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gi atomistic simulations. Starting from the low spin (LS) Fe(II)1g state the transition to

gg the excited Fe(IIT) "3 MLCT (metal-to-ligand charge transfer) state decreases the water

g; coordination in immediate proximity of the central iron atom. This readjustment of
39 the solvent shell occurs on the sub-picosecond time scale. Full relaxation of the water
32 environment would occur on the 10 ps time scale which is, however, never reached as the
jé lifetime of the L3MLCT state is only 200 fs. Further relaxation towards the long-lived
jg (665 ps) [Fe(Il)gs(bpy)s] high spin (HS) state does not change the degree of solvation.

46
47 The results support a model in which the change in the degree of solvation is driven by

48
49 electronic effects (charge redistribution) and not by structural changes (change in bond

50 . . . ..
51 lengths). Furthermore, the results are consistent with recent combined X-ray emission
52
53
54
55
56
57
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59

60

The solvent dynamics in Fe-tris-bipyridine [Fe(bpy)s]?* upon electronic excitation

(oxidation) and subsequent relaxation is followed on the picosecond time scale by using

(XES) and X-ray diffusion (XDS) scattering experiments which provided evidence for a
reduced solvent density upon excitation of the [Fe(II)rs(bpy)s] initial state. However,

the time scale for water exchange dynamics is faster than that found in the experiments.
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1 Introduction

[ron-containing complexes constitute an important and versatile class of metal complexes.
Depending on the strength of the ligands they can exist either in a low (LS) or in a high spin
(HS) state. Specifically, the [Fe(II)(bpy)s] complex exhibits two spin states: a LS singlet
(*A;) and a HS quintet (°Ty)."? Between these two states, excited state charge transfer
and spin dynamics takes place (spin crossover - SCO - dynamics) which can be induced by
illumination, temperature or pressure changes.® Switchable transition metal-based systems
are potentially interesting for applications in solar cells, data storage or in molecular devices.
Often, they are based on ruthenium which is, however, rare and toxic. Iron would be an
attractive replacement but due to the very short-lived excited states it has as yet not been
widely used for solar energy conversion. However, there has been recent progress with an

iron-nitrogen-heterocyclic-carbene compound.*

In solution, the SCO process involves a first inter system crossing (ISC) to a metal-to-ligand-
charge transfer (" MLCT) state followed by relaxation which brings the molecule to the HS
state (see Figure 1), possibly via one or several triplet intermediates.! During the photo
excitation energy is dissipated to the environment, potentially including intra-molecular de-
grees of freedom. However, following the non-equilibrium response of the surrounding solvent
molecules towards equilibrium from experiment alone at atomistic scales is difficult. More
generally, relating temporal information such as relaxation times to actual structural rear-
rangements can be very challenging. One example for which this has been attempted is the
dynamics of photodissociated carbon monoxide in myoglobin for which the combination of
time resolved Laue diffraction and infrared spectroscopy provided information which relates
structural changes with spectroscopic response.®% In structural dynamics, time scales from
2-dimensional infrared spectroscopy of solvated cyanide could be related to water exchange

dynamics in the solvent shell from analysis of atomistic simulations using accurate force

fields.”
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For Fe(bpy)s, earlier work based on the analysis of time resolved X-ray spectroscopy experi-
ments suggests that during SCO one to two water molecules are pushed out of the first solvent
shell between the [Fe(IT)rs(bpy)s] and [Fe(Il)gs(bpy)s] states on the 100 ps time scale.? Also,
an ab initio mixed quantum mechanics/molecular mechanics (QM/MM) simulation involv-
ing the same two states reveals that the solvent shell around the two states differs by two
water molecules.® However, both studies did not relate actual structural changes with the

time scales involved at atomic resolution.
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Figure 1: Schematic for SCO involving the aqueous [Fe(II)(bpy)s] complex. The process
studied here occurs along the solid arrow. The dashed lines are additional processes on the
sub-picosecond time scale analyzed in previous work.? The lifetime of each state is reported
in brackets. Intermediate triplet states (3T;) and (*T,) are labelled as 3T.

Solvent molecules around metal complexes are of fundamental and practical relevance both,

in catalysis and in solar energy conversion.?*? However, directly observing and characteriz-
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ing the influence and role of solvent is difficult experimentally mainly because of the transient
nature of the process and the finite time resolution of the experiments. Computational ap-
proaches applied to metal-containing systems have become more widespread recently due to
both, increased computing power and technological advances. Amongst others, tight-binding
schemes have been extended to treat copper complexes.!® Furthermore, force field-based
techniques have been successfully applied to the investigation of a range of metal-containing

systems. 4719

For Fe(bpy)s the experimental information provided so far is indirect® and only one QM /MM
trajectory, approximately 25 and 4 ps in length for the LS and HS states, respectively, could
be run due to the considerable computational effort of such simulations.® Typical experiments
provide ensemble-averaged observables, which require statistical averaging over many inde-
pendent trajectories in the simulations for direct comparison, which is usually not possible
with QM /MM simulations of metal-containing systems. In the present work computational
strategies are employed which allow rigorous sampling by using valence-bond-based force
fields for the species involved. This allows to follow the atomistic dynamics for hundreds of
trajectories over extended time scales. First, the force field is validated vis-a-vis experimen-
tal structures and infrared frequencies. In a next step, the solvation dynamics of the ground-

and excited-state species is followed from equilibrium and non-equilibrium MD simulations.

