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Abstract

Linear cyanide-bridged polymetallic complexes, which undergo photoinduced metal-
to-metal charge transfer (MMCT), represent prototypical systems for studying long-range
electron-transfer reactions and understanding the role played by specific solute-solvent in-
teractions in modulating the excited state dynamics. To tackle this problem, while achieving
a statistically meaningful description of the solvent and of its relaxation, one needs a com-
putational approach capable of handling large polynuclear transition metal complexes, both
in their ground and excited states, as well as the ability to follow their dynamics in several
environments up to nanosecond timescales, Here, we present & mixed quantum classical
approach, which combines large-scale molecular dynamics (MD) simulations, based on an
accurate quantum mechanically denived force field (QMD-FF) and self-consistent QMD
polanized point charges, with IR and UV-Vis spectral calculations to model the solvation
dynamics and optical properties of a cyano-bridged tninuclear mixed valence compound
(trans-[(NC)¢Fe'”(u-CN)Ru” (pyridine)s(u-NC)Fe/(CN)¢J*~). We demonstrate the re-
hability of the QMD-FF/MD approach in sampling the solute conformational space and
capturing the local solute-solvent interactions by comparing the results with higher-level
quantum mechanics/molecular mechanics (QM/MM) MD reference data. The IR spectra
calculated along the classical MD trajectories in different solvents correctly predict the
red-shift of the CN stretching band in the aprotic medium (acetonitrile) and the subtle dif-
ferences measured in water and methanol, respectively. By explicitly including the sol-
vent molecules around the cyanide ligands and calculating the thermal averaged absorption
spectra using time-dependent density functional theory (TDDFT) calculations within the
Tamm-Dancoff approximation (TDA), the experimental solvatochromic shift is quantita-
tively reproduced going from water to methanol, while it is overestimated for acetonitrile,
This discrepancy can likely be traced back to the lack of important dispersion interac-
tions between the solvent cyano groups and the pynidine substituents in our micro solvation
model. The proposed protocol is applied to the ground state in water, methanol, and ace-
tonitrile and can be flexibly generalized to study excited state non-equilibrium solvation
dynamics.



1 Introduction

As clectron transfer (ET) reactions are central in a vanety of biological and physicochemi-
cal processes, intensive rescarch efforts have been devoted to understand and modulate the
structural, electronic and environmental parameters governing mechanistic pathways.' In
this context, polymetallic supramolecular structures, giving rise to metal-to-metal charge trans-
fer (MMCT) are particularly interesting because of the variety offered by the possibility of
modifying the coordination number, ligands and redox properties of the metallic centers. In
particular, ambidentate cyanide ligands have been largely exploited to build polynuclear ar-
chitectures, with moderate to strong metal-metal electronic coupling and appealing magnetic,
photophysical, and electronic properties exploitable for different applications.* %! Morcover,
lincar cyanide-bridged assemblics have served as prototypical architectures for studying long
range ET reactions. In these systems, excitation into the MMCT band initiates the transfer
of an clectron from onc metal center to the other, and internal conversion from the excited
state leads to a back electron-transfer (BET) reaction. Within this family, one of the most
experimentally-characterized complex is [(NC)s[Fe]"CN[Ru]™(INH]3)s)~ (FeRu),***7 which
upon photoexcitation undergoes BET with timescales ranging from tens to hundreds of fem-
toseconds depending on the employed solvent,”®

A fundamental understanding of the role played by specific solute-solvent interactions in the
photoinduced dynamics of FeRu and, more in general, of transition metal complexes (TMCs)
with cyanide Iigandsz"‘“ 1s a crucial question which joint experimental and computational in-
vestigations have been trying to answer.”***% The strong solvatochromic shifts of the CT
bands in these systems is due to specific hydrogen bonding interactions between the cyanide
ligands and the solvent molecules, with a strength proportional to the solvent acceptor number
and the number of cyanide ligands.*® Very recently, some of us reported an investigation of
the ultrafast photoinduced dynamics of FeRu in water with femtosecond X-ray scattering and
emission spectroscopy measurements. By combining these experiments with non-equilibrium
molecular dynamics simulations, we showed that coherent translational motion of the water

molecules hydrogen bonded to FeRu is coupled to the photoinduced MMCT and subsequent



ultrafast (62 fs) BET.?” Clearly, from a theoretical and computational point of view, atomistic
insights onto the solvent relaxation dynamics and their impact on the energetics and dynamics
of charge transfer states can only be obtained by explicitly including the solvent molecules into
the system and taking into account finite temperature effects.”” 33945 Although nowadays,

4648

very efficient parallel implementations and machine learning (ML) techniques, coupled

to the increase of computational power, make it possible to run ab initio molecular dynamics

(MD) simulations of rather complex systems.,** %%

the necessity of treating very large systems
(with thousands of solvent molecules to reliably account for the outer solvation shells) and
reaching longer timescales (hundreds of picoseconds up to nanoseconds) often hinders the use
of first-principles MD methodologies. Hybrid Molecular Mechanics (MM) and Quantum Me-
chanics (QM) schemes (QM/MM), which describe the solute at the QM level and the solvent by

966 represent a valuable approach to treat large-sized systems,

means of classical mechanics,
up to timescales on the order of picoseconds. On the one hand, ML approaches, trained on the
potential-energy surface (PES) of QM subsystems, may now enable larger scale QM(ML)/MM
simulations.*”® On the other hand, when dealing with large systems, targeting longer simula-
tion timescales (nanosecond to microsecond) and/or reliably accounting for several embedding
environments requires turning to classical techniques such as MD or Monte Carlo (MC).”" 7! In
this framework, very accurate intramolecular and intermolecular force fields (FFs) and an ade-
quate configurational sampling are crucial for the reliability of results extracted from classical
MD simulations,”®73

The general approach in classical MD simulations is assuming FF parameters as general and
transferable between different systems belonging to a similar family of compounds.”®7* While
this approach works rather well for biological systems,” and a variety of widely employed

state-of-the-art FFs are implemented in commercial and open source packages,** %5

practically
no accurate transferable FF parameters, capable of describing the metal-ligand interaction and
the coordination geometry, exist,* % as well as no general-purpose parameters are available
for molecules in their electronic excited states.™  Alternatively, one can abandon the idea of
generality and transferability and adopt a system-tailored approach to develop a very accurate

