JOYCE3.0: A General Protocol for the Specific
Parameterization of Accurate Intramolecular Quantum
Mechanically Derived Force-Fields

Samuele Giannini,? Pablo M. Martinez, ?¢ Abderrahmane Semmeq, ¢
J. Pablo Galvez,? Anna Piras,® Alessandro Landi, ¢ Daniele Padula,”
J.G. Vilhena,? Javier Cerezo,8* and Giacomo Prampolini®*

4Istituto di Chimica dei Composti OrganoMetallici ICCOM-CNR),
Area della Ricerca, via G. Moruzzi 1, I-56124 Pisa, Italy
bnstituto de Ciencia de Materiales de Madrid (ICMM-CSIC), Madrid 28049, Spain
“Departamento de Fisica Tedrica de la Materia (Universidad Auténoma de Madrid)
E-28049 Madrid, Spain
d Departamento de Quimica Fisica (Universidad de Murcia),
30100 Murcia, Spain
¢Dipartimento di Chimica e Biologia ”Adolfo Zambelli” (Universita di Salerno)
Via Giovanni Paolo II, 132, I-84084 Fisciano (SA), Italy
I Dipartimento di Biotecnologie, Chimica e Farmacia (Universita di Siena)
via Aldo Moro 2, 53100 Siena, Italy
8 Departamento de Quimica and
Institute for Advanced Research in Chemical Sciences (IAdChem) (Universidad Auténoma de Madrid),
28049 Madrid, Spain

*email: giacomo.prampolini @pi.iccom.cnr.it, javier.cerezo @uam.es

https://doi.org/10.26434/chemrxiv-2025-2f149 ORCID: https://orcid.org/0000-0002-1094-3921 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2025-2f149
https://orcid.org/0000-0002-1094-3921
https://creativecommons.org/licenses/by/4.0/

Abstract

While the intrinsically multi-scale nature of most advanced materials necessitates the
use of cost-effective computational models based on classical physics, a reliable description
of the structure and dynamics of their components often requires a quantum-mechanical
treatment. In this work, we present JOYCE3.0, a software package for the parameteriza-
tion of accurate, quantum-mechanically derived force-fields (QMD-FFs). Since its original
release, the code has been extensively automated and expanded, with all novel implemen-
tations thoroughly discussed. To illustrate its general applicability, QMD-FFs are param-
eterized for seven benchmark cases, encompassing molecules with diverse structure and
properties. These range from exotic stiff scaffolds, flexible polymeric chains, and polyenes
of biological interest to transition-metal complexes. On the one hand, JOYCE3.0 FFs con-
sistently outperform available general purpose descriptions, achieving excellent agreement
with higher-level theoretical methods or available experimental validation data. On the
other hand, the remarkable accuracy found in the description of the molecular structures
extends to electronic excited states, enabling the integration of the JOYCE3.0 QMD-FFs
into multi-level protocols aimed at reliably predicting selected properties and spectral line-
shapes in advanced optoelectronic materials. The high quality of the results — spanning
molecular structures, condensed-phase properties, and spectroscopic features — combined
with the enhanced interface with popular quantum-mechanical codes and molecular dy-
namics engines, as well as its applicability to chemically diverse species, strongly suggests
that JOYCE3.0 could play a pivotal role in the rational design of functionalized materials
and heterogeneous systems.
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1 Introduction

The functionalities and performances of advanced materials and novel devices rely on the abil-
ity to control processes at the molecular level. Such control, in turn, hinges upon our under-
standing of the detailed mechanisms involving each molecular player, the interactions among
them, and their constituent atoms.'™ Indeed, a deep comprehension of molecular structures
and supra-molecular interactions is decisive for the design and development of a plethora of ad-
vanced materials, as for instance dyes sensitized solar cells (DSSC) and photovoltaic devices,>©
functionalized smart polymers,’~ photonic liquid crystals! or transition metal based techno-
logical applications.!! In the rational design of such materials, these requirements pose a sig-
nificant challenge to computational techniques, which must achieve atomistic/molecular-level
accuracy —often only attainable through quantum mechanical (QM) methods—while simultane-
ously accounting for a sufficiently large portion of the simulated material and providing a long

12-14 Tn this framework, computational techniques based on simplified

enough observation time.
descriptions of the potential created by electrons, namely Molecular Mechanics (MM), along
with methods of classical (CL) physics, such as Monte Carlo (MC) and Molecular Dynamics
(MD),!3 serve as a statistical tool for bridging such length/time scale gap. These techniques can
be employed to gather reliable ensembles of (supra-)molecular configurations, which in turn can
be used for successive QM calculations.!* %17 In such sequential CL/QM methods, '® thermal-
ized statistical ensembles of MC/MD configurations of large and complex systems are exploited
in subsequent accurate QM calculations, allowing for an accurate characterization of material

t,18’19

properties which intrinsically require a quantum treatmen as for instance spectroscopic

features.!6-20-21

The key ingredient of any CL simulation method is the force-field (FF), a collection of an-
alytical model functions designed to represent the potential energy of the target system as a
function of the nuclei’s coordinates,'> where the chemical identity of each system component
is entailed in the parameters specifying the model functions. The FF should clearly be capable

of faithfully and accurately describing such a potential as best as possible.?> As a consequence,

notwithstanding their computational convenience, general CL/QM multi-level approaches have
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two main drawbacks: i) the so-called “structural mismatch”,>* which stems from a description
of the potential energy surface (PES) delivered by available general-purpose FF parameters that
is significantly different from the one provided by the subsequent QM approach; and ii) the un-
availability of FF parameters for specific components of the simulated material. To overcome
these drawbacks, the possibility to derive from accurate QM calculations FF parameters suit-
able for simple CL simulations has been explored for small molecules since the late 1970’s.%*
Nonetheless, their application to more complex systems has attracted a renewed interest only

12-14,25-29 Ip fact, such an approach can in principle solve the two aforemen-

more recently.
tioned drawbacks of general-purpose FFs based on transferability. On the one hand, tailoring
the FF model on specific and accurate descriptors purposely obtained at QM level not only may
allow for overcoming the structural mismatch, but also enforces the bridge connecting the CL
and QM scales in subsequent analysis. On the other hand, modern electronic structure meth-
ods allow for the accurate representation of the structure and dynamics of molecules containing
up to hundreds of atoms, thus paving the way for the FF parameterization of novel species or
excited states.

In this context, our group has dedicated a long lasting and continuous effort in the de-
velopment of reliable protocols to parameterize quantum-mechanically-derived FFs (QMD-
FFs).2>-30-32 Degpite the original procedures separately addressed the QMD-FF’s intra-3! and
inter->> molecular terms (which respectively govern the flexibility of each molecule and the in-
teractions among them), a complete parameterization protocol has been also recently reported.33
Therein, the inter-molecular parameterization was handled by the PICKY procedure,>? whereas
the QMD-FF intra-molecular parameters were obtained following the original JOYCE proto-
col.3! Since then, the JOYCE code has been stepwise refined, and, along this development, it
has been applied to different topics, ranging from the electronic properties of flexible organic

19.21,3% and transition metal complexes (TMCs) with octahedral symmetry,® to the

molecules
nano-scale friction of polymeric chains at metal surfaces.3%37 Moreover, its capability of build-
ing reliable excited state FFs%3° has recently led to the integration of the JOYCE protocol in
multi-level approaches for computational spectroscopy*’ and, more recently, to investigate the

photophysics of molecular systems.*!
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Most of the aforementioned developments are now consistently implemented in a new ver-
sion of the code, JOYCE3.0,*?> which constitutes the focus of this work. The whole param-
eterization procedure has been in fact significantly automated and updated: among the most
relevant improvements, we highlight the new interfaces with electronic structure methods and
popular MD codes, the automatic generation of the target molecule internal coordinates and
the implementation of different routes to consistently tackle highly flexible molecular scaffolds.
Moreover, all the documentation is now updated and available at a dedicated website,*> where
tutorials, templates and additional tools can be downloaded together with the code, hence mak-
ing JOYCE3.0 a well-documented and user-friendly tool for accurate QMD-FF generation of

varied materials. The aim of this paper is therefore three-fold: 1) review and rationalize in a

Figure 1: Structure of the molecular targets considered in the present work. From a) to g): I: triperyleno
[3,3,3] propellane,*** 1I: poly(2,7-pyrenylene),3®37 III: n-tetradecane,*®~*8 IV: ethylene terephtalate,**3° V: 11-
cis retinal protonated Schiff base (rPSB1 D2 VEEN' N ”-propylenebis(salicylaldiminato)nickel(II) ([Ni(salpn)])
complex,>® VII: dithiophene.’* > In all cases, cyan, white, red, blue, brown and yellow spheres are employed for
Carbon, Hydrogen, Oxygen, Nitrogen, Nichel and Sulfur atoms, respectively.

consistent framework the possible applications of the JOYCE-based QMD-FF parameterization

protocol; ii) present the most significant features and strategies, which have been implemented
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into the new version of the package; iii) discuss a novel application of QMD-FF in computa-
tional spectroscopy, and its possible impact on multiscale approaches. To this end, seven dif-
ferent target molecules, sketched in Figure 1, were parameterized with the new JOYCE3.0 code,
and the resulting QMD-FFs were employed in MD simulations to retrieve selected structural,
thermodynamic or spectroscopic properties of molecular as well as bulk morphologies. Such a
selection is intended to show the general applicability of the JOYCE3.0 protocol, which can now
be straightforwardly applied to remarkably different molecular targets, yet yielding consistent
and highly accurate force-fields, which will be shown to outperform the performances delivered

by general purpose descriptions.

