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Simulating the Solvation Structure of Low- and High-
Spin [Fe(bpy);]*": Long-Range Dispersion and Many-
Body Effects’

Habiburrahman Zulfikri,%* Matyas Papai,”T and Asmus Ougaard Dohn*<

When characterizing transition metal complexes and their functionalities, the importance of including
the solvent as an active participant is becoming more and more apparent. Whereas many studies have
evaluated long-range dispersion effects inside organic molecules and organometallics, less is known
about their role in solvation. Here, we have analysed the components within solute-solvent and
solvent-solvent interactions of one of the most studied iron-based photoswitch model systems, in two
spin states. We find that long-range dispersion effects modulate the coordination significantly, and
that this is accurately captured by density functional theory models including dispersion corrections.
We furthermore correlate gas-phase relaxed complex-water clusters to thermally averaged molecular
densities. This shows how the gas-phase interactions translate to solution structure, quantified
through 3D molecular densities, angular distributions, and radial distribution functions. We show
that finite-size simulation cells can cause the radial distribution functions to have artificially enlarged
amplitudes. Finally, we quantify the effects of many-body interactions within the solvent shells, and
find that almost a fifth of the total interaction energy of the solute-shell system in the high-spin
state comes from many-body contributions, which cannot be captured by by pair-wise additive force

field methods.

1 Introduction

Excited-state transition metal (TM) complexes have received
great attention both for their functional capabilities (solar en-
ergy conversion, molecular data storage, etc.) and their proper-
ties optimal for time-resolved experimental investigations. 1’2 As
in most cases the dynamics are probed in solution phase, the al-
ready complex excited-state processes, such as electronic tran-
sitions and nuclear relaxation, are further complicated by sol-
vation. Time-resolved X-ray scattering is a powerful technique
to follow excited-state structural variations, also in solution,="”
but the data analysis heavily relies on the simulation of solvation
structure; theory thus has an essential role in extracting the struc-
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tural information from the complex experimental data.

Molecular Dynamics (MD) simulations utilizing explicit solvent
molecules are the general computational tools for the calculation
of solvation structure. In MD, the nuclei are propagated classi-
cally according to Newton’s second law. Based on the calculation
of forces for the classical equations of motion, there are three lev-
els of MD: i) so-called ab initio MD (AIMD), which treats all elec-
trons in the system quantum mechanically (QM). ii) QM/MM MD
which only uses a QM treatment for the most important part of
the system, e.g. the electrons of the TM complex, while a molecu-
lar mechanics (MM) force field (FF), describes the solvent. Lastly,
there is iii) fully MM or classical MD, where all forces on all nu-
clei are solely obtained from evaluations of the FF. AIMD meth-
ods include the use of Density Functional Theory (DFT) models
to calculate electronic structure, although they are not strictly
ab initio, and the nuclei are still treated classically, regardless of
which potential is used. While AIMD offers the highest accuracy
and flexibility for the price of being computationally demanding,
FF-driven MD, on the contrary, is very fast but faces limitations
connected to the application of a FF. Excited states are especially
challenging, as common FFs are developed for ground states, with
the state of the art being to take into account the difference in
electronic state only in the electrostatic interactions utilizing par-
tial atomic charges®Specialized force-fields can be parametrized
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for excited states?19 but the task quickly becomes prohibitively
labour-intensive if many complexes are to be parametrized. In
such cases, QM/MM MD often represents a viable tradeoff be-
tween accuracy and computational feasibility, but the effect of
the approximations within the QM/MM coupling have to be ex-
amined in order to assess the accuracy of the simulated solvation
structures, especially if the solute and all the solvent is in the QM
and MM region, respectivelyL,

[Fe(bpy);]** (bpy = 2,2-bipyridine) is an often studied TM-
based prototype for excited-state dynamics: It is known from
several investigations utilizing various experimental techniques
that this complex undergoes light-induced low-spin (LS, singlet)
— high-spin (HS, quintet) transition in < 200 fs.12716/ The LS —
HS transition is accompanied byA ~ 0.2 A elongation of the Fe-N
bonds, as well as changes in the solvation structure. Interestingly,
AIMD simulations utilizing density functional theory (DFT) led to
contradictory results: in the HS state, two water molecules were
expelled from the first solvation shell when utilizing the BLYP
exchange-correlation (XC) functional, 17 while two molecules en-
ter the first solvation shell, when using the same functional but
including D3 dispersion correction (BLYP-D318!12) 20/ These re-
sults highlight the large impact of including long-range disper-
sion. Several studies have shown how including long-range dis-
persion effects improves the accuracy of the water structure in
DFT-based AIMD simulations?1"23] and similarly, many studies
have benchmarked the performance of dispersion corrections on
organic and organometallic molecules?42Z, However, to our
knowledge, fewer studies concern themselves with dispersion ef-
fects on solvation structure directly, and if they do, they are on

smaller systems2.

It was shown for [Fe(bpy)s] 2+ that the dispersion-corrected AIMD
solvation cages are more consistent with X-ray scattering data
than those obtained by classical MD with partial charges on the
complex that reproduce the molecular electrostatic potential22.
Indeed, significant differences are observed between solvation
structures simulated by AIMD and those relying on MM models,
i.e., QM/MM and classical MD, in particular, the AIMD shells are
more structured.®2022 In general, there is a high demand for
FF-based simulation techniques that can compete with the accu-
racy of AIMD at a lower computational cost. In order to reach this
goal, it is crucial to gain a thorough understanding of what effects
govern solute-solvent and solvent-solvent interactions. In this
work, we present a computational study on solvated [Fe(bpy)3]*+
in its LS and HS states utilizing DFT calculations and classical
MD simulations. Our aim is twofold: i) to evaluate the role
of long-range dispersion and its correction in DFT for noncova-
lent solute-solvent (water) interactions, and ii) to analyse how
the solvation structure of LS and HS [Fe(bpy);]*>T governs the
solute-solvent and solvent-solvent interactions, including through
many-body effects. Our strategy for achieving these goals is to
start from quantifying the simplest possible solvent-interactions,
namely within bimolecular complex-water (hetero)dimer geome-
tries. From there, we incrementally expand our focus, first to
larger clusters, and finally to water-networks that encompass the
entire complex - water shells - which we compare to the liquid-
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phase averaged solvation shell structure.

The paper is organized as follows: First, we identify the afore-
mentioned central complex-water geometries. We use the dimers
to benchmark a series of DFT and long-range dispersion treat-
ments against a more accurate model for electronic correlation.
We then include results from MM force fields into the benchmark
and increase the size of the test systems. Finally, we correlate the
water-shell encompassing the complex to the MD-sampled aver-
age solvation structure, and analyse the effects of finite-size sim-
ulation cells. Finally, we analyse the magnitude of non-pairwise
additive effects on the interaction energies within the solvation
shell of the complex.

2 Computational Details

2.1 Construction of solute-solvent systems

Starting from a ground-state [Fe(bpy) 312t QM/MM MD tra-
jectory from a previous study®, we identified two stable
[Fe(bpy)3]>" ---H,0 dimers. The first dimer has a water molecule
in the vicinity of the 7 electron cloud of two pyridine moieties of
different ligands, and we label its location as pose A (see Fig.[Th).
Another dimer was identified by positioning an H,O such that
it interacts via a weak hydrogen bond with a C—H bond of one
ligand, as indicated by the geometric alignment from the ligand-
hydrogen to the lone-pair on the water molecule. We denote this
dimer geometry as pose B, as shown in Fig.[Ip. Further searches
for other dimers were unsuccessful, indicating that there are only
two distinct, dimeric poses of an H,O non-covalently, directly
bonded to the [Fe(bpy)3]** complex.