2 Methods

2.1 Computational Details

All MD simulations were carried out with the CHARMM?® program, the CHARMM22?%!
force field and provisions for VALBOND.!” The VALBOND force field is based on valence

bond theory and capable to more realistically describe angle bending in metal complexes. 22 24
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For this, the harmonic bending energy term in a conventional force field for an L1-M-L2 mo-
tif is replaced by a parameterization which depends on the overlap of the hybrid orbitals
on the central metal atom, where L1 and L2 are ligands and M is the metal atom. Unlike
the simple harmonic approximation, VALBOND bending functions capture the energetics at
very large angular distortions and support hypervalent compounds by means of 3-center-4-
electron bonds.? The remaining parameters for the bipyrimidine rings were those from the

CHARMM22%' and CHARMM General Force Field (CGenFF?).

For the present study, three complexes [Fe(II)ys(bpy)s], [Fe(IT)gs(bpy)s] and [Fe(IIT)(bpy)s]
were considered. Their structures were optimized and natural bond orbital (NBO)?% charges
were determined using Gaussian09%” with the 6-31G(d,p)?® basis set at the B3LYP?? level of
theory. Partial charges on each atom of the ligand and metal atom, for all three systems are
summarized in Table 1. The van der Waals parameters for Fe are those from 6-coordinate
heme®® (Rupin/2 = 0.65 A and € = —0.01 kcal/mol) although additional simulations were
carried out with e = —0.5 kecal /mol but no differences were found. This is not too surprising
as the Fe-atom is deeply buried within the complex and only electrostatic interactions are

expected to be of importance for the interaction with the solvent.

Table 1: NBO charges (in units of e) for the three states of the metal complex obtained from
the ab initio calculations. For labelling of the atom types see Figure 3.

Atoms Fe(Il)s Fe(Il)ps Fe(III)

FEX 0.98 1.33 1.21
NX -0.49 -0.55 -0.50
CE2 0.18 0.19 0.19
CAl 0.04 0.05 0.06

CA2 -0.25 -0.26 -0.23
CA3 -0.17 -0.17 -0.13
CA4 -0.22 -0.23 -0.21

HP 0.27 0.27 0.28

As a first validation, the global structures of the optimized structures from electronic struc-
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ture and force field calculations were compared with experiment. For this, all mutual atom-
atom distances were computed for the Fe(II)ps and Fe(III) complexes and compared with
the experimental crystal data (see Figure 2).3134 It is found that the VALBOND optimized
geometries favorably agree with experimental crystal structures.3* Since the crystal structure
of [Fe(II)ps(bpy)s) is not available, its VALBOND force field optimized geometry is compared
with the optimized structure from the ab initio calculations. Table 2 provides a comparison
of the most relevant average bond lengths for the three complexes obtained from force field
and ab initio calculations with the reference structures. It is confirmed that the present
force fields faithfully reproduce the structures of the [Fe(IT)ps(bpy)s], [Fe(I)us(bpy)s] and

[Fe(IIT)(bpy)s] complexes.

Table 2: Bond length comparison for [Fe(II)s(bpy)s], [Fe(III)(bpy)s] and [Fe(IT)us(bpy)s]
obtained from FF, ab initio (B3LYP/6-31G(d,p)) and experiment.3! 34

Fe(H)LS Fe(HI) Fe(H)HS
Bond TypeCHARMM (A)ab initio (A)Expt. X-ray (A))CHARMM (A)ab initio (A)Expt. X-ray (A)JCHARMM (A)ab initio (A)
CA - CA 1.375 1.391 1.37-1.39 1.375 1.393 1.37 1.410 1.390
CA - HP 1.080 1.083 1.080 1.083 0.94 1.080 1.083
CA - CE2 1.397 1.397 1.395 1.395 1.38 1.427 1.400
CE2 - CE2 1.476 1.476 1.47 1.471 1.471 1.47 1.493 1.485
CA - NX 1.347 1.343 1.34-1.36 1.346 1.346 1.35 1.357 1.345
CE2 - NX 1.364 1.357 1.34-1.36 1.360 1.361 1.36 1.376 1.357
FEX - NX 2.022 2.022 1.95,1.97 2.005 2.005 1.96 2.200 2.188
6
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Figure 2: Comparison of atom-to-atom distance between the VALBOND force filed optimized
geometry and experimental crystal structure for [Fe(II)g(bpy)s] (left) and [Fe(III)(bpy)s] (right).

