UvA-DARE (Digital Academic Repository)

Molecular simulations in electrochemistry
Electron and proton transfer reactions mediated by flavins in different molecular environments
Kılıç, M.
Publication date
2014
Document Version
Final published version
License
Other
Link to publication
Citation for published version (APA):
Kılıç, M. (2014). Molecular simulations in electrochemistry: Electron and proton transfer
reactions mediated by flavins in different molecular environments. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:09 Jan 2023

4

A microscopic picture of the solvent
reorganization during electron transfer to
flavin in water
The redox potential of molecular species is largely modulated by its molecular environment so that a change of the environment will lead to a different redox potential.
However, a detailed molecular picture of reorganization of the environment upon reduction is still unclear. To unravel the details of the solvent reorganization during electron
transfer, we have performed DFT–MD and QM/MM simulations of the reduction of
LF. Previously, we have calculated the reduction free energy curves of the redox half
reactions of LF in water as a function of the instantaneous gap energy (∆E). In
this work, we focus on finding the changes in the solvent environment that correlate
with this ∆E reaction coordinate. Comparing the QM/MM simulations, in which the
solvent is modeled with an empirical forcefield, with the (full) DFT–MD simulations,
we find that the response through electronic polarization plays a significant role in the
latter case. Also a small charge transfer between flavin and solvent is observed in
the full DFT treatment. As a result, we find only in the case of the QM/MM model
a strong correlation between ∆E and the (pair-wise computed) electrostatic potential
(ESP) at the flavin due to the solvent. By analyzing the contribution of the ESP at the
flavin per solvent molecule, we can not only distinguish between the different modes
of hydration by solvent molecules that coordinate at the hydrophilic and hydrophobic
sides of the flavin molecule, but also quantify their contribution to the reorganization
free energy by measuring the ESP fluctuations per solvent molecule.
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Introduction

Electron transfer (ET) is a fundamental phenomenon in chemistry, physics, and biology [5–9]. ET is ubiquitously found in nature, for example in the photosynthetic
reaction centers of plants and bacteria, while in redox chemistry, ET takes place between reacting species, for example molecular oxygen and a metal surface undergoing
corrosion. Also solid state electronics and novel molecular electronics depend on the
control of ET in semiconductors and between conductive molecules.
The redox potential is the degree to which a molecular species in the condensed
phase can accept or donate electrons. The redox potential is modulated by the molecular environment, which is often a solvent. The environment is polarized by the initial
charge distribution of the reacting species and responds to the ET by a reorganization,
which in turn affects the ET between the species. The environment reorganization
involves both changes in the electronic polarization and changes in the positions and
orientations of atoms and molecules. In water solvent, this may lead to changes in
the coordination of the electron donor and acceptor species, as well as more subtle
rearrangements in the hydrogen bond network around the solutes. Understanding
how different molecular environments affect the redox potential of a molecule requires
a detailed picture of these complex rearrangements that make up the environment
response. However, the microscopic details of the environment reorganization are still
poorly understood.
In Marcus theory of electron transfer, the complex role of the environment in
the ET process is described by a single well–chosen parameter: the vertical energy
gap, ∆E [1, 4]. The vertical energy gap is the energetic cost to transfer the electron
at fixed nuclear positions, which largely depends on the environment polarization
(the instantaneous geometry of the solutes themselves may also have an influence).
By using the energy gap as the reaction coordinate, the free energy profiles of the
two reactant and product states can be represented by a pair of crossing parabolas
with identical curvature. Marcus theory assumes that the molecules undergoing ET
are surrounded by an environment that responds in a linear manner to the amount
of charge transferred. Previously, we have computed the free energy profiles as a
function of ∆E for the first and second reduction reactions of Lumiflavin in water using
Density Functional Theory based Molecular Dynamics (DFT–MD) simulations [95].
Lumiflavin is one of the smallest members of the class of flavin derivatives that all
contain an aromatic heteronuclear three–ring (isoalloxazine) motif, as illustrated in
Figure 4.1. Flavins can accept up to two electrons and two protons and play as such
an important role in a wide range of biological redox processes. Their redox properties
and protonation states have been the topic of several experimental [33, 76–79] and
numerical [80–82, 96–99] studies. Our DFT–MD simulations differ from previous
calculations in that we sample explicit solvent configurations. This way we discovered
that for the second flavin reduction, the solvent responds in a non–linear fashion
through a coupling with the so–called butterfly bending of the flavin molecule [95].
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Figure 4.1: Structural motif and labeling of lumiflavin. In the biochemically important
flavins, riboflavin, flavin mononucleotide (FMN), and flavin adenine dinucleotide (FAD), the
M10 methyl group is replaced by longer tail units. The N1 and N5 nitrogen atoms are readily
protonated in the reduced states of flavin.

