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1. Introduction

The construction of reliable datasets for chemi-
cal reactivity is often bottlenecked by "chemical in-
tuition" - the requirement that researchers manu-
ally hypothesize reaction coordinates. This intro-
duces bias and limits the discovery of complex, non-
intuitive mechanisms. In this work, we present a gen-
erated dataset of reaction pathways for the synthesis
of hexagonal boron nitride (hBN) from ammonia bo-
rane (BN Hg - leftmost molecule in Fig 1, a) to borazine
(B3N3Hg - rightmost molecule in Fig 1, b) produced via
the k-index Molecular High-Index Saddle Dynamic
Method (k-MHiSD).

2. Methods

The k-MHiSD method is based on previous High-
index Saddle Dynamics (HiSD) methods that targeted
other physical systems.[1, 2] This approach is in-
tended to start from a local energy minimum of
the potential energy surface (PES) and searching
along the paths of slightest gradient ascent to find
the closest neighbouring stationary states. By repeat-
ing this process iteratively, and including down-ward
searches from higher index stationary states, full re-
action networks can be generated. A key feature of
this method is its ability to locate high-index (k) sad-
dle points and perform bidirectional searches - step-
ping up to index k + 1 or down to index k — 1. This
branching capability allows us to map a dense con-
nectivity graph of the PES, potentially identifying 2~
reaction channels from a single high-order state.

The k-MHiSD method requires energies, gradients,
and hessian values which can be output from any elec-
tronic structure method. We are currently using the
psi4[3] computational package to generate these val-
ues using density functional theory (DFT) methods,
and we are exploring low cost computational meth-
ods, such as xTB,[4] to accelerate reaction network
discovery. We are also exploring the combination
of low and high cost methods in a multi-fidelity ap-
proach that can accelerate saddle-point searching,
which retain high accuracy final data points.

3. Results

We apply this workflow to the growth of hBN. Ex-
perimental mass spectrometry suggests a mechanism
involving borazine intermediates, and reaction path-
ways for the initial reactions of ammonia-borane have

been proposed,[5] but a definitive reaction mecha-
nism is not yet established. Our automated search
reveals a minimum energy path starting at ammonia
borane and ending with borazine (Fig. 1), a proposed
pathway previously undocumented in theoretical lit-
erature, in addition to multiple other side reactions.

We are currently extending the search algorithm
to map the subsequent growth from borazine to the
hBN monolayer. The final contribution will be a com-
prehensive "Reaction Route Map" - a graph connect-
ing stable minima via transition states (Fig. 2). This
presentation will discuss new results and future di-
rections.
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Fig. 1: Schematic of the ammonia borane to borazine
pathway with key intermediates. (a) The step-
wise dehydrogenation of ammonia borane (BNHg).
The pathway proceeds through transition state
TS1 to form aminoborane (BNH,) and release one
H, molecule. A second dehydrogenation step
via TS2 yields iminoborane (BNH,) and a sec-
ond H, molecule. (b) Three iminoborane (BNH,)
molecules react sequentially via transition states
TS3 and TS4 to form borazine (B3 N3Hg).
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Fig. 2: Graph visualization of the stationary points
found on the B;N,H; potential energy surface.
Nodes are colored according to their saddle point
order: green (order 0, minima), blue (order 1),
and lavender (order 2). Black nodes represent
fragmented molecular states. Edges indicate con-
nected pathways discovered by the search algo-
rithm. The path highlighted in red corresponds
to the specific formation pathway of B,N,Hy from
2(BNH,) via transition state TS3, as detailed in Fig-
ure 1.
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