Furthermore, to validate the non-bonded parameters, interaction energies between one wa-
ter molecule and the metal complex were computed for 50 different configurations extracted
from a low-temperature (50 K) MD simulation of 50 ps length. Interaction energies were
compared with those obtained from ab initio calculations at the B3LYP/6-31G(d,p) level of
theory and the correlation coefficient was R? = 0.98 with a slope of 0.97 for the linear fit.

This provides further validation for the force field used.

The computational setup for the present study consists of the solvated iron complexes in
a pre-equilibrated cubic box of size 37.25 A containing 1694 water molecules, with 5143
atoms in total (see Figure 3). Periodic boundary conditions (PBC) were applied. The non-
bonded interactions (electrostatic and Lennard-Jones) were truncated at a distance of 14 A
and switched between 10 and 12 A. First, the species of interest - solvated [Fe(II)ps(bpy)s],
[Fe(IT)ys(bpy)s] and [Fe(III)(bpy)s) - were heated and equilibrated for 20 ns at 300 K. New-
ton’s equations of motion were propagated in the NVT ensemble with a Verlet integrator.
The water model used in the present work is the standard TIP3P model® and all bonds

involving hydrogen atoms were constrained by applying SHAKE.?® The time step used in
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the simulations was At = 1 fs.

Figure 3: The simulation system, consisting of the [Fe(II)rLs(bpy)s] complex and the solvation
environment. Water molecules in the first solvation layer at 6.3 A are shown in red color, second
shell at 9.0 A in green color, third shell at 11.6 A in yellow color and bulk water in gray lines.
Atom color code: Carbon (cyan), Nitrogen (blue), Iron (green) and Hydrogen (white).

After preparation, equilibrium simulations for the Fe(II)rs, Fe(II)ys and Fe(III) compounds
were carried out in order to determine reference equilibrium properties including the ener-
getics, the radial distribution function (RDF) g(r), and N(r) which is the number of water
molecules as a function of the distance r of water-oxygen atoms from the Fe-atom. The
structures and velocities along the Fe(II) s and Fe(III) equilibrium trajectory also served as
initial conditions for the non-equilibrium simulations. Overall, 100 initial structures were
generated, each separated by 10 ps from each other. Electronic excitation from Fe(II)ps
to Fe(III) was induced by instantaneously changing the force field parameters between the
two oxidation states (denoted as Fe(III)™4). Similarly, the relaxation process of Fe(III) to
Fe(Il)ps was carried out by changing the force field parameters from Fe(III) to Fe(Il)ps
(labeled Fe(II)js'). Such perturbations lead to a non-equilibrium situation from which the
system relaxes towards an equilibrium state. Each non-equilibrium simulation was run for

25 ps.
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2.2 Trajectory Analysis

From the temporal evolution of the coordinates and velocities following observables are cal-

culated.

Radial distribution functions: Radial distribution functions g(r) were computed from the
distance-time series of the respective coordinate r for each trajectory obtained from the
MD simulation and then averaged over all. go(r) and gy(r) were computed by considering
Fe-Oy and Fe-Hy respectively. Oy and Hy, corresponds to the water oxygen and water
hydrogen. From the g(r), corresponding N (rs) for a given solvent shell (up to distance ;)

was computed using equation 1

N(ry) = dmp / " 2g(r)dr 1)

where p is the bulk water density. Ny(r)/No(r) was also computed to account the organi-
zation of water molecules around the metal center. In particular, it provides orientational
preference of water molecules around the complex. Ny(r)/No(r) = 2 corresponds to the
bulk water. If the value different from 2 suggests structuring of water molecules around

metal complex.

Rotational reorientation times of water: The rotational reorientation time 7, of a water

molecule is computed by fitting an exponential function R,(t) = Aexp(—t/7.) to the rota-

—

tional time correlation function computed using R, (t) =< (0)u(¢t) >. All the rotational

reorientation time calculations were carried out within the CHARMM program. 2’

Water residence times: Exchange dynamics of water molecules around the metal complex

9
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

was analyzed by computing their residence time in the different shells as characterized by

the radial distribution functions. For a given solvent shell, the residence time is determined

from the time correlation function R(7)3738

R = S 22304000500+ &)

which was fitted to a bi-exponential function (see equation 3). In Equation 2 N is the number
of trajectories, ©;(t) is the step function which describes the presence of a water molecules j
in a given shell and ny is the number of water molecules in the respective shell. If the water
molecule j is present in the shell, then ©,(t) = 1, otherwise ©,(¢) = 0. The spatial extent of
the water shells ry are defined by the minima of go(r) and a water molecule is considered to

belong to a particular shell for r» < r,.

