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Computational vibrational spectroscopy beyond the harmonic approximation relies on the
molecular potential and ideally dipole and possibly higher moments of charge distribu-
tions. In the past decade there has been a paradigm shift in generating highly accurate
Machine-Learned potentials (MLPs). These are precise fits to thousands of electronic en-
ergies, using modern methods of regression. With such MLPs it is possible to combine
these with the variety of post-harmonic quantum methods ranging from perturbation the-
ory to full variational calculations. After a short review of these methods, we focus on
vibrational self-consistent field and configuration interaction (VSCF+VCI) calculations,
as implemented in the code MULTIMODE. Two applications of this software to challeng-
ing parts of infrared spectra of the formic acid dimer and the protonated oxalate anion are
presented. Two new interfaces to MULTIMODE are then given. One is a Python-based
GUI to enable user-friendly input to MULTIMODE. The second, PyFort, is an interface,
which is written in Fortran, to use MLPs written in Python in MULTIMODE via a C wrap-
per. Demonstrations of this are given for a PhysNet potential of Meuwly and co-workers
for protonated oxalate anion (C,0,H™) and for the “universal” force field MACE-OFF of
Csanyi and co-workers. MULTIMODE VSCF+VCI vibrational energies of C,O,H™ using
the PhysNet MLP agree well with those using a permutationally invariant potential, trained
on the datasets used to train the PhysNet MLP. A test of the MACE-OFF interface is done
for H,CO. The PyFort software for both these examples is provided in Supplementary
Material.



I. INTRODUCTION

Computational infrared (IR) spectroscopy of molecules, molecular clusters, and related sys-
tems is a large and active area within computational spectroscopy. A wide range of computational
approaches has been developed, including classical, semiclassical, and fully quantum methods.
Within these broad categories there are numerous variations; many are reviewed in the book “Vi-
brational Dynamics of Molecules”.! Earlier reviews, special journal issues, and perspectives de-

voted to this topic are also available for in-depth study.>’.

Computational approaches to IR spectroscopy, ranging from the most approximate uncoupled
double harmonic oscillator model (harmonic wavefunctions and linear dipole moment) to full
vibrational configuration interaction (VCI) approach (which is exact, in principle), provide the
critical assignment and interpretation of the spectral bands. While the double harmonic approach
provides the simplest interpretation, it does not apply to combination and overtone bands, etc,
as these transitions are forbidden under this approximation. The rigorous VCI approach with an
accurate dipole moment surface can describe these bands and also complex experimental bands.
Although not the focus of this article, the first post-harmonic approach developed historically
is second order perturbation theory (VPT2).® This approach and generalizations to it to deal with
Fermi and other resonances have become one of the major workhorses in the field.”~'° The method

requires at least a partial fourth-order force field, and we will return to this below.

VPT?2 and generalized versions can fail for highly coupled or even extremely anharmonic, e.g.,
double-well, systems. These are of particular interest to us and are the main subject of this pa-
per. For these challenging cases, the most widely used and successful approaches are based on
VCI. The vibrational self-consistent field (VSCF) was introduced in 1978 and further developed
in later years.?>27 This method, like Hartree-Fock theory in electronic structure theory, does not
describe correlation. So, analogous to work in that field, the MP2 version of it was subsequently
proposed and for many years referred to as a “correlation corrected VSCF”.282° Configuration
interaction in the virtual space of excitation of the ground state VSCF Hamiltonian was also
proposed®”. More recently, vibrational coupled cluster (VCC) theory was developed.’!3> VCI
approaches are currently widely used with many variations in the choice of coordinates, basis
functions and excitation space.>®33-38 General software based on VCI is also available; examples

include MULTIMODE,**-#! GENIUSH,*>** TROVE,>* DYNAMOL,* PyVCI (limited to force
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fields up to 6th order)*, a VSCF+VCI module in Molpro* written by Rauhut and co-workers,
using direct n-mode representations of the potential energy surface (PES),*” and MIDAS,*® a gen-
eral code featuring VSCF, VCI, VMP2, and VCC also using direct n-mode representations of the
potential.