2 Methods and Computational Details
2.1 JOYCE3.0 workflow

The general workflow of the JOYCE3.0 code is summarized in Figure 2. Following this scheme,
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Figure 2: Workflow of the JOYCE3.0 scheme.
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the parameterization protocol starts from the sole knowledge of the target molecule’s chemical
structure (top left corner). The latter is described in terms of internal coordinates (ICs), i.e. a
collection of bond lengths, bond angles, dihedrals and selected intra-molecular distances. As
discussed in the next sections, an important update with respect to the previous implementations
of the code, consists in a direct generation of the target IC’s, that are automatically prepared and
classified by the new JOYCE3.0 package,*? or by user’s selection. Once all involved IC’s have
been automatically classified and selected, and possibly hand-refined by the user, the JOYCE3.0
protocol retrieves all parameters for the preparation of the QMD-FF, by deriving them from
selected molecular descriptors purposely computed for the target at the QM level. This step is
represented by the green color boxes in the upper part of Figure 2. It is important to mention
that, while the previous versions of the code®' were interfaced only with QM data obtained
by the GAUSSIAN16 software,>® in the JOYCE3.0 package the QM data can now be obtained
using several popular packages suited for electronic structure calculations, such as ORCA,>’
GAMESS, 8 Psi4,> (Open)Molcas60 and others. Concretely, the accepted format of the QM
database has been extended from the GAUSSIAN16 .fchk, to the .% € classes3 native .fcc for-
mat,®! which includes the geometry, the energy, the gradient and the Hessian matrix. Such files
can be automatically obtained from the output of the aforementioned electronic structure codes
through the interconversion package fcc_tools, recently distributed by some of us.®? A detailed
description of the .fcc format can be found in Section S1 of the Supporting Information.

The final FF parameters defining the intramolecular term of the resulting QMD-FF! can
then be obtained by the parameterization procedure described in Section 2.3. In this frame-
work, a further new feature now available in JOYCE3.0, consists of the possibility of exporting
the full list of parameters directly in the format expected by several MD packages of widespread
use, such as GROMACS,® LAMMPS® or CHARMM (as implemented in the CP2K program
package®) so that it can be added to any collection of intermolecular parameters. However,
as discussed below, caution is necessary when using codes other than GROMACS in conjunc-
tion with the JOYCE QMD-FF, as not all functions are supported by other software. Notably,
the JOYCE approach is based on an exact partition of the total QMD-FF energy into sepa-

rate intramolecular and intermolecular terms, allowing for the straightforward merging of the
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JOYCE3.0 parameters with the most suitable set of intermolecular ones, either sourced from

literature databases or obtained through other QMD-FF parameterizations.3>

2.2 QM calculations

As indicated in the top right corner of Figure 2, the QM calculations required by JOYCE3.0 pa-

arget ass/dStructure atabase roperties
Targ Class/S QM database® Properti
polycyclic hydrocarbon PBE/6-31+G(d,p)
I stiff 1 Hessian matrix structural
B3LYP/cc-pvD
polymer with PAH?) units 3 ./CC pvtz structural
1I ) ) 1 Hessian matrix )
semi-flexible ) adhesion forces
1 torsional scan
structural
polymer hydrocarbon cam—BSLYP/6—3 1+Q(d,p) bulk density
111 Aexible 1 Hessian matrix viscosit
5 torsional scans y
heat capacity
monomer of a polyester B3LYP/6._31 I+e (.d -P)
IV fAexible 1 Hessian matrix structural
7 torsional scans
conjugated polyene MP2/.6_3 IG(d.) structural
v flexible I Hessian matrix spectroscopic
10 torsional scans p P
VI transition metal complex MP2/6-31G(d) q th;ztslfsl o
square planar (stiff) 1 Hessian matrix P cop
solvation
olycyclic organic dye PBEV/6-31G(d) structural
Vil poty s}(;mi- ﬂefible y 2 Hessian matrices®) spectroscopic
2 torsional scans®) solvation

Table 1: Summary of investigated systems and computed properties. Systems (I: triperyleno [3,3,3] propel-
lane,,* 4 II:poly(2,7-pyrenylene),36’37 III: n-tetradecane,*®~#® IV: ethylene terephtalate,49’50 V: 1PSB11,1:32
VI: [Ni(salpn)] complex,’? VII: dithiophene,>*3 see Figure 1) are classified according to either their chemical
class or the stiffness of their structure. @ level of theory (method/basis set) at which Hessian matrices and relaxed
torsional energy scan were computed; ?) Polycyclic Aromatic Hydrocarbon; ©) Hessian matrix and torsional scans
were computed for the ground and the first excited state.

rameterization consist in: 1) a geometry optimization carried out in the target electronic state

carried out specifically for each molecule; i1) a calculation of the Hessian matrix for each opti-
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mized geometry; iii) a number of relaxed torsional energy scans along each rotatable dihedral
(vide infra) of the considered species, obtained minimizing the internal energy with respect to
all ICs, but the scanned one. To demonstrate JOYCE3.0’s capability to parameterize QMD-FFs
for diverse chemical species and across different levels of theory used to build the QM reference
database, Table 1 summarizes the QM descriptors and methods employed in this work for the

selected targets illustrated in Figure 1.

2.3 Intra-molecular QMD-FFs

As sketched in Figure 2, the computed QM database is the only input information required
for the JOYCE3.0 parameterization engine. The main output consists in the list of all the FF

parameters concerning the ICs (r”/"®) of the target molecule, i.e. the intramolecular QMD-FF,

pOMD—FF

FF
intra L

. The total FF potential energy (E,,; ) is taken as a sum of the former with an inter-
EF F

I'F__ which instead depends on the distances (r"’¢") between atoms belonging

molecular term,

to different molecules:

Etl;f EFF ( zm‘er + Z |EQMD FF’k(rintra) (1)

inter intra
k=1

Such an expression has been used for the compounds reported in Table 1. Notably, when per-

EFF

forming simulations in condensed phase (i.e. for compounds IIL, VI and VID), E; /.

is expressed

through a pairwise sum,

Ny Ny
EFF mler :ZZ mler mter (2)

lnter

where N, is the number of atoms of all species composing the system, i and j are dummy in-

dexes running over the atoms of two different interacting molecules, and MZV ¢’ takes the standard

i 12 6
. . olnter Gmter qiq;
ui_;gter :48;?ter ( 2] _ 2 + ! J‘ (3)
rij rij rij

Here, Sf;"er and Gl-"j’.”er are the 12-6 Lennard-Jones (LJ) parameters and g; and ¢; the Coulomb

expression:

point charges (see Section S2 of the Supporting Information for further details). The first term
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on the right side of equation (1) is null for an isolated molecule and the whole potential energy

energy of the system in the gas phase coincides with the QMD intra-molecular term:

MD—FF MD—FF ,_j
Et%t _ Ei%tra (rmlra) (4)

In this work, to allow for the portability of JOYCE QMD-FF within the most popular MD en-

3

gines mentioned in the previous paragraphs, the class I JOYCE expression®! is adopted for

E.QMDfFF

ira . That is, the molecular internal energy is further partitioned into five main contribu-

tions, namely
ES pp =Es+Ep+Eg+Ep + Enp (5)

It is worth mentioning that equation (5) can be complemented with additional terms recently
implemented within the JOYCE protocol,®® which take into account also the couplings between
the five contributions. This, in principle, increases even further the accuracy of the resulting
QMD-FF.

Limiting the discussion to the intramolecular terms parameterized in the present work with
the JOYCE3.0 code, the first three contributions on the right side of equation (5), refer to “stiff”
IC’s (r*/7), which are most likely subjected to small oscillations around their equilibrium
value, and can be approximated through harmonic potentials.>> Among these, the first two
terms are routinely employed in most general-purpose force-fields, describing respectively bond

stretching (s) and angle bending (b), i.e.:

1 0y2
E, = Ezkf<”i_”i) (6)
i
and
1 ¢4 b 02
&:EZh@—@) (7

()

where Ny ;) is the total number of stretching (bending) modes, kf the force constant and r?

(91-0) the equilibrium value of the considered stiff coordinate r; (6;). The third term,
1 th

Ey =5 Y k' (6= 97)° (8)

i
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refers to stiff torsions (st). Within the JOYCE protocol,?!

it is often employed to describe dihe-
drals ¢ (as for instance those ruling the planarity of aromatic rings or conjugated double bonds),
whose internal energy variation is better described by such an harmonic term with respect to
the Fourier-like series usually employed by transferable FFs. In most large-sized molecules,
however, the effectiveness of a local harmonic approximation (LHA) cannot be fully exploited.
This is because these species are very often characterized by flexible “soft” coordinates, i.e.
expected to experience large amplitude distortions during their dynamics. This characteristic
requires model function beyond LHA. An example of these kind of ICs are those dihedrals &
which define rotations around single C-C or C-O bonds, whose torsional potential may present
multiple minima separated by rather accessible energy barriers. For the description of such

flexible torsions (f7), JOYCE3.0 employs a Fourier-like sum:

th NCOS

Ep = ZZkf 14 cos(nij& — vj)] )

where N{%*is the user-selected number of cosine functions employed to model dihedral J;, while
kl’;, n;j and 7;; are respectively the force constant, multiplicity and phase of the 7" term of
the series. Finally, since the MD runs are expected to explore a large portion of the PES,
in which the target molecule might be in different conformations, intramolecular non-bonded
interactions may be introduced between selected atom pairs. This is necessary for instance to
account for the steric repulsion between close atoms or the possible intramolecular hydrogen

bonds (HBs). Such interactions can be introduced through specific LJ intramolecular model

functions, depending on soft intramolecular distances (rsof1y:

NPZ PZ t so ft
_ in ra (10)
where
intra 12 O._ilytra 6
intra _ soft intra ij . ij
Uij <rlj ) 48!] soft soft ) (11)
rl-j rl.j

It should be stressed that € and 6" are intramolecular parameters aiming at describing

specific interactions occurring between selected atom pairs belonging to the same molecule. In
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contranst to £"¢" and ¢¢", reported in (3), which are instead designed to mimic the interaction
among atoms pertaining to two different molecules. Consequently, infra and inter L] parame-
ters can have, in principle, different values. Further details about QMD-FF and their standard
JOYCE parameterization are reported in the original paper,?! while in the following section we

describe the most relevant features introduced in this work within the new JOYCE3.0 procedure.

2.4 JOYCE3.0 parameterization and new features

Atom types

Compared to the previous versions of the code,>!-%¢

the additional new features implemented
in the JOYCE3.0 procedure are generally aimed at expanding the base of potential users. This
was done by providing interfaces for JOYCE3.0 with more QM and MD codes, and making
parameterization more user-friendly for nonexperts. Nonetheless, it should be emphasized that
the accuracy of QMD-FF stems from its specificity, and on the possibility to tailor in detail the
FF description for each considered target. For this reason, although a preliminary automatic

atom type assignment can be obtained using popular software and web servers,5’~6

this assign-
ment can be further refined by the user, allowing for the specification of user-customized atom
types. To facilitate this process while providing sufficient flexibility and specificity, JOYCE3.0
now implements a four-subscript labeling system. Specifically, each atom composing the target
molecule can take the label X,;.;, where X is the atom name, and a,b,c,d are alphanumeric
characters, which can be used to identify a particular atom type.