FF for a specific molecule in a given electronic state, In this framework, a route to achieving



such specificity is to exploit the accuracy of QM calculations, deriving the FF parameters from
a higher-level QM reference.”® Since the first attempts®® 2 to provide a robust and automated
procedure to provide such quantum mechanically derived force fields (QMD-FF),* the research
topic has flourished,” %197 a5 QMD-FFs can be applied in most cases where transferability
fails, and experimental training data sets are lacking or totally missing.”* " For instance, mixed
quantum classical strategies based on QMD-FFs have been successfully integrated in multi-level
protocols for computational spectroscopy, exploiting the possibility of retrieving the required
information for the parametenization of FFs suitable for excited states from the reference QM
data, #* 100105105111 yor among the plethora of proposed parameterization strategies, only a
few of them seem able to handle the presence of metals coordinated to organic ligands, and
automated QMD-FF parameterization procedures are mostly dedicated to metal organic frame-
works (MOFs) and focus on the fine tuning of the intramolecular interactions. %9799 The
structure and dynamics of specific monovalent TMCs, for which general purpose parameters
were incomplete or unreliable, has been investigated through a QMD-FF strategy also by some

42.44,112

of us, achieving promising results in the description of the solvent dependent vibra-

tional features,''? intemal structure® and, most recently, optical behavior.***

In the present paper we expand on this by extending the intra-molecular parameterization
procedure to a polymetallic complex, and additionally, we propose a general procedure to refine
the intermolecular term of the FF, based on a QM description consistent with the one employed
to parameterize the valence term. The target compound to which our QMD-FF strategy will
be applied is trans-[(NC)sFe'” (u-CN)Ru” (pyridine)s(u-NC)Fe!(CN)<J*~ shown in Figure
l.a and hereafter referred as FeRuFe. This is one of the few structurally characterized linear

trimetallic compounds containing terminal cyanides,'"*

and represents a significant increase in
complexity with respect to the FeRu molecule previously investigated by some of us.”” Here
we focus on the solvation dynamics, infrared (IR) and Uv-Vis absorption spectra of FeRuFe in
three different solvents, namely water, methanol (MeOH) and acetonitrile (MeCN), demonstrat-
ing the reliability of our QMD-FF/MD approach in sampling the solute conformational space
and capturing the local solute-solvent interactions when compared to higher-level QM/MM MD

reference data, The present methodology, applied here to the ground state properties, can be cf-



ficiently generalized to excited states, paving the way towards reliable atomistic simulations and
a fundamental understanding of solute-solvent ultrafast relaxation dynamics upon photoinduced

MMCT excitation and subsequent BET.

2 Methods
2.1 Computational protocols

General scheme

QOur proposed multi-level computational protocol integrates QM calculations, which can accu-
rately capture FeRuFe structural and electronic features, and classical techniques, to reliably
introduce solvent and thermal effects. Hence, the FeRuFe complex, shown in Figure 1, is first
investigated at the QM level by exploring selected regions of its potential energy surface and the
response of its electronic density to the presence of specific solvents, The resulting information
is encoded in a FeRuFe specific QMD-FF, parameterized to best reproduce the computed QM
descriptors and suitable for classical MD simulations. MD runs are thereafter carried out for
the solvated FeRuFe complex, taking into account different solvents and moenitoring the solute
behavior for several ns, hence ensuring a reliable statistics. The resulting trajectories are even-
tually used to analyze the different solvation structures among the considered solvents, as well
as statistical ensembles to compute thermally averaged IR and UV-vis spectra,

QM calculations

The QM chemical descriptors required for FeRuFe's ground state FF parameterization were
computed at the density functional theory (DFT) level, using the PBEO functional.''*''% Specif-
ically, these descriptors are the FeRuFe's optimized geometry (go), its Hessian matrix (FIE:')
and the relaxed torsional energy scans AELY (8.y) and AEZY (8,,,) of the flexible dihedrals,
where the dcy dihedral govern the rotation of the equatorial cyano groups (Cz;Nzy, see Figure
I for definition) around the C; axis, while the 3, dihedral drives the rotation of the pyridyl
substituents around the Ru-N bond. The triple-{ polarized 6-311G(d,p) basis set''®"7 was
employed for all atoms except the two Fe atoms and Ru atom, which were represented with the
Stuttgart RSC 1997 ECP.'"%11% The choice of the PBE0 functional has been recently bench-



Figure 1: Structure and labeling of [(NC)sFe(u-CN)Ru"/ (pyridine)s (2-NC)Fe'"(CN)sJ*~ (FeRuFe). a) QM
optimized structure of FeRuFe; b,c) QMD-FF specific atom types and flexible dihedrals (see also Figures S1 and
S2 in the Supporting Information). We indicate as z1, 22, and 73 the terminal, equatonial and bridging cyanide

ligands respectively.

marked by some of us of the FeRu complex.?®?7-12% Since in that case the baseline charac-
teristics of the metal dimer (including charge transfer) were captured with sufficient accuracy
compared with experiment, considering the similarity with the present complex, we chose to
maintain PBED also for FeRuFe, so that we can eventually compare the photophysics between
the dimer and tnmer systems, In consideration of the high charge of the investigated complex,
the calculations of the aforementioned descriptors were performed accounting for the solvent
through the polarizable continuum method (PCM),'?!

Vertical excitation energies (VE), either computed at the optimized gp geometry or over
the snapshots extracted from the MD trajectories, were consistently performed with the PBEQ

functional, but, to minimize the computational burden, with a smaller basis set (6-31G*) and



adopting the Tamm-Dancoff approximation (TDA).'?? As shown in Figure S10 in the Sup-
porting Information, the chosen PBEO/6-31G* level of theory was successfully benchmarked
against both the larger basis sct and a different functional. These DFT and TDA calculations
were carried out with the GAUSSIAN16 package.'?

