A IP I The Journal of )
Chemical Physics | /
Hydration shell effects in the relaxation dynamics of photoexcited Fe-ll cplexes ih

water
P. Nalbach, A. J. A. Achner, M. Frey, M. Grosser, C. Bressler, and M. Thorwart

Citation: The Journal of Chemical Physics 141, 044304 (2014); doi: 10.1063/1.4890528
View online: http://dx.doi.org/10.1063/1.4890528

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/141/4?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Hofmeister anionic effects on hydration electric fields around water and peptide
J. Chem. Phys. 136, 124501 (2012); 10.1063/1.3694036

Dynamics of relaxation and fragmentation in size-selected icosahedral Ar n [NO—(v = 1)] clusters
J. Chem. Phys. 134, 124301 (2011); 10.1063/1.3567958

Direct evidence for mode-specific vibrational energy relaxation from quantum time-dependent perturbation
theory. I. Five-coordinate ferrous iron porphyrin model
J. Chem. Phys. 130, 025102 (2009); 10.1063/1.3055277

Time-resolved infrared absorption studies of the solvent-dependent vibrational relaxation dynamics of chlorine
dioxide
J. Chem. Phys. 123, 084503 (2005); 10.1063/1.2000234

Decay dynamics of the vibrationally activated OH—CO reactant complex
J. Chem. Phys. 118, 2223 (2003); 10.1063/1.1533753

SUBSCRIBE TO



http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=P.+Nalbach&option1=author
http://scitation.aip.org/search?value1=A.+J.+A.+Achner&option1=author
http://scitation.aip.org/search?value1=M.+Frey&option1=author
http://scitation.aip.org/search?value1=M.+Grosser&option1=author
http://scitation.aip.org/search?value1=C.+Bressler&option1=author
http://scitation.aip.org/search?value1=M.+Thorwart&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.4890528
http://scitation.aip.org/content/aip/journal/jcp/141/4?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/136/12/10.1063/1.3694036?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/134/12/10.1063/1.3567958?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/130/2/10.1063/1.3055277?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/130/2/10.1063/1.3055277?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/123/8/10.1063/1.2000234?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/123/8/10.1063/1.2000234?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/118/5/10.1063/1.1533753?ver=pdfcov

THE JOURNAL OF CHEMICAL PHYSICS 141, 044304 (2014)

® CrossMark
¢

Hydration shell effects in the relaxation dynamics of photoexcited

Fe-ll complexes in water

P. Nalbach,'? A. J. A. Achner,"? M. Frey,"? M. Grosser,'? C. Bressler,?®

and M. Thorwart'?2

V. Institut fiir Theoretische Physik, Universitit Hamburg, Jungiusstrafe 9, 20355 Hamburg, Germany
2The Hamburg Centre for Ultrafast Imaging, Luruper Chaussee 149, 22761 Hamburg, Germany
3European XFEL GmbH, Notkestrafie 85, 22607 Hamburg, Germany

(Received 10 April 2014; accepted 1 July 2014; published online 24 July 2014)

We study the relaxation dynamics of photoexcited Fe-II complexes dissolved in water and iden-
tify the relaxation pathway which the molecular complex follows in presence of a hydration shell
of bound water at the interface between the complex and the solvent. Starting from a low-spin
state, the photoexcited complex can reach the high-spin state via a cascade of different possi-
ble transitions involving electronic as well as vibrational relaxation processes. By numerically ex-
act path integral calculations for the relaxational dynamics of a continuous solvent model, we
find that the vibrational life times of the intermittent states are of the order of a few ps. Since
the electronic rearrangement in the complex occurs on the time scale of about 100 fs, we find
that the complex first rearranges itself in a high-spin and highly excited vibrational state, before
it relaxes its energy to the solvent via vibrational relaxation transitions. By this, the relaxation
pathway can be clearly identified. We find that the life time of the vibrational states increases
with the size of the complex (within a spherical model), but decreases with the thickness of the
hydration shell, indicating that the hydration shell acts as an additional source of fluctuations.

© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890528]

. INTRODUCTION

When a photoexcited molecule is placed in a polariz-
able solvent, it will relax its energy in presence of poten-
tially strong interactions with its bath, i.e., its nearest neigh-
bor solvent molecules. This interplay manifests itself already
in the properties of the steady state by the observed Stokes
shift between the absorption and emission energies of the so-
lute, which typically reflect the rearrangement of the caging
solvent around the excited solute.'~> A pioneering femtosec-
ond transient absorption laser study of photoexcited NO in
solid Ne and Ar rare gas matrices was capable of extract-
ing mechanistic movements of the caging rare gas atoms in
combination with model calculations,*> but in liquid media
this connection to the actual solvent movements in response
to the creation of an excited state dipole moment is inher-
ently difficult to observe experimentally. Quantum chemical
calculations have meanwhile advanced and now permit sim-
ulating the dynamic response inside a box containing the ex-
cited molecule itself and a certain number of moving solvent
molecules. In this way, simple ions,® but also more complex
molecules, such as aqueous [Fe(bpy);]*>* could be treated.’
In a recent experiment, Haldrup et al.® have attempted to
tackle this phenomenon exploiting combined x-ray spectro-
scopies and scattering tools. This picosecond time-resolved
experiment used x-ray absorption spectroscopy to unravel the
electronic changes visible around the Fe K absorption edge.
They occur concomitant to the geometric structural changes
already extracted from the extended x-ray absorption fine
structure (EXAFS) region.9 The latter monitors the molecular
changes around the central Fe atom. While these studies only
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shed light on the excited molecular dynamics (MD) within it-
self, the recent study combined x-ray emission spectroscopy
(XES) with x-ray diffuse scattering (XDS) to obtain a picture
of the internal electronic and structural dynamics (via XES)
simultaneously with the geometric structural changes in the
caging solvent shell. One surprising result from this experi-
mental campaign has yielded information about a density in-
crease right after photoexcitation (i.e., within the 100 ps time
resolution of that study), which was fully in line with the MD
simulations of Ref. 7. They calculated a change in the sol-
vation shell between the low spin (LS) ground and high spin
(HS) excited state, which resulted in the expulsion of, on av-
erage, two water molecules from the solvation shell into the
bulk solvent. This showed up in the XDS data as a density in-
crease in the transient XDS pattern, and even the quantitative
analysis extracted an average density increase due to about
two water molecules expelled into the bulk solvent per pho-
toexcited [Fe(bpy);]* *.

This success has triggered the current theoretical study:
If it is becoming possible to experimentally gain new in-
sight into guest-host interactions in disordered systems like
aqueous solutions, would it be possible to eventually un-
derstand the influence of guest-host interactions on the dy-
namic processes occurring within the solute? Indeed, aqueous
[Fe(bpy)3]2Jr is an ideal model system for several reasons.
Internally, it undergoes several ultrafast transition processes
involving correlations within the 3d orbitals: after photoexci-
tation from the ' A, ground state into its singlet excited metal-
to-ligand charge transfer state (' MLCT), it rapidly undergoes
an intersystem crossing into the triplet manifold (*MLCT)

© 2014 AIP Publishing LLC
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within about 30 fs,'%12 and leaves the MLCT manifold in
120 fs.!' Fluorescence up-conversion experiments on
Fe(bpy); have determined a mirror-like emission spectrum
compared to the absorption at quasi-zero time delay and have
quantified the ultrafast initial intersystem crossing time at dif-
ferent excitation energies to be <30 fs.'> Femtosecond XAS
studies observed the appearance of the finally accessed HS
ST, state in less than 250 fs,'* ! which was also confirmed by
an ultrafast optical-UV transient absorption study.!> A very
recent femtosecond XES study revealed the existence of a
metal-centered intermediate electronic state on the fly before
the system settles into the HS state.'® This electronic and
spin-switching process sequence starts from the LS ground
state which is formed by six paired electrons in the lower
by level. Then, the cascade proceeds to the HS excited state.

There, the six electrons are distributed via t‘z‘gef, and both

eﬁ electrons with parallel spins to two of the four t‘z‘g elec-
trons. Overall, S = 2 in the HS state (against S = 0 in the
ground state) results. Such a transition is very common in
Fe-II based spin crossover (SCO) compounds, but little is
understood about both the internal dynamic processes in-
volved as well as about the possible influence of the solvent
on this rapid spin-switching scheme. Indeed, the initially ex-
cited MLCT manifold should interact with the caging solvent
molecules, but currently little is known about the actual dy-
namic processes. This mystery motivates the calculations per-
formed in this work.