Each X,,.s atom type should reflect symmetry considerations and chemical equivalence.
The latter is defined in terms of topologically equivalent atoms, meaning they have identical
environments in terms of connectivity: they are connected to the same number and type of
atoms, and those atoms themselves exhibit the same connectivity in a recursive manner. This
equivalence arises from the symmetry of the labeled molecular graph, a graph-theoretical rep-
resentation of the molecule. Dependencies between FF parameters stem from the chemical
equivalence of atoms, which determines the atom types to which they are assigned. Typically,

the number of data points is smaller than the number of parameters in the FF, resulting in many

strongly correlated parameters. To enhance the stability of the fitting process and avoid over-
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fitting, equivalent force constants are not independently varied during parameterization. Addi-
tionally, the equilibrium values of equivalent FF terms are averaged to produce symmetrized
values.

An alternative strategy to significantly reduce the number of fitting parameters involves de-
termining equivalent atoms based on their local connectivity, defined up to a specific neighbor
depth. This approach retains the specificity of QMD-FFs while leveraging the transferability
of parameters between atoms expected to exhibit similar chemical behavior. Currently, we are
pursuing different strategies*> 927071 to efficiently produce a set of parameters with minimal in-
tervention by the user, implementing them in the ecosystem of tools that enrich the JOYCE code.
These strategies, generally exploit the powerful graph theoretical algorithms to inspect of the
local environment (the k-depth neighborhood) of each atom. Namely, the local environment
of an atom is represented by the subgraph comprising the atom itself and all atoms reachable
within a depth k; if any of the neighbors belong to a cycle, all atoms in the cycle are included.
Local equivalence is established by identifying whether a local automorphism exists that maps
the subgraph of one atom onto that of another, ensuring identical connectivity up to the chosen

depth.

FF internal coordinates
A crucial step in building any FF stands in the selection of the ICs used to represent the PES

of the target molecule. In this respect, the previous versions of JOYCE code?!-%0

provided a list
of all possible ICs for the target molecule, and the initial, time-consuming step consisted in a
manual classification and selection of the ones to retain. Although a ’black-box’ strategy that
retains all internal coordinates (ICs) might seem like the simplest option as it requires no user
intervention, it can lead to overfitting issues due to the non-orthogonal and highly redundant
nature of a basis set consisting of all ICs. In JOYCE3.0, once the atom types to be employed in
the QMD-FF have been defined, the new code provides a preliminary list of all ICs (based on
the optimized QM geometry) specifically classified in terms of bond stretching, angle bending,

dihedrals and non-bonded distances and proposes options for a further refinement. Specifically,

the ICs automated selection occurs by:
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i) identifying the connectivity within the molecule, determined using Pauling bond orders,
and assessing the resulting covalent bond lengths based on whether the distance is no

more than 30% longer than the sum of the covalent radii of the involved atoms.

ii) exploiting the computed connectivity. That is, JOYCE3.0 builds and classifies all the ICs
in terms of bonds (r), angles (6), dihedrals (¢ or &), and non-bonded intramolecular

distances (r*°/").

iii) refining the dihedrals selection and related atom quadruplets by defining each torsion
according to the bond order of the inner atoms. That is, grouping the coordinates in
stiff, (¢) or flexible (8) coordinates according to equations (8) and (9) and automatically

assigning them to either harmonic or periodic potential model functions, respectively.

iv) automatically identifying the internal distances r**/. JOYCE3.0 provides a list of all atom
pairs that are found to be more than three bonds apart, from which the user can select only
the pairs necessary to represent specific intramolecular non-bonded interactions, such as
those involved in intramolecular HBs, or to avoid ’bad contacts’, which can occur in very

flexible molecules, between atoms that are far apart.

v) providing a starting topology file where all ICs are associated with the corresponding FF
term, as expressed by equations (6) to (10), through which the QMD-FF parameterization

can be started.

Non-bondend intramolecular interactions
Another important novel implementation in JOYCE3.0 concerns the intra-molecular non-bonded

term defined in equation (11) and the procedure to parameterize it. In most of the previous

131,66

applications following the original JOYCE protoco the QMD-FF parameterization was

carried out by minimizing the objective function

2

. 3N—6 2W[/{/L 82E511{/;% FF Ngeom . 2
intra __ N - _ pintra
I - K;L C KL 8QK8QL + ; Wg [AU EQMD*FF:| g/el (12)

80

In the first term on the right of Eq. (12), the double sum runs over QM normal modes (where

Ok is the K™ mode), C is a normalization factor and N the number of atoms. The normalized
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diagonal elements of the weight matrix W are usually set at twice the value of those corre-

sponding to the off diagonal terms. The QM and QMD-FF Hessian matrix elements, H Igﬁl and
32E$ﬁ4’“pw
dOkIQL

introduced only in the case of molecules bearing flexible dihedrals &, the weights W, are all

, are both evaluated at the equilibrium geometry (gg). In the second term, which is

initially set to the same value, AU, is the QM computed energy difference between the g and g
geometries and N, 1s the number of the different geometrical arrangements sampled in the
torsional scans for each considered 0 in equation (9). Concretely, the JOYCE parameterization
was usually carried out minimizing®' such an objective function through a two-step procedure,

hereafter named Route I:

1) afirst step necessary to determine all harmonic parameters at once using the QM Hessian

and minimizing the first term on the right hand side of the objective function (12)

i1) only when flexible dihedrals are present in the target molecule, a second step consist-
ing in constraining all harmonic parameters depending on r*'// (i.e., E;, E, and E, in
equation (5)), and parametrizing only the terms related to flexible dihedrals in E7,. These
terms use reference QM torsional relaxed energy scans and the algorithm exploits the

so-called Frozen Internal Rotation Approximation (FIRA).?!

At this point, it is important to notice that in Route I, the FIRA in step (ii), inevitably
introduces a geometry mismatch in equation (12). In fact, for each geometry g considered in

the relaxed scans, the the QM and QMD-FF descriptors can be respectively written as:

AU, = AU(8,) (13)
and
Egiibrrle = Evonded(Ygq, Ogy, 950, 8) + Enb(r;?ﬂ) (14)
where
Ebonded (Ygy, 0505 959, 8g) = Es(xgy) + Ep(Bg)) + Egt (9g,) + Et(8g) (15)

This in turn implies that the energy difference in the second term on the right hand side in Route

I’s objective function equation (12) is possibly evaluated at slightly different geometries, i.e. g
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(from the QM relaxed scan) and g’ (obtained from g( through the FIRA). This is formalized as:
AUy~ Egiity_rrly = BU(8,) = (Epu(80) + En(riy"™)) (16)

In the above equation, all the harmonic terms in equation (15) vanished exploiting the FIRA
and the remaining flexible torsions term E; is computed over the same § angle employed at QM
level, thus limiting the mismatch due to the presence of the non-bonded intra-molecular term,
E,;,. In absence of strong coupling terms between the selected ICs, the latter term is not required
and Route I allows for assigning the whole QM relaxed energy sampled along the scans AU,
to the flexible dihedral term Ef;(J;). Nonetheless, when dealing with large and very flexible
molecules, where dihedral rotations might cause either specific internal interactions, as for in-
stance intra-molecular HBs, or close contacts between far-lying atoms,?! it becomes necessary
to include specific intramolecular non-bonded terms. This introduces a possible geometrical
mismatch. One of the main consequences of such a mismatch, is the general underestimation
of the r**/ distances evaluated at the unrelaxed g’ FIRA geometry, which in turn leads to a sig-
nificant overestimation of the intra-molecular LJ contribution in equation (11). To circumvent
this issue, when including LJ intra-molecular terms, in previous work,21-% Route I consisted
in a rather time-consuming user-defined inclusion and tuning of the selected interacting atom
soft

pairs and their r*®/* distances. This approach required the manual inclusion of specific pairs

soft distances after the initial parameterization. This process hence

and their corresponding r
relied on a trial-and-error methodology, where yet adjustments were still guided by comparing
the modified QMD-FF with the original QM database.

In the present work the parameterization procedure for the non-bonded terms has been re-
vised and automated. This was achieved via the implementation of Route II in the JOYCE3.0

version of the code. For all flexible and semi-flexible molecules shown in Figure 1 and re-

ported in Table 1 the parameterization is carried out by minimizing the JOYCE3.0 new objective

function,
3N—6 1 2 2 N, eom
. 2W, 9*Eponded \
Jintra _ 2 : KL {Hcorr_ (# + E W, [AU"" — Eponded 2 17)
K<L C KL aQKaQL 20 g g[ e ]g

where Hgj'" is obtained from the original QM Hessian by subtracting the non-bonded con-
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tribution contributions E,;, in equation (10) evaluated at the QM geometry g,

0%E,, } (18)
80

Hg" = [HKL " 30:0;

and AU“’"" is retrieved from the torsional scans database by subtracting from the computed QM

energy the E,;, contribution at the relaxed geometry g.
AU = [AU — E,;p) 2 (19)

More specifically, molecules bearing flexible dihedrals, as test cases II, III, IV, V and VII, are

parameterized with the JOYCE3.0 code, following the new automated Route IT procedure:

1) In addition to all bonded ICs, which are automatically generated by the JOYCE3.0 code,
atom pairs required to represent specific intra-molecular non-bonded interactions—such
as those involved in intra-molecular HBs or to prevent potential ’bad contacts’ between

atoms located far apart during dynamics—are included in the ICs collection.

ii) based on the included pairs, the corrected QM database is computed by JOYCE3.0 through
equations (18) and (19).

ii1) all harmonic parameters are obtained at once by minimizing the first term of the objective

function (17)

iv) the final QMD-FF, which now includes directly intramolecular LJ parameters, is eventu-

ally retrieved by applying FIRA and minimizing the second term of the objective function.