QM/MM calculations

An initial optimized conformation of the FeRuFe complex was solvated in a 62 x 62 x 62 A’
box of 7919 water molecules and four sodium cations (Na*), using the preparation tools and a
pre-prepared equilibrated bulk water template available in the NWChem computational chem-
istry software package.'** '** In the subsequent QM/MM simulations, FeRuFe was assigned to
the QM region, while all water molecules and cations were assigned to the MM region. Within
the former region, the same level of theory was employed as in the previously described QM
calculations (PBED) for consistency, again using the 6-311G** basis set for the light atoms,
H, C, and N,""% "7 and the Stuttgart scalar relativistic basis set and effective core potentials
(ECP) for Fe and Ru.'"® "9 At the QM/MM interface, the van der Waals parameters for the C,
N, and H atoms of the FeRuFe complex were obtained from the general AMBER FF (GAFF)
set, "2 whereas the Fe and Ru atoms of the complex were described through the CLAYFF FF

of Cygan et al.,'?’

employing AMBER 1-4 and Lorentz-Berthelot mixing rules for the non-
bonded interactions. Finally, in the MM region, water molecules were descnibed through the
extended single point charge water model (SPC/E) of Berendsen and co-workers,'*® while for
Na® the classical FF of Joung and Cheatham'?” was employed. The system was thereafter op-
timized with the NWChem QM/MM module, applying the SHAKE algorithm'*® only to the
water molecules, to constrain the bond lengths and angle, as prescribed by the SPC/E potential.
The cut-off for the coulombic interactions was set to 12 A. The QM/MM interaction zone sur-
rounding the complex was set to 20 A. Geometry optimization was performed cyclically (for a
maximum of 5 times until convergence), each cycle consisting in 2 maximum of 10 Broyden-
Fletcher-Goldfarb-Shanno (BFGS) iterations in the QM region, followed by a maximum of
3000 steepest-descent (SD) iterations in the MM zone. Following optimization, QM/MM dy-
namics were performed. Initially, the complex was held fixed and the water solvent was allowed

to equilibrate over 10 ps with a time step of 2 fs and using the Berendsen's thermostat'?! for



NVT simulations at 298.15 K. Subsequently, the complex was allowed to equilibrate with the
solvent for 1 ps and a time step of 0.25 fs. Following 1 ps, QM/MM dynamics of the entire
system was performed for another 20 ps.

QMD-FF parameterization

A specific QMD-FF was assembled for FeRuFe exploiting the classical partition of the total
FF energy in an intramolecular term, governing the shape and flexibility of the complex, and an

intermolecular term, which describes its interactions with the surrounding solvent:
MD-FF MD-FF | nQMD-FF
Efg‘ - Ei?wra T E(?wrr (N

The parameterization of the FF's intramolecular term has been carried out with the JOYCE soft-

ware,'* which allows one to derive a EZV7 11

term based on the QM data specifically com-
puted for the FeRuFe monomer, as described in the previous section, According to the standard
JOYCE protocol,™ 13313 the best QMD-FF parameters are thus retrieved by minimizing the

objective function

1 Npcom

M MD-FF]?
1=2— Y, W [aEQ0, - EZD-TF] +
geom o
MD-FF\ 12
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where the first sum runs over the Ny om, FeRuFe's geometries considered in the 8cx and 3,
dihedral scans, and the second (double) sum runs over the 3N-6 QM normal modes (N being the
number of FeRuFe atoms) obtained at g = 0. The W, and Wy, terms are user-defined weights:
the normalized diagonal elements of the weight matrix W are set as in similar previous ap-

plications, 43112

at twice the value of those corresponding to the off diagonal terms, while
weights W, have the same value for all the considered geometries. Further details concern-
ing JOYCE parametenization are reported in Section A of the Supporting Information or can be

found in the original papers, 133134

Fgﬂ,’) T the intermolecular FF term appearing in equation (1), was computed through the

standard pairwise sum of Lennard Jones (LJ) and Coulomb (charge-charge) interactions:

awer 12 ag’mrl 6 :
Wy =defrer | S VR fp-1 | + 945 (3)
Tij Tij Fij
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where e,";“" and q‘;"" are the LJ parameters and g; and g the point charges. Following previous
QMD-FF parameterization carried out by some of us for simpler, monovalent TMCs,*2-#4.112
the LJ parameters for FeRuFe™ were taken from literature databases (cither OPLS, "7 for
pyridiyl and cyano groups, or previous FF parameterization,' ' of TMCs, for the metal
atoms) and combined, through the OPLS mixing rules,®' with the solvent parameters (cither
TIP3P'Y for water or OPLS™"7* for methanol and acetonitrile). In keeping with the QMD-FF
intramolecular term, the Coulomb interaction term of u:';’ " in equation (3) was also denved from
QM data and tailored to mimic the FeRuFe interaction specifically for each solvent, To this
end, an automated iterative procedure to retrieve QM dernived polarized point charges (QMD-

pPC) is proposed, summarized in Figure 2 and detailed in the following. For cach considered
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Figure 2: Scheme of the iterative parameterization procedure devised to obtain Quantum Mechanically Derived
polarized Poist Charges (QMD-pPC).

solvent, point charges are first derived through the CMS scheme'*® from the QM electronic
density, specifically computed for FeRuFe at the PBEO level, taking the solvent into account
at an implicit level, through the PCM scheme.'?' The resulting charges are then employed
in a preliminary MD simulation, carried out on a system composed of one FeRuFe complex
and more than 3000 solvent molecules (see next section for details). A set of ten uncorrelated
snapshots are extracted from the equilibrated MD trajectories, containing the coordinates of the

FeRuFe complex and all solvent molecules within a 14 A radius shell. A new QM calculation
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is then carried for cach extracted snapshot, again obtaining atomic charges of the FeRuFe com-
plex through the CMS scheme,’*® but explicitly accounting for the solvent, by including in the
calculation all solvent atoms as point charges, using the same values in the MD runs (i.c. TIP3P
for water or OPLS for the other two solvents). A new set of charges for FeRuFe is then obtained
by averaging, for cach atom, the values obtained over the 10 sampled snapshots. This procedure
is thereafter iteratively repeated until convergence, which was assessed by comparing the sol-
vent structure around the most interacting FeRuFe complex atoms, revealed by specific radial
correlation functions computed along the MD trajectories at cach parameterization step. We
call the resulting charges polarized since the atoms of the complex which mostly interact with
the surrounding selvent are expected, with respect to an implicit model, to be more specifically
polarized by the average network of embedding charges,

Molecular Dynamics

MD runs were carried on systems composed by one FeRuFe complex surrounded by large
numbers of solvent molecules, namely 7960, 3349 and 3343 for water, methanol or acetonitrile,
respectively. To neutralize the high negative charge of the TMC, four Na* cations were also
included in the simulation boxes. After a first SO0 ps preliminary equilibration at 298 K in the
NVT ensemble, longer equilibration runs (2 ns ) were carried out in at constant temperature (298
K) and pressure (1 atm) for cach solvent. Finally, MD production runs of 5 ns were launched
again in the NPT ensemble, saving the trajectories every | ps. In all cases, temperature and
pressure were kept constant through the v-rescale'*” and the Parrinello-Rahman'* algorithms,
respectively. In all runs, long range electrostatic was accounted for with particle mesh Ewald
(PME), while a cut-off distance of 12 A was employed for short-range interactions, applying
the standard correction for energy and virial’® applied to LJ potentials. During all simulations,
no constraints were applied on the bond lengths and the time step was set to 0.1 fs, which
allowed for a correct energy conservation on the NVE runs eventually carried out the three
solvated systems to compute the dipole correlation functions (see next section). All MD runs
were carried out with the GROMACS package,®!