Ra(7) = Ay exp ( jf )+ Ay exp (—Ti) (3)

1 2

The two time constants 77 and T3 provide information about the dynamics of water molecules
close to the border of the shell and the typical lifetime within a shell and A; and A, describe

the relative importance of each processes.

IR spectra: Vibrational spectra C'(w) are obtained from the Fourier transform of the dipole-
dipole auto-correlation function C(t)3° which was averaged over 2'° time steps. The Fourier
transform was computed using a Blackman filter.4? Finally, the IR spectrum is computed
using equation 4

A(w) o< w(l — exp(—fw/(kpT)))C(w) (4)

where h and kp are the Planck and Boltzmann constant, respectively, and 7" is the simulation

temperature.
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3 Results and Discussion

3.1 Validation of the Force Field

Before investigating the equilibrium and non-equilibrium dynamics in more detail, the cur-
rent force fields are further validated by comparing with experimental data. The structural
comparison and validation of interaction energies between the complex and a water molecule
has already been described above. Furthermore, the infrared spectrum of the [Fe(II)1s(bpy)s]
complex has been investigated experimentally and provides additional reference data for
comparison. Table 3 summarizes the experimentally measured and computed line positions.
There is a shift of ~ 10 cm ™! for the Fe-N and ~ 100 cm~! for the C-N stretching frequency
compared to the experiment, whereas for the C-C stretch this shift is ~ 50 cm™!.324! These
differences could be reduced by slightly modifying the force constants which was, however,
not deemed necessary for the current work which is primarily concerned with the solvation
dynamics around the complex. In the experiments, peaks for the stretching modes are re-
ported to be at 423 cm™! for Fe-N, 1605 cm ™! for C-C, 1470 cm~! for C-N and 3080 cm™!
for C-H. To further validate the parametrization, the IR spectrum of the N isomer is deter-
mined and overlapped with the spectrum for the normal isomer. It is found that there is ~ 5
cm™! of isotopic shift for the Fe-N stretch is in good agreement with a previously reported
value of 6 cm™!.%? For the [Fe(IT)us(bpy)s] complex no experimental data is available but
electronic structure calculations on both Fe(II) complexes suggest only small changes in the
vibrational frequencies®? which is also found from the present simulations.

132,41

Table 3: Experimenta and computed IR spectrum of [Fe(Il)rs(bpy)s].

1 1

Assignment Computed frequency cm™  Experimental frequency cm™

Fe-N 415 423

C-N 1370 1470

C-C 1555 1605
11
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3.2 Equilibrium simulations

In a next step, the equilibrium dynamics of the solvated complexes is considered. The water
structuring can be characterized by the Fe-Ow and Fe-Hw RDFs go(r) and gu(r). Their
integration provides the running coordination numbers Ng(r) and Ny(r), as described in

the Methods section.

The radial distribution function go(r) and corresponding coordination number N (r) of wa-
ter oxygen with respect to the Fe atom for all three equilibrium simulations Fe(IT){§, Fe(II){
and Fe(TIT)*d are shown in Figure 4. For Fe(IT){% the first peak in go(r) appears at 4.5 A
and a minimum at 5 A describes the inner solvent shell close to the complex and the peak in
the go(r) is due to the interaction of the water hydrogen (H,,) with the negatively charged
bipyridyl ring and water oxygen with the metal atom. This peak is less pronounced for
Fe(Il)jj5 and disappears completely for Fe(IIT)* (see Figure 4) because the amount of nega-
tive charge on each ring of the bipyridyl ligand decreases from —0.90 to —0.83¢ in going from
Fe(II)[§ to Fe(III)*d (see Table 1). This also lowers the interaction energy between H,, and
the ring. Although the negative charge on the ring for Fe(II)jj5 (—0.94e) is larger compared
to Fe(II){§, the peak is less pronounced due to the increased Fe-N bond length by 0.2 A A
second maximum in go(r) appears at 5.7 A and a minimum at 6.3 A, defines the first solvent
shell (shell-T) around the Fe atom and this peak appears in all three cases. The running co-
ordination number No(r) in the same figure shows that there are 3 and 15 water molecules
present in the inner and first solvent shell for Fe(II);§ . This is in good agreement with pre-
vious simulations on [Ru(IT)(bpy)s] and [Fe(IT)(bpy)s].®'? However, for Fe(II1)*? there are 2

and 15 water molecules present in the inner and first solvent shell, respectively (see Figure 4).
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Figure 4: Radial distribution function go(r) (solid black, red and green lines, lower x—axis with
left y—axis) and running coordination number Ng(r) (dashed black, red and green lines, upper
x—axis with right y—axis) of water oxygen with respect to the Fe atom obtained from the all three
equilibrium simulations Fe(II){§, Fe(II)jk and Fe(IIT)*? are shown.