2.5 MD simulations

All classical MD simulations presented in this work were carried out with the specifically tai-
lored QMD-FFs by using the GROMACS®? package, unless otherwise stated. Additionally, to
test and show the portability of JOYCE3.0 toward other popular MD codes, in selected cases
(see Section S3.1 in the Supporting Information) the LAMMPS®* and CHARMM format (as
implemented in CP2K program package®) engines were also employed. Three different types

of MD runs were explored in this work: a) a NVT trajectory of the isolated molecule at 298 K
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for each considered species; b) NPT runs in ambient conditions for condensed phase (liquid)
homogeneous systems composed of one thousand molecules (here n-tetradecane, VI); ¢) NPT
runs in ambient condition on solvated systems, composed by the either the target molecule VI
or VII) embedded in ~ 1000 solvent molecules. Further details on classical MD simulations
can be found in Section S3.2 of the Supporting Information. For two of the systems investi-
gated in this work (namely, I and II), classical MD simulations were compared with ab initio
MD trajectories computed using the DFT potential obtained by solving the electronic structure
of the target molecule at each MD step in the Born-Oppenheimer approximation. This DFT-
based approach is hereafter referred to as Born —Oppenheimer molecular dynamics (BOMD),

and details on these calculations are given in section S3.3 of the Supporting Information.

2.6 Computational Spectroscopy

The calculation of optical and spectroscopic properties of chromophores in solution or in com-
plex environments requires methodologies and computational protocols that can account for
the intrinsic electronic structure and vibrations of the excited molecule, as well as environmen-
tal effects. As mentioned previously, this necessitates reliable sampling of solute-environment
configurations. To achieve this, sequential CL/QM methods with varying levels of accuracy
have been developed.>>7?-7% These approaches can be broadly classified as classical and mixed
quantum-classical (MQC) schemes. CL methods account for the effects of solute and environ-
ment fluctuations by obtaining the spectrum as the distribution of vertical energies. These can
be computed at a reasonable computational cost exploiting the time dependent density func-
tional theory (TDDFT), for example within a QM/MM approach, over an ensemble of frames
extracted from a reliable MD trajectory. Such a protocol, which relies on the classical Franck-
Condon principle, is referred to in this work as the Classical Ensemble Average of Vertical
Energies (CEA-VE) and is used to compute the optical properties of molecule V to VII. Compu-
tational details for the CEA-VE method are given in the Supporting Information in Section S4.
The main limitation is that the quantum nature of the vibronic features (and related broadening)
typically due to high-frequency modes of the excited molecule are not accounted for in this clas-

sical approach. To go beyond CEA-VE, a QM treatment of high-frequency modes and vibronic
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effects, which yet preserves a realiable description of the low frequency dynamical effects, is
necessary.”’ MQC approaches, such as the cumulant method’® and the Adiabatic-Molecular
Dynamics Generalized Vertical Hessian Approach (Ad-MD|gVH),>> have been developed to
address this challenge. For target molecule VII (i.e. dithiophene), we utilize the Ad-MD|gVH,
which partitions the coordinates of the entire system (solute + medium) into soft and stiff modes.
The soft modes, including the flexible degrees of freedom (DoFs) of both the solute and sol-
vent, are sampled using classical MD. In contrast, the stiff modes are treated at the vibronic
level using harmonic potentials specific to each configuration of the soft modes. To this end,
analytic formulations within the BO approximation of the vibronic spectrum have been derived,
and are implemented in our open source code .7 € classes3.6' The final Ad-MD|gVH spectrum
is derived by averaging signals computed at the QM level for the stiff coordinates across the
configurations obtained from the MD trajectory, which explicitly incorporates the equilibrated

solvent. Further details on the methodology and related computations are given in Section S4

of the Supporting Information.

3 Results and Discussion

The seven benchmark cases shown in Figure 1 has been chosen with the two-fold objective of
illustrating the wide range of targets and applications that can be tackled with the JOYCE3.0 pro-
tocol, and discussing all new features implemented in this work. The selected target compounds
give an overview about the JOYCE3.0 possible applications. Various chemical species has been
chosen, ranging from simple organic molecules (I, IV, V and VII), to more complicated TMCs
(VI), up to long and flexible polymers (II and III). These systems present a rather different
chemical structure, going from stiff scaffolds (I and VI) to highly flexible chains and back-
bones (III, IV and V). Moreover, the resulting QMD-FFs, specifically obtained here for each
target, are used to compute a plethora of distinct properties, which include structural, thermo-
dynamic and spectroscopic features, in turn requiring a specific a well-tuned QM description,
as reported in Table 1.

On the other hand, the target selection has been specifically made to discuss the new imple-

mentations. Compounds I to III exhibit an increasing degree of flexibility, requiring different
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model FF functions. These compounds have been chosen to illustrate both the automated gener-
ation of ICs and the portability to other MD codes. Target molecule IV contains several flexible
dihedrals and is thus characterized by a complex QM conformational energy landscape. Its
FF representation necessitates careful tuning of non-bonded intramolecular interactions, which
has been achieved through our new automated procedure. The 11-cis retinal protonated Schiff
base (rPSB11) (compound V) is a well-known conjugated polyene, whose bond-length alter-
nation (BLA) is crucial for accurately reproducing its spectroscopic behavior. This requires a
precise representation of both stiff and flexible coordinates. The Ni complex (compound VI),
on the other hand, was selected to demonstrate how the JOYCE3.0 procedure can be straight-
forwardly extended to transition metal complexes (TMCs) of any symmetry, such as the square
planar geometry used here. Finally, to highlight the high degree of accuracy encoded in our
QMD-FFs, dithiophene (compound VII) was chosen as an example of potential novel mixed

quantum-classical approaches in computational spectroscopy.

3.1 I-III: Handling Stiff and Soft Torsions

In this section, we show how JOYCE3.0 handles the different levels of molecular flexibility that

characterize medium to large size organic molecules. Table 2 summarizes the degree of flex-

JOYCE description

Target Harmonic Torsions (¢) Flexible Torsions (6) Intra-molecular LJ (5ol
I triperyleno [3,3,3] propellane,*+43 yes no no
IL: poly(2,7-pyrenylene)36-37 yes yes no
III: n-tetradecane®0—8 no yes yes

Table 2: Summary of the different types of ICs (see also Figure 3) involved in the parameterization of the first
three test cases.

ibility for the first three benchmark compounds, whose ICs are evidenced in Figure 3. In the
following, a detailed discussion of the three resulting QMD-FFs and their quality will be given

separately for each considered target.

I: propellane

The first first target molecule, namely triperyleno [3,3,3] propellane***3 (see Figure 4.a), is
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characterized by a rather unusual shape and a rather stiff scaffold, constituted by three an-
thracene rings placed as wings and connected via three 5-atom rings. Such a peculiar structure
makes it difficult to obtain accurate FF parameters from transferable databases. Nonetheless, for
comparison purposes, we first assembled a standard GAFF potential”® through the PrimaDO-
RAC software® (see section S5.1 in the supporting Information), which allows for the auto-
matic generation of a GAFF topology file in GROMACS format. Successively, a QMD-FF was
built by fitting QM data with the JOYCE3.0 protocol at PBE/6-314+G(d,p) level of theory as
detailed in Table 1. Just by looking at target I's structure, it is evident that large amplitude
oscillations of the various rings are not possible because of the constrained arrangement of the
bonds, whereas only small distortions around the equilibrium geometry should be expected in
ambient conditions. For this reason, as reported in Table 2, besides the stretching and bending
potentials defined in equations (6) and (7), only stiff harmonic torsions (8) were employed to
build the QMD-FF. Harmonic torsion describe more appropriately the small amplitude oscilla-
tions distorting the aromatic rings. Conversely, the GAFF automated parameterization employs
the standard Fourier series (9) to describe all the dihedrals. The intramolecular QMD-FF pa-
rameterized with JOYCE3.0 was validated by comparing selected features to both those obtained
with the general purpose FF and at QM level, as summarized in Figure 4. First, propellane’s QM

and QMD-FF optimized structures are compared visually in Figure 4.a, whereas the vibrational

(" v

Figure 3: Selected targets to explore different kinds of dihedral flexibility: a) triperyleno [3,3,3] propellane,**4°

b) poly(2,7-pyrenylene)®®37 and c) n-tetradecane.***® In each panel and the insets, stiff (¢) and soft (§) torsions
are evidenced in red and green, respectively.
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normal modes and related frequencies, again computed at both levels of theory, are compared in
Figure S2. Both tests support the quality of our QMD-FF in reliably mimicking the equilibrium
structure of the molecule and the distortions that are induced by small amplitude oscillations
in a LHA. Notably, as reported in the top rows of Table 3, the RMSD of the MM optimized
geometry with respect to the QM one is closer to zero when the JOYCE3.0 parameterization is
used, indicating that GAFF parameters introduce a structural mismatch already at zero Kelvin.

To compare the performance of the two FFs at ambient temperature, we first carried out a
BOMD as detailed in the Methods Section. Thereafter, the internal potential energy of several
propellane conformations, extracted from the BOMD trajectory, was re-computed at MM level,
either with the general purpose or the JOYCE3.0 FE. The energy distribution at the different

level of theory is displayed in Figure 4.b, where it appears that QMD-FF nicely peaks close to
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Figure 4: Validation of the JOYCE3.0 parameterized QMD-FF for target I. In all panels the same color palette is
adopted: QM, GAFF®”7° and QMD-FF results are displayed in cyan, orange and green, respectively. a) Overlap
of the optimized structure at QM and QMD-FF level: b) internal energy distributions computed along the BOMD
at QM or MM level, with either the general-purpose or the JOYCE3.0; c) spectral densities as obtained from the
auto-correlation function of the internal energy fluctuations; d) internal energy computed by performing single
point QM calculations on the structures obtained by MD runs carried out with the two FFs indicated. In panels c)
and d), the internal energy expected from the virial theorem is reported as reference with a red line.
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the BOMD reference, and both distributions spread near the value (~ 200 KJ/mol) expected
by the equi-partition principle and the virial contribution. By contrast GAFF peak is found
at remarkably higher energies. Although all distributions show seemingly similar widths, we
report in Figure 4.c the cosine transform of the autocorrelation function of the fluctuations of
the potential internal energy. Here, we see notable differences between the two FF models,
where the largest discrepancies in the spectral densities are found again for the general purpose
description, which, even in the case of this stiff molecule, is not completely able to capture the
variation in potential energy connected to structural fluctuations.