Since the complex has the same three bipyridine ligands, one can
place in total three and six water molecules in poses A and B,
respectively. Since the shortest O—O distances between these re-
sulting nine water molecules are around 5 A, they are not linked
with hydrogen bonds. To construct a fully connected inner sol-
vation shell , we add eight additional H,O that can be classified
in two additional poses: (a) H,O in pose C bridging an H,O in
pose A and an H,0 in pose B as shown in Fig. [Tk, and (b) H,0 in
pose D that connects three water molecules in pose B as depicted
in Fig. [If. In total, one can insert six and two water molecules
in poses C and D, respectively, and together with three H,O in
pose A and six H,O in pose B. The constructed inner solvation
shell thus contains 17 solvent molecules, a configuration that has
been also proposed recently by Stark et. al, for the Ruthenium-
centered analogue.3?,

To establish other inner solvation shells, one can either eliminate
or insert water molecule(s) from the 17H,0 configuration. While
the elimination mechanism results in an unconnected noncova-
lent network, the insertion method is found to maintain the net-
work and increase the number of hydrogen-bonds proportionally
to the number of added H,0. In other words, at least a total of
17 water molecules is required for a highly connected hydrogen
bond network as shown in Figure [2h. As an illustration of the in-
sertion method, we doubled a single water molecule in pose A of
the 17H,0 configuration (yielding two water molecules in pose
E) to obtain an 18H,0 configuration (see the resulting hydrogen
bond network Figure 2b). Similarly, we can repeat the process
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Fig. 1 The [Fe(bpy);]** complex and noncovalently-bonded water
molecule(s), the interaction energy curves (IECs) of which are studied
in LS and HS states. For the multimer geometries, the oxygen water
molecule we scan the Fe-O distance of, is colored yellow.(a,b) shows the
two stable dimer geometries, involving 'pose A’ and 'pose B’ of a single
water molecule. Poses C and D (bold labels) are only stable within the
multimers shown in (c) through (f).

for other pose A-waters to create 19H,0 and 20H,0O configura-
tions. The hydrogen bond networks of each of these shells are
shown in Figure [2p. These configurations have three sequential
hydrogen-bond networks connecting two water molecules in pose
D. The four systems consisting of the complex and the inner sol-
vation shell are employed here to understand how the change in
the electronic structure of the complex affects the solute-solvent
and solvent-solvent interactions at the equilibrium geometries.
We note that, even though these four frames will obviously not
represent all configurations in the liquid phase, our molecular dy-
namics simulations indicate that the hydrogen bond network is
very well preserved in the liquid phase, and thus, the configura-
tions we have chosen to investigate are representative of configu-
rations that are visited very often during thermal sampling (vide

infra).

For the two dimer poses and the 17-20 shells, we carried out
geometry optimizations in the gas phase using the B3LYP func-
tional21432, D3(BJ) dispersion correction'233 and def2-TZVP ba-
sis set®¥ | We performed frequency calculations in the ground
state to investigate the nature of the obtained stationary points,
and found no imaginary frequencies. Unless otherwise stated,
the results of quantum chemical calculations were obtained using
ORCA package version 4.2.122130,

2.2 Benchmarking density functionals and dispersion treat-
ments
Interaction energy scans of the dimer systems were performed as
a function of the Fe—O distance, radially along the Fe-O direction
spanned from the relaxed geometry. At least 32 points were eval-
uated to plot smooth interaction energy curves in the range of
3.6 to 15.0 A. To allow identifying the depth of the curve, many
points at an incremental of 0.1 A were evaluated in the vicinity
of the minimum. The generated geometries were not further op-

a) [Fe(bpy)J** .1 17H,0 b) [Fe(bpy),I* ... 17H,0 [Fe(bpy),J** ... 18H,0
[l” 7 B +C -A -C -B B C A -C -B

[Fe(bpy),J** ... 20H,0
,B—+C +E +E +-C ~-B

B- C- E- E- C- B’

Fig. 2 Structural representation of the [Fe(bpy)s]>* complex and its
first solvation shell. a) Three dimensional structure of a complex drawn
with the 'licorice’ representation and the 17H,O network drawn such
as to identify the hydrogen-bonding network. The individual poses are
labeled A, B, C, and D, respectively. b) Hydrogen bond networks of
different first solvation shells containing 17/18/19/20 water molecules.
The arrow links two water molecules in different poses from the donor to
the acceptor of hydrogen bond.

timized.

Three density functionals from different rungs on the Jacob’s lad-
der of DFT®Z were selected for the benchmark. They are the
second-rung BLYP8:39 GGA functional, which have been used in
AIMD studies of the same complex beforelZ2V the fourth-rung
B3LYP hybrid functional, and the fifth-rung B2PLYPL® double-
hybrid functional. While far from an exhaustive benchmark of the
density functional-jungle, this selection systematically increases
the detail with which first exchange and then correlation terms
are included in the functional describing the electronic density.

The default settings for the GGA and hybrid calculations as re-
gards the handling of the two-electron Coulomb repulsion inte-
grals were employed. The resolution of identity approximation
for the Coulomb energy (RI-J) 40 was used for the BLYP calcula-
tions in combination with the def2/J auxiliary basis set4l. Com-
putation of the second-order perturbation term in B2PLYP calcu-
lations were sped up using the resolution of identity approxima-
tion*? and the corresponding auxiliary basis set generated by the
AutoAux procedure43,

To overcome the basis set superposition error (BSSE), all the
interaction energies presented in this paper are counterpoise-
corrected according to the formulation of Boys and Bernardi4<.
The basis set employed for the scan is the minimally augmented
Karlsruhe basis set: ma-def2-TZVP42. Our basis-set convergence
study of the interaction energy of a bimolecular system, that
consists of a water molecule noncovalently bonded to a model
complex of Fe?* and two pyridine ligands ([Fe(py)»1*1), indi-
cates that augmenting the def2-TZVP basis set with only addi-
tional s and p functions yields accurate counterpoise-corrected
DFT interaction energy within 0.01 eV (see section S1.1) For
the [Fe(bpy)3]2+nH20~-~H20 (n = 2, 3) multimer calculations,
the system is fragmented into (i) the scanned water molecule
(---H,0), and (ii) the rest of the system ([Fe(bpy)g]”nHzO).

We examine three approaches to account for the missing dis-
persion energy on the studied functionals. They are the atom-
pairwise dispersion correction DFT-D3(BJ), the charge-dependent
atom-pairwise dispersion correction DFT-D44%47 and the density-
dependent dispersion correction scheme, DFT-NL4€42, The three-
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body dispersion energy in DFT-D3(BJ) and DFT-D4 approaches
was accounted for by the third-order Axilrod-Teller-Muto (ATM)
term=%>1, In DFT-D4, partial atomic charges were determined us-
ing the classical electronegativity equilibration procedure®2. We
note that, the rational BJ damping function was applied in all
DFT-D4 calculations even though, as suggested by the author of
DFT-D4 paper, the BJ abbreviation is not included in the name of
the method.

DFT-NL computations can be performed either (a) self-
consistently; i.e, orbitals and density are optimized in the presence
the full DFT-NL exchange-correlation potential, or (b) non-self-
consistently where the usual self-consistent calculation was first
performed, and the resulting electron density is taken as input for
the evaluation of the non-local energy term. We employed here
the latter, less costly procedure as our tests on the model system
indicated that both procedures obtain comparable interaction en-
ergies within chemical accuracy (see section S1.1, table S3). The
short-range attenuation parameter b of the studied functionals
was taken from previous works benchmarking the S22 and S66
datasets*223. On the other hand, as the optimization of the long-
range parameter C yield only slight improvement on the afore-
mentioned datasets, its original value (C = 0.0093) is hence used
here.

The obtained DFT interaction energy curves were benchmarked
against the more accurate DLPNO-CCSD(T) method®#>> which
has been shown to accurately reproduce the reference values of
closed-and open-shell systems in the GMTKNS5 superset>2, Dif-
ferently from DFT calculations employing the ma-def2-TZVP basis
set, DLPNO-CCSD(T) calculations here employed the def2-TZVP
basis set without augmentation as the augmented basis function
was found to not only increase the computational cost but also
yield larger basis-set superposition error as shown in Table S4. In-
vestigation of the interaction energy on the model system reveals
that the reference interaction energy, obtained with the def2-
QZVP basis and TightPNO settings, is within 0.01 eV of the calcu-
lation using a def2-TZVP basis set and NormalPNO settings (see
Section S1.2) Therefore, the DLPNO-CCSD(T) calculations with
the def2-TZVP basis set and the NormalPNO settings represent an
effective choice at reasonable computational cost. Furthermore,
to speed up calculations, RIJCOSX2258 approximation was used
together with higher number of grids, i.e. Grid6 Gridx6.