IR and UV spectra calculation

The IR vibrational frequencies were recovered for cach solvent over 1 ns NVE MD runs, from



the dipole moment correlation function according to'*!

1v) < Q(v)v [ 2 (it +10) a(e)) de @

where fi(t) is the dipole moment computed along the MD runs at classical level as

N
(1) = Y. qarialt) (5)
a=1

where g and r, (1) are respectively the QMD-pPC charge on atom @ of the FeRuFe complex
and its displacement with respect to the center of mass of the complex, N is being the total

number of TMC atoms. The function Q(v) in equation 4 is a QM correction,'*? given by

~ Bhv
Q(V) - ! _e,_ﬂﬁ (6)
with B = 1/kgT, where is the kg Boltzmann constant and 7' simulation temperature.
A preliminary description of the UV spectra in the different solvents was first achieved by
applying a procedure solely based on a single optimized conformer of the FeRuFe complex,

taking the solvent into account as a continuum through the PCM scheme.'?!

Such proce-
dure will be hereafter referred as static’, because the spectral signal is obtained by applying
a phenomenological Gaussian broadening to the computed vertical transition energy without
explicitly considering neither solutes’s not solvent’s dynamics, Conversely, thermally averaged
UV absorption spectra were obtained according to a mixed quantum-classical scheme based on
a classical ensemble average of vertical energies (CEA-VE), recently employed to reproduce
steady-state and transient UV spectra of a Ru heteroplectic TMC.*>** Specifically, dynami-
cal and explicit solvation effects were included in the FeRuFe clectronic absorption spectra
by averaging the TDA vertical excitation energies computed along 100 uncorrelated snapshots,
extracted from the MD runs carried out in ambient conditions with the QMD-FFE. The final
absorption spectra were eventually obtained by a Gaussian convolution with 0.1 ¢V half-width-
half-maximum (HWHM), considering the 100 lowest transitions for cach frame. Finally, to
gain a deeper insight onto the different contributions (e.g. electrostatic, polarization, etc.) to

the solute-solvent interactions determining the spectral shape, two different models were em-

ployed to account for the explicit solvation at different levels of accuracy. In model I, for cach
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extracted snapshot, beside the coordinates of the FeRuFe complex, which are treated at the QM
level, all solvent molecules lying within a rfS radius from the Ru atom are included as PC (with
the same values employed in MD simulations, as in the QMD-pPC procedure), thus accounting
for the local and specific polanzation effects induced by the solvent charges on the TMC so-
lute molecule. Conversely, in model I1, all solvent molecules found within a specific radius r?,;:'
from the most interacting FeRuFe atoms (Cz and Nz, see Figure 1.b), as revealed by the solvent
structure analysis along the MD runs) are included in the calculations at QM level, whereas the
rest of the solvent is accounted for at the PCM level. It is worth noting that within this scheme,
the local mutual polarization effects between the solvent and the solute are also introduced in

the prediction of the spectral shape,

2.2 Experimental setup

Sample preparation

Na and P(Ph); salts of trans-[pysRu’” {NC-Fe/"(CN)s }2]*~ were synthesized following previ-
ously established literature procedures.' ' '#3 In summary, trans-[Ru(py)sCl, ] and K3 [Fe(CN)g]
(in excess) were dissolved in a 4:1 mixture of water and methanol. This selution was then re-
fluxed under nitrogen for four hours. Excess methanol was then added to precipitate unreacted
K3[Fe{CN)g] and the solution was filtered. The filtrate was treated with excess P(Ph):Cl to
create a green slurry. This was filtered an additional time to collect a green solid. This solid was
then dissolved in minimal amounts of methanol and punified with exclusion chromatography
using a Sephadex LH-20 packed column cluted with methanol. The dark green fraction from
the column was collected and further purified by recrystallization from methanol/dicthyl cther.
To prepare the sodium salts, the P(Ph)s salts were dissolved in acetonitnile and treated with ex-
cess NaClOys which caused immediate precipitation. This solid was then collected by filtration,
dissolved in water, filtered again, and the resulting filtrate was dried with a rotary evaporator
yielding pure NagFeRuFe salts. Pyridine and Acetonitrile were purchased from Fisher Chem-
ical; all other precursors and solvents were purchased from Sigma-Aldrich and used without
further purification. Solvents used during the synthesis and for spectroscopic measurements
were of HPLC grade 99.9% purity.

13



Spectroscopic measurements

Solutions for spectroscopy were prepared by dissolving (P(Ph)s)sFeRuFe in methanol and ace-
tonitrile and NagFeRuFe in water and heavy water (D;0) to yield 25mM solutions. IR spectra
were recorded on a Jasco FT/IR 4700 spectrometer using the above solutions and a sample cell
with a 50 um pathlength. UV-vis-NIR spectra were recorded on a Varian Cary 5000 UVevis-
NIR spectrophotomer using the same solutions and sample cell. All spectra were processed
by subtracting solvent only spectra from the spectra of the 25mM solutions. Note that the IR
spectra of D> O is shown instead of water, since the spectra were nominally identical but solvent

subtraction was casier for D,0.
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3 Results
3.1 QMD-FF validation

The QMD-FF intramolecular term was parameterized through the JOYCE procedure, ™ '* based
on the QM descriptors specifically computed for FeRuFe at the DFT level as reported in the
previous section. The parameterization was carried out on a set of 620 redundant internal co-
ordinates, fitting S5 independent parameters with a final standard deviation of 1.05 kJ/mol. All
final intramolecular parameters are given in Section C of the Supporting Information, while

further details concerning the applied JOYCE procedure can be found in Section A.

Figure 3: Summary of QMD-FF intramolecular parameterization. 3) overlap of QM (DFT/PBED, red sticks and
spheres) and QMD-FF (green sticks and spheres) optimized structures; b) comparison between QM and QMD-FF
vibrational frequencies (bottom) and normal maode (overlap, top).