This significant structural mismatch appears even more clearly from the last validation test
illustrated in Figure 4.d and reported in Table 3. Unlike the previous test, the potential inter-
nal energy of compound I is now computed only at the QM level, yet using frames extracted
from classical MD runs, performed in the gas phase with either GAFF®*7° or the JOYCE3.0
FF. 1t is evident from Figure 4.d that while the QMD-FF generates geometries that are gen-
uinely accessible under the imposed thermodynamic conditions, a general-purpose description
produces excessively distorted geometries, yielding populations corresponding to much higher

temperatures.

0K GAFF JOYCE3.0

Bond lengths (A) 0.003 0.000
Bending angles (degr) 1.212 0.004

Dihedrals (degr) 0.412 0.009
298 K GAFF  JOYCE3.0
< AEZ® > (kKJ/mol) 422 +35 187 4+ 10
MUE (kJ/mol) 243 11
Dyax (kJ/mol) 308 28
Dyin (kJ/mol) 176 0.1

Table 3: Top (0 K): RMSD between QM and MM optimised geometries of compound I in terms of bond lengths,
bending angles and dihedrals. Bottom (298 K): Average internal energies (kJ/mol) and statistical descriptors with
respect to the expected internal energy at room temperature ( ]‘BTT (3N — 6)=180 k/mol): Maximum Unsigned Error
(MUE), maximum and minimum deviation (D,;,, and D,,;;). < AES,’V;” > is obtained for triperyleno [3,3,3] pro-
pellane at QM along the structures obtained with MD runs carried out at ambient conditions with either GAFF®-7
or JOYCE3.0’s QMD-FF.
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II: poly(2,7-pyrenylene)
With the aim of considering a progressive increase of the molecular flexibility, the second se-
lected target is the 2,7-pyrenylene polymer, which is composed by stiff PAH units (pyrene),
connected by rotatable bonds.?®37 As detailed in Table 2, although the structure of each PAH
unit can be safely handled through the harmonic term defined in equation (8) depending on the
stiff dihedrals ¢, the rotation of two neighboring units around the C-C bond connecting them
(see Figure 3.b) can undergo large amplitude oscillations and present several minima. To take
such slow anharmonic motions into account, with respect to the previous test case, both the flex-
ible dihedrals & and their contribution, accounted for by equation (9), are automatically added
by JOYCE3.0 to the IC collection and to the set of employed model functions, respectively. A
three unit chain of pyrenylene polymer has been recently® parameterized by some of us, fol-
lowing the JOYCE procedure. The resulting trimer QMD-FF was thereafter extended to a chain
of 35 units, to perform MD simulations of the polymer on a gold surface, well reproducing the
molecular adhesion/detaching forces as measured by cryogenic atomic force microscopy.3%37
Given such successful validation, in the present work we build a QMD-FF (see Section S5.2 in
the Supporting Information for the full list of parameters) for a four-unit polymer chain (target
II) by directly transferring the JOYCE parameters previously obtained for the trimer, following
the same procedure reported in Ref. [36]. Although the quality of the JOYCE tailored QMD-
FF for poly(2,7-pyrenylene) chains of 35 and 10 units has been already assessed in previous
work,3637 here we specifically validate the JOYCE3.0 procedure on target IT by comparing the
description of the molecular structure achieved with our QMD-FF, with that obtained with a
standard one. This was done to further highlight the potential shortcomings of relying on a
general-purpose description and the advantages offered by a specifically tailored approach.
Figure 5.a compares the the IR spectra obtained using the optimzed geometries and Hessian
matrices computed at QM (DFT) level and at MM level, through the two considered FFs: it is
evident how the JOYCE3.0 parameterization yields a very good description of the poly-pyrene
vibrational features with respect to QM. On the contrary, GAFF displaces many peaks in the
medium and high frequency range, indicating a faulty representation of the aromatic scaffold

dynamics. The effect of the structural mismatch introduced by the general purpose description
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Figure 5: a) Tetra(2,7-pyrenylene) IR spectra computed from the isolated molecule’s Hessian matrix and op-
timized geometry at full QM level (top, green line) or at MM level, either with the general purpose GAFF®7
(center, orange line) or the QMD-FF (bottom, green line); b) UV/VIS spectra computed for tetra(2,7-pyrenylene)
at the geometry optimized at QM level (top, green line) or at MM level, using either GAFF%% 7% (center, orange
line) or QMD-FF (bottom, green line).

appear even more clearly in Figure 5.b, where the UV/Vis absorption spectra computed for
the QM, GAFF and QMD-FF optimized geometries are displayed and compared. The lack
of specificity in reproducing the bond length alternation (BLA) in the aromatic units when
using GAFF results in a significantly red shifted spectrum. This confirms that, in addition to
accurately reproducing properties governing molecular adhesion and detachment dynamics as

shown in previous work,36-37

a good reproduction of spectroscopic features also benefits from
the tailored description provided by QMD-FF.

I1I: n-tetradecane

The successful validation of the JOYCE3.0 procedure in handling both rigid molecules with
“exotic” shapes and long, semi-flexible chains prompted us to complete these first three bench-
marks with a highly flexible compound, i.e. target III (see Figure 3). n-tetradecane is indeed
a long and very flexible linear alkane, characterized by a chain of fourteen Carbon atoms and
several rotatable dihedrals, which play a crucial role in determining the overall conformation of

the molecule.***® Moreover, target III it undergo significant backbone distortion even under

ambient conditions, resulting in head-to-tail or similar contacts during its conformational dy-

https://doi.org/10.26434/chemrxiv-2025-2f149 ORCID: https://orcid.org/0000-0002-1094-3921 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2025-2f149
https://orcid.org/0000-0002-1094-3921
https://creativecommons.org/licenses/by/4.0/

namics. Therefore, as for target molecule II, n-tetradecane was parameterized through the new
JOYCE3.0 two-step procedure using both the QM Hessian matrix and the relaxed scans along
the flexible dihedrals, yet introducing the use of internal Lennard-Jones (LJ) interactions, as
described in equations (10) and (11). As detailed in Section S5.3 of the Supporting Informa-
tion, target III parameterization was carried out on an ensamble of 252 ICs, which comprises
both stiff (bond stretching and angle bending) and soft (flexible dihedrals and 1-8 or further in-
tramolecular interactions) ICs. This large set can be reduced to 19 independent force constants
exploiting n-tetradecane symmetry (see also Figure S5), obtaining a final standard deviation of
0.3 kJ/mol, which confirms that the QMD-FF is able to accurately represent the QM PES both
in a LHA and along the relaxed profiles of the scanned dihedrals (Figures S6 and S7). Nonethe-
less, to achieve a more comprehensive validation, which also accounts for possible coupling
among ICs during collective displacements, we also repeated some of the validation tests based
on BOMD, previously discussed for target I.

Figure 6.a shows that, in contrast with general purpose FFs, the QMD-FF is capable to well
reproduce the chain length distribution observed in the more accurate BOMD run. This good
agreement between QMD-FF and QM data is confirmed by Figure 6.b: the QM internal poten-
tial energy computed along the n-tetradecane geometries extracted from QMD-FF trajectories
again nicely oscillates around the value expected by theory at 300 K. Notably, as displayed in
Figure S8 of the Supporting Information, the chain length distribution obtained along this 1 ns
run, substantially differs from the one obtained over 50 ps, either obtained at the QM level with
BOMD or classically with the same QMD-FF. This finding confirms that while large ampli-
tude and slow motions can occur at room temperature, inducing a significant distortion of the
molecular shape, the long time scales required to sample such motions are clearly unreachable
by applying BOMD techniques. Since the conformational dynamics is expected to be sensi-
ble to the environment, the validation of any model for n-tetradecane should be thus extended
to the condensed phase, hence requiring the use of the cost-effective CL-MD methods. Ex-
ploiting the partition of the total FF energy in inter- and intra-molecular terms, the JOYCE3.0
parameters can be straightforwardly merged with an inter-molecular set, for instance transferred

from some tested database for alkane molecules. Here the QMD-FF intramolecular description
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Figure 6: Validation of the JOYCE3.0 parameterized QMD-FF for target III. a) Distributions of the chain
elongation (L) computed in the gas phase for 50 ps along the BOMD at QM level (cyan line) or MM level, with
either a general-purpose (GAFFE,*7° orange or OPLS,%®-80 magenta) or the JOYCE3.0 (QMD-FF, green) FF. The
maximum elongation expected by the all-anti conformer is also displayed for reference with a dashed black vertical
line. b) Internal potential energy computed at QM level along the structures obtained by MD runs carried out in gas
phase with either a general-purpose (GAFF,*7° orange or OPLS,%30 brown) or the JOYCE3.0 (green, QMD-FF)
FF. The internal energy expected from the virial theorem is again reported as reference with a horizontal black line.
¢) Population distribution of the &4 dihedral (see Figure S5.a in the Supporting Information) achieved in condensed
phase simulations with the different FFs. d) Distribution of the chain elongation L. computed in condensed phase
simulations with the different FFs.

was merged with the OPLS intermolecular parameters, allowing for simulation of systems with
large numbers of interacting tetradecane polymers. For a final evaluation of the resulting FF, as
reported in Table 4, selected thermodynamic properties, averaged for 100 ns at 1 atm and 298
K on a system of 1000 n-tetradecane molecules in of condensed phase, were compared with
those obtained with the same protocol, yet using two transferable FFs, namely GAFF®®7° and
OPLS.%8:80

The performances delivered by the three FFs are quite different: while OPLS and our QMD-

FF (which share the same intermolecular term) yield an overall good agreement with the exper-

imental measures, GAFF simulates a too dense phase, with a significant overestimation of the
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FF | p (kg/m?)  AH,qp (kJ/mol) cp (Jmol 'K) n (mPas)
GAFF®- 79 | 841.1+52 125.6+0.5 - -

OPLS®8:80 | 7711 +2.2 80.4 + 0.4 472 + 2 1.3+0.5
QMD-FF | 7693 +22 787 +04 460 + 1 1.1+0.1
Experiments |~ 759% 71.3% 438.28% 2.33%