Here we investigate the energy relaxation dynamics in
photoexcited aqueous [Fe(bpy)3]2 * theoretically in order to
provide a new view of the short-time guest-host interactions
in this complex sequence of relaxation. The water molecules
close to the compound are polarized and a hydration shell of
bound water is formed. On the one hand, this hydration shell
may shield the complex from polarization fluctuations pro-
vided by the bulk water. On the other hand, it may also act as
an additional source of polarization fluctuations and thus en-
hance the relaxation process. To be specific here, we consider
the case of [Fe(bpy);]> * in water.”3 1 The set of states which
are involved in the cascade of transitions from the LS to the
HS state is schematically shown in Fig. 1. Also, several in-
termediate vibronic states of the complex are relevant.'” An
initial photoexcitation (green solid arrow) brings the Fe-II
complex from the ground state of the LS configuration into
an excited vibronic state of a configuration of the MLCT
state. The photoexcitation at 400 nm provides an energy of
about 3.1 eV or ~25 000 cm™!. More precisely, a state on the
'MLCT manifold is initially excited, but rapidly undergoes
an intersystem crossing into the triplet manifold CMLCT)
within about 30 fs.!"*1? The two manifolds are similar in their
vibrational frequencies and correspond to the skeleton mode
of bpy in the MLCT configuration. This mode has a rather
high vibrational frequency of Qyy; oy = 1607 cm™! and its vi-
brational ground state has an energy of about 18000 cm™!.
Hence, the photoexcitation populates mostly the vibrational
state [4)y ot With a quantum number vy -r = 4.

The relaxation out of this state can now occur via two
alternative relaxation pathways. Elements of these pathways
are known, but the path which is eventually chosen by the
system is not fully understood in detail up to present. On the
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FIG. 1. Sketch of the energies of the LS, MLCT, T, and the HS state (not to
scale). The details are given in the text. The two possible relaxation pathways
are indicated by the sequences of the red and blue arrows. The unknown life
time of the vibrational states is indicated by the blue question mark and is
determined in this work.

one hand, the relaxation can proceed via energetically lower-
lying vibrational states on the MLCT manifold, i.e., following
4 ymeer = 1B)mier — --- (the blue path, see the sequence of
blue arrows in Fig. 1). In fact, the available MLCT states form
a broad manifold of metal-centered states.'* From the MLCT
ground state, the energy could be transferred to a vibrationally
excited state of one of the metal-centered triplet states (7).
In the T state, the Fe—N bond length increases, such that the
Fe-II complex expands by about 0.1 A. This molecular con-
figuration has a vibrational energy gap'’ of Q; ~ 250 cm™!
which corresponds to a vibrational mode of the Fe—-N bond.
It is experimentally well-established that the transfer from the
MLCT manifold to the intermediate T states occurs in about
120 fs. The system would reach the vibrational ground state
of the T configuration via a sequence of vibrational relaxation
steps. From the T-vibrational ground state, the energy would
be transferred to a vibrational excited state of the HS con-
figuration. Its HS vibrational ground state has an energy of
~4000 cm~!. The vibrational energy gap is again determined
by a vibrational mode of the Fe-N bond and is estimated'” as
Qps ~ 150 cm™!. Tt is established that the transfer from the
T to the HS state occurs within 70 fs.'* 1% Along with this oc-
curs another rearrangement of the compound which results in
an effective growth of the molecule (and thus somewhat the
caging cluster) of 0.2 A. After vibrational relaxation in the HS
state, the system would reach its HS ground state configura-
tion within 1—3 ps.!!:15

The second possible pathway (the red path, see the
sequence of red arrows in Fig. 1) would start in a highly
excited vibrational state on the MLCT manifold as before.
Without performing a vibrational relaxation transition within
the MLCT manifold, it directly yields to a highly excited
vibrational state on the T manifold within 120 fs and contin-
ues again without a vibrational relaxation transition to
another highly excited vibrational state of the HS



044304-3 Nalbach et al.

configuration within 70 fs. From there, the complex re-
laxes into the HS ground state via vibrational transitions and
removal of the corresponding energy into the hydration shell
and bulk water on a 1 ps time scale.'!!3

The final HS to LS relaxation occurs in 665 ps.!!

Both scenarios would allow the system to reach the HS
electronic manifold within roughly 200 fs via several interme-
diate states. The initial energy is intermittently stored within
molecular vibrations but finally transferred out of the complex
into the solvent environment. The Fe-II complex expands,
since the Fe—N bond lengths increase, when the compound is
excited from the LS to HS state. Here, we assume that Fe-N
stretching and bending modes are dominant.