The resulting intramolecular QMD-FF was validated by companng selected features with

15



their QM counterparts, as summarized in Figure 3. First, the structure of the FeRuFe com-
plex, optimized either at QM level or with the QMD-FF, are compared visually (Figure 3.a) and
through the root mean square deviation (RMSD) with respect to the reference DFT structure
(sce Table 1). Next, the vibrational frequencies, computed at the QM and QMD-FF levels, are
correlated as shown in Figure 3.b. Both tests appear to support the quality of our QMD-FF to re-
liably mimic the equilibrium structure of the FeRuFe complex and the distortions which might
be induced by small amplitude oscillations in a local harmonic approximation. In particular, the

- Bond lengths (A) _ Bending angles (deg) Dihedrals (deg)
RMSD 0.001 0.943 ; 6.0

Table 1: RMSD between QM and MM optimized geometries in terms of boad lengths, bending angles and
dihedrals.

specificity of the adopted atom labeling (see panels b) and ¢) in Figure 1) allows for differenti-
ating atom types which are usually not distinguished by general-purpose FFs. For instance, as
reported in Table S2 in the Supporting Information, the QMD-FF is able to distinguish among
the different metal-ligand equilibrium lengths and force constants which govern the octahe-
dral structure around the metals (see Fe-Cz/Fe-Czy/Fe-Czy and Ru-Nz3y/Ru-N, for Fe and Ru,
respectively). Similarly, tailoring QMD-FF parameters over the proper QM relaxed torsional
profiles, allows to accurately reproduce also more subtle features induced by larger distortions,
as the coupling between the dihedrals ruling the rotation of the pyridiyl substituents around the
N — Ru — N axis (see Section D and Figures S1 and S5 for further details). A further confirma-

tion of the QMD-FF reliability in exploring the conformational space of the FeRuFe complex
comes from the comparison of the distribution of selected internal coordinates, computed along
the MD trajectories carried out with our FF or at QM/MM level, and shown in the left pancls
of Figure 4. In fact, apart from a slight overestimation of the average Fe-Ru distance, both the
coordination sphere around the Fe atom and the carbon backbone of the aromatic rings agree
well with the higher level reference data.

The QMD-FF accuracy in accounting for solute-solvent interactions was tested by resort-

ing again to our QM/MM molecular dynamics simulations, comparing the resulting solvation
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Figure 4: Validation of the QMD-FF (blue lines) for FeRuFe in water with respect to QM/MM molecular
dynamics (red lines), Left panels: population distribution of relevant intra-molecular distances. Right panels:
radial distnbution functions between relevant FeRuFe atoms (Fe, Ru and all nitrogens) and the water proton (Hw).

structures with the one obtained through classical MD simulations carried out with our FF,
Solute-solvent radial distribution functions, g(r), computed along the QMD-FF/MD trajectory
between selected FeRuFe atoms and the water hydrogen (H,,), are shown in the right panels
of Figure 4: the good overall agreement with the one obtained with the higher level technique
confirms the capability of the classical approach to reliably mimic both the flexibility of the
FeRuFe complex and its interaction with the surrounding environment. In particular, as also
evidenced in Figure $6 in the Supporting Information, both the QM/MM and the classical MD
simulations agree in indicating the N;; and N, atoms as the most interacting FeRuFe sites.
The radial distribution functions between N, /> and the water hydrogens (H,,) show peaks at

short distances and with high intensities, hence suggesting the formation hydrogen bonds (HBs)
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between the terminal and equatorial cyanide ligands and the surrounding solvent molecules.

Finally, it is worth noting that the QMD-FF parametenization protocol, adopted for FeR-
uFe in water, is rooted in the partition in intra- and intermolecular terms reported in equation
(1), which can be exploited to obtain QMD-FFs designed for different embeddings in a straight-
forward way. In fact, the JOYCE accurate description of the flexibility of the FeRuFe complex
can be exported to the new FF without any further calculations, whereas QMD-pPC can be
recomputed for any specific solvent by applying the iterative protocol outlined in Figure 2. In
turn, the possibility of employing accurate and system-specific QMD-FFs allows for atomistic
insights into the effects of larger number of solvation shells and for longer simulation times
compared with more computationally demanding QM/MM dynamics. Furthermore, as it will
be shown in the following section, it also paves the way toward the simulation of different
embedding environments, allowing for a balanced comparnison of different solvation structures
around the TMC.

3.2 Solvent effects on FeRuFe conformational dynamics

With the aim of investigating the different supramolecular networks settled by embeddings of
varied polarity/proticity and their effect on the conformational dynamics of FeRuFe, the QMD-
FF parameterization procedure adopted in water was extended as described in the previous
sections to MeOH and MeCN. Figure 5§ shows the distnibutions of selected FeRuFe dihedral
angles achieved along the S ns production runs in the three different solvents at ambient condi-
tions. Despite a direct evaluation of such conformational behavior is in this case inaccessible to
experiment, the reliability of a QMD-FF description of flexible degrees of freedom was recently
validated against single-molecule real measurements,'***% hence prompting us to confidently
consider the simulated outcomes. As far as the stiff dihedral governing the symmetry around
the Fe atom (&, see Figure S1) is concerned, the narrow overlapping peaks obtained in all cases
indicate that solute-solvent interactions only negligibly perturb the octahedral structure of the
ligands around the metal. The same results (not shown) have been obtained for £, which rules
the disposition of the ligands around the Ru atom. On the contrary, the more flexible dihedrals
describing the rotation of cither the equatorial C.oN ., ligands around the N.; — Fe — N3 axis
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Figure 5: Sclected dihedral distributions achieved in MDD with different solvents, namely water (blue), methanol
(red) and acetonitnile (orange). In the inscts a pictorial definition of the considered dihedral is shown for clanty
(see also Figure S1).

(8¢x) or the pyridiyl groups around the Ru-N bonds (8,,,) show different behavior depending
on the solvent. A similar behavior is registered also for ¥, which measures the dibedral angle
between the planes of two opposite pyridiyl nngs. Although the non-symmetric peak distribu-
tions of the most flexible dihedrals suggest that 5 ns are not sufficient for a full exploration of
the configurational space of solvated system, the different peak intensities registered in varied
solvents for both 8,,, and 8¢y clearly indicate for FeRuFe a solvent-dependent conformational
dynamics. Interestingly, the above findings show that the ¢y rotation is indeed greatly affected
by the solvent nature, which appears to be able to significantly influence the conformational dy-
namics of the FeRuFe complex across the populated minima, again indicating that the stronger
solute-solvent interactions are established with the polar C,;N,; and C;N_; groups. Consider-

ing d,,,, a larger flexibility is observed for methanol with respect to the other two solvents, as
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indicated by the population of two different minima in methanol. Notwithstanding the average
octahedral symmetry is maintained in all cases and the distributions of most of the stff coor-
dinates show a negligible dependence on the surrounding solvent, finer effects take place on
the internal modes more affected by the interaction with the solvent, as the Cz-Nz stretchings
possibly directly invelved in HBs with the surrounding water or MeOH molecules.