In the current work, we focus our attention on a detailed analysis of the aqueous
solvent response upon flavin reduction. In addition to our previous DFT–MD simulations of lumiflavin in the oxidized, singly reduced (semiquinone), and fully reduced
states, we perform simulations at intermediate, fractionally charged, states to assess
the solvent reorganization in smaller steps. We also perform hybrid QM/MM simulations, in which the solvent is modeled using a (MM) forcefield of pairwise potentials
that couples to the DFT (QM) treated flavin. By comparing the QM/MM results to
those from the (full) DFT model, we can assess the electronic solvent response, which
is only present in the latter. The hybrid QM/MM approach also allows for larger
systems and thus for analysis of the longer–range solvent response. Hereafter, we first
briefly describe the background of Marcus’ theory of electron transfer that underlies
our calculations and the computational details of the QM and QM/MM simulations.
The results section describes first our calculations of lumiflavin in the gas phase, then
we characterize the structure of the water solvent around lumiflavin in the different
oxidation states with QM/MM and QM, and finally we present the role of electrostatic
potential of the first and second reduction processes of lumiflavin in water.

4-2
4-2.1

Methods
Calculation of redox potential

Redox potentials are directly proportional to the free energy difference between the
oxidized and the reduced state. [12, 15] This free energy difference can be calculated
using a free energy perturbation approach that was pioneered by Warshell et al. [11],
and in recent years further developed in the context of DFT–MD simulation by Sprik
and co–workers [13, 14, 16–20, 23]. Here, the free energy profile is calculated by
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measuring the vertical energy gap, ∆E, which is the energy needed to add an electron
to the system,
∆E = ER (rN ) − EO (rN )

(4.1)

along a simulation trajectory in the oxidized or reduced state. The free energy
Aη (∆E) is computed from the histogram of the gap energy, Pη (∆E):
Aη (∆E) = −kB T ln [Pη (∆E)] ,

(4.2)

with η indicating either the oxidized or the reduced state. In the case of linear response
of the solvent environment, as assumed in Marcus’ theory of electron transfer, the
probability functions Pη (∆E) are Gaussian and the free energy curves are parabolic
with identical curvature. The reaction free energy, ∆A, and the reorganization free
energy, λ, are then given by the following well–known equations,
1
(h∆EiR + h∆EiO ) and
2
1
λ =
(h∆EiO − h∆EiR ),
2

∆A =

(4.3)
(4.4)

respectively, in which the brackets, h. . . iη , denote the average value in oxidation
state η. The reorganization free energy can in principle also be obtained from the
fluctuations in the vertical energy gap,
λη =

ση2
,
2kB T

(4.5)

with σ 2 the variation in ∆E, with T the absolute temperature, and with kB the
Boltzmann constant. Although we previously established that the amplitude of the
fluctuations is systematically underestimated by our relatively short DFT–MD simulations [95], we can nevertheless use this quantity to compare QM versus MM solvent,
as well as to assess the contributions from different solvent molecules.
Adding the solvent reorganization free energy from Equation 4.5 to the average
energy gap provides an alternative means to Equation 4.3 to obtain the reaction free
energy:
∆AO = h∆EiO − λO and
∆AR = h∆EiR + λR ,

(4.6)

although the limited statistics of the DFT–MD estimate of λη from the fluctuations
makes these numbers less reliable than when only the first moments of ∆E are used
as in Equation 4.3.
Apart from studying Lumiflavin in the oxidized and reduced states, we can use
computer simulations also to examine the system at (fictitious) fractional electron
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transfer states. This allows us to scrutinize in more detail how the solvent responds
to a (partial) change of the solute charge. To model a partially charged system,
the simulation is performed using a Hamiltonian that is a linear superposition of the
neutral (oxidized) and anionic (reduced) Hamiltonians:
Hη = ηHR + (1 − η)HO .