What is unknown from the experimental perspective,
is the vibrational life times of the intermediate vibrational
electronic states (blue and red question marks in Fig. 1).
For instance, if the highly excited vibrational states on the
MLCT manifold live long enough such that the transfer to the
T-manifold can occur within 120 fs, the system would most
likely choose the red pathway. On the other hand, if the highly
excited vibrational states on the MLCT manifold rapidly re-
lax within 120 fs to the MLCT ground state, the system would
prefer to follow the blue relaxation pathway.

To decide this question from a theoretical point of view,
we follow a simplified model description which is accu-
rate enough such that a clear qualitative answer follows. For
this, we establish a model of a quantum mechanical two-
state system which describes a bath-induced vibrational re-
laxation from an excited vibrational state to the ground state
on a generic manifold. We thereby model the environmen-
tal polarization fluctuations including the effects of a hydra-
tion shell in terms of a refined Onsager model combined
with a Debye relaxation picture.!®!® A crucial aspect here
is that we include the bulk solvent and the hydration shell
on the same footing in terms of a continuum description of
environmental Gaussian modes. This model allows us eas-
ily to modify the radius of the solvated complex (taken as
a sphere in this work) and the thickness of the surround-
ing hydration shell. Within this simplified model, we deter-
mine the energy relaxation rate for several representative vi-
brational modes including the Fe-N stretching and bending
modes in dependence of the Fe-N bond length and the hy-
dration shell thickness. Technically, we use numerically ex-
act real-time path integral simulations on the basis of a fluc-
tuational spectrum which is highly structured and far from
being Ohmic. Such a “slow” bath reflects the similar phys-
ical time scales on which the vibrational relaxation transi-
tions within a vibrational manifold and the polarization fluc-
tuations of the surrounding water occur. The highly non-
Ohmic form (see below) of the bath spectral densities a pri-
ori calls for the use of an advanced theoretical method be-
yond the standard Markov-approximated dynamical Redfield
equations.

We find vibrational energy relaxation times on generic
manifolds in the range of 2-8 ps depending on the Fe—
N bond lengths and the hydration shell thickness. For this,
we tune the vibrational frequencies which are determined
by the curvature of the manifolds over a relevant parameter
range. We can determine the modes with fastest energy relax-
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ation which dominates the energy relaxation dynamics of the
Fe-II complex since internal energy redistribution is likely
much faster. Most importantly, we observe that the vibrational
relaxation times within a manifold are much longer than the
typical time scales of a few hundred fs during which the HS
state is formed. Two effects are competing here. A complex
with a smaller radius of the solvation sphere brings the en-
vironmental fluctuations spatially closer to the complex and
thus results in a faster decay. However, in turn, the stronger
Fe—N bond results in larger mode frequencies. Overall, the
calculated life times of the vibrationally excited states in the
ps regime clearly show that the vibrational life times are much
longer than the complex overall needs to reach the HS state,
which are less than 200 fs. Thus, we can conclude that the
energy relaxation basically occurs via the “red pathway,” i.e.,
the compound vibrationally relaxes into the ground state after
it has reached the HS state.

Our findings for the vibrational energy relaxation times
of the order of a few ps are consistent with those relaxation
times known from standard vibrational wave packet dynam-
ics. Wave packets composed of quantum states with energy
differences corresponding to 200 fs or less will perform an
excited state dynamics on this time scale and thus follow the
“red pathway.”

Il. MODEL

To determine the life time of the excited vibrational
states, we formulate a minimal model in form of a quantum
two-level system which is immersed in its solvent environ-
ment (model 1) and is, in addition, surrounded by a hydra-
tion shell (model 2). After expansion of the Fe-II complex,
the stretching and bending modes? involving the Fe-N bond
change their respective vibrational frequency. We investigate
their relaxation dynamics independently and use the spin-
boson Hamiltonian?!' as a minimal model, i.e.,

A2 i i
H=—"0.+ho, ch(bj +b))+ Zhwjbjbj. 1)
J J

Here, the Pauli matrix o, contains the ground state |g) and
the excited state |e) between which we investigate the relax-
ation transitions. The two states are separated in energy by
the vibrational frequency €2. The bath modes produce Gaus-
sian fluctuations stemming from harmonic oscillators with
frequencies w;, the corresponding creation and destruction op-

erators of the bath modes are denoted as b']t and b;. The fluctu-
ations induce transitions in the system via the Pauli matrix o .
They can be characterized by a single function,’! the spectral
density