There have also been new developments in “exact” vibrational methods, including vibrational
density-matrix renormalization group (VDMRG)* and tree tensor network states (TTNS),>® which
is a close relative to the earlier and powerful MCTDH method.>'~2

The form of the PES is an important aspect of the computational method used in VCI, MCTDH,
vDRMG, and TTNS methods. In VPT2, the full or partial quartic force field is generally the form
used. Higher-order force fields are also used in some VCI codes*0 and in numerous innovative VCI
calculations, see for example, refs. 36,37,53. Recall that these force-fields are sums of products
of powers of coordinates, e.g., normal coordinates are used in VPT2, the PyVCI code, and also
in numerous VCI applications. The sum-of-product form is used in MCTDH; this form has been
developed significantly so that it can describe large amplitude motion. The n-mode representation
of the potential, described below, is yet another form of the potential that is used in MULTIMODE
and other VCI codes.>* In the current age of general machine-learned potentials (MLPs), which is
highlighted here, it should be clear that an MLP can be transformed to all of these representations.

MULTIMODE is open-source computational spectroscopy software, written in Fortran, that
produces vibrational and ro-vibrational energies and spectra using general MLPs. The code per-
forms quantum mechanical calculations using the VSCF+VCI methodology for IR spectra of

3657 solids®®, and liquids®®®0. Several strategies are available to

molecules®, molecular clusters
deal with the exponential growth of the size of the Hamiltonian matrix and the quadrature space.
We describe some of these below and show that they have enabled the software to be applied
to molecules with 10 or more atoms, albeit with some compromises, as noted. The IR spectra
of these larger systems are typically reported in the field as “vibrational only”.*! However, we
note that MULTIMODE can provide line-list ro-vibrational spectra, as demonstrated for H,CS,
H,CO,%! and C,H,.%?

Here we report new software to enhance the usability and applicability of MULTIMODE. Be-
fore doing that, as a reminder of the capability of MULTIMODE, we present IR spectra for the

*Certain commercial equipment, instruments, or materials (or suppliers, or software, ...) are identified in this
paper to foster understanding. Such identification does not imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the

best available for the purpose.



diffuse bands in the formic acid dimer and the protonated oxalate anion, preceded by a short re-
view of the Watson Hamiltonian and the n-mode representation of the PES. Hereafter, we use PES
and MLP interchangeably.

The paper is organized as follows. First, we recall the foundational Watson Hamiltonian. This is
followed by a brief review of configuration interaction and how it can be used effectively with this
Hamiltonian using general machine-learned potentials for moderate and relatively large molecules.
Then two challenging case studies are presented, the 10-atom formic acid dimer and the 7-atom
protonated oxalate anion. The new software to enhance the usability and applicability of MUL-
TIMODE is described. The first is a graphical user interface (GUI) written in Python to simplify
the input to MULTIMODE. The second is a general interface that enables Fortran-based MULTI-
MODE to communicate with MLPs written in Python. Demonstrations of this interface, which we
term PyFort, are made for a PhysNet potential for protonated oxalate® and for MACE-OFF,** a

“universal” machine-learned force field for organic molecules.

II. THEORY
A. The Watson Hamiltonian

The Watson Hamiltonian (for non-linear molecules and minus the constant “Watson term”) is

given by®

I\JIH

F
A =33 (Ju—Fo)tap(Jp Z (D

of k
where (Q are the F' mass-scaled normal coordinates, where F = 3N — 6. Jy and 7, are the compo-
nents of the total and vibrational angular momenta respectively, [ g is the inverse of the effective
moment of inertia, and a(f3) represents the x,y,z coordinates. V(Q) is the potential. We note that
the use of rectilinear normal coordinates may not be optimal for systems involving large amplitude
motions, and coordinate systems beyond the rectilinear ones are available.?¢-°” MULTIMODE also

has a “reaction path” version to deal with systems with one large-amplitude mode®®

In many applications of this Hamiltonian in the literature, the vibrational angular momentum
terms are neglected. We include these terms in MULTIMODE, and we have also performed some
evaluations of neglecting them. For hydrogen atom motion, the errors can be on the order of 10

cm™! 3% An example where errors are larger is the ground-state tunneling splitting in H3O+.69‘71

Using the full Watson Hamiltonian, with an accurate PES, the calculated splitting is 52 cm— 171
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close to the experimental value of 55 cm~!. Without the vibrational angular momentum terms

' lower.”% Another example is the “semirigid” water

1

the calculated splitting is roughly 22 cm™
monomer: neglecting the vibrational angular momentum leads to about 15 cm™" error in the
bending and asymmetric stretching fundamentals. These extreme examples notwithstanding, ne-
glect of these terms for larger molecules, e.g. ethylene glycol, produces errors of the order of one

wavenumber or less.>?