2.3 Many-Body Expansion Simulations

The LS and HS geometry-optimized clusters consisting of the
complexes surrounded by 17-20 water clusters were used to cal-
culate all 3-body interaction energy terms that encompasses the
cluster and 2 waters, using the same level of theory as the ge-
ometry optimizations. The combinatorial task of obtaining sin-
gle point energies of the right cluster-combinations was auto-
mated with a python class available at https://gitlab.com/
asod/febpy3_solvation, using ASEs ORCA calculator-interface.
BSSEs were addressed by employing the full counterpoise-
correction, meaning that electron-less basis functions were placed
on all nuclear positions of atoms that do not explicitly enter into
the single-point calculation at hand®? such that all calculations
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are carried out with the basis functions of the full system. For
instance, to get the interaction energy of the dimer comprised of
molecule 1 and 2, E(ry,r;) of the cluster comprised of the com-
plex and 17 waters, ghost atoms were placed on r3,...,r;s.

2.4 Classical Molecular Dynamics Simulations

The [Fe(bpy)3]2+ in the LS state was parametrized within the
General AMBER (GAFF) potential, using MCPB.py, as described
elsewhere®, Partial charges for each electronic state were gen-
erated using the CHELPG model®l, shown previously to be one
of the best-performing methods for these systems®. Changing
the charges is the only modification we make to the FF when
simulating the HS state in the MM model. The complex was
then solvated in a box of 7329 water molecules modelled with
the TIPAPEW potential®2, using the ’leap’ program from the ’Am-
bertools’ toolbox®3, which also added two Cl~ counterions, to
charge-neutralize the system. The density and temperature were
equilibrated using OpenMM for 500 ps in the NPT ensemble ,
using a Monte Carlo Thermostat to keep the pressure at 1 bary,
and a Langevin propagator to keep the temperature at 300 K4,
The solvation shell was then sampled for 50 ns in the NPT en-
semble, saving frames to disk every 500th fs. All analysis was
done after discarding the first nanosecond to equilibration. Pre-
vious studies using MM MD for solvation have circumvented FF-
parametrization of complexes by using positional restraints on the
complex-atoms to their DFT-optimized geometries=1316166/ a5
explained elsewhere®. We simulated both free- and restrained
complexes within our AMBER parametrization, as well as per-
forming restrained simulations using the AMBER, CHARMM®©Z,
and OPLS FFs. The FF/TIP4PEW LJ parameters were combined
using the Lorentz-Berthelot combining rules®®?, All positional
restraining potentials used a 500 kJ/ (mol-A2) For the 3D molec-
ular density plot, all frames were aligned to the first frame using
the Kabsch algorithm”Z%7l on the complex alone, to obtain the
rotation matrices that align the complex with its reference. These
matrices were then used to rotate all atomic positions in each
frame, before 3D-histogramming all water-oxygen positions, us-
ing cubic 0.15 A bins.

3 Results and discussion

Prior to analysing the potential energy curves of
[Fe(bpy)3]%*---H,0, we first ensure that the starting opti-
mized geometries of the studied bimolecular systems belong
to a minimum. B3LYP-D3(BJ) frequency calculations using
harmonic approximation found no negative eigenvalues of the
Hessian matrix, showing that poses A and B are the two stable
positions of a water molecule noncovalently interacting with
the transition metal complex in its LS state. It is important to
note that B3LYP optimizations of [Fe(bpy)3]?T---H,O without
any dispersion correction treatments only yields a stable pose B
geometry, but finds no pose A minimum geometry. We examined
this qualitative difference between the B3LYP and B3LYP-D3(BJ)
solvation structure by performing further RI-MP2 geometry
optimizations, which obtained both poses A and B of H,O, in
agreement with the B3LYP-D3(BJ) results (See the SI or Zenodo


https://gitlab.com/asod/febpy3_solvation
https://gitlab.com/asod/febpy3_solvation

03l ¥ BLYP LS - BN BLYPLS -
t BLYI it BLYP HS ------
\ BLYP-D3(BJ LS — | o, Lt BLYP-D3(8J) LS
02t 3§ BLYP-D3(BJ) HS it BLYP-D3(8J) HS ——
\ DLPNO-CCSD(T) LS~ + Ly DLPNO-GCSO(TI LS +
ITHARY DLPNO-CCSD(T) HS kx\ \ DLPNO-CCSD(T)HS X
S \ 02 At
) ,?
2,100 ¥
= 00 |

ose A ‘

Pose B
— i i 04 =1
03 [} BALYP LS ---vnr ':%: BSLYP LS ~----
o B3LYP HS --—-- 1t B3LYP HS -—----
B3LYP-D3(BJ) LS 3 \(: \ LYP-D3(BJ) LS
0.2 B3LYP-D3(BJ) HS AT B3LYP-D3(BJ) HS
DLPNO-CCSD(T) LS  + kil DLPNC-CCSD(T) LS +
o1 ft % DLPNO-CCSD(T)HS AL DLPNO-CCSD(T) HS
© 00 R
> \

-0.1

03 B2PLYP LS ------ | T sr B2PLYP LS -----
LYP HS ------ L B2PLYP HS ------
A B2PLYP-D3(BJ) LS - B2PLYP-D3(BJ) LS
02 4 B2PLYP-D3(BJ) HS 04 T B82PLYP-D3(BJ) HS
\ DLPNO-CCSD(T) LS + kb )
01 % DLPNO-CCSD(T)HS ~ x .
o 00
= g 00 F

Sy
35 40 45 50 55 60 65 70 75
Fe-O Distance (&)

35 40 45 50 55 60 65 7.0 75
Fe-O Distance (A)

Fig. 3 Potential interaction energy curves of [Fe(bpy);]*"---H,O as a
function of Fe—O distance for a water molecule in pose A (left) and pose
B (right). Three DFT functionals of different rung, i.e., BLYP (top),
B3LYP (middle) and B2PLYP (bottom), with and without the D3(BJ)
dispersion correction are compared against the DLPNO-CCSD(T) refer-
ence.

repository72 for structures). This demonstrates that a D3(BJ)
correction to the B3LYP functional is needed to correctly obtain
all stable geometries of the studied noncovalently bound dimer
systems.

3.1 Potential interaction energy curves of the complex-
water dimer

We use the standard definition of the total interaction energy V as

the energy of the entire cluster comprised of n (hetero)monomers,

minus the sum of the energies of the individual i molecules, each

positioned at a set of atomic coordinates r;:

N
V=E(r,....rv) = ) E(ri). )

Potential interaction energy curves of the [Fe(bpy)3]%* ---H,0 bi-
molecular system in LS and HS states were computed individually
for an H,O in poses A and B. Figure [3| shows the interaction en-
ergy results. The first thing we observe when looking at the figure
is that all curves produced without accounting for long-range dis-
persion effects altogether give the largest errors from the DLPNO-
CCSD(T) results. Secondly, these errors are more pronounced in
pose A than in pose B, indicating that dispersion interactions play
a larger role for the pose A geometry. In pose A, the lone pairs
on the water oxygen occupy the same regions of space as parts of
the 7-electron systems from the two pyridine moieties (see figure
[1), indicating that a significant amount of the interaction must be
governed by these interactions. On the other hand, there is only
one 7-electron system in the vicinity of water in pose B, but the

Table 1 Fe—O minimum energy (Vmin) in €V of the CP-corrected inter-
action energy curves of [Fe(bpy);]**---H,0. The Fe-O distance giving
the most binding interaction energy is denoted Rn,, and its values are

in A.

