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High-index saddle dynamics for the automatedmapping of reaction routes
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1. Introduction
Modern materials discovery AI techniques typi-

cally target the prediction of a final product with de-
sirable properties.[1, 2] This approach disregards the
synthesisability of the desired materials, still leav-
ing significant open questions about how to make
the desired materials before their properties can be
experimentally tested and verified.
This work seeks as alternative route to training AI

techniques by generating data focussed on the pos-
sible reaction paths of a given chemical system. We
introduce theMolecularHigh-index SaddleDynamics
(MHiSD) method, based on previous non-molecular
methods.[3, 4] This approach is intended to start from
a local energy minimum of the potential energy sur-
face (PES) and searching along the paths of slightest
gradient ascent to find the closest neighbouring sta-
tionary states. By repeating this process iteratively,
and including down-ward searches fromhigher index
stationary states, full reaction networks can be gener-
ated. In principle this will provide multiple potential
reaction paths towards the desired starting molecule
or system by following the minimum energy path(\s).
An additional wealth of significant information is gen-
erated for AI training in the form of the full network.

2. Methods
The MHiSD for index-k saddle points (k-MHiSD)

on the potential energy surface has the form of:
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Note that 𝒗⊤𝑖 𝒗 𝑗 represents the inner product ⟨𝒗𝑖 , 𝒗 𝑗 ⟩.
The directions 𝒗1, · · · , 𝒗𝑘 defined in (1) represents
the orthonormal eigenvectors corresponding to the
smallest 𝑘 eigenvalues of the operator P𝒙∇2𝐸 (𝒙)P𝒙

on 𝑁 (𝒙), where P𝒙 : R3𝑛 → R3𝑛 denotes the orthogo-
nal projection operator onto the normal space 𝑁 (𝒙).
The operator P𝒙∇2𝐸 (𝒙)P𝒙 represents the projected
Hessian onto the normal space 𝑁 (𝒙), and includes
the curvature information of the energy on the nor-
mal space [5]. Physically, these orthogonal directions
corresponds to the lowest curvature of the poten-
tial energy surface by minimizing the Rayleigh quo-

tients. The dynamics of 𝒙 in (1) with an initial condi-
tion 𝒙 (0) ∈ R3𝑛 represents an modified gradient flow,
which is gradient ascent on the subspace spanned
by {𝒗1, · · · , 𝒗𝑘 }, and gradient descent on the subspace
orthogonal to these vectors. Once this dynamics con-
verges, the system locates an index-𝑘 saddle point
on the potential energy surface. Note that the gra-
dient flow of 𝐸 is equivalent to the MHiSD of 𝑘 = 0
case, so MHiSD can be regarded as a generalization
of gradient flow to saddle points.
We obtain energy, gradient and hessian values us-

ing the psi4 computational package.[6] In principle
any electronic structure program that outputs these
values can be used. An open source implementation
of the k-HiSD program will be released closer to the
AI4X conference date.

3. Results
Todemonstrate the efficacy of thismethodwehave

reproduced the Reaction Route Map (RRM) starting
frommethanoic acid produced byMaeda et al.[7] with
our version shown in Figure 1. Note that Figure 1 is
limited to only 𝑘 = 0, 1 order saddle points, which
results in the discovery of approximately 60 station-
ary points. As part of our k-MHiSD search we allow
discovery of up to 𝑘 = 4 saddle points, resulting in
the discovery of over 300 saddle points.

4. Conclusions
This talk will discuss further details of the k-

MHiSD method, the most recent data generated with
this method, and the directions of future applica-
tions.
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Fig. 1: The RRM of methanoic acid as produced by our k-MHiSD search method. Only order 0 and 1 saddle
points are shown and arranged to best match the work of Maeda et al.[7].
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