B. Vibrational Configuration Interaction (VCI)

For a given Hamiltonian H, the exact eigenfunctions, W7, can be written as
L
w, =Y Py, )
K

where @k are a complete, orthonormal set of functions. For example, these are the eigenfunctions
of a zero-order, separable Hamiltonian. In this general case these are a direct product of functions
in each mode. In MULTIMODE, the VSCEF virtual states, obtained from the VSCF calculation as
the direct product of the eigenfunctions of the 1-mode VSCF Hamiltonians, are used as the basis
functions for VCI. The goal is to obtain the expansion coefficients C%). Once these are known, the
problem is solved; however, the challenge remains to extract information from these coefficients
that can be used to interpret the answer. Obviously, if a single coefficient dominates, e.g., has a
magnitude of say 0.9 or greater, the interpretation is essentially the one from the familiar normal
mode analysis, and the experimental band should be simple to interpret. The challenge comes
from those interesting cases where there is not one or even several dominant coefficients. In such
cases, one could conclude that the harmonic normal mode analysis has broken down and that there
is strong mode-mode coupling. This is usually manifested experimentally by a broad and complex
band, which is perforce difficult to interpret. The theoretical goal is then to determine at least

which modes are strongly coupled and ultimately to understand the source of the coupling.

As an aside, we note that VPT2 theory approximates the expansion by

> (L|V'|K
Wi~ P+ ) Hq, (3)
Lk By —Ep

where |L) and |K) denote zero-order wavefunctions and E 20) and E ,(<0) are the corresponding zero-
order energies. As indicated, it is assumed that there is a dominant state @k in this expansion.

Typically these are from the separable harmonic approximation to the Watson Hamiltonian.

6



VCI methods ultimately lead to finding eigenvalues and eigenvectors of the matrix representa-
tion of A, denoted H. In MULTIMODE, the number of eigenvalues is user specified as this is a
common parameter in matrix diagonalization routines. For the IR spectrum, the dipole moment
must also be known and numerical quadrature is used in MULTIMODE to obtain the transition
moments. As discussed next, the size of H is controlled by the excitation space and the dimen-
sionality of the numerical quadratures for matrix elements; notably, those of the potential are
controlled by the n-mode representation. There are numerous approaches to mitigate the size bot-
tleneck of H and we refer the interested reader to the literature for details of some of these.®*!
One effective approach is to use eigenfunctions of reduced-dimensionality Hamiltonians as the
basis.®’>73 A recent application of this approach, plus other effective methods to deal with poten-
tial matrix element evaluations, has been reported for vibrational energies of intermolecular modes
of the water trimer using an accurate MLP.”# Other recent and impressive calculations, using state-

175

of-the-art variational methods, are for methano the Eigen cation,”® and the water dimer in full

dimensionality.”®

In the next subsection, we discuss specifically how MULTIMODE addresses the quadrature

and H-matrix size bottleneck.

C. The n-mode representation of potential and the excitation space

MULTIMODE can use a force field as an input option, however, in general it makes use of
MLPs, and matrix elements of the potential are done using multidimensional quadrature. Us-
ing straightforward direct-product, numerical quadrature scales exponentially with dimensional-
ity. For example, if there are 10 quadrature points per degree of freedom, the quadrature space
scales as &'(10F). Carrington and co-workers introduced a non-direct project quadrature method
that mitigates this significantly®’’; however, even this method struggles for molecules with more

than seven atoms.

In order to deal with this bottleneck, the general n-mode representation (nMR) of the potential
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was introduced®3-3°

V(Ql?"'?QF ZV Ql _'_Z QHQ]

,Zk (0:1,05.00+ @)
Y V(01050000 +
i,j.k,1l

where V (Q,) is the one- mode potential, i.e., the 1D cut through the full-dimensional PES in
each mode, one-by-one, (Q,, Q;) is the intrinsic 2-mode potential among all pairs of modes,
etc. Here, intrinsic means that any n-mode term is zero if any of the arguments is zero. Also, each
term in the representation is in principle of infinite order in the sense of a Taylor series expansion.
For this representation to be useful it has to be truncated without significant loss of accuracy. After
many applications, it has been established that truncation at the 4-mode term yields vibrational

I Tests can of

energies that differ from those truncated at the 3-mode term by at most 5-10 cm™
course be done by truncating at 5-mode terms. In MULTIMODE the maximum value of 7 is 6.