Method Pose A
LS HS
Rmin Vrnin Rmin Vmin
BLYP 6.0 —0.169 6.0 —0.160
B3LYP 5.8 —-0.176 6.0 —0.157
B2PLYP 4.9 —0.209 4.8 —0.202
BLYP-D3(BJ) 4.5 —0.281 4.5 —0.272
B3LYP-D3(BJ) 4.5 -0.286 4.5 —-0.267
B2PLYP-D3(BJ) 4.5 —0.278 4.5 —0.273
BLYP-D4 4.5 —0.304 4.5 —0.292
B3LYP-D4 4.5 —0.303 4.5 —0.281
B2PLYP-D4 4.5 -0.286 4.5 —0.280
BLYP-NL 4.4 —-0.310 4.4 —0.298
B3LYP-NL 4.5 —0.303 4.4 —0.282
B2PLYP-NL 4.5 —0.296 4.5 —0.289
AMBER 4.7 —0.307 4.7 —0.289
CHARMM 4.8 —0.293 4.8 —0.276
OPLS 4.8 —0.304 4.8 —0.286
DLPNO-CCSD(T) 4.6 —0.281 4.4 —0.278
Pose B

BLYP 5.6 —0.227 5.6 —0.215
B3LYP 5.5 —0.249 5.4 —0.248
B2PLYP 5.3 —0.286 5.2 —0.286
BLYP-D3(BJ) 5.2 —0.330 5.1 —-0.336
B3LYP-D3(BJ) 5.2 —0.343 5.0 —0.352
B2PLYP-D3(BJ) 5.2 —0.337 5.0 —0.343
BLYP-D4 5.2 —0.342 5.1 —0.346
B3LYP-D4 5.2 —0.352 5.0 —0.360
B2PLYP-D4 5.2 —0.342 5.0 —0.348
BLYP-NL 5.1 —0.355 5.0 —0.354
B3LYP-NL 5.1 —0.358 5.0 —0.364
B2PLYP-NL 5.2 —0.351 5.0 —0.357
AMBER 5.4 —-0.327 5.3 —0.318
CHARMM 5.3 —0.332 5.2 —-0.319
OPLS 5.5 —0.326 5.3 —0.318
DLPNO-CCSD(T) 5.3 —0.342 5.0 —-0.331

interaction between [Fe(bpy)s;]?T and H,O is stabilized by weak
C—H--- O hydrogen bonding, of which the attractive components
are often mostly electrostatic in natureZ3. Consequently, although
the Fe-O distance is larger in pose B than in pose A, the complex-
water binding energy is more attractive in pose B.

The Fe—O distances that give the most binding interaction ener-
gies, Riin, are also displayed in table[I] The table shows that the
reference DLPNO-CCSD(T) potential energy curve Ry, distances
contract from LS to HS state by 0.2 A and 0.3 A for poses A and
B, and is accompanied by changes in the interaction energy that
are below the chemical accuracy limit of 1 kcal/mol or roughly
0.04 eV. The LS and HS IECs are practically the same beyond
Rmin- On the other hand, the (HS—LS) interaction energy dif-
ference becomes more significant as the Fe—O distance decreases
(see Figure[3). For instance, at very short Fe—O distances of 3.65
/OX, the (HS—LS) interaction energy difference decreases by 0.043
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eV and 1.556 eV for pose A and B, respectively.

Previous BLYP-D3 MD simulations have shown that, when sam-
pled with this model, the shortest thermally accessible Fe-O dis-
tances in solution at room temperature is around 4 A2029 5 re-
gion where especially pose B experiences large decreases in inter-
action energies when going from LS to HS.

Without any long-range dispersion correction, the agreement of
the DFT potential energy curve to that of the DLPNO-CCSD(T)
reference improves as one climbs the Jacob’s ladder. For instance,
the LS state calculations in pose A reveal that from BLYP to B3LYP
to B2PLYP, the Ry, reduces from 6.0 A to 5.8 A to 4.9 A (the
reference value is 4.6 A), which corresponds to the reduction of
Viin from —0.169 eV to —0.176 €V to —0.209 €V (the reference
value is —0.281 V). The agreement worsens at shorter Fe—O dis-
tances of, again, 3.65 A where BLYP, B3LYP, and B2PLYP calcula-
tions result in repulsive interaction energy of 0.392 eV, 0.327 €V,
and 0.186 €V, respectively (the reference value is 0.058 €V). The
hardest barrier is found in BLYP without long range dispersion
corrections.

When any of the dispersion corrections investigated here is in-
cluded in the DFT calculations, the agreement of the resulting
IECs to that of the reference improves considerably, irrespective of
which correction is employed. The effect completely overshadows
the differences in energy from switching functionals. The most
ubiquitous correction, D3 (with the BJ damping function), was
not developed specifically with solvation in mind1?, and is not
dependent of the electronic density, which means that two calcu-
lations of different electronic states on the same nuclear geometry
would yield the same dispersion correction. Thus, benchmarks
such as these are important to perform. In this specific case, the
results show that the least expensive BLYP-D3(BJ) method should
perform well for more computationally demanding simulations,
such as sampling thermally averaged structures of the transition
metal complex and its solvation structure at the DFT level.

Unless otherwise stated, all geometries used in this work were
relaxed using B3LYP-D3(BJ). We note that including or excluding
Hartree-Fock exchange has little to no effect on Ry, and thus,
we choose continue using the B3LYP-D3(BJ) method as the ref-
erence in the following cluster studies, in order to be consistent
with the method used in obtaining the optimized geometries. We
additionally note that, although the results of the three dispersion
corrected calculations are comparable within chemical accuracy,
one can deduce that the general trend of Vyy;, is DFT-NL < DFT-
D4 < DFT-D3(BJ) < DFT.

Since classical molecular dynamics employing non-specialized
force fields have also been used extensively to support exper-
imental investigations of the solute-solvent interaction of solu-
tions of transition metal complexes2/Z862I7477 we also exam-
ine the IECs obtained with CHELPG partial charges of the com-
plex, using the TIPAPEW potential for water, and LJ parameters
from three major general FFs: AMBER, CHARMM, and OPLS. The
OPLS FF have been prevalent when using classical potentials to
model the Time-Resolved X-ray Solution Scattering (TR-XSS) sig-
nal from solvation shell-responses to excitations=412162166 5o we
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Fe-O Distance (A)

Fig. 4 Interaction energy curves of [Fe(bpy)s]**---H,0 as a function of
Fe—O distance for a water molecule in pose A (top) and pose B (bottom)
computed at the DLPNO-CCSD(T) level, and compared to MM results
calculated combining the LJ parameters from OPLS, CHARMM, and
GAFF, respectively, with TIP4PEW. The MM partial charges for each
state were calculated using the CHELPG method®l, which has been
shown to be most accurate for these types of complexes previously©.

shall focus mainly on this FF. As shown in Figure[dand table[T] the
OPLS/TIP4PEW method slightly overestimates Ry, by 0.2 A with
respect to the DLPNO-CCSD(T) value. Moreover, although the
trend of the HS—LS energy difference is in accordance with the
reference, the OPLS/TIP4PEW potential is very repulsive at short
Fe—O distance. For instance, for the LS state, OPLS/TIP4PEW cal-
culations show that the repulsive interaction already dominates at
distances of 3.9 A and 4.8 A for a water molecule in pose A and
B, respectively, distances for which the DLPNO-CCSD(T) interac-
tions are still binding, i.e., —0.147 eV and —0.273 €V. In pose A,
the differences in binding energies obtained with the three FFs
are almost indiscernible. However, for pose B, the AMBER- and
especially the CHARMM LJ parameters seem to shift the repulsive
'wall’ of the potential to shorter Fe-O distances. This is because in
these FFs, hydrogen atoms on carbons adjacent to nitrogens are
of a different atom type (i.e. have a different set of parameters).
Pose B involves exactly one of these hydrogens (See fig. b),
which have slightly reduced vdw radii in the parametrisations,
explaining the differences from OPLS. All LJ parameters used can
be found in S5.6 of the S.I.