J)=21) 30— ). )
J

It provides the spectral weight contained in the fluctuations at
frequency w which are provided by a Gaussian bath at thermal
equilibrium at a given fixed temperature 7 = 1/(kyzf8). The
correlation function of the quantum bath fluctuations &() is
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Model 1

FIG. 2. Sketch of continuum dielectric models for the complex-bound-
water-solvent system, see text for details. a denotes the radius of the inner
sphere, while b refers to the radius of the outer sphere. ¢ (@) is the frequency-
dependent complex dielectric function of the continuum bulk water modes.
epy(@) is the frequency-dependent complex dielectric function associated
with the bound water shell. ¢, = 1 is the dielectric constant of the vacuum
inside the cavity.

given by (¢ > 0)
1 [*® fiwp ..
(E(®)E0)) = — / de(w)|:coth —— coswt — I 8in wt].
T Jo 2
3

This quantity determines the relaxation and dephasing rates.>!
In this work, we consider several representative Fe—N stretch-
ing and bending modes with the frequencies 2 = 60, 120,
150, and 250 cm~!. Moreover, we use a continuum descrip-
tion of the solvent (bulk) water and the hydration shell.'3:??
The key quantity to characterize the environment, i.e., the
spectral distribution J(w) of the fluctuations, is determined in
terms of the standard Onsager model of polarization fluctua-
tions of the solvent water molecules.'® Their relaxation prop-
erties are described within a Debye relaxation picture.'® ! In
this approach, the spectral density is related to the continuum
dielectric function &(w) of the host material.

To be more specific, we consider two different
situations,?? see Fig. 2: In model 1, we assume that the com-
plex with its vibrational mode is placed inside a vacuum
spherical cavity of radius r, with a dielectric constant &, = 1.
This is situated in a continuum of bulk water modes with
a frequency-dependent complex dielectric function & (). In
model 2, we add to model 1 an outer sphere with radius
r, > r,. The shell formed by the two spheres describes
the bound water or hydration shell in terms of a sec-
ond frequency-dependent complex dielectric function g, ().
This model allows us to determine the relaxation rates also
for varying the radii r, and r, independently. Throughout this
work, we set 7= 300 K.

A. Model 1: Bulk water

Following Refs. 18, 22, and 23, one can calculate the re-
action field by solving Maxwell’s equation for the particular
geometry shown in Fig. 2. This yields the spectral density

Sy = SO p &0) 1
! 2regrs 2e(w)+ 1
_ (AM)Z 6(85,0 B Ss,oo) T,

— i 4
2regra 2650+ DQ2e oo + 1) 0?1 + 1 @)

with the respective transition dipole moment A of the vibra-
tion, &, being the static dielectric constant of the bulk sol-

J. Chem. Phys. 141, 044304 (2014)

J(®) [em']

G—o3

=6
=—oa=0, (b-a)/a=0.15 -

\ \ \
% 30 100 150 200
® [cm'l]

FIG. 3. Spectral densities for model 1 (black line, circles) and model 2 (red
line, squares) for water and for a cavity radius of r, = 6 A and a relative shell
thickness of (b — a)/la = 0.15.

vent, & ., being the high-frequency dielectric constant of the
bulk solvent, and

2 1
s X i + 5)

= Tp ¢
N 28q0+1 D,S

and Ty,  is the Debye relaxation time of the solvent. For wa-
ter, we have e, = 78.3, ¢, , = 4.2, and 7, ( = 8.2 ps.

Here, we are interested in the dependence of the spectral
density on the cavity volume determined by its radius a and
we thus collect all constants in a prefactor. We arrive at

o w
Ji(w)= %+ ———, 6
@)= o ©)
with
1 (Ap)? 6(s,.qg—¢
( ,bL) (S,O s,oo) (7)

o = 3 Ts>
2nh 2megay 28,0+ D28 o + 1)

where a,, is the typical length scale of the problem and where
the now dimensionless radius a = r,/a, is measured in units
of a,,. We fix this to a, = 1 A throughout this work. The spec-
trum is purely Ohmic?! with a cut-off frequency given by W,
= l/t,. For our considerations, we fix the dipole moment to
a typical value of Ay = 1D =3 x 1073 cm. Collecting all
parameters yields «; 2 5 for bulk water. Fig. 3 shows J,(w) of
model 1 for the case a = 6 (corresponding to r, = 6 A). Maxi-
mal spectral weight is observed at roughly 70 cm~!. Hence, it
is clear that the resulting bath correlation times are compara-
ble to or exceed internal system periods. This also prevents us
from using a standard Markov approximation a priori, since
a correlated and non-Markovian dynamics can in principle be
expected24 (see below).