Numerical quadrature using this representation leads to a major reduction in the size of the
quadrature space. For example truncating at 4-mode terms leads to a 4d quadrature space instead
of a 24d quadrature space for the formic acid dimer. Also, we note that the nMR of the potential
results in limitations on the size and dimensionality of the excitation space, for details see refs.
39,41.

Each term in the nMR of the potential can be obtained directly at quadrature points, for exam-
ple as is done in MOLPRO.*’ Another option is to use interpolation to obtain these terms. This is
an option in MULTIMODE using polynomial interpolation. Gaussian process regression has also
been shown to be an effective approach.”® This direct calculation of the terms allows for multi-
scale and term-selection approaches.”” However, for this paper which focuses on MLPs, we note
that given an MLP it is straightforward and fast to obtain the nMR of it. In the applications below,
as with virtually all our applications with MULTIMODE, an MLP is used. For larger molecules
and especially molecular complexes where a full-dimensional MLP may not be necessary, a re-
duced dimensionality approach for the MLP is certainly possible. This was demonstrated nicely
for the trimethyl-H,O and trimethyl-CH;OH complexes, where the trimethyl group is held fixed
at its equilibrium structure. 30
We close this subsection with remarks about the n-mode representation. Subsequent to the

723

general nMR introduced in 1997, the general “High Dimensional Model Representation” of the
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potential was introduced by Rabitz and co-workers.8! The “cut” version of the representation is
the nMR. Also, we note that the 2MR was introduced by Jung and Gerber®? in 1996 and used
extensively by the Gerber group. This is a very efficient, minimalist representation. However as
shown in the literature, it does not produce results that are well-converged.”>° In general, this
level of mode coupling cannot describe strong coupling among three or higher modes. Finally, we
note that this representation has been used in VSCF+VCI calculations with other Hamiltonians,

for example the general Podolsky Hamiltonian.3?

D. Infrared Intensity

The vibrational IR spectrum for transitions from the vibrational ground state, denoted |0), to a

final state, | f), is given by the expression (without unit)
=y ) |(/]nal0)f (5)
o=x,y,2

where @y 7 is the energy of the transition in wavenumbers, Ly are the components of the dipole
moment, and the indicated matrix element is computed numerically using the VCI wavefunc-
tion and a full-dimensional dipole moment surface. This is a simplification of the exact ro-
vibrational expression for dipole transition intensities that were used in line-list calculations with
MULTIMODE.%!:62

Next, we demonstrate the success achieved using MULTIMODE with MLPs for two examples
which feature diffuse IR bands.

III. TWO CHALLENGING CASE STUDIES

The two challenging case studies briefly reviewed are the formic acid dimer and the protonated

oxalate anion.

A. Formic Acid dimer

This is a ten-atom dimer bound by double hydrogen bonds, with a double-well barrier of

85-91

roughly 2850 cm™! (8.2 kcal/mol).3* It has been intensively studied experimentally and

theoretically.8492-107 Here the focus is on high-level MLPs that have been reported for this

84,105-107

dimer and quantum vibrational calculations using two of them. One of these PESs,
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denoted PIP,* is based on permutationally invariant polynomial regression,'*® and the second one
HDNNP'% is based on atom-centered high dimensional neural network regression.'” Both are
precise fits to thousands of CCSD(T) energies. The third MLP is a fit to thousands of MP2 energies
and then transferred learned using a relatively small number of CCSD(T) energies. This PES is de-
noted PhysNet!'% and is based on the atom centered neural network approach including properties
such as forces and dipole moments.'!? First, we note that VPT2 calculations were reported using
the more recent PhysNet and HDNNP PESs. These are overall in good agreement with each other
and with experiment, except for the diffuse band spanning the CH and OH-stretch fundamentals.
The PIP and HDNNP MLPs were used in reduced dimensionality VCI calculations.!%® Results

of those calculations and comparison with experiment!®

are given in Table I below. Omitting
discussion of the assignments, we simply note that the two MLPs (using very different regres-
sion architectures and different training datasets) give very similar energies. Agreement with
experiment, albeit for the limited energy range available to these VCI calculations, is also very
good.