The total charge on each bipyridyl ring is —0.90e, —0.95¢, —0.83e for Fe(II)rs, Fe(Il)us
and Fe(III), respectively, which yields an electrostatic component of the interaction energy
between the closest water molecule and the complex of —6.87, —6.52 and —2.93 kcal/mol
for LS, HS and Fe(IIl) in their energy minimized structures. For all three systems the
water-hydrogen H,, always points towards the bipyridyl ring. For a direct comparison, the
energetics of the optimized structure of the Fe(IT) s was also analyzed. The interaction en-
ergy between a single water molecule and the complex for the three states is —6.87, —6.35 and
—2.78 keal /mol for LS, HS and Fe(III) respectively. The electrostatic interaction between the
water molecule and the metal atom are 8.02, 10.92 and 9.99 kcal/mol for LS, HS and Fe(III),
respectively, whereas for the ligands in the absence of the metal atom they are —14.88, —17.27
and —12.77 kcal /mol.
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Figure 5: Ratio of running coordination number of water oxygen and water hydrogen with respect
to Fe atom obtained from three equilibrium simulations. Inset shows the Ny (r)/No(r) ratio in the
inner shell and the complex with water molecule shows the preferred orientation of water inside the
groove of the complex in Fe(II)[§.

Additional information regarding the organization of the water molecules can be obtained
from analyzing the ratio Ny(r)/No(r) (see Figure 5). In bulk water, this ratio is Ny(r)/No(r
2. However, due to orientational preference around a solute molecule, it can deviate con-
siderably from this idealized value. At short distances from the metal center there is an
over-proportion of hydrogen atoms which can be rationalized from the structure reported in
Figure 5. With increasing distance there are slightly more oxygen atoms until the bulk value

of Ng(r)/No(r) = 2 is reached for separations larger than about 12 A.

Within 5 A from the metal atom Ny (r)/No(r) > 2 for all three systems (see Figure 5) due
to the orientation of H,, towards the center of the complex, the interaction of Hy, with the
negatively charged bipyridyl ring and the smaller van der Waals radius R,,;,/2 = 0.2245
A). Around the second maximum of go(r) at 6.3 A, Nu(r)/No(r) < 2 (1.79 for Fe(I)%,
1.81 for Fe(IT)3;§ and 1.5 for Fe(III)®9), reflecting the fact that an over-proportion of water-

oxygens are oriented towards the center of the iron complex (i.e. depletion of H-atoms), and

14
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then approaches the bulk-value of Ny(r)/No(r) = 2 asymptotically. The difference between
Nu(r)/No(r) for Fe(II);§ and Fe(III)* remains always above 0.2 for distances up to r ~ 6
A which suggests that the proportion of hydrogen atoms for Fe(II)®d is larger compared
to Fe(II1)®4. This reflects the stronger electrostatic interaction between the water molecule
and the ligand for Fe(II) compared to Fe(III). In going from Fe(II);§ to Fe(II)j, the value
of Nu(r)/No(r) (1.79 for Fe(Il)[§ and 1.81 for Fe(II)jk ) remains almost unchanged (see
Figure 5) due to the very similar interaction energies with the solvent. For a distance of
r =9 A from the metal atom, the difference drops to approximately 0.05 and for r = 12.5

A Nu(r)/No(r) = 2 which corresponds to bulk water.

Water reorientation times: The dynamics of the water molecules can be characterized by
considering their rotational reorientation. Rotational reorientation times 7, decrease grad-
ually in going from the first solvent shell to bulk water, as the rotational dynamics of the
solvent molecules close to the complex slows down. For bulk water, 7, is 0.785 ps which is in
good agreement with the previously reported value of 0.7 ps from simulations (TTP3P water
model).*® However it is slower compared to the experimental value of 1.95 ps.* For solvent
molecules close to the metal complex 7, increases by 30 % due to the interactions with the

metal complexes.

Water residence times: The water residence times were computed using the procedure de-
scribed in the method section and are given in Table 4. Two time constants 77 and 715
describe the dynamics, see Figure 6. 77 in all three equilibrium simulations are similar
(=~ 0.2 ps). This time scale characterizes the rapid recrossing dynamics at the border of the
shell while 75 is on the several ps time scale and represents the typical lifetime in a given
water shell (shells I to III). For simulations of pure water with the MCY model this time
has been reported to be 4.5 ps.?” In previous work the short recrossings were eliminated by

introducing a lag time ¢* which was set to 2 ps.3” For the first solvent shell, T, = 3.78 ps for

15
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Fe(II){§ which is larger compared to the other two equilibrium simulations and can be quali-
tatively explained by the increased electrostatic interaction between the water molecules and
the complex (see above). Since Ty describes the lifetime within a given shell and the shells
grow in size, T, gradually increases with the shell radius due to an increase in the number
of solvent molecules. In all three equilibrium simulations the residence time for shell-III is
~ 11 ps (see Table 4) which is consistent with 12.2 ps and 12.4 ps found previously based

on force field or mixed QM /MM simulation on aqueous [Ru(II)(bpy)s]. 1%
|

o Y
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Figure 6: Distances of 16 water oxygen (involved in the exchange process) within 5 A of the
Fe atom during equilibrium simulations of Fe(II){%.