3.2 Interaction energy curves of [Fe(bpy)3]2+nH20~~~H20
(n=2,3)
The previous discussion deals with the sole interaction between
[Fe(bpy)3]2+ and a single H,O molecule, whereas in the solution
phase, there will be a host of noncovalent interactions among
the complex and solvent molecules, as well as between the sol-
vent molecules themselves. To inspect the extent of the effect of
dispersion correction to DFT calculations on systems containing
multiple noncovalent interactions, we scan the electronic energy
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Fig. 5 B3LYP, B3LYP-D3(BJ) and OPLS interaction energy curves of
[Fe(bpy)3]* nH20---H,0 (n = 2, 3) in LS and HS states as a function of
a single Fe—O distance. The translated molecule is shown in yellow on
the insets. See the S.I. section S5.1 for curves calculated using AMBER
and CHARMM. The results are nearly identical to the OPLS results.

of systems that consist of [Fe(bpy)3;]>* noncovalently interacting
with three or four hydrogen-bonded water molecules, by scan-
ning the Fe—O distance of a single water molecule for each clus-
ter, and considering the remaining water molecules as a single
fragment in the evaluation of the interaction energy. As shown
in Figure [5| and SI Table S6, we notice the similarity of the re-
sults to those of the [Fe(bpy)3;]**t---H,O systems discussed ear-
lier. First, the results of DFT calculations using different function-
als and any of the tested dispersion corrections are very close
to each other, as was also the case for the dimers. Secondly,
the application of any dispersion treatment to a particular func-
tional once again improves the agreement to the reference B3LYP-
D3(BJ) values. In general, the minimum energy, V,, of the
DFT-D3(BJ) and DFT-D4 are compatible, and that of DFT-NL is
slightly more negative. Finally, in DFT calculations without a dis-
persion correction, Vy,;, improves as one ascends the Jacob’s lad-
der. In contrast to the [Fe(bpy)3]%*---H,0 IECs, R, does not
vary much. This is because the hydrogen bonds among the water
molecules help maintain the location of the minimum, even for
the dispersion-uncorrected DFT methods. The R;,-values from
the OPLS method are also very close to those of the B3LYP-D3(BJ)
reference. Importantly, the OPLS IECs are closer to the B3LYP-
D3(BJ) IECs than to the dispersion-uncorrected B3LYP curves.
Additionally, We note that OPLS interaction energies are more
repulsive than those of B3LYP-D3(BJ) at shorter Fe—O distances,
inheriting the behavior of IECs of [Fe(bpy)3]%* ---H,0 (Figure@).
Finally, the differences we observed in the pose B results across
the 3 used FFs for the dimer system are diminished for the multi-
mers (see the S.I. S5.1), indicating that the subtle changes in the
LJ potentials from different hydrogens are overshadowed when
more interactions (Coulomb and LJ) are added to the system via
the additional waters.

3.3 Relationship between the vacuum-relaxed clusters and
liquid structure

We now return to the 17-20 water shells described previously.
To evaluate how the vacuum geometries probe interactions that
translate to the liquid phase, we have performed molecular dy-
namics simulations of the complex in an aqueous environment,
and obtained the molecular density distribution of water-oxygens
as described in the computational details. As also previously men-
tioned, to be consistent with previous work, we continue this sec-
tion mainly focusing on results from using the OPLS force field
to sample solvation structure around the complex restrained to
its B3LYP-D3(BJ) geometry. See the S.I. section S5 for further
comparisons between FFs and restrained/free simulations. In fig-
ure|§[, we compare the average, 3-dimensional solvent shell struc-
ture sampled using MM MD with the B3LYP(D3)/def2-TZVP gas
phase-relaxed 17-water shell geometry. The top images show the
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Fig. 6 Top: The molecular density distribution of water-oxygens sampled
from MM MD simulations using OPLS/TIP4PEW parameters and partial
charges on the complex generated from its LS and HS electronic states.
The densities are plotted together with the B3LYP-D3(BJ)-optimized
geometries of the 17-water shells. Bottom left: Histograms of the Fe-O
distances of the 4 poses in the inner shell, from the LS run (blue) as
well as the HS run (red). The fully drawn lines represent the vacuum-
relaxed B3LYP-D3(BJ) distances, whereas the dashed lines represent the
vacuum-optimized OPLS/TIP4PEW distances. Bottom right: Compar-
ison of the water-water acceptor angles (8, lines) and donor angles (o,
dashed lines) in the two solvation shells to their bulk-water values. The
donor angles have been scaled with 0.4 to fit in the same axis as the
0-angles.
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molecular density distribution of the water-oxygens, plotted to-
gether with the B3LYP-D3(BJ)-optimized solvent shells in their LS
(left) and HS (right) states, respectively. The triangular shape
on the top left side coincides nicely with the pose D water, and
in general, there is good overlap between the vacuum optimized
water positions and the thermally sampled density. The bottom
left plots in the figure relates the Fe-O distances from the var-
ious poses in the MM thermal sampling to the same distances
obtained from the B3LYP-D3(BJ) and OPLS/TIP4PEW geometry
optimizations (fully drawn lines and dash-dotted lines, respec-
tively). The water-poses within the MM-shells of each frame of
the trajectory were determined by aligning each MM frame to
the B3LYP-D3(BJ) geometry, and finding the map that rearranges
the indexes of the innermost 17 MM oxygens in such a way that
the overall distance from the oxygens of the B3LYP-D3(BJ) opti-
mization is minimized, using the Linear Sum Assignment (LSA)
methodZ8, Based on the Hydrogen bonding criterion from Wer-
net et al.”2, we do not label any MM water that has moved more
than 3.4 A during the LSA process. The plots on the right side of
the figure show the distributions of two angles that describe the
nature of the hydrogen-bonded network in water, and compares
these angular distributions of the shell to those of bulk water. The
donor-angle, o, determines how directly the hydrogen-donating
water is pointing at the hydrogen-accepting water. The accep-
tor angle, 6, shows how much the hydrogen-accepting water is
skewed with respect to the oxygen-oxygen axis of the hydrogen
bond. We observe no changes in the donor angles in the shells
around the complex sampled with the LS and HS partial charges,
respectively. With respect to the bulk water, only the pose A wa-
ters seem to exhibit a slightly more flat donor angle, consistent
with the strain from their position in the network depicted in
figure Again, for the acceptor angle, there is no real differ-
ences between the two electronic states, but all poses in the shell
show varying degrees of a shift towards larger angles, on average.
In the gas-phase, the average OPLS/TIP4PEW Fe-O distances are
0.114,0.15 4, 0.07 A, and 0.08 A longer than for the DFT model,
for poses A-D respectively. Thermally averaged at 300 K, all av-
erage Fe-O distances increase by ~ 0.5 A - 0.8 A, consistent with
the anharmonic shapes of the interaction curves in figures|3|and
[B]. When thermally sampled, Pose A and C increase their aver-
age Fe-O distance around the complex in its HS state, whereas
both the dashed and fully drawn vertical lines show that both
the vacuum-optimized OPLS/TIP4EW and B3LYP-D3(BJ) geome-
tries do the opposite, although to a lesser extent. Both poses are
found nearest the pyridine rings, with no direct hydrogen bond-
ing connection to the complex. When the complex expands dur-
ing HS state optimization, the pose C and A waters can intercalate
more tightly as the net positive bipyridine ligands attract the par-
tially negative oxygens. However, when thermal vibrations of the
complex will counteract this intercalation, even when the com-
plex is restrained using Hookean potentials. We generally found
only small effects on the solvation shell from restraining the com-
plexes. The main effects we observe for restraining the complex
is a ~ 0.2 A contraction in the average Fe-O distance of pose A
waters, and a ~ 0.1 A contraction in the average Fe-O distance of
pose C waters, compared to the non-restrained simulation. These
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differences are most likely caused by the added rigidity of the re-
strained ligands allowing for a slightly tighter water intercalation,
which would affect these poses the most (see S.I. section S5.2 for
details).
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Fig. 7 Analysis of the LS Fe-water correlations in the liquid phase, ex-
pressed through RDFs (top and middle plot) and coordination number-
ratios (bottom plot). Top: The dotted line shows the results from the
MM OPLS/TIP4PEW simulation used in the connection to the vacuum-
relaxed geometries from figure@ The MM RDFs, here sampled in NPT,
are in agreement with the NVT-sampled MM RDFs in a previous study®.
The fully drawn and dashed lines have been digitized from the 2018
work by L. M. Lawson Daku% and the 2010 work of L. M. Lawson
Daku & A. Hauser?, respectively, simulating fully QM systems using
BLYP, with and without the D3 long-range dispersion correction. Mid-
dle: Comparisons of the solvation shell changes from LS-HS excitation.
The BLYP-D3 results show a decrease in amplitude of the first peak,
and both the first and second solvent shell average distance increases.
For the OPLS/TIP4PEW results, the changes are less pronounced. Bot-
tom: Ratios between the Fe-H and Fe-O running coordination numbers,
indicating the preferred orientation of the waters toward the Fe center.
Since water has two hydrogens per oxygen, the water is randomly ori-
ented when this ratio is 2. The further this ratio goes below 2, the more
the oxygen-end of the water has a preferential orientation towards the Fe
center, and vice versa. The BLYP-D3 results have been digitized from
the same work as in the other subplots.’22

We can also sample and compare Radial Distribution Functions
(RDFs) of solute-solvent spatial correlations©? 82, The RDF is the
ratio between the (spherically symmetric) local number density
of particles, sampled in spherical shells along r from the each
i'th particle, to every other j'th particle, &(|r; —r;| —r), and the
isotropic density p:

1 /N N;
g(’")_p<225(|ri_rj_”)>~ 2

T A

For MD simulations, the local density is simply numerically his-
togrammed using finite-sized r-bins, averaged over many frames,
and p = N/V, is the number of particles over the simulation



volume. Thus, one can choose e.g. to sample the Fe-O RDF
by letting i only run over the (single) Fe atom in the simula-
tion, and j over all water-oxygens in the box. The black dot-
ted line in figure [7] shows the Fe-Oyqer radial distribution func-
tion (RDF) sampled from the OPLS/TIP4PEW dynamics simula-
tion, compared to the two AIMD simulations from literature220,
A previous study performed a similar comparison, focusing on
the effect on which partial charge-generation method is used®.
As none of the charge-generation methods could fully reproduce
the dispersion-corrected AIMD RDF, we have limited ourselves to
only using the CHELPG-charge generation method here, focus-
ing instead on comparing the differences in the liquid structure
to the differences found in the interaction curves of the previous
section, to analyse the seemingly nonelectrostatic origin of the
differences in the liquid-phase descriptions. The MM RDF resem-
bles the non-dispersion-corrected AIMD RDF most closely, with
almost equivalent peak distances. The thermally averaged BLYP-
D3 solvent shell is more structured, with shorter characteristic
Fe-O distances, indicating that the long-range dispersion effect
on solvation shown to be important in the previous sections are
not captured completely by the MM model. Comparing to figure
[6] we observe that all the identified characteristic poses lie within
the first RDF peak, as expected. We note that the second RDF
peak, signifying the second solvation shell centered around Fe is
thus only indirectly affected by Fe-water interactions. The large
LS-HS changes in solvation structure predicted by the AIMD sim-
ulations are less pronounced in the MM model.

Remembering the observations from the interaction energy curves
of pose A and B in figure |3| the lower, shifted repulsive region in
the HS state corresponds to the less abrupt RDF increase in the
AIMD simulations2%22, However, all of the changes in the solva-
tion structure of the complex cannot be explained from these two
simple IECs: In pose A, we observed very small differences be-
tween the minimum well depth and position, as well as between
the two repulsive walls, going from LS to HS. For pose B, the LS
minimum was found at slightly larger distances in the LS state,
yet the AIMD LS RDFs is shifted to a shorter distance. For the
OPLS/TIP4PEW model, the interaction energy curves of which
were presented in figure [4} is consistent between interaction en-
ergy curves and RDFs. For the tri- and tetramer geometries shown
in figure[5] we observed no concerted elongation or shortening of
minimum distances across all geometries, but an overall net in-
crease in binding in the HS state, also consistent with the slightly
increased amplitude of the first Fe-O RDF peak.

The bottom plot in figure [7| shows the ratio of running coordi-
nation numbers ng._g : nge_o. In the LSstate, the overall trends
from the BLYP-D3 simulation are reproduced by the MM simula-
tion, but the MM average orientation has a stronger preference
of oxygen towards the Fe center around the Fe-O distances that
make up the first peak in the Fe-O RDF. At the end of the first sol-
vation shell, after 6 10\, the BLYP-D3 curve has a peak which is not
reproduced in the MM curve, and overall, as from the RDFs, the
BLYP-D3 results are more structured than for the MM results. For
the HS state, both types of simulations reduce the strength of the
preferred orientation of oxygen towards the Fe center in the first

solvation shell, but the reduction is much more drastic for BLYP-
D3, which also shows a double-minimum not reproduced by the
MM model. The chosen MM model® does not take into account
that the metal-ligand bonds are weakened in the HS%Y, which
would allow for a higher degree of re-orientation within the inter-
calated water. One way of testing this hypothesis in future studies
would involve using specialized force fields for excited states of
these types of molecules?12,

Apart from the obvious differences in level of sophistication be-
tween electronic structure models and classical potentials, other
simulation parameters can play a role on the final solvation struc-
ture. The AIMD simulations include explicit treatment of the elec-
tronic density of the entire system in their model, which of course
comes at much higher computational cost. This limits the size of
the simulation boxes that can reasonably be computed. As pre-
viously mentioned, the isotropic density, p, used to produce the
RDF in equation [2|for periodic- but finite systems (i.e. sampled in
NVE, NVT, or NPT) is calculated as the number of particles over
the total simulation box volume, V. However, this calculation of
the isotropic density ignores the fact that some volume of the sim-
ulation box will never be accessible to the solvent molecules, since
it is taken up by the solute. Thus the ’effective’ volume available
to the solvent is less than the total volume used in the normaliza-
tion to the isotropic density. This affects the normalization of the
RDF, and its long-r limit82%8>, The effect is increased as simula-
tion box size decreases, as the ’excluded’ volume stays the same
(or is reduced a lot less), while the total box volume decreases.
Figure [8] compares RDFs sampled from OPLS/TIP4PEW MD sim-
ulations with box size and number of water molecules identical
with the literature AIMD simulations?, to the simulation using
the larger box, afforded by the much simpler MM potential form
used in this work. We notice how the the small-system RDFs (ma-
genta lines) are shifted towards higher amplitudes, and do not
converge to the theoretical limit of 1, when the local- and bulk
density becomes equal. It is evident from the big-system C-O RDF
(bottom plot, black line) that the majority of the correlations have
died out already at 14 A. Thus, the absence of convergence to 1
for the small-system RDFs is thus not due to the solvent shell-
structure extending far beyond the simulation box size of the
small system, but rather, due to the issue of normalizing to the
density using the full box volume instead of the effective volume,
as discussed above. We note that finding the correct effective vol-
ume for finite systems is not trivial®2, and that if the effective
volume stays the same for the molecules in the two electronic
states. This implies that, for instance, in x-ray diffuse scattering
studies2? the volume-based error should cancel out in the calcu-
lated x-ray difference-scattering signal from these RDFs 0.

In conclusion, figure [8|shows that the effective-volume effect ex-
plains long distance-discrepancies, but cannot explain all of the
discrepancies at shorter values of r. Before continuing to investi-
gate the interactions within the solvent shell themselves, we also
show the effects on the solvent shell of the counterions in the
system, by repeating the small-system simulation after removing
the counterions (dashed magenta lines in figure [8). Since the
small system size gives a high effective concentration (roughly
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Fig. 8 Investigating the effects of box-sizes on the solvent shell RDFs
around the complex in the LS electronic state. Top: Fe-O correlations.
Bottom: C-O. The dashed black line shows the long-r limit for infinite
systems. The red, fully drawn lines have been digitized from L. M.
Lawson Daku2? and Khakhulin et al22, for Fe-O and C-O, respectively,
although the underlying dataset was originally created for work in the first
reference. The magenta lines show RDFs calculated from OPLS/TIP4P
simulations using the same number of molecules and cubic 21 A-length
box size as in the AIMD simulation. The dashed lines show RDFs from
an OPLS/TIP4PEW without the Cl~ counterions.

180 mM, or ~ 18 times higher than what is used experimen-
tally2?), it forces the counterions closer to the complex. Thus,
they may affect the structure of its solvent shell. Comparing the
solid and dashed magenta lines, we observe that simulations in-
cluding the counterion produces a C-O RDF with an considerably
larger first peak, which has also shifted towards shorter C-O dis-
tances, compared to the simulation without the counterions. This
indicates that the presence of the counterions can indeed affect
the shell structure. In this case, the presence of counterions in the
vicinity of the complex seem to increase the C-O coordination, be-
cause the waters are actually coordinated to Cl~, which are now
only kept at a fixed distance of roughly 7.5 A from the Fe atom,
due to the smaller box size.