Table 4: Density (p), vaporization enthalpy (AH,qp), specific heat at constant pressure (cp) and viscosity (1)
computed using the three FFs and compared to experiments. All values refer to 298 K and 1 atm.

vaporization enthalpy, suggesting too strong intermolecular interactions. Indeed, as revealed
from Figure S9 in the Supporting Information, evident crystalline sub-domains start forming
already at 298 K, confirming the GAFF deficiency in well representing long alkyl chains.31-83
In particular, as displayed in the ¢) and d) panels of Figure 6, the overestimated interaction
in GAFF alters the molecular conformation artificially favoring the all-anti conformers, hence
resulting in too elongated molecules. As shown in more detail in Figures S10 and S11 in the
Supporting Information, a conformational behavior more in line with the other two descrip-

tions can be gained with GAFF by raising the temperature, suggesting that the latter FF could

significantly overestimate the melting temperature. Such an incorrect representation of the n-

\all-ati Single-gauche Double-gauche Triple-gauche Other

GAFF (%) 84.3 12.7 1.9 0.5 0.6
OPLS (%) 32.6 11.7 28.1 18.7 8.9
QMD-FF (%) | 4.4 15.7 26.3 26.4 27.2

Table 5: Comparison of dihedral distributions of n-tetradecane across the different force fields.

tetradecane conformational dynamics is further confirmed in Table 5, where the distribution of
the chain conformers, averaged along the 100 ns dynamics were collected for the three models,
from which interesting information can be retrieved also for the comparison between OPLS
and the QMD-FF. In fact, despite they share the same inter-molecular term, the two FFs do
not deliver identical thermodynamic properties, the QMD-FF being closer to the experiment in
all descriptors, except viscosity. The increased accuracy can be traced back only to the intra-

molecular re-parametrization, which allows the alkyl chains to follow a different (see Table
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5) and more realistic conformational dynamics, leading to a better estimate of the molecular

excluded volume and, in turn, of the intermolecular interaction energy.

3.2 IV: Specific Tuning of Intra-molecular Non-bonded Interactions

In the previous sections, we presented three examples demonstrating how JOYCE3.0 can ad-
dresses increasing levels of molecular flexibility using either harmonic functions or periodic
series, while the contribution of the non-bonded intramolecular term (10) remained minimal. In
fact, the only function of non-bonded interaction was preventing bad contacts between atoms
laying far apart in the molecular backbone (e.g. head-to-tail or similar interactions within the
alkyl chains of target IIT). There are, however, many cases in which a high degree of internal
flexibility allows the molecule to explore a complex conformational space, often characterized
by several different local minima, featuring strong and specific interactions, possibly settled
between non-bonded, yet neighboring atoms. This is the case for instance of internal HBs, 7-7
stacking or H-m patterns. To tackle such kind of higly flexible target molecules, JOYCE 3.0
comes with an improved implementation for the parameterization of non-bonded parameters
(Route II, see Methods sections), which allows the intra-molecular LJ interactions to be intro-
duced between a carefully selected set of atoms.

Here, to demonstrate the effectiveness of the new approach, we consider target IV, the
monomeric repeating unit of a well-known polymer, namely polyethylene terephthalate (PET),
which consists of a benzene ring covalently bonded to a carboxyl group and an ethylene glycol
moiety (see Figures 7.a and S12 in the Supporting Information). As shown in the b) to d) panels
of Figure 7, when compared to the QM reference (see Table 1) an accurate representation of
the monomeric unit conformational features is not achievable by simply transferring parameters
from general-purpose FFs (see also Figures S13 and S14 in the Supporting Information). Yet, a
reliable description of the internal flexibility is crucial to PET’s properties and functions.**%° It
is thus evident that, in view of extending the model to longer polymeric chains, the intramolec-
ular FF describing each unit should be accurately refined.

The first step of the new JOYCE3.0 parameterization procedure is to choose a number of

potentially interacting non-bonded atoms, and assign a set of specific LJ parameters (namely
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Figure 7: (a) QMD-FF atom types for which intramolecular LJ interactions (10) were included are highlighted
with transparent spheres (blue for ring atoms, orange for carboxyl atoms, and green for the ethylene/hydroxyl
chain). The dashed line displays the internal HB and the dihedrals scanned in panels b) and c) are also indicated;
b) Relaxed torsional scans of dihedral &; carried out either with transferable FFs (GAFF,%>7° orange line, and
OPLS, %80 magenta line), QMD-FF (green line) or at QM level (green circles). The QM energies corrected as in
equation (19) for the LJ contributions and the potential terms for flexible torsion (9) are also displayed with gray
squared and brown dashed line; c) relaxed torsional scans of dihedral s, lines symbols and colors are the same as
in the previous panel; d) Conformational energies evaluated at QM level on 1 ns gas phase MD run, carried out
with GAFF (orange), OPLS (magenta) or QMD-FF (green).

g and o) for each of them. By looking at target IV’s molecular structure, displayed in
Figure 7.a, two different kinds of interactions can be settled along its conformational dynamics:
i) internal HBs (between the ethylene glycol moiety and the carboxyl group on the right side of
the ring, and within the carboxyl group on the left); ii) steric repulsion between the ethylene-
glycol atoms and the phenyl ring. As shown in Figure 7.a and detailed in Figure S15 in the SI,
both these interactions can be accounted for by introducing LJ parameters for few target atoms,
namely the three phenyl carbons on the ethylene substituted side (C,3 and C,4 atom types)
and their hydrogens (Hg3), the left-side carboxyl group (C,;, O, and Og) and all atoms of the
flexible chain. Table 6 reports all non-bonded LJ parameters, whose values were assigned as

illustrated in the Section S5.4 of the Supporting Information, together with additional details on
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the parameterization procedure. The latter was carried out for a total of 160 internal coordinates,

phenyl—chain repulsion | carboxyl—chain repulsion
Pair (i) Gl?j’-’” “ 8;;-” @ | Pair (ij) Gil;” ra sl?;?” “
Cs-Cp 311 0.1 | Cp-Hy, 257 0.1
Cpi3-Cp 352 0.1 | Cp-C, 283 0.1
Cu-Cy 352 01 | Cp-C 279 0.1
Hi3-C; 280 0.1 | O2-Opp 272 0.2
intra-molecular HB

Pair (ij) Gi’j’?” “ 8;;-” @ | Pair (ij) Gl-’J'.” ra 8;;’” “
0;-H,, 1.75 100 | Os-H,p, 1.75 10.0

Table 6: QMD-FF parameters for non-bonded intramolecular interactions assigned to target IV atoms displayed
in Figure 7.a; 6™ are in A and €™ in kJ/mol.

parameterizing 75 independent parameters with a total standard deviation of 0.85 kJ/mol. A
full list of the QMD-FF parameters is given in Tables S40 to S45, together with a collection
of Figures showing in some detail the successful validation tests (see also Table 7), whereas in
the following the rest of the discussion focuses on the non-bonded interaction effect and on the
comparison with general purpose FFs.

Panel b) and c) of Figure 7 display in some detail the effect of the inclusion of specific LJ
interactions and how they are handled within the new Route II. In fact, by comparing the orig-
inal QM profiles with those corrected for non-bonded interactions according to equation (11),
the significant role of these interactions in reshaping the curves becomes evident. Moreover, as
expected, the effect of the specific interactions is generally repulsive, as the corrected profiles
consistently appear at lower energies compared to the original values when non-bonded terms
are considered. Finally, it is worth noticing how the corrected curves are well reproduced (gray
symbols and brown dashed lined in both panels) by the flexible torsional valence term (9), while
the original QM profiles is recovered when the whole QMD-FF is relaxed (green symbols and
lines, respectively). Turning to the comparison of the results obtained with those delivered from
the two general purpose FFs, Figures 7, S13, S14 and S20 show how the QMD-FF outperforms
the one computed for both transferable FFs, when they are compared with QM data. Figure
7 clearly shows that GAFF and OPLS miss or displace some minima, and provide generally

overestimated barriers, while this in turn reflects in internal energy landscapes significantly dif-
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ferent from those obtained at QM level (see for instance Figure S13). As a final validation,
Figure 7.d shows the results of the same test conducted for the previous molecules, namely
verifying that the molecular conformations sampled by the target molecule during gas-phase
dynamics are indeed accessible under the given thermodynamic conditions. This is determined
by checking if their QM internal energy falls within the range predicted by the virial theorem.
The results, also summarized in Table 7, confirm the excellent performance of the QMD-FF,
which notably minimizes the structural mismatch with respect to the QM data, compared to the

tested general-purpose models.

3.3 V: Parameterizations with post-HF methods

Target V (rPSB11) is a natural chromophore that is covalently bound to opsins through a Schiff
base linkage. It is extensively studied due to its role initiating the vision process upon light
absorption in animals.’!»32 For all the four previous targets, the reference QM database was
obtained exploiting DFT methods. However, to investigate the photoisomerisation of this chro-
mophore, which takes place at the 11-cis double bond through a conical intersection, multicon-
figurational strategies as CASSCF/CASPT2 methods are typically used on structures obtained

from classical MD simulations.”>3%85 Since the BLA and flexible torsions are known to gov-

0K GAFF OPLS  JOYCE3.0
Bond lengths (A) 0.024 0.014 0.000
Bending angles (degr) 4.8 2.6 0.1
Dihedrals (degr) 7.3 1.9 10.1
298 K GAFF OPLS  JOYCE3.0
< AEg’}V;“ > (kJ/mol) | 259 £52 120+ 19 109 + 18
MUE (kJ/mol) 173 34 23
Dax (kKJ/mol) 325 83 78
Duin (kJ/mol) 77 1 2

Table 7: Top (0 K): RMSD between QM and MM optimised geometries of compound IV in terms of bond
lengths, bending angles and dihedrals. Bottom (298 K): Average internal energies (kJ/mol) and statistical descrip-
tors with respect to the expected internal energy at room temperature (kBTT(3N —6)= 86.3 kJ/mol): Maximum
Unsigned Error (MUE), maximum and minimum deviation (D4, and D,;,). < AEE’I{,;“ > is obtained for ethy-
lene terephtalate at QM along the structures obtained with MD runs carried out at ambient conditions with either
general-purpose FFs (GAFF%®-7° and OPLS®:3%) or JoYCE3.0’s QMD-FF.
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ern such photoisomerisations,® it is in fact crucial that the adopted FF reliably describes both
these properties and their dynamics. Notably, DFT does not reproduce correct BLA, and post-
HF calculations are therefore required to investigate photoisomerization.?” For this reason, we
carry out the JOYCE3.0 parameterisation of target V using MP2. The conjugated polyene scaf-
fold present in the chromophore, responsible for light absorption initiating the photochemical
process of typical interest, shows that at MP2 level a delocalised electronic structure, where
single bonds are stronger than those in alkanes, and double bonds weaker than those in olefins.
This fact not only influences equilibrium distances and force constants, but also torsional pro-
files, suggesting that double bonds in such a molecule should not be described by the harmonic
potential terms, but rather by Fourier series, which enables a better description of the expected
large torsional displacements. For these reasons, in addition to the equilibrium geometry and
Hessian matrix, the QM database includes ten torsional relaxed scans (see also Section S5.6 in
the Supporting Information), divided equally between rotations about single bonds and double
bonds (0, and ¢, respectively, withn =1...5).