The correlation function Co(t) =< §0(0)d0(t) > / < [60(0)]* > determines the persistence
time of a particular water shell (see Figure 7). Here O(t) = 1 for all water oxygen atoms
if they are within a distance R of the Fe-atom, otherwise O(t) = 0. Co(t) was computed
by considering all water oxygen atoms for which O(¢) = 1 at least once during the whole
simulation. In other words, Co(t) describes the persistence time of a particular solvent shell.

For shell-I (at 6.3 A) and one particular simulation of Fe(II);§, a bi-exponential function
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fitted to Co(t) yields two time constants 5.3 and 39.8 ps (see Figure 7). The first time
constant characterizes exchange of one water molecule between neighboring shells for this
specific simulation and the second time constant is the time required for the complete ex-
change of water molecules in this shell. Following the complete dynamics of all shell-I water
molecules starting from an arbitrary snapshot yields a time of 20 ps for full replacement
by water molecules from solvent molecules further away. Also, the magnitude of the longer
time scale is consistent with previous work on CN~ for which complete replacement of the
first water shell (10 water molecules) was found to occur on the 10 ps time scale.” Hence,
for Fe(II)[§, the diffusion and replacement of solvent molecules between neighboring shells

occurs on the picoseconds time scale (see Figure 7).

Explicit analysis of 15 ps of simulations for Fe(II){{ yields ~ 20 water molecules that are
involved in the exchange process within 5 A from the Fe atom and their distances from the
metal center are reported in Figure 6. Water molecules with short life times (< 1 ps) are
those close to the boundary. The probability distribution of the life time of water molecules

> 1 ps) within 5 A from the metal center were computed for Fe(I1)% (see Figure 8) and
LS

Zi DiTi

Yleld < T >= W

= 2.23 ps which qualitatively agrees with the residence times (3.78 ps,
see Table 4).
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Table 4: Time constants for residence correlation functions R(7) for the equilibrium simula-

The Journal of Physical Chemistry

tions
Shell-I Shell-11 Shell-111
rs (A) 0<7,<63]0<r;<9.0|0<r,<11.6
No. of water 15 83 199
Ay 0.668 0.679 0.666
Fe(I1)%, As 0.132 0.161 0.134
Ty /ps 0.30 0.37 0.47
Ty /ps 3.78 7.28 11.59
No. of water 14 &3 198
Ay 0.652 0.679 0.664
Fe(Il)i Ay 0.189 0.160 0.135
T1/ps 0.24 0.36 0.47
Ts/ps 2.94 7.28 11.48
No. of water 15 83 199
A 0.661 0.674 0.667
Fe(III)* Ay 0.198 0.161 0.133
Ty /ps 0.22 0.36 0.47
Ty/ps 2.45 7.08 11.59

<50(0)30(t)>/[<50(0)>7]

Figure 7: The occupation correlation function Cq(t) of O(t) as a function of time within the
distance of 6.3 A from the metal center for Fe(I1){%. The red dotted line is a bi-exponential

fit.

t (ps)
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Figure 8: Survival probability distribution p(7) for water molecules within 5 A from the
metal center in the equilibrium simulations of Fe(II){§.

3.3 Non-equilibrium simulations

For the investigation of the solvent reorganization dynamics depending on the oxidation
state of the complex, photo-excitation was modeled by instantaneously changing the force
field parameters from one state to the other (see Methods). Such a procedure has also been
employed for CO- and NO-photodissociation from heme in Myoglobin?® and for electronic

excitation in CICN.47

Structural Reorganization of the Solvent after Photoexcitation: To describe solvent structure
rearrangement after photoexcitation of Fe(II)(bpy)s, the radial distribution function go(r)
and the water-coordination number No(r) around the Fe-atom was analyzed. As mentioned
previously and reported in Figure 4 the most pronounced difference in go(r) for all three
states Fe(I1);%, Fe(IT)5k and Fe(IIT)*d is within 5 A, see Figure 4. Since the differences in

go(r) beyond 5 A are rather small we focus only on the inner shell. The photocycle was
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studied in three steps, first Fe(II)1,g was excited to "*MLCT and then it relaxed to Fe(Il)gs,
subsequently it returns to the Fe(Il)1g state, see Figure 1.! In the photo excitation of Fe(IT)rg
to L3MLCT the degree of solvation decreases by less than one water molecules depending on
the distance from the iron atom considered. There is no substantial change in the degree of

solvation in the other two relaxation processes (see Figures 9 and 11).