3.4 Structure and Interactions within the
[Fe(bpy)s]1>" ---nH,0 (n = 17...20)-clusters
Since the LS to HS Fe-N elongation drive an overall small increase
in the size of the complex, the geometry of the first solvation shell
will find a new minimum. Figure[9]shows the changes in O-O dis-
tances along the hydrogen bond network of the shells going from
LS to HS, as well as the changes Fe-O distance. Looking at the
figure, we first see no simple, general expansion or contraction of
either hydrogen bonds or Fe-O distances. However, upon further
analysis, some general trends do reveal themselves: Focusing first
on the 17-shell, water molecules in poses B, which interact with
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Fig. 9 Overview of the structural changes in the hydrogen-bonded wa-
ter networks of the first solvation shell consisting of n = 18...20 water
molecules in total. All distances are in A. The blue and red numbers are
0-0 distances across the hydrogen bonds for the LS and HS state, respec-
tively. The numbers above each water show the contraction/expansion
of the Fe-O distances, rreo(HS) — rreo (LS).

the ligands via weakly attractive C—H---O hydrogen bonds all
elongate, and become longer by 0.073 A on average. Since three
H,O in poses B are non-covalently connected by an H,O in pose
D, the elongation is propagated such that the water molecules in
pose D also move further away by 0.142 Aon average. In con-
trast, water molecules in poses A and C move closer to the metal
center by 0.086 A and 0.171 A, respectively. The pose A water
molecules are oriented with the oxygen facing inwards toward
the center, in the same regions of space as the 3d,,, 3d,; and
3d,, orbitals centered around the iron atom. As the occupation
of these t, orbitals decreases from LS to HS, the repulsion be-
tween the partially negative water-oxygen and these orbitals are
lessened, which explains that the water molecules in pose A will
move closer to the metal-ion center upon relaxation on the HS
surface. The overall change in Fe—O distances amounts to an av-
erage decrease by 0.033 A. All shells exhibit similar, small overall
decreases in Fe-O distances upon excitation, with values of 0.030
A, 0.030 A, and 0.014 A, for the 18-20 shell, respectively.

The new nuclear arrangements and electronic density of the com-
plex also affect distances between the water molecules them-
selves. On average, the O—O distance decreases by 0.051 A
from the LS to the HS state, for the 17-shell. Calculating the
RMSD between the relaxed geometries of the water molecules
in the two states, the 17-shell value of 0.320 A is reduced to
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Fig. 10 HS—LS Differences complex-shell (Vcs, red), water-water
(Vww, blue), and total (V, purple) interaction energies in the
[Fe(bpy)3]**---nHO (n = 17, 18, 19, 20) at the B3LYP-D3(BJ)/def2-
TZVP geometries. The fully drawn lines represent the B3LYP-D3(BJ)
results, whereas the dashed lines show the OPLS/TIP4PEW results. The
main discrepancies are found to arise from the complex-shell interaction
energy.

0.200 A for the 20-shell. Since the 17-shell contains the least
amount of water molecules that still maintain the full hydrogen
bond network around the complex, it makes sense that the indi-
vidual waters need to rearrange themselves more to accommo-
date the changes in the solute structure, compared to shells with
more water molecules. This tighter, slightly closer network of wa-
ter molecules around the excited complex is consistent with the
changes in the first peak of the OPLS/TIP4PEW RDFs shown in

figure

Looking at the overall interactions within these close solvation
shells of the complex, we can divide up the interactions in two
main categories: (1) complex-water, and (2) water-water. Up un-
til now, we have been focusing on the first type of interactions.
Next, in order to investigate the relationship between these two
types of interactions, we consider each of the complex-water clus-
ters as two supermolecular entities, i.e., the complex and its sol-
vation shell. Thus, V, the total interaction energy introduced in
equation [1} can be broken down into the interaction energy be-
tween the complex and its solvation shell, Vg, and the interaction
energy of the n water molecules excluding the complex, Viyw. The
following definitions are used to define these interactions:

Ves = E([Fe(bpy)s)>TnH,0) — E([Fe(bpy);)>T) — E(nH,0) (3)

Varw = E(nH0) —Y! E([H20];). 4

Note that with these definitions, Vg 4+ Viww = V. The energies of
each fragments have been calculated with the basis functions of
the full system, to account for BSSE (see the S.I. section S6.1 for
details). Note that due to the E(nH;0) term in Vg, the complex-
shell energy excludes many-body effects on the interaction energy
among the waters alone, e.g. polarization of water by water itself,
but includes them in between the complex and the solvent. Such
many-body effects are not included in the MM model. Figure
shows that, for both models, V starts out more negative in the HS

state than in the LS state, but as n increases, the total difference
in interaction energies of the two states decreases. Interestingly,
the difference in B3LYP-D3(BJ) complex—shell interaction ener-
gies, Vg (red line), are indiscernible within chemical accuracy be-
tween the two states, meaning that if only the direct interactions
between solute and solvent existed, there should be no change in
the solvation shell structure. The water—water interaction ener-
gies, Viyw, are more stable in the HS states, however, although
this difference is reduced with increasing numbers of water in the
shell. This reduction is consistent with the aforementioned find-
ing that the waters would need to rearrange themselves less for
larger shells. Altogether, this shows that the cause for the changes
in the shell geometries do not originate from changes in the direct
interactions between solute and solvent, but rather in changes in
interactions between the water molecules themselves, induced by
the geometric and electronic changes within the complex. This,
again, increases the challenge for purely pairwise additive mod-
els such as OPLS/TIP4PEW, which does not include changes in
water-water interactions due to e.g. polarization induced by the
electronic density of the complex in its potential. Looking at
Vww, and recalling that it can only include polarization effects
between the waters themselves, we see that the TIP4PEW model,
not including any non-pairwise additive contributions at all, still
manage to reproduce this term with a standard deviation from
B3LYP-D3(BJ) of only 13.6 meV. However, the complex-shell in-
teractions of B3LYP-D3(BJ) are less accurately captioned by the
OPLS/TIP4PEW force field, even though we have seen in the pre-
vious sections that the MM model performs relatively well for the
smaller dimer-tetramer systems, where many-body effects matter
less. Here, the model predicts a qualitatively different response
to electronic excitation for 18+ water shells, becoming less bind-
ing, whereas the B3LYP-D3(BJ) model becomes more binding. It
would be reasonable to expect that the complex, being positively
charged, would be the main cause for polarization between the
waters. We will analyse this effect in more detail in the next sec-
tion.

3.5 Many-body expansion of interaction energy of

[Fe(bpy);1** ---17H,0

The many-body expansion of the total interaction energy from
equation[I]of a system comprising N molecules can be formulated
as a sum of n-body interaction terms (1<n<N)~8Z:8

N N
V(rt,--,rn) =Y. Vig(ri) + Y Vag(ri,rj)
= i<i

N

+ Y, Vag(ri,rjr) 4+ Vg (riyrj,re 1) (5)
i<j<k

N

:E(rlv"‘er)sz(rf)v (6)

i=1

i

where r; is a collection of coordinates of all atoms of molecule i.
V\p-term is zero. Since every calculation of an energy of a frag-
ment is carried out with the basis functions of the full system as
described in the computational details, we omit explicitly indicat-
ing which basis is used in the evaluation of the energies. The V,p
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term is the pairwise interaction energy,

VQB(r,-,rj):E(r,',rj)fE(r,-)fE(rj). (7)

The definition of higher n-body terms V,,p is given recursively by
subtracting all fewer-body interaction terms:

N
Vap(riy--ern) = V(ri,--- ra) = Y. Vag(riyrj) — -+
i<j

N
- Y Vsl ). (8)

i<j<-<n—1

Thus, a single 3-body interaction energy term of 3 molecules at
ry,r,r3, is:

3
Va(ri,r2,r3) =V (ri,r2,r3) = Y. Vag(ri,rj) 9
i<y
3 3
:E(rlar27r3)_ZE(ri7rj)+ZE(ri)- (10)
i<y :

For the 17-water cluster, with the complex always being included
as one of the monomers in the calculations, we can evaluate
17!/(2!1(17 — 2)!) = 136 V3p-terms. Lastly, by using the recursive
relation in equation [8 we can obtain the sum of all n-body inter-
actions of the 18-body (17 waters + 1 complex) system with n >3
as:

18
Vv =Y. Vag(ri,rj,re) +-+Viga(ri,...,ris) 1n
i<j<k
18
=V(ri,...,r1g) = Y Vag(ri,rj) 12)
i<

In this way, V\g defines the total many-body interaction energy
not explicitly captured by pairwise-additive potentials, such as the
static-charge OPLS.