To ascertain this hypothesis, IR vibrational spectra were computed along the QMD-FF/MD
trajectories for all solvents according to equation (4) and the results are plotted in the left panel
of Figure 6. In the inset, the overall good agreement registered, along the whole explored
frequency range, with the gas phase spectrum computed at pure QM level from the DFT Hes-
sian matnix further confirms the quality of the QMD-FF. Yet, the spectra computed in different
solvents show slight differences, which are enhanced when focusing on a narrower frequency
range (~ 2120-2130 em ™), corresponding to the the C,-N; stretching modes computed at QM
level in the gas phase C,-N,. The right panel of the same Figure shows FTIR spectra of FeR-
uFe in the three different solvents. The spectrum measured in water resemble the spectrum of
the FeRu molecule in D0, where the peaks from lower to higher energies have been assigned
to the stretching of the terminal, equatorial, and bridging cyanide ligands, respectively.'*” The
comparison of the simulated IR peaks with the experimental signals appears to confirm com-
putational predictions for the main peak position: the red-shift found for the aprotic solvent
(MeCN) is also evident in the experiment, as well as the slight red shift found in water with
respect to MeOH. The calculations also predict shoulders at higher wavenumbers, which con-
tribute at the different spectral broadening also observed in the experiment. The underestimation
of the spectral broadening may be traced back to the classical approximation employed for com-
puting the dipole moment of FeRuFe and to the neglect of the quantum nature of the nuclear
dynamics of FeRuFe and solvent interactions, whose inclusion would require the application of
much more computationally expensive protocols,'™ 111148 which are beyond the scope of the

present work.,
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Figure 6: IR vibrational bands related to C.-N., stretching mode. Left: computed spectra for FeRuFe in gas
phase (from the QM Hessian, gray line) and in the three solvents (water, methanol and acetonitrile), along the MD
trajectonies, according to equation 4, In the inset, the vibrational spectrum is displayed in the whole computed
range. To better compare with experimental values, all frequency were scaled following Ref. [146). Right:
experimental spectrum in the ~ 2100-2145 cm ™" region (*' registered in D;0). In the inset, the same FTIR spectra
are shown in a wider range.

3.3 FeRuFe solvation

The validated reliability of the QMD-FF description allows for confidently exploiting the wide
range of length and time scales spanned by MD simulations to gain a deeper insight onto the
varied solvation structures and their different effect on the electronic density of FeRuFe. For a
qualitative comparison among the investigated solvents, spatial density functions (SDFs) were
computed along the three equilibrated runs, and are displayed in Figure 7. Quite different sol-
vation shells are already revealed by a first visual inspection. In water, solvent molecules are
much more closely bonded and structured around the cyano ligands, whereas a more uniform

density is settled around the aromatic substituents. Conversely, the less polar and aprotic sol-
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vent (MeCN) shows less bounded solvent molecules around the cyano groups and an increased
density in the region surrounding the pyridiyl ligands. MecOH solvation structure appears to be
an intermediate case, where solvent molecules tend to settle at larger distances and more loosely
bound with respect to water, as indicated by the wider density region.

The differences among the solvation shells evidenced in Figure 7 can be related to the dif-
ferent type and strength of the intermolecular interactions settled with the solvent, which can be
distinguished in mainly ansing from a pure Coulomb interaction (e.g. HBs) or connected to the
dispersion forces established by the solvent with the & cloud of the aromatic ligands (Van Der
Waals terms). Table 2 reports the total solute-solvent interaction energy, UFeReFemolv averaged
along the MD runs, as well as the separate contribution of the Coulomb and LJ terms appear-
ing in equation (3). The registered trends closely reflect the conclusions drawn with the SDF
analysis, being water the most interacting solvent, while less favorable interaction energies are

found for MeOH and, to a greater extent, for MeCN. Nonetheless, the origin of such interaction

o

d)

\3

Figure 7: Side (top panels) and top (bottom panels) views of the SDFs of the Hw, Ho and He protons, achieved
in MD carmed out on FeRuFe in water (blue, a) and d) panels), methanol (red, b) and ¢) panels) and acetonitrile
(orange, ¢) and f) panels).
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is markedly different when considering the two protic solvent with respect to MeCN. In fact,
in both water and MeOH, the largest contribution to U™ =50l comes from the Coulomb
charge-charge interaction in equation (3), which is stronger in the former solvent, thanks to the
higher number of HBs settled with the cyano ligands and reported in the last row of Table 2. In
MecCN, on the contrary, the LJ terms play a much more relevant role, being the Van der Waals

contribution more than half the Coulomb term.

3.4 Absorption spectra and solvatochromic shifts

The analysis of the solvent structure around the FeRuFe complex points to interactions of sig-
nificantly varied strength and nature, which are expected to act differently on the electronic
density of the TMC and, consequently, on its spectral properties. In particular, the local and
specific interactions between the protic solvents and the cyano ligands are not expected to be
well represented when adopting a continuum description for each considered embedding. For
this reason, the information retrieved by the radial distribution functions is exploited to build
two different models through which explicit solvent molecules can be reliably included in the
calculation of the absorption spectrum. Figure 8 illustrates the two adopted models for the water
solvent, whereas Figures S7 and S8 refer to MeOH and MeCN solvents, respectively. In model
I, the solvent molecules are explicitly accounted for as point charges (PC), including molecules
within 5 = 14 A with respect the Ru atom, i.¢. up to a distance where the solvent density has
become uniform (g(r) = 1). In model I1, on the contrary, the most interacting solvent molecules

are included at full QM level, while the remaining solvent is accounted for as a continuum,

UFeRuFe-solv water methanol | acetonitrile

ol -1837 £ 65.0 1259 449  -662 %22

Coul 1757 £ 64.0  -1046 4+ 47 @ -430 + 21

J -80 + 27.0 213424 0 232+ 17
Nus 3043 2242 0

Table 2: Total (rer), charge-charge (Coul) and LJ FeRuFe-solvent interaction energies, computed between FeR-
uFe and all solvent molecules composing the system according to equation (3) and averaged along the S ns MD
runs. All averages and error estimates are in kJ/mol. The last row reports the number of HBs (Nyy) established by
FeRuFe with cach solvent, computed through the standard definition implemented in the GROMACS package *!
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through PCM. In the latter case, the selection criteria again stand on the solvent structure analy-
sis, and the cut-off radius (rg;:' =13.5A) is evinced from the radial distribution function obtained
from the most interacting atom pairs, ¢.g. N,-H,, for the water solvent.