The JOYCE3.0 parameterization was carried out on a total of 282 internal coordinates and
142 independent parameters, yielding a standard deviation of 0.15 kJ/mol. A preliminary val-
idation of the resulting QMD-FF is displayed in panel a) and b) of Figure 8. Indeed, from the
overlap of the QM and QMD-FF optimised structures in Figure 8.a and from the values reported
in Table 8 it appears that the QMD-FF reproduces the QM equilibrium geometry with negligible
error on bond lengths and angles. The FF vibrational frequencies shown in Figure 8.b also well
correlate with their QM counterparts, confirming that the chromophore is well described in a
LHA. Turning to the expected large amplitude conformational dynamics, to further validate our
FF and better ascertain the gain in accuracy with respect to general purpose descriptions, the
QMD-FF obtained from JOYCE 3.0 is compared to a GAFF model.%” First, as detailed in Table
8, we highlight the worse performance of the latter, especially in terms of dihedrals and BLA
of the polyene system, which anticipates a less accurate description of the photophysics and
photochemistry that one would study on geometries extracted from a CL trajectory. Concerning
molecular flexibility, it is evident from the selected MM relaxed scans shown in Figure 8.c that

a general purpose model provides lower O barriers with respect to JOYCE3.0 (see also Figures
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Figure 8: a) Overlap between QM (MP2) and QMD-FF optimized structures for target VI; b) validation of

the JOYCE3.0 parameterization in terms of normal modes overlap (top) and vibrational frequencies (bottom); c)
selected torsional profiles for GAFF (reddish dashed lines) and QMD-FF (greenish lines) with respect to MP2
profiles (green circles); d) computed (RMS-CASPT2/cc-pvDz) and experimental (digitalised from Ref. [88], black
solid line) spectra, obtained for rPSB11in vacuo. All spectra have been normalised with respect to their maximum
intensity. Simulated spectra have been obtained either at a static level on sole optimized geometry (VE, vertical
dashed line), or through the CEA-VE approach (see the Methods Section and S4 in the Supporting Information),
on both GAFF (orange) or QMD-FF (green) trajectories.

S22-S26 in the Supporting Information), stemming from single bonds which are comparable to
the one found in regular alkanes, yet weaker than what expected by QM theory. The opposite
is true for double bonds, where GAFF’s higher barriers indicate too stiff coordinates, compa-
rable to standard double bonds in olefins. This results in a overestimated BLA, is in contrast
with expectations based on electronic nature of the polyene system, which are instead correctly
described at QM level and, therefore, in the QMD-FF.

The availability of experimental UV-vis spectra in vacuo for this chromophore®® makes it
possible to further validate the two descriptions. To this end, absorption spectra were computed
through the CEA-VE procedure (see Section S4 in the Supporting Information for details), ex-

ploiting 100 geometries extracted from MD trajectories carried out with the two FFs for 20
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FF | Bondlengths/ A Bending angles / deg Dihedrals /deg BLA/A
GAFF® 0.018 1.7 18.2 0.100
JOYCE 0.002 0.2 4.6 0.056

Table 8: MM Bond Length Alternation (BLA) and RMSD between QM and MM optimised geometries for
rPSB11 in terms of bond lengths, bending angles, dihedrals.

ns. For each sampled snapshot, we used the OpenMolcas software® to compute, at the cc—
pVDZ level, RMS-CASPT2(12,12) vertical transition energies for the first 3 states and SA(3)—
CASSCEF(12,12) S — S oscillator strengths, eventually retrieving the final UV-vis spectrum
as a gaussian convolution of all data. The comparisons shown in Figure 8.d demonstrate that
the JOYCE 3.0 description provides a much better agreement with experimental data. The posi-
tion of the spectrum, attributable to the overall description of molecular geometry, is on top of
experimental data, whereas GAFF is visibly more shifted. Moreover, JOYCE3.0 spectral width
is also much closer to experiments, whereas, as expected from its too rigid structure, the gen-
eral purpose description provides a significantly narrower spectrum. Based on these findings,
the accuracy of the proposed QMD-FF appears as an appropriate starting point for subsequent

studies of excited state dynamics.

3.4 VI: FF parameterizations of transition metal complexes for computa-
tional spectroscopy

Transition metals complexed by organic ligands are important for energy applications and tech-
nologies, due to their ability to facilitate efficient electron transfer and catalytic processes both in
the ground and excited states. Their versatile electronic structure makes them useful in key pro-
cesses such as solar energy conversion, battery storage, and fuel cell reactions.'! Often, various
excited-state processes and photophysical phenomena occurring in these systems are influenced
by interactions with the surrounding environment. These dynamic effects and non-equilibrium
processes occur across multiple time scales, ranging from femtoseconds to nanoseconds.?® To
accurately capture these phenomena and the specific and mutual interaction between the TMC
and the environment, it is essential to consider large systems to properly account for outer solva-

tion shells. Reaching such extended size and time scales benefits from the use of classical force
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fields (FF). However, there is a significant challenge: no universally accurate or transferable FF
parameters currently exist for reliably describing the metal-ligand interactions or maintaining
the correct coordination geometry in TMCs, especially in their electronic excited states. In re-
sponse to this limitation, here we show how a system-specific and accurate parametrization is
possible using the JOYCE3.0 protocol and offers a useful tool to describe the optical properties
of the squared planar [Ni(salpn)] complex (compound VI).>3 As discussed for targets IT and V,
a correct prediction of the position and shape of the absorption band to electronically excited
states heavily depends on the accuracy of the molecular geometries delivered by the FF. We
have shown that the specific description yielded by JOYCE3.0 outperforms the one obtained by
transferring general purpose-parameters that are affected by structural mismatch issues. For tar-
get VI, the comparison with transferable FFs is not even possible, because several parameters,
as for instance those describing the coordination around the metal are missing in commonly
available databases. For this reason, here we chose instead to validate our protocol by a di-
rect comparison between computed and recently measured>® experimental absorption spectra,
in which target VI revealed a clear solvatochromism.

The JOYCE3.0 parameterization was carried out following the familiar assignment of spe-
cific atom types (see Figure S27 for a detailed list) on a system of 206 internal coordinates.
As shown in Figure 9.a, these included specific stiff dihedrals (x and &), described through
equation (8) and specifically defined for both Ni coordination atoms (two Oxygen and two Ni-
trogen), and the lateral aromatic rings. The resulting system of 61 independent parameters, was
optimized with a final standard deviation of 0.1 kJ/mol. Given the fairly stiff scaffold and the
absence of low vibrational modes, the parameterization was carried out in a single step, based
on the optimized QM geometry and Hessian matrix only. Figure S28 shows the standard pre-
liminary validations tests, where it appears that both the optimized geometry and the vibrational
features described by the QMD-FF are in good agreement with the reference QM data.

To further validate the QMD-FF accuracy and to show JOYCE3.0 capabilities in determining
spectroscopic properties in different environments, we joined the parameterized intramolecular
term with a set of intermolecular parameters (see Section S5.7 in the Supporting Information for

a full list) and carried out MD simulations in condensed phase. In contrast with n-tetradecane,
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Figure 9: a) Optimized geometry of the squared planar [Ni(salpn)] complex (target compound VI) and definition
of the stiff dihedrals y and &, ruling respectively the squared planar structure around the metal and the planarity
of the aromatic rings; b) proton spatial density function in MeOH (left, red) or CHCI3 (right, blue), ¢) comparison
between experimental UV/vis absortpion spectra (top) of compound I in methanol (red lines)) and chloroform
(blue lines)>* and those computed in the present work through either a static approach (center) or exploiting MD
simulations carried out with the QMD-FF (bottom)

where the bulk phase is considered, here the target compound is instead solvated into two differ-
ent solvent molecules, namely methanol and chloroform. The analysis of the different solvation
structure established after equilibration of the two solutions at ambient conditions was carried
out both in terms of radial distribution functions (g(r), see Figures S29 to S31 in the Support-
ing Information) and the spatial distribution functions displayed in Figures 9.b and S32. All
data agree in indicating significant differences in the solvation shell settled by the two solvents:
around the metal, it is much more structured in CHCl3, while a rather stable HB between the
solvent protons and target VI's oxygen atom is settled in both solvents, yet at a shorter distance
in methanol. These local differences in the solvation patterns reflect in turn on the spectral
features. Figure 9.d displays the experimental absorption spectra and compares them with the

computed ones obtained with two different procedures, already employed for target I and V,
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respectively: the “static” approach and the CEA-VE protocol. It is important to stress that in the
’static” approach the bandshape is totally phenomenological, since it is obtained by applying a
Gaussian broadening function, with an half width at half maximum (HWHM) of 0.33 eV, to the
single stick transition, while the solvent is taken into account as a continuum, through the Polar-
izable Continuum Method (PCM).90 Conversely, at the CEA-VE level, both the discrete nature
of the solute-solvent interactions and the JOYCE3.0 driven conformational dynamics of the so-
lute are taken into account. This results in a significantly smaller broadening to add to each
VE. The approximations introduced in the static approach are evident in Figure 9.d, where the
two solvents are almost indistinguishable, and the band structure at higher energies completely
lost. On the other hand, by taking the system dynamics into account, the CEA-VE spectra show
a more defined structure, in better agreements with the experimental signal. In particular, the
local and specific solute-solvent interactions obtained by explicitly including in the VE calcu-
lations of the first neighbor shell of solvent molecules reveal the difference between the two
solvents. As a final note, it might be worth noticing that the solvent molecules were included in
the CEA-VE calculations at full QM level (in a QM/MM-like fashion), hence re-introducing in

the spectra the effect of both specific interactions as HBs and mutual polarization effects.