Prior to these VCI calculations, we reported MULTIMODE VSCF+VCI calculations of the IR

L T and later 21 and full 24-mode calculations, with

spectrum up to 3500 cm™ ', using 15-mode
a 4MR of the PIP potential and a 3MR of the dipole moment surface.!'?> Here we just show the
diffuse band in the region of the CH- and OH-stretch fundamental from VSCF+VCI calculations,
mentioned above. These results are shown in Figure 1. As seen, the VSCF+VCI calculations do
capture the diffuse experimental band, albeit with some differences in the fine-structure seen in
the experiment. The 24-mode VSCF+VCI band is less structured than the 21-mode one, although
the two bands are certainly similar and agree in breadth and overall intensity with experiment. For
detailed discussions of this band the interested reader is referred to refs. 111-113. Finally, we note
that VPT2 calculations using the HDNN PES predict sharp lines at 2920 and 2948 cm~! in the

region of this diffuse band.

B. Protonated Oxalate Anion

The IR spectrum of the protonated oxalate anion HO,CCO, ™ is the second challenging case
study. A diffuse band was reported in the OH-stretch region of IR spectrum in a 2015 joint exper-
imental theoretical study.l 14 This weak, broad band in the range 2500-3000 cm~! attracted the

attention of the theorists of that paper and those of subsequent theoretical studies.®311>-116 Neither
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TABLE 1. VCI and experimental energies cm~! for FAD given in ref. 106 for two machine-learned poten-

tials described in the text.

Assignment PIP? HDNNP® Exp
Vie 70 70 69

2Vi6 141 140 139
Vis 162 171 168
Vs/ Vg 191 190 161
Vo/ Vo 208 210 194
3Vis 211 210

Vis + Vig 232 240

Vi3 239 243 242
Vas 253 253 264
Vo + V16 262 262

Vs + V16 277 279

4vie 281 280

Vis+2Vi6 303 309

Vi3 + Vis 310 313 311
Vs + Vie 323 322

2vis 324 330 336
Vs +2Vi6 332 337

Vg +2Vig 347 348

2 Ref. 84
b Ref. 106

VPT2 nor classical or semi-quantum MD simulations were able to reproduce this band.

Stimulated by the experiments, we performed VSCF+VCI calculations of the IR spectrum us-
ing MULTIMODE and the PIP fits.!!” The details of the calculations are given in ref. 117, so only
the essential ones are given here. MULTIMODE calculations were done in full dimensionality (15
modes) at the minimum configuration, using 4MR of the potential and 3MR of the dipole moment

surface. For the spectra shown below the A’ and A” symmetry blocks of the H-matrix are of order
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FIG. 1. Comparison of VSCF+VCI and experimental IR spectra including the diffuse OH-stretch for the

formic acid dimer. Harmonic normal-mode eigenvector shown; harmonic frequency is 3325 cm .

36,674 and 26,408, respectively.

The comparisons with experiment for the normal and deuterated isotopolog are shown in Fig-

ure 2. As seen, the full spectra for protonated and deuterated cases agree well with experiment,
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and the highlight is the reproduction of the very diffuse bands, although fine-grained quantitative
agreement is lacking. Detailed analyses of these bands as well as one for the tritiated isotopolog

have been given elsewhere!!” and so we omit those here.

1000 1500 2000 2500 3000
(a) MM OxH
L.A'\.‘__AAAIJ L\ o i S
(b) Exp OxH
b}
§
g ﬂ H
< (c) Exp OxD

;

(d) MM OxD

1000 1500 2000 2500 3000

Frequency (cm'1)

FIG. 2. IR spectra of C,0,H~ (OxH) and C,0,D~ (OxD) calculated using MULTIMODE VSCF+VCI