The UV absorption spectra of the FeRuFe complex, computed within the CEA-VE scheme
along the MD trajectories accounting for water or acetonitrile solvent according to model I and
I, are compared in Figure 9 with the ones obtained with the static model, accounting for the
solvent at PCM level. In the following, we first discuss the differences between the spectra cal-
culated according to the different models, and secondly we compare them with the experimental
spectra shown in Figure 10. With respect to the gas phase spectrum (which only shows one peak

-
oS
-

/4

Figurc 8: Water solvent models constructed based on radial distribution functions. Panel a): g(r) correlation
function between N, atoms and the water hydrogens (top) corresponding coordination number (bottom), The cut-
off radii rg,':' and 75, used in the two adopted solvation models discussed in the text, are shown with shaded
purple and brown lines, respectively. Panel b): Pictonial description of the solvent extraction scheme 1. All water
molecules within /5 = 14A with respect the Ru atom are included in the vertical energy calculation as point
charges (PC), The resulting solvation sphere is here evidenced with a shaded brown color, Pancl ¢): Model 1L
All water molecules within rs = 3.5A with respect to any Nz atom (intemal shaded surfaces) are included in the
vertical energy calculation explicitly at QM level, while the rest of the solvent is accounted at PCM level (bluish
sphere).




centered at around 3.5 ¢V), accounting for the solvent at PCM level results in the appearance
of a small peak around 2.7 ¢V, evidenced upon decreasing the width of the phenomenological
Gaussian functions required by the static model from the standard value of 0.33 ¢V 10 0.1 ¢V
(see also Figure S9 in the Supporting Information). Nonetheless, as expected, implicit solva-
tion methods such as PCM fail to distinguish the differences among the two solvents, and the
absorption spectra computed in water and MeCN almost coincide. Such a failure can be related
both to the conformational dynamics effect of both solute and solvent, missing in the static
model, and to the lack of local and specific interactions as HBs, not accounted for by PCM,
The importance of the second effect is highlighted in the comparison between the two solva-
tion models based on MD: when mutual solute-solvent polanization effects are well accounted
for (i.c. treating the closest molecules at the QM level as in model II) the low energy band in
water further red shifts (in agreement with the experiment) and the two solvents are well distin-
guished. For this reason, the final absorption spectra for the three solvents have been computed
through the CEA-VE scheme along the MD trajectories with model I1, and compared with their

H,0
30.8~' - - QM (static)

S 0sl- QMD-FF (model 1)
298 — QMO-FF (model I

Figure 9: Computed UV absorption spectra of the FeRuFe complex, accounting for the water (top) or acetonitrile
(bottom) according to the different schemes discussed in the text
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experimental counterparts in Figure 10,

To ease the comparison between the simulated and measured spectra, to match the low
energy band registered in water, all computed signals have been red shifted by 0.85 ¢V. Such
an error, also present in the pure QM static approach, can be ascribed to the employed DFT
description and it is not related to the parameterized FF. Conversely, the comparison with the
experimental spectra over the whole investigated energy range, displayed in the left panels of
Figure 10, further confirms the reliability of the QMD-FF, which is able to account for the
appearance of a well separated band at low energies, corresponding to the MMCT, correctly
red shifted upon increasing polarity and proticity. As evident from the right panels of the same
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Figure 10: Comparison between experimental (top panels) and computed (bottom panels) UV absorption spectra,
registered for the FeRuFe complex in different solvents.  All calculated spectra are obtained by applying the

CEA-VE scheme along the QMD-FE/MD trajectonies, accounting for the solvent through model I To case the
comparison, all computed spectra were red-shifted by 0.85 eV.

Figure, the worst agreement among the three solvents is recorded for MeCN. By looking at
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the SDFs displayed in Figure 7 and the radial distribution functions in Figure S6, it can be
hypothesized that an important role could be played by the dispersion interactions between
the clectronic density of the solvent cyano groups with the aromatic & cloud of the pyridiyl
substituents, which cannot be accounted for by including the solvent molecules surrounding
the aromatic ligands only with a continuum. Yet, including also those molecules at QM level
(for 100 snapshots) would imply an impressive computational effort, beyond the scope of the

present work,

4 Solvent modulation of charge transfer

Deceper insights on the effect of different solvent models on the excited state nature can be
obtained by resorting to the excited state charge displacement (ESCD) analysis, developed by
some of the authors few years ago.'*” " This approach is based on the calculation of the

function Ag defined as:
< oo phon
Aq(z) = /- dz’/_ j_ Ap(x,y. 7 )dx.dy. N

where Ap(x,y, z) represents the electron density difference between the considered excited and
ground states. Thus, Ag(z) indicates the electron charge that, upon excitation, moves from
the right to the left side of the perpendicular plane through the chosen z axis. By definition,
when Ag(z) is negative the electron is transferred from left to right. This analysis provides a
visual indication of the direction and extent of electron transfer over the whole system without
resorting to any charge decomposition scheme. We note that the lincar FeRuFe complex is
particularly suitable for this kind of analysis, as the MMCT takes place along the Fe-Ru-Fe (2)
axis.

Figure 11 shows the calculated ESCD curves for the lowest-energy MMCT state of a ran-
dom FeRuFe conformation (taken from the MD trajectory in water), either accounting for the
three different implicit solvents (top panel) or with the water environment described at different
degree of approximation (bottom panel). In line with the observation that in PCM the lowest en-
crgy band appears as a weak band centered at about 2.7 ¢V and is practically overlapped in the
three solvents, the ESCD curves plotted in the top panel of Figure 11 indicate that the nature of
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the excited state in terms of degree and direction of CT is almost the same in the three implicit

media, with a small exception for the most polar water environment. More precisely, for all

B} y . i mM

Figure 11: Left: ESCD curves of the lowest MMCT state of FeRuFe in implicit (PCM) water, methanol and
acetonitrile (top panel) and water described by PCM, model Tan model T (bottom panel). For illustrative purposes,
a snapshot extracted from the FeRuFe@H,0 trajectory has been used in all the ground and excited state electron
density calculations to rule out the effects due to change in the solute conformation. The standard “unrelaxed™
excited state density has been employed to calculated the density differences. Right: Isodensity contour plots of
the electron density change in the lowest MMCT state of FeRuFe in water by using different solvation schemes,
Blue/pink surfaces denote charge accumulation/depletion. The density value at the surfaces is £0.001 ¢~ au. ™.

the solvents a maximum of 0.25 clectrons are transferred from the Ru to the Fe atom on its left
(0.23/0.24/0.27 for McOH/MeCN/water), while toward the Fe on the right 0.14/0.17 ¢~ move
in McOH/MeCN and 0.35 ¢ in water. In PCM, the amount of CT is thus directly proportional
to the solvent polarity, and the two “diabatic™ Fe/! — R — Fe!'! and Fe''! — Ru'"" — F&'' states
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turn out to be nearly degenerate and thus weakly interacting.” ' This picture lacks the solvent-

cyanide interactions, which are well known to modulate the redox potential of the Fe///// ie.
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the stability of the diabatic MMCT states, and is clearly inadequate to capture the optical prop-
erties of the FeRuFe complex.