For more insight into the time scale for the geometrical relaxation of solvent structure around
the metal center, the coordination number at different times after photo-excitation, relax-
ation and SCO were determined. Since No(r) between the systems differs most at 4.75 A,
this value was used in the analysis. To quantify the time scale for solvent reorganization, a
single exponential function was fit to this data in and yields a decay constant of 0.80 and
2.81 ps for Fe(IIT)**® and Fe(II)fg, respectively, see Figure 10. Such relaxation times agree
well with recent experiments which found 1.1 and 3.4 ps from transient absorption spec-
troscopy. *® Hence, in all three cases, the geometrical relaxation of the solvent occurs on the
ps time scale (see Figure 10). This has also been investigated for systems such as I7/1% in
water for which QM /MM simulations and XAS experiments?%?® have been carried out. The
computations yield reorganization times of 3 to 4 ps whereas the picosecond experiments
with a time resolution of 70 ps are too slow to be sensitive to the solvent reorganization.
Overall, the time scale of the process obtained from the computationally much more de-
manding QM /MM simulations on solvated halides compare favorably with those reported in

the present work.
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Figure 9: Running coordination number Ng(r) of water oxygen with respect to the Fe atom
obtained from non-equilibrium simulations Fe(III)"* (left panel) and Fe(Il);s (Fe(IlI) —
Fe(Il)ps ) (middle panel) at different time interval (averaged over 100 trajectories). Com-
parison of water coordination between three equilibrium state with Fe(III)**% at 250 fs (right
panel). Black arrows shows the change in water coordination number in the inner shell

during the non-equilibrium process. The color codes for the lines are given in the panels.

No(r)

time (ps)

time (ps)

Figure 10: Running coordination number No(r) of water oxygen with respect to the Fe atom
at 4.75 A computed at different time intervals during the photo-excitation and fitted to a
exponential function: Fe(IIT)™ (Fe(II)Ls — Fe(III)) (left) and Fe(IT)js' (Fe(III) — Fe(II)ps)
(right). No(r) data (black points) and fitted function (solid red curve).
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Figure 11: Radial distribution function go(r) (left panel) and running coordination number
No(r) (right panel) of the water oxygen with respect to the metal atom for non-equilibrium
Fe(II)]¢! averaged over 25 ps (green dashed line) simulation along with equilibrium go(r)
and No(r) for Fe(II){§ (red) and Fe(III){§ (black). It is found that full equilibration takes
place on the 25 ps time scale.

Residence times: For all three non-equilibrium simulations the water residence time are
shorter compared to the corresponding equilibrium simulations. This suggests that during
the photo excitation process energy is brought into the system which immediately transfers
to the solute and leads the more rapid exchange dynamics of solvent molecules close to the

metal center.

3.4 Comparison with Experiment and Previous Simulations

The current simulations provide a framework to discuss several previous investigations of the
photocycle in [Fe(bpy)s].!?® Femtosecond time resolved fluorescence spectroscopy showed
that starting from the [Fe(IT)s(bpy)s] state the system populates the M*MLCT (or [Fe(IIT)(bpy)s))
excited state with a lifetime of < 200 fs.? This lifetime was recently confirmed (150 £ 50 fs)
from analysis of femtosecond time resolved X-ray fluorescence spectroscopy.? Relaxation via
intermediate states, such as a 3T state (with an estimated lifetime of 70 & 30 fs) leads to the

[Fe(II)ps(bpy)s] state which has a lifetime of several hundred picoseconds (665 ps).
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A combined X-ray emission (XES) and X-ray diffuse (XDS) scattering experiment with a
time resolution of 80 ps provided evidence for a change in the solvent density upon excitation
of the [Fe(IT)Ls(bpy)s] initial state.® More recent transient absorption experiments with a
time resolution of 50 fs yield relaxation times of 1.1 to 3.4 ps which were associated with
vibrational cooling of the metal complex.® This compares with time scales of 0.8 and 2.8
ps for the solvent reorganization in the first solvation shell from the present simulations (see
Figure 10). Hence, experiments with a time resolution on the multiple 10 ps time scale may

be unable to resolve the rapid solvent rearrangement which occurs within picoseconds.