These two examples illustrate the power of the VSCF+VCI method, as implemented in MULTI-
MODE and using accurate MLPs for challenging IR diffuse, fractionated bands. The calculations
of eigenstates and eigenenergies took 39 and 35 hours of cpu time for FAD and protonated oxalate
anion respectively, while the calculations of the intensities took 29 and 19 hours. All these calcu-
lations used a single cpu core of the Intel Xeon E5-2630 v3 CPU. These highly fractionated bands
cannot be described by VPT2, which assumes a dominant zero-order state. Such bands also present

challenges for the VCI, VCC, and MCTDH software mentioned in the Introduction, both because
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of the number of atoms and the very strong coupling. That MULTIMODE succeeds in describing
these bands illustrates a major strength of the normal-coordinate Watson Hamiltonian that is hard-
coded into MULTIMODE. This Hamiltonian and coordinates describes stretch and stiff bending
modes effectively. And often it is the fundamental excitation of these high-frequency modes, i.e.,
the stretches, that exhibit fractionation. This is because there are lower frequency modes that can
be in low-order resonance with the higher-frequency fundamentals. Also, the density of states is
greater at the energies of the stretch fundamentals than at the energy of the fundamentals of much
lower-frequency modes. These facts fit nicely with the strengths of the MULTIMODE software.

There are weaknesses with these coordinates and the MULTIMODE software. Namely, very
floppy motion such as methyl rotors or facile isomerization among low-lying conformers is not ac-
curately described. Such motion is better described by curvilinear-coordinate approaches. How-
ever, the number of atoms, 10 for FAD and 7 for the protonated oxalate anion, present major
computational challenges for such approaches, at present.

In the next section we describe two new software interfaces to MULTIMODE. One is a GUI
to create the input and the second is an interface to enables MULTIMODE (written in Fortran) to
call MLPs written in Python.

IV. NEW USER-FACING SOFTWARE FOR MULTIMODE

A. A GUI to create the input to MULTIMODE

MULTIMODE source code, documentation, including a Quick Start guide, two sample runs for
H,CO and the GUI described next are available at https://github. com/szquchen/MULTIMODE.

The single input file, fort.1, contains numerous options for running MULTIMODE, as described
in the guides. In order to simplify creating this file, we have written a Python-based GUI to make
an initial fort.1 file. The current usage is restricted to energies and eigenfunctions of non-linear
molecules and with using normal-mode coordinates of a minimum. The user can select all 3N — 6
normal modes or a subset of modes for the VSCF+VCI calculation. These modes are ordered 1 to
3N — 6 in terms of increasing harmonic frequency. So mode 1 is the mode of lowest frequency. If
a subset is used this set always includes the highest frequency and then keeps modes in order of
decreasing frequency and drops the lowest frequency mode(s).

A snapshot of the GUI is shown in Figure 3 for the example of H,CO. Running this produces
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MULTIMODE's Little Helper

for MM5.1.4 --ver. 0.01

(Click keywords before entry for quick explanation)

1. Molecule System Information

Name of project: H2CO_example

Number of atoms: 4

Nuclear Symbols: COHH

Nuclear Masses: 12.015.9949 1.007825 1.007825

Equilibrium Cartesian Coordinates (in Bohr):

0.00000000 ©0.00000000 -1.14627040
0.00000000 ©0.00000000 1.14354081
1.76538873 0.00000000 -2.25018868
-1.76538873 0.00000000 -2.25018868

2. VSCFN\/CI configurations

n-mode representation (ICOUPL): 3

Mode-coupling in VCI ([NMAX]): 3
MAXSUM 8
MAXBAS 8
NROTTR O

Generate “fort.1°

FIG. 3. Snapshot of the GUI to create the fort.1 input to MULTIMODE

the input fort.1 file. Also, the meaning of the keywords is accessible via a click on them. More
details about these parameters are given in the Quick Start guide in the Supplementary Material

(SM).

This GUI is written in Python and is named “mmbhelper.py” in the Github download.
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B. PyFort

The potential (and other project-specific information) is called in the Fortran code “user. NAME.{",
where “NAME” identifies the molecule or cluster. The call to the potential is SUBROUTINE GET-
POT(V,NATOM,XX,RR), where the input is NATOM (the number of atoms) and XX, the array
of Cartesian coordinates, which conforms to the order of the atoms read in fort.1. RR is an array
of all bond lengths calculated in GETPOT and V is the potential in atomic units. This can be a
totally general form including MLPs. For the formic acid dimer and protonated oxalate examples,
these potentials are PIPs MLPs, which are in written Fortran 90 and which are directly called in

GETPOT.

MULTIMODE, which as noted already is written in Fortran and so the MLPs were also re-
quired to be written in Fortran. (However, as an aside we note that MULTIMODE has the option
of reading in the n-mode grids, and so in principle these can be calculated external to MULTI-
MODE.) Currently many MLPs are written in Python, owing to the availability of powerful ML
software, e.g., Neural Network regression, written in Python. So it would be desirable to develop
software that enables MULTIMODE to communicate with Python. This is now a general issue in

Computational Chemistry where so much legacy codes is written in Fortran.