B. Model 2: Bulk water plus hydration shell

We also include the hydration shell of bound water and do
this by a second sphere with outer radius r;, = ba,, with b being
the corresponding dimensionless number. We assume that the
hydration shell is thin relative to the radius of the inner sphere
and may then perform a Taylor expansion in the relative shell
thickness (b — a)/a. The resulting spectral density®? is

]2(60) = Jl(a)) + wa(a)), (8)



044304-5 Nalbach et al.
with
Ap)? 1 2¢e
Jos(@) = “)3 . (1 480 2)Im £, (@),
2meyra (2e(w)+ 1) |y (@)
)

where ¢, (w) is the complex dielectric function of the bound
water layer. Within the Debye relaxation model, we find

b—a w

Upw
Ji = —
bw ((,()) a

: (10)

a a)ztbzw +1
with

1 3(Ap) (Sgw,o + 83,0)(8bw,0 — Epw,o0)
8|§w,0(2€s,0 + 1)2

Uy Ty (11)

= 3

2t 2meqay
Here, we have the static dielectric constant ¢, , and the high-
frequency dielectric constant &, ., of the bound water layer.
From generic considerations,?> one may infer that the relax-
ation time of the bound water shell is one order of magnitude
larger than the solvent relaxation time, i.e., we set 7, = 107 .
Likewise, we know?? that Esp > &0 Moreover, &y,
> Epyoo a0d &gy > &, 0. Hence, we may use this and set
Epwo = 1 to obtain

_ 1 3Ap?

- (12)
54

Fow = 2t 2 eqa
For the parameters mentioned, we find o, &~ 118.

Fig. 3 shows J,(w) for these parameters and for a = 6 and
(b — a)la = 0.15. Again, maximal spectral weight is observed
at roughly 70 cm™'. In general, the spectral weight of model
2 is higher than of model 1. This already indicates that within
the continuum approach, the bound water shell acts as an ad-
ditional source of fluctuations and not as a spectral filter for
the continuous bulk modes. Hence, the calculated relaxation
times for model 2 will be shorter than for model 1.

Moreover, it is clear that the vibrational life times on
the MLCT manifold are much larger since there the spec-
tral weight of the solvent environmental modes around the
frequency of Qy; cr = 1607 cm™! is strongly suppressed (in
fact, we do not consider the vibrational relaxation around this
frequency in this work).

lll. REAL-TIME DYNAMICS OF THE RELAXATION
TRANSITIONS

To investigate the quantum relaxation dynamics of the
two vibrational states under the influence of environmen-
tal fluctuations, we employ the numerically exact quasi-
adiabatic propagator path-integral (QUAPI)? scheme which
we have extended to allow the treatment of multiple baths.?
Specifically, QUAPI is able to treat highly structured and
non-Markovian baths efficiently.”’> It determines the time
dependent statistical operator p(f) which is obtained af-
ter the harmonic bath modes have been integrated over.
We briefly summarize here the main ideas of this well-
established method and refer to the literature for further de-
tails. The algorithm is based on a symmetric Trotter split-
ting of the short-time propagator K(t,,, 1) for the full
Hamiltonian equation (1) into a part depending on the
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system Hamiltonian alone and a part involving the bath
and the coupling term. The short-time propagator gives
the time evolution over a Trotter time slice 6z. This split-
ting in discrete time steps is exact in the limit §r — O,
i.e., when the discrete time evolution approaches the limit of a
continuous evolution. For any finite time slicing, it introduces
a finite Trotter error which has to be eliminated by choos-
ing &t small enough such that convergence is achieved. On
the other side, the environmental degrees of freedom generate
correlations being non-local in time. We want to avoid any
Markovian approximation at this point and take these corre-
lations into account on an exact footing. We may, however,
use the fact that for any finite temperature, these correlations
decay exponentially quickly on a time scale denoted as the
memory time scale. The QUAPI scheme now defines an ob-
ject called the reduced density tensor. It corresponds to an
extended quantum statistical operator of the system which is
nonlocal in time since it lives on this memory time window.
By this, one can establish an iteration scheme by disentan-
gling the dynamics in order to extract the time evolution of
this object. All correlations are fully included over the finite
memory time 7, = K¢, but are neglected for times beyond
T mem- 1O Obtain numerically exact results, we have to increase
accordingly the memory parameter K until convergence is
found. The two strategies to achieve convergence, i.e., min-
imize §t but maximize 7., = K&t are naturally counter-
current, but nevertheless convergent results can be obtained
in a wide range of parameters, including the cases presented
in this work.

