used and extended to

further chemical elements and processes.
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Table 1: Key reactions for cyc-CgH;102-2 with corresponding products.

reactant product(s) reaction label

3o
R1

O +wo.
R2

(0

OH R3
OOH P
|| +OH
* R4
OOH
I, R5
(o)
1
+ C,H, + OH
- R6
OOH
R7
OOH
X RS
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Table 2: Activation energies for dioxane QO>H decomposition reactions verified
at DFT level (energies in kcal/mol).

Reactions B3LYP/ M06-2X/
6-311+G(d,p) aug-cc-pVT7Z
iOH
a 'l
oo _Z, OKO)O + OH
K/'- 15.84 26.02
iOH
b
J Y ron
4 11.16 20.38
Pas C Pas
Aoon
o 4.50 13.81
-~ e N
OOH 13.13 24.20
iOH
f 0
. — (Yo,
45.95 §
OOH
o)\o 9 oO-0
. = L] *+HO:
4 62.43 -
-~ PN
U\ —h> o 0 +HO,
OOH \V, 42.89 ]
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e PESmapping.zip: archive containing two python scripts: PESmapping.py with the
PES mapping algorithm used in this study and simulation.py with the CTY module

containing CVHD templates developed in this study
e SM1-PESmapping.xls: optimized parameter sets for optimized CVs
e SM2-PESmapping.xls: all stationary point structures from this study

e SM3-PESmapping.pdf: PES diagrams for the other two cyclohexyl peroxy radical sys-

tems along with a flowchart depicting the on-the-fly generation of CVs
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