Analysis of the components of the total interaction energy of
[Fe(bpy)3]2+-~-17H20 in LS and HS states are shown in Ta-
ble r. denotes the coordinates of the complex. The first en-
try shows the sum of all 2-body interaction energies where one
of the monomers is the complex (17 in total). The next en-
try shows the sum of the rest of the 2-body energies from pure
water-pairs, 136 in total. Adding these terms up gives us the
third row, the sum of all 2-body interaction energies. The fourth
row contains the sum of all 3-body energies where one of the
monomers is the complex, while the fifth row shows the total
interaction energy of all >3-body terms, as given by equation
The water-water interactions are of course less strong in-
dividually, but summed up, we note that they contribute more to
the total 2-body interactions than the complex-water interactions.
From LS to HS state of [Fe(bpy)s3]?t---17H,0, the sum of the
water-water two-body terms increases by 0.075 €V, and by 0.505
eV for the complex—water interaction, translating to an overall
less bound shell, in the HS state, when only including pairwise
additive interactions. This contrasts with the findings from the
dimer curves of poses A and B in the previous section, showing
the limitations of the capabilities of such models in describing the

12 | Journal Name, [year], [vol.], 1

concerted interactions within a solvation shell.

Analysing the higher-order many-body terms first, interest-
ingly, the sum of the three-body terms involving the complex,
Z}Z ] Vag(re,ri, rj) increases the total interaction energy in all cases
(an anticooperative effect). Secondly, despite the metal-centered
character of both spin states of [Fe(bpy)g]”, we found that the
sum of all higher body terms (n>2) contribute differently to the
total interaction energy: 10.0% and 18.8% for LS and HS states,
respectively. If one solely accounts for the two-body terms of the
total interaction energy, one would find that the interaction in
the LS state of[Fe(bpy)3;]>* ---17H,0 is more stable by 0.580 eV.
However, the picture changes dramatically when one adds higher-
body terms to the expression of the total interaction energy: The
HS state becomes the more stable state by 0.161 eV. The two
main factors that can cause this increase in many-body interac-
tions are (i) changes in the electronic density of the complex
which causes changes in the polarization of the water network,
and (ii) changes in the nuclear geometry of the water network
itself. By investigating the partial atomic charges on the complex
in the two states (see table S5.4 in the S.I.), we observe that the
CHELPG-method predicts that just under half an electronic ele-
mentary charge is moved from Fe to the ligands upon excitation
to the HS state. In the last section we observed that the HS 17-
shell is tightened by an average O—O distance decrease of 0.051
A. Both changes in charge density and geometry are subtle, but
we note that Vg is a lot less binding than Vyw, as shown in
figure This points toward the changes in the water-water ge-
ometry, rather than changes in electronic density of the complex
causing this change in the higher-body interaction term. To test
this, we calculated the many-body interaction energy using the
LS electronic configuration on the HS geometry, V53 (rus), and
vice versa, V15 (ris) (see the S.I. section S7 for details). V53 (rus)
made up 12.2 % of the total interaction energy, whereas Vhl,}g (rLs)
made up only 10.1%. We thus conclude that the HS geometry is
required for the increase in many-body interactions, but without
the change in multiplicity as well, the increase is a lot less dra-
matic. To summarize, the drastic increase in the many-body in-
teraction strength is only allowed for the right water shell geome-
tries, but when the geometric conditions are fulfilled, a change in
spin configuration can increase the many-body interactions sig-
nificantly. Future studies could test this mechanism further, e.g.
by repeating the presented analysis on systems with larger trans-
fers of charge upon excitation, and/or smaller changes in nuclear
geometry upon excitation.

Experimentally, Miller et al. found that the HS lifetime of the
complex was modulated by choice of solvent, and attributes this
to changes in solvent-solvent and/or solvent-solute interactions,
brought about by the change in the complex geometry due to the
Fe-N elongation®?. Our findings in this, and the previous sec-
tions suggest that especially the solvent-solvent interactions are
affected by the LS—HS transition.

Previous solvation studies have used MM and electrostatic
QM/MM models®. The former of these models neglects many-
body effects such as induced polarization everywhere, and the
latter only in the MM region. these models produce solvation



structures that are generally less strongly bound than what is pre-
dicted by fully QM AIMD simulations®2% which includes many-
body interaction. Based on the analysis above, we propose that
some of this discrepancy is caused by many-body effects within
the solvation shell of the complex. Interestingly, as the QM/MM
MD simulations did also not fully reproduce the AIMD results, fur-
ther testing this hypothesis using polarizable embedding QM/MM
models?1*24 could prove insightful, as they would allow for sim-
ulations including more solvent than what is feasible with AIMD,
while still including solvent polarization. For this specific com-
plex, the aforementioned role of the pose-A water molecules in
their close vicinity to the iron center could mean that simply in-
cluding these three molecules in the QM subsystem might already
improve the model significantly. This, however comes with the
added complexity of maintaining the solvent molecules in the QM
region?2 sacrificing the modeling of diffusion-based processes,
or employing an adaptive QM/MM scheme that allows for the
molecules to switch description, which comes at a considerable
increase in computational cost2°,

Table 2 Counterpoise-corrected B3LYP-D3(BJ)/def2-TZVP many-body
expansions (and their percentages) of the total interaction energy in eV
of [Fe(bpy)3]?*---17H,0 in LS and HS states. r. denotes the coordinates
of the complex.

Energy [Fe(bpy)3]1*t---17H,0
LS HS

TVop (re,1i) —3.274  (40.2%) —2.769  (33.3%)
Yl iVag (ri re,rj#re),  —4.059 (49.8%) —3.984 (47.9%)
Y8 Vag(ri r)) —7.333 (90.0%) —6.753 (81.2%)
YiLVag (e, iy 1) 0.271  (—3.3%) 0.232  (—2.8%)
VB —0.818  (10.0%) —1.559  (18.8%)
v —8.151  (100.0%) —8.312  (100.0%)

Conclusions

In this work, we have benchmarked computational models for de-
scribing the noncovalent interactions between the photoswitch-
workhorse complex [Fe(bpy)3;]?>T in two electronic states, and
the neighbouring water molecules in its closest solvation shell.
Our benchmark showed that long-range dispersion effects play
a significant role in governing the solute-solvent noncovalent
interactions which cannot be ignored, but also that these ef-
fects are accurately approximated by computationally inexpen-
sive, parametrized models such as the D3(BJ) correction, even
though these have not been specifically created with solvation
in mind. When compared to DLPNO-CCSD(T) binding ener-
gies, each of the tested dispersion correction models gave results
within the limit of chemical accuracy within one another. Thus,
for future solvation-shell sampling studies of similar systems, we
would recommend including of long-range correlation via one of
the dispersion-corrections studied here, if using GGA functionals
or even if also including exact exchange. We then continued to
analyse the solute-solvent and solvent-solvent binding energy in-
teractions and geometries of water shells consisting of 17 to 20
waters, correlating the gas-phase relaxed geometry to the ther-
mally averaged molecular densities sampled using classical MD

with CHELPG-derived charges and LJ parameters from the OPLS
and TIP4PEW force fields for the complex and water, respectively.
Comparing to AIMD-structure from literature, we first identified
that part of the cause for the more structured AIMD RDF is due
to simulation-size limitations of the more costly AIMD model. To
account for the rest of the AIMD/MMMD differences, we then
analysed the effects of non-pairwise additive interactions within
the solvation shells. Here, we found that the cause for the LS-
HS changes in shell geometries did not originate from changes
in the direct solute-shell interactions, but rather in changes in in-
teractions between the water molecules themselves, induced by
the geometric and electronic changes within the complex. This,
again, increases the challenge for purely pairwise additive mod-
els such as OPLS/TIP4PEW, which cannot describe changes in
water-water interactions due to e.g. polarization induced by the
electronic density of the complex. Diving deeper into the many-
body interactions of the shell, we found that almost 19% of the
total interaction energy of the HS state is from non-pairwise ad-
ditive interactions, almost twice as much as for the LS state, in-
dicating that even relatively small electronic and geometric per-
turbations of the system can rather drastically change the ratio
with which the terms in the many body expansion convergence
to zero. Such changes of interactions within the solvent shell can
have large impact on the desired functionality of the complex2?,
Future work on similar systems should then strive to strike the
right balance between choosing models that include these kinds
of effects, while keeping in mind what other effects on the sam-
pled structure can be caused by the limits demanded by increases
in computational cost, such as finite-size simulation effects, basis
set superposition errors, and shorter sampling times.
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