IV. RESULTS AND DISCUSSION

At first, we consider modes with a vibrational frequency
of @ = 150 cm~!'. We determine the difference P(f) = (o By
= tr[p(#)o ] of the populations of the ground and the excited
states. We start out from the initial preparation of the excited
state, i.e., p(0) = |e)(e|. Fig. 4 shows examples of the re-
laxation dynamics for the environmental models 1 and 2 for
different values of the shell thickness (b — a)/a. We mainly
observe exponential relaxation on a time scale of a few
picoseconds. For an increasing shell thickness, a tendency
towards a decaying oscillatory dynamics appears. A pro-
nounced oscillation with a period of ~250 fs develops for the
largest thickness considered.

1 T I T I T I
g 7(b(;%)/a
5 I —01 1
8 —0.15
= i
o — 0.
S 0.9 —
2
5
= L i
(=N
o
o
0.8= 1 | ! | ! |
0 0.5 1 1.5

time [ps]

FIG. 4. Time evolution of the population difference P(r) for = 150 cm™!
for T = 300 K for different values (b — a)/a of the shell thickness.
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FIG. 5. Relaxation time (color scale in ps) of the excited vibrational state for
varying radius r, = aa, with a;, = 1 A and for varying relative shell thickness
(b — a)la for @ = 150 cm~!. Model 1 with no hydration shell is contained
via the cut along the line (b — a)/a = 0.

To quantify the decay in terms of life times of the excited
state, we extract from the time evolution the corresponding
rate by a fit to an exponential. Fig. 5 shows the relaxation
time in ps (colour scale) as a function of the radius a of the
complex varying it between 5 to 7 A and the relative shell
thickness (b — a)/a varying it between 0% to 30%, which
is consistent with the numerical findings of Ref. 7. The plot
shows results of both, models 1 and 2 (model 1 corresponds
to the line with (b — a)/la = 0). The data for (b — a)/la = 0,
0.1, 0.2, and 0.3 are shown again in Fig. 6 for better readabil-
ity. The calculated relaxation times or life times of the excited
state vary from 2 to 8 ps. For a larger complex radius, the life
time increases as expected since the prefactor of the spectral
density decreases proportional to 1/r2. This reflects the as-
sumption that the effective transition dipole sits in the center
of the sphere and an increasing complex pushes the solvent
fluctuations further away. This reduces their strength due to
the distance dependence of the dipolar coupling. Moreover,
the life times decrease with increasing hydration shell thick-
ness. Thus, the hydration shell does not act as a shield from
bulk solvent fluctuations but acts as an additional source of
fluctuations instead.

Fig. 6 also shows the results of the vibrational life times
calculated within a Born-Markov approximation.”! The in-
verse life time or the relaxation rate can be obtained after ex-
panding the transition rates in a master equation approach up
to lowest order in the system-bath interaction, together with
a Markovian approximation of the bath-induced correlations.
This corresponds effectively to only including single-phonon

FIG. 6. Solid lines: Cut through the 2D plot of Fig. 5 along the lines (b — a)/a
=0,0.1, 0.2, and 0.3. The dashed lines indicate the results of the vibrational
life times calculated within a Born-Markov approximation (see text).
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transitions in the bath. The inverse vibrational life time then
follows as

77! = J(Q) coth f? ) (13)

As is shown by the dashed lines in Fig. 6, significant devia-
tions from the exact life times occur and the approximated life
times are somewhat overestimated.

Next, we show the results for the calculated life times for
other vibrational frequencies, i.e., for Q = 60, 120, 150, and
250 cm™! in Fig. 7. These values span the regime of the vibra-
tional frequencies for the Fe—N stretching and bending modes
in the LS and HS state.? Note that the frequencies are com-
parable to or larger than the frequency for which the maxi-
mal spectral weight in the environmental fluctuation spectrum
occurs. Hence, the energy relaxation dynamics occurs in the
regime in which non-Markovian multi-phonon transitions al-
ready are noticeable.”* We note that for larger values of €,
no convergent results have been achieved, which is a further
strong indication of non-Markovian behavior.