We have developed such interface software, which we term “PyFort”. Fortran and Python are
joined together using this interface code through a C wrapper. The Fortran code uses the ISO
C binding feature to interface with the C code, and the C code is bound to the Python code. A
schematic flow diagram of this software is given in Figure 4. Since MULTIMODE requires at a
minimum potential energies, we have implemented this functionality in the current interface. (The
interface is general and so it can be used for forces, etc., if available.) Although there are several
ways to implement the interface described above, we chose to explicitly write the interface codes
for portability performance reasons. The interface codes in Fortran, C, and Python are given in the
SM, along with a brief discussion of some of the details of the implementation, for two example

MLPs described below.

As one demonstration we use the PhysNet oxalate potential mentioned above. This code re-
quires construction of the neural network layers and initialization of the weights. This step is
relatively expensive, but is required only once, so our interface code includes an initialization
function to start the Python interpreter and perform this step. The Python interpreter and the

oxalate potential neural network persist for the entirety of the MULTIMODE calculations. The

16



GETPOT (Fortran)

Module pes_interface (Fortran)
iso_c_binding

C wrapper
call python function

A

\4

Machine Learned Potential (Python)
Atomic Simulation Environment

FIG. 4. Schematic Flow Diagram for PyFort Interface

oxalate potential is called many times during the MULTIMODE calculation. At the termination
of the MULTIMODE run, a finalization routine is called to halt the Python interpreter. In this
manner, we achieve a performant interface to the oxalate potential energy surface code enabling

its use with MULTIMODE.

VSCF+VCI vibrational energies, using an efficient 2MR of the PhysNet MLP are shown in
Figure 5 along with corresponding ones using the PIP MLP as a standard correlation plot. As
seen, there is excellent agreement for the two PESs. This is not unexpected as both PESs are

precise fits to the same datasets.5

A second example is the “universal” force field MACE-OFF.%* This has been interfaced to
MULTIMODE, using PyFort and successfully tested for formaldehyde, H,CO. The details of the

interface software are given in the SM.

To conclude this subsection, we note that PyFort is general and could be used for many other
applications. For example, software for computational spectroscopy using semi- or quasi-classical
methods is often written in Fortran.! 18119 (Note, a free web-platform to calculate vibrational spec-
tra from a quasi-classical trajectory molecular dynamics adopts Python software to compute the

spectrum and a web interface to facilitate user interaction and software execution. 20121
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FIG. 5. Correlation plot of the first 600 eigenenergies from MULTIMODE calculations on protonated
oxalate using PIP PES and PhysNet PES. The root mean square difference between the two MLP energies

is6cm~ L.

V. SUMMARY AND CONCLUSIONS

The vibrational dynamics and spectroscopy of molecules and molecular clusters continues to be
an active research area both experimentally and theoretically. The computational software MUL-
TIMODE that performs VSCF+VCI calculations was briefly described along with two challenging
applications to the formic acid dimer and the protonated oxalate anion. Two user-friendly software
interfaces were introduced for MULTIMODE with the options shown in Figure 6. One is an in-
teractive GUI that facilitates the creation of the input file. The second, PyFort, is an interface that
enables MULTIMODE, written in Fortran, to call machine-learned potentials written in Python.
Two examples of the usage were given, one for the PhysNet potential for protonated oxalate anion

and the second for MACE-OFF.
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MULTIMODE Highlights and New Features

* Eigenvalues and eigenfunctions of the Watson Hamiltonian

* VSCF and VSCF/VCI

* n-mode representation of the potential

» General user-supplied potential

* Option to reduce number modes to couple

* Vibrational spectra J =0

» Expectation values

¢ GUI for input and MULTIMODE and Documentation at
https://github.com/szquchen/MULTIMODE/tree/main

* Interface “PyFort” to call Python potentials

FIG. 6. Outline of selected and new features of MULTIMODE

SUPPLEMENTARY MATERIAL

Details of the PyFort Interface to the PhysNet Oxalate Potential Energy Surface and MACE-

OFF “‘universal” force field written in Python and the one-page Quick Start guide.
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