Analysis of the XES and XDS experiments indicated that the density increase occurred on
the 100 ps time scale which was linked to ab initio MD simulations run separately for the
[Fe(IT)1s(bpy)s] and [Fe(IT)us(bpy)s] states.® These simulations suggested that for the first
solvation shell, defined by a radius of 6.3 A, the water coordination number differs by 2
water molecules, i.e. in the LS and HS state ~ 17 and ~ 15 water molecules, respectively,
are in the first solvation shell which compares with a conformationally averaged value of 15
and 14 water molecules from the present work. This observation is insofar unexpected as
the Fe-N distance increases by 0.2 A in going from the LS to the HS state and hence more
space to accommodate water molecules would be available in the HS state. On the other
hand it is possible that the charge distribution between [Fe(II)rs(bpy)s] and [Fe(IT)gs(bpy)s]
changes sufficiently to counteract the geometrical changes. Ab initio MD simulations® on
such systems are very time consuming and therefore in previous work only one trajectory
for each state was run for 24 and 4 ps, respectively. Hence, the temporal evolution averaged

over a sufficiently large number of snapshots of the system could not be followed.

In the present work the photocycle considered in the fs-TR fluorescence study was followed.*

Upon excitation to the 1*MLCT band the degree of solvation decreases on the 250 fs to 500
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fs time scale, see Figure 9. As this is a vertical transition with negligible change in the Fe-N
geometry (see also Fe-N separations in Tables 2), the origin of the water expulsion is purely
electronic, i.e. the charge redistribution drives the process and not the structural change
in the Fe(bpy)s complex. As the system only populates this state for a few hundred fs and
decays to [Fe(IT)gs(bpy)s], the change in solvation between the non-equilibrium *MLCT
and the equilibrium [Fe(IT)ys(bpy)s| is relevant. As Figure 9 shows, there is negligible dif-
ference in the degree of solvation between these two states despite the bond lengthening in
[Fe(I)ps(bpy)s]. The number of water molecules expelled from the energized [Fe(II)rs(bpy)s]
state found here is &~ 1 which differs from the value of 2 which is, however, only based on
one quite short QM/MM simulation.® Tt is evident from the present simulations that the
degree of solvation decreases on a sub-picosecond time scale and originates from the exci-
tation to the »MLCT band. The experiment reports an estimated increase in the overall
solvent density by 0.03 % (no error bar) without accounting for the increased volume and
reorientation of the solvent. This was interpreted as a change of 1 to 2 water molecules upon
oxidation. The time scale for the solvent exchange is a few picoseconds, which is more rapid
than inferred from the experiments but comparable to previous work on CN~ for which the
time scale for solvent exchange was also found to be a few picoseconds from both, simulations

751 Hence it is possible that while the general conclusion of water

and NMR experiments.
expulsion upon oxidation can be verified, the time scales found here and in the experiment
correspond to different processes. This is confirmed by the observation that the equilibrium
fluctuations of the solvent shells occur on the few-picosecond time scale. Consequently, elec-

tronic excitation will further speed up the solvent dynamics and it is unlikely that the 100

ps time scale found in the experiments directly reflects water exchange dynamics.

Page 24 of 33

In summary, the present simulations suggest that water expulsion occurs between [Fe(IT)1s(bpy)s]

and the "¥MLCT state, is electronically driven, and occurs on a sub-picosecond time scale.

Whether or not an intermediate T state is included should not affect the present analysis
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because the lifetime of this state is very short. The non-equilibrium solvent arrangement
of the M3 MLCT is similar to the [Fe(IT)us(bpy)s] state and hence no further change in the
degree of solvation is expected in this transition. It would also be possible to analyze inter-
and intramolecular energy flow following electronic excitation as was done previously for the

[Ru(bpy)s] complex.® Such an analysis was, however, outside the scope of the present work.

4 Conclusions

Atomistic simulations of solvated [Fe(bpy)s] using a validated VALBOND force field provide
a detailed picture of the degree of solvation and solvation dynamics involving several spec-
troscopically characterized states. Upon vertical excitation, which involves significant charge
redistribution but only a minimal structural change around the metal center, the degree of
solvation decreases. Contrary to that, relaxation from the non-equilibrium excited state to
the [Fe(II)gs(bpy)s] state does not change the solvent shell appreciably. Hence, the change
in electron distribution governs water expulsion. Relaxation of the non-equilibrium ensemble
of the 1*MLCT state to the equilibrium [Fe(IT)gs(bpy)s] state occurs on the picosecond time
scale which agrees with recent experiments.*® The water exchange dynamics in the inner
shells close to the metal center take place on the picosecond time scale. Hence, the 100 ps
time scale observed experimentally?® is unlikely to correspond to exchange dynamics of indi-
vidual water molecules in shells close to the metal center. The use of such force fields allows
one to sample the conformational dynamics in a meaningful fashion and to determine aver-
ages which can be compared with experimental data and provide atomistic interpretations
of the underlying time scales. This is one of the primary advantages of a force field-based

approach to characterizing the dynamics of solutes in solution.
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