Conversely, as suggested by the ESCD curves and the associated density difference iso-
density plots respectively shown in the bottom left and right panels of Figure 11, when we
describe the solvent (water) by point charges (model I) or by a QM+PCM scheme (model TT)
the situation 1s indeed drastically different, in terms of both extent and topology of CT. Already
when the electrostatic embedding of the solvent is accounted for by point charges (model I),
the CT is unidirectional, reaching 2 maximum value of about 0.7 ¢ this points to of a larger
coupling between the two states, resulting in their energy splitting. Interestingly, as apparent
in Figure 11, charge depletion starts from the iron center on the left and involves the whole
bridge (the axial cyanides, the Ru atom and the pyndines), in agreement with the experimental
observation that the clectronic communication between the two iron centers is influenced by the
nature of the substituents on the pyridine rings.'"? The transferred charge mainly accumulates
on the iron center on the right side, as well as on the cyanide N atoms (iron-to-cyanide back
bonding). Describing explicitly the first water shell and allowing H-bonding and solvent po-
larization upon electronic excitation (model IT), results in an increase of CT (= 0.1 clectrons)
and in a refinement of the discussed picture, as attested by the much more structured density
difference plot in the right bottom panel of Figure 11. Charge depletion/accumulation involves
the whole Fe!'! — CN — Ru'"(py)s — NC — Fé" (CN)s moiety, as well as the surrounding water
molecules closely interacting as HB donors with the terminal cyanide ligands. We note that a
meaningful comparison between ESCD curves calculated in different explicit solvents (models
I and ) is not possible because it would require the comparison of results obtained on different
snapshots. Finally, if in a simple two state model we take the average energy difference com-
puted in model IT between the two MMCT states on the 100 snapshots extracted from the MD
runs in water and MeCN as a rough estimation of the clectronic coupling in the two solvents, we
obtain values of 0.05 and 0.03 ¢V respectively. This confirms, on one hand, that the coupling is
larger in the protic and more polar solvent, and, on the other hand, that the degree of ¢lectronic
communication through the bridge in FeRuFe remains moderate for FeRuFe, in agreement

with the electrochemical data in Ref.'*?
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5 Conclusions

We have presented a mixed quantum classical approach, which combines large scale MD sim-
ulations, relying on an accurate QMD-FF and self-consistently QM-denved polanized point
charges, with IR and UV-Vis spectra calculations to tackle the solvent dependent conforma-
tional dynamics and optical properties of a cyano-bnidged trinuclear mixed valence compound
(FeRuFe ). Lincar cyanide-bridged mixed-valence complexes are prototypical systems to in-
vestigate long range ET processes and to elucidate the role played by specific solute-solvent
interactions in the modulation of their photophysics. In this perspective, the proposed protocol,
applied here to calculate FeRuFe ground state properties in water, methanol, and acetonitrile,
can be efficiently generalized to calculate transient spectroscopic observables by excited state
FF parameterization and non-equilibrium MD simulations.

The accuracy of our classical potential in reliably sampling the FeRuFe conformational
space and capturing the solute-solvent interactions was first validated by comparing the distri-
bution of selected internal coordinates and the solvent radial distribution functions along the
classical MD trajectory with those obtained with a reference QM/MM MD simulation. The
resulting agreement allowed us to confidently extend our hybrid protocol to the simulation of
FeRuFe in different solvents. Interestingly, analysis of the FeRuFe dynamics in the three
considered media indicates that, while the octahedral structure around the metals is essentially
unperturbed by the solvent, the distribution of the flexible dihedrals describing the rotation of
the equatorial ON ligands around the CN-Fe-NC axis and the dynamics of the pyndine ligands
around the Ru-NC bond is significantly dependent on the its nature (polanty and proticity). A
further confirmation of the capability of our QMD-FF in finely describing the H-bonding inter-
actions of protic solvents with the cyanide groups was obtained by comparing the IR vibrational
spectra along the MD trajectories in the three solvents with the experimental ones, focusing on
the CN stretching mode, being highly sensitive to the H-bonds formation. Calculated IR spectra
correctly predicted the red-shift of the CN stretching band in the aprotic medium (MeCN) and
the subtle differences measured in water and McOH.

As far as the Uv-Vis absorption spectra are concerned, we show that a proper comparison
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with experiments is possible only when the first solvation shell is explicitly included in the
excited state calculations. Implicit solvent models clearly fails in capturing the physics of the
photoinduced CT, being indirectly modulated by the solvent-cyanide H-bonds via increase of
the electron withdrawing capability of the Fe(Il) centers. Inspection of the electron density
rearrangements and analysis of the charge displacement excited state curves'* for the lowest-
energy MMCT states demonstrated that, although the electrostatic embedding of the solvent,
included by point charges, is able to deliver a notable improvement with respect to PCM in
term of CT extent and topology, only by allowing the polanzation of the surrounding solvent
molecules one can capture the subtle cascade of donating and back-donating effects charac-
terizing the MMCT cvent. By applying a microsolvation scheme around the Fe-CN moicties
and calculating the CEA- VE spectra, the experimental solvatochromic shift was quantitatively
reproduced going from water to McOH,

In conclusion, the present results demonstrate the robustness of our multilevel computa-
tional approach, which, thanks to an accurate QMD-FF, capable of exploning a configurational
space that is close to that sampled by higher level QM/MM MD, paves the way to large scale
(both in terms of in system’s size and simulation time) MD simulations of multimetallic mixed
valence compounds in different environments. Moreover, the generality of this approach allows
its extension to excited states, thus opening the way to the investigation of solute-solvent relax-
ation dynamics upon ET and BET processes, which can be benchmarked against ultrafast x-ray

scattering experiments,”’

Associated Content
Supporting Information Available

Additional details on intra- and inter- molecular QMD-FF parameterizations, full list of FeR-
uFe QMD-FF parameters, QMD-FF validation tests, additional results concerning solvent struc-

ture and absorption Spectra.
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