Finally, a discussion of the validity of the modeling of
the vibrational life times via a simple quantum two-level sys-
tem is in order. Certainly, the true vibrational relaxation dy-
namics of the entire compound involves a complex coupled
electron-vibrational motion. However, the photoexcited Fe-II
is at present by far too complex to model its dynamics with all
the intermediate nonadiabatic quantum states microscopically
in the presence of the solvent and the hydration shell. Hence,
our modeling provides only the proper time scale on which
the relaxation in presence of a solvent and a hydration shell
occurs. Nevertheless, a simple model allows to understand the
role of the hydration shell on the relaxation rate between two
quantum states. If more than the ground state and the first
excited states are involved, an improved estimate of the to-
tal relaxation rate will be obtained by incoherently adding the
relaxation rates generated in a sequence of single-phonon re-
laxational steps. In this simplistic way, also the complex role
of vibronic states is not included. Nevertheless, the similar
order of magnitude of the relaxation time scale will arise.

Moreover, we point out that the spectral density of the
fluctuations is not structure-less as assumed in a pure Ohmic
spectral density. Instead, it is non-monotonous in a relevant
frequency range of the electronic dynamics. Hence, the va-
lidity of the often used Markovian approximation is a priori
not clear. Only in the hindsight and after a comparison with a
Born-Markov relaxation rate, we can confirm that the devia-
tions between the weak-coupling analytical rate and the exact
one are of the order of 20%.

We also note that the interaction of the compound with
the bulk water is the same also in presence of a hydration shell
as compared to without the shell. The interaction in both cases
is treated within the Onsager model of solvation. The key
quantity is the time-dependent reaction field at the location
of the central dipole.'® The dipole polarizes the solvent which
generates, in turn, a reaction field for the dipole. The reaction
field is determined by solving the classical Maxwell equations
with the corresponding boundary conditions which is ap-
propriate in the low-energy or long-wave-length sector. This
is reflected in a Debye-like spectral density which depends
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FIG. 7. Vibrational life times (color scale in ps) for = 60 cm™! (a), 120 cm~! (b), 150 cm™" (c), and 250 cm ™" (d) for models 1 and 2 for 7' = 300 K.

linearly on the frequency for small frequencies, but which
might acquire a structure at frequencies comparable to the
Debye frequency. These two features are the prevailing ones
which will survive also in a more detailed treatment, for
instance, by including more vibrational molecular modes.
Those are typically located at larger frequencies. Hence, the
modeling within the conventional Onsager-Debye theory of
solvation applies to both situations with and without the hy-
dration shell in the continuum approach. In general, the On-
sager continuum model certainly has its limitations, e.g.,
when the hydration shell consists of a few water molecules
only. Further work will be necessary to understand the details
much better. Nevertheless, our modeling constitutes the low-
energy, long-wave-length limit of more refined models.

V. CONCLUSIONS

We observe that under the assumption of equal strengths
of the coupling to the environmental fluctuations, all Fe-N
stretching and bending modes in the LS and HS state ex-
hibit quite similar vibrational life times on the order of 5 ps.
The vibrational energy gap has been modified from 60 to
250 cm~! and all cases show similar results. An increased ra-
dius of the complex results in a larger life time since the fluc-
tuating solvent molecules are moved further outside. A finite
hydration shell thickness reduces the vibrational life times
noticeably.

Our results indicate that all vibrational modes contribute
similarly to the energy relaxation after initial photoexcitation.
At the same time, all vibrational modes live too long in order
to relax the energy already in the MLCT or the T state (assum-
ing here the vibrational modes being identical to the modes
in the LS state). Hence, the energy after the photoexcitation
is first rapidly transferred from a highly excited vibrational
MLCT state to a highly excited vibrational T state and then
further to a highly excited vibrational HS state within about
less than 200 fs. Only then, the full excess energy is dissi-
pated while the electronic subsystem is in the HS state. Hence,

the system follows the “red relaxation pathway” sketched in
Fig. 1.

Energy redistribution within more molecular vibrational
states is not included in our simplified model. Assuming the
excess energy initially equally distributed among the Fe—-N
stretching and bending modes,?® each mode gets roughly an
excitation energy of 440 cm~!. This implies that roughly
two excitations of the mode = 250 cm™' and up to three
or four excitations of the mode with Q = 120 cm™! and
Q = 150 cm™! occur. Thus, the total equilibration time of the
complex after photoexcitation roughly follows as three times
5 ps which yields a value of 15 ps. These results could be
experimentally verified by ultrafast spectroscopy of the inter-
mediate MLCT and T states.
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