3.5 VII: QMD-FF for excited states

One key feature of the JOYCE protocol is that FFs for excited states (ESs) can be straightfor-
wardly derived on the same footing as those in the ground state (GS), provided a reliable QM
dataset is computed for the ES. In this way, it is possible to simulate the steady-state fluores-
cence CEA-VE lineshapes®” from the ensemble of geometries extracted from the MD simu-
lation carried out in the ES, similarly as we have shown for absorption of the systems above.
Moreover, the possibility of building consistent FFs for GS and ES paves the way to detailed de-
scriptions of excited state dynamics.>®#! In this section, we resort to the parameterization of the
GS and ES FFs both at the ground and the first excited state of dithiophene, already reported in a
previous work by some of us,”> and here re-performed with the JOYCE3.0 code. Furthermore, in
the case of the ES, we considered two different minima (cis and trans configurations around the

central bond), each with a dedicated FF. As shown in the original publication, the usual analyses
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on the quality of the FF reveal a similar accuracy for both GS and ES, compared to the refer-
ence data at DFT and TDDFT levels, respectively, confirming that the method is able to provide
consistent parameterizations at both states. The CEA-VE calculation of the emission spectra,
averaged for both cis and frans configurations, along with the one for absorption, are shown in
Figure 10 (green dashed lines). Even applying a phenomenological Gaussian broadening with
HWHM = 0.05 to each transition, the comparison with the experiments reveals a considerable
underestimation of the overall width for absorption and emission. This is, however, an expected
effect,” as the conformation ensemble arising from a classical sampling generally underesti-
mates the spectral width, especially when the role of progressions along high-frequency modes
is significant. One way to address a proper simulation of the spectra, which considers the quan-
tum nature of the high-frequency modes, while retaining an extended CL sampling for both the
soft modes of the solute and those of the environment, consists in adopting a MQC strategy,
as the Ad-MD|gVH method, recently proposed by some of us.”>> As discussed in the Methods
Section, in this strategy the flexible degrees of freedom of the solute (specifically the torsion
between the two thiophene rings) and the solvent are treated classically, while the stiff modes of
the solute are treated at QM level. The electronic structure calculations carried out at each con-
figuration extracted along the MD trajectory are usually performed at DFT and TDDFT levels
for both states, which renders the Ad-MD|gVH protocol computationally demanding.

To circumvent this issue, here we exploit the availability of accurate and reliable QMD-FFs,
consistently parameterized against the same level of QM theory at both GS and ES, to enable
a more computationally effective calculation of such vibronic models. This is achieved by
evaluating the gradient and Hessian matrices required by the VH model to build the quadratic
PESs for both states using instead of TDDFT, the QMD-FFs derived with JOYCE3.0. In prac-
tice, we use GROMACS to evaluate gradients and Hessians with the QMD-FF. Concretely, the
gradient is computed analytically at each snapshot, directly in the simulation box, including
all solvent (ethanol) molecules and using PBC. In turn, the Hessian elements for all solute
atoms are computed numerically from such analytical gradients, using a step of 1073 A. The
transition properties, i.e., the vertical energy and the transition dipole moment, are evaluated

using the TDDFT method. In Figure 10, we present absorption and emission spectra computed
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Figure 10: Experimental (black lines) and simulated (green) spectra. The latter are obtained with the CEA-VE
(dashed lines) or the Ad-MD|gVH (solid lines) approaches, using QMD-FF potentials to evaluate gradients and
Hessians. a) emission spectra; b) absorption spectra. Note that for a better comparison with the experimental line
shapes, as in the original paper,>> emission and absorption computed signals were shifted respectively by 0.12 and
0.03 eV. For the latter, the second band observed in the experiment is not reproduced by our calculations because
only transitions to the lowest excited state were considered.

through such new implementation of the original Ad-MD|gVH procedure,” hereafter referred
as Ad-MD|gVHyy. It is here important to recall that in the original publication Hessian and
gradients were evaluated with computationally expensive QM/MM models, which yet lead to
Ad-MD|gVH absorption and emission spectra in very good agreement with the experiment. By
comparing the original spectra® with those here generated through the new procedure (see also
Figure S34 in the Supporting Information), Ad-MD|gVH,;s ones exhibit a similar broadening
and well align with experimental data, yet at a significantly reduced computational cost.”! No-
tably, one key difference between the two procedures is that, after projecting out the torsion, no
imaginary frequencies were observed in Ad-MD|gVHj at any snapshot. In contrast, the orig-
inal Ad-MD|gVH protocol produced a significant number of imaginary frequencies,’ requiring
the projection of the pyramidalization coordinate to reduce the number of snapshots with such
frequencies. This difference indicates mismatches between the potential energy surface com-

puted at QM (TDDFT) level and that delivered by the QMD-FF. Such differences may arise
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from the limited coupling between internal coordinates within the FF, which is connected to the
simple functional forms adopted. Interestingly, another source for such a difference is the inher-
ently diabatic nature of our FFs, which neglect potential coupling, especially between excited
states, that could lead to additional imaginary frequencies. While these couplings might need to
be reintroduced in subsequent calculations,*! the diabatic FF approach offers a clean zero-order
description that helps maintain control over the effects incorporated into the spectral simulation.
Moreover, a key advantage of using QMD-FFs is that they allow for a very fast evaluation of
gradients and Hessians, significantly facilitating the application of the Ad-MD|gVH,y, method

to more complex systems.

4 Conclusions

In this work, we have presented JOYCE3.0, a software package designed for the automated
generation of specific and accurate intramolecular force fields suitable for classical simula-
tions, reliably derived from reference QM descriptions. The most relevant features of the new
JOYCE3.0 parameterization protocol have been summarized and discussed through seven dis-
tinct applications, each characterized by a remarkably diverse molecular structure and chemical
properties. In addition to the successful validation of each parameterization against a target QM
description, the quality of the QMD-FFs generated by the JOYCE3.0 protocol was evaluated by
comparing their outcomes with both general-purpose models and experimental measurements.
The results showed consistently good agreement with experimental data while outperforming
in all cases general-purpose models.

Concretely, the ability of JOYCE3.0 to handle molecular scaffolds with increasing flexibility
through the automated identification of stiff and soft modes was successfully demonstrated with
targets I to IIL. In all cases, and leveraging the enhanced specificity provided by the new atom
type definition, the QMD-FFs accurately captured the target conformational dynamics, both
within a local harmonic approximation and across larger displacements. Even when more com-
plex potential energy surfaces are considered - such as those modulated by strong and specific
nonbonded intramolecular interactions, as in target IV, or strongly influenced by fluctuations

in electronic density, as in target V - the robustness of our protocol enabled reliable descrip-
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tions. The excellent accuracy observed for the first four benchmarks in reproducing realis-
tic conformations prompted us to test JOYCE3.0 within protocols designed for computational
spectroscopy. Also in this context, the QMD-FFs obtained for targets V to VII delivered in all
cases a better agreement with experimental results with respect to transferred general purpose
descriptions. Moreover, for the last two targets (VI and VII), where transferable databases are
unavailable, the JOYCE3.0 protocol successfully provided a complete set of force field parame-
ters, exploiting its capability of handling cases such as transition metal complexes with organic
ligands or chromophores in their excited state.

From a broader perspective, the results presented in this work confirm the wide applica-
bility of the JOYCE3.0 protocol, which can be reliably used to generate force field parameters
that accurately describe the structure and dynamics of nearly any molecular target. This mo-
tivated us to enhance the code’s usability: new automated procedures, an improved interface
with widely used electronic structure programs and popular MD engines, as well as detailed
support provided on a dedicated website,** will facilitate users in developing their own QMD-
FFs to simulate their systems of interest. On the one hand, the intramolecular term of JOYCE3.0
can be combined with an intermolecular component, making it easily adaptable for the simula-
tion of simple solutions, complex fluids,> or multi-component devices.'®3%92.93 On the other
hand, the ability to generate consistent ground- and excited-state FFs (using TD-DFT, post-
HF or multi-reference techniques) enables the integration of JOYCE3.0 FFs into cost-effective
classical CL/QM protocols, allowing for realistic simulations of optoelectronic properties. The
integration of QMD-FFs in the novel Ad-MD|gVHyys procedure proposed in the present work
is probably the most striking example of JOYCE3.0 potentialities in this framework, where
overcoming the structural mismatch allows for accurately predicting the spectral shape without
resorting to any phenomenological broadening. As demonstrated in this work, the capabilities
of this new release of JOYCE have matured to a level of general applicability, that allows it
to handle a wide range of systems, encompassing both ground and excited states. This versa-
tility opens the door to numerous exciting applications, from the rational design of advanced
materials design to the study of photoinduced processes in biological as well as complex het-

erogeneous systems.
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On the development side, future efforts may instead focus on establishing standardized pro-
tocols for efficient and reproducible parameterization schemes that rely solely on the structural
information of the target molecule. Undoubtedly, significant steps have been taken in this di-
rection, including the creation of a website*? with comprehensive information and tutorials that
present a unified view of the parameterization strategy and help its user base to adopt com-
mon protocols. Additionally, tools developed for the (semi-)automatic generation of reasonable
internal coordinates (ICs) contribute to this effort. Still, the selection of the set of ICs re-
mains a critical step, and some degree of arbitrariness persists, particularly in the selection of
non-bonded terms or the set of redundant dihedral coordinates. These aspects call for further
investigation of different settings, which should be carefully analyzed and classified in terms of
their efficiency and reliability. In this sense, ongoing work in the IC selection tools include the
design of different standard strategies, that could be reliably compared, including a systematic
way to describe more exotic ICs sometimes required in specific FFs. Such transparent protocols
would greatly facilitate the creation of databases where new force fields are categorized not only

based on the target molecule and quantum mechanical level but also on the set of ICs selected.
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