(4.7)

With the coupling parameter η equal to zero, the Hamiltonian is that of the
lumiflavin in the neutral oxidized state, whereas with η = 1, the Hamiltonian is that
of the anionic reduced state. An intermediate value allows for simulation on a fictitious
potential that is a superposition of the two redox states, which corresponding to a
state with a fractional electron. The ∆E is obtained from the HR and HO energies,
which are printed to output in addition to the Hη energy. The Pη (∆E) distribution
obtained at a fictitious fractional charged state can be unbiased and used to improve
the computed free energy landscape in the otherwise poorly sampled transition state
region where the parabolas cross. To unbias a probability distribution, Pη2 (∆E),
measured at a fractional value η2 , to obtain the probability distribution, Pη1 (∆E), at
the fully oxidized or fully reduced state η1 , requires a reweighting using:
P (∆E)η1 = e−β(η2 −η1 )∆E hP (∆E)iη2

Zη2
Zη1

(4.8)

Z

in which the ratio of the partition functions, Zηη2 , can simply be obtained by normal1
ization of Pη1 (∆E). Similarly, the free energy profile at η2 is unbiased using,
A(∆E)η1 = (η2 − η1 )∆E − kB T ln[hP (∆E)iη2 ] + c

(4.9)

A derivation of the above two reweighting formulas is given in the appendix. The
piecewise free energy profiles obtained at different values of η are combined to the
profiles of the oxidized and reduced states using the weighted histogram analysis
method [93].

4-2.2

Computational setup

We have performed classical forcefield (MM) simulations, DFT–based (QM) molecular dynamics simulations, and hybrid QM/MM simulations of lumiflavin in water.
The classical MD and QM/MM models contained a single lumiflavin (LF) or protonated lumiflavin (LFH) molecule and about 10465 solvent water molecules in a cubic,
periodically replicated, box of length 68.57 Å. The (full) QM representation of these
systems contained the flavin with 102 water molecules in a cubic box of length 15.148
Å.
The Amber ff99SB force field [100] with the flexible SPC water model was used
for the MM representation of the system. The MM system was equilibrated using
the GROMACS [101] classical MD program. The final configurations were used as
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input for subsequent QM/MM calculations, in which the flavin was treated at the QM
level of theory and the water solvent MM. The QM/MM simulations were performed
with the CP2K program (v.2.2) [36, 85]. The cubic QM box size was 18.0 Å in the
QM/MM representation.
The QM representation employed DFT with the Perdew-Burke-Ernzerhof
(PBE) [51] exchange-correlation functional and pseudopotentials of the GoedeckerTeter-Hutter (GTH) type, based on the parametrization of Hartwigsen-GoedeckerHutter [87, 88]. We used a Gaussian basis set designed specifically for these pseudopotentials, of double–ζ quality with polarization functions (DZVP [89]). An auxiliary
planewave basis was used to expand the electron density with a cutoff of 280 Ry.
The DFT–MD simulations used the Born-Oppenheimer method with a time step
of 0.5 fs in the canonical (NVT) ensemble. The temperature was controlled with
a CSVR (Canonical Sampling through Velocity Rescaling) [91] thermostat with a
characteristic frequency of 100 cm−1 .

4-3
4-3.1

Results
Reduction of lumiflavin in vacuum

We performed 30 ps long DFT–MD simulations of lumiflavin in vacuum at two different temperatures T = 300 and 350 K and six different values of the coupling parameter
η = (0, 0.2, 0.4, 0.6, 0.8, 1.0), in which η = 0 represents the neutral oxidized species
and η = 1 the anionic reduced species (see also Equation 4.7). Figure 4.2 shows in the
top panels the probability functions of the vertical energy gap, P (∆E), which show
the expected Gaussian shape, although at T = 350 K some variation in the width
of the distributions is seen, mostly likely due to the reduced ergodicity of this lowdimensional system. The solid lines are obtained by fitting the data (shown in circles)
with a Gaussian curve. We can compute the free energy curves from the energy gap
distributions at three different levels of approximation. In the first manner, we only
use the values obtained for the average energy gap for the neutral lumiflavin, h∆EiO ,
and the anionic molecule, h∆EiR . Using Marcus’ assumption that the two curves
should be parabolic with the same curvature and vertically shifted by ∆E, the curves
can be written as:
(∆E − h∆EiR )2
− ∆E
2(h∆EiO − h∆EiR )
(∆E − h∆EiR )2
=
.
2(h∆EiO − h∆EiR )

∆AO =
∆AR

and

(4.10)
(4.11)

Secondly, we can obtain the two free energy curves from the Gaussian fits to
the distribution functions, P0 (∆E) and P1 (∆E), using Equation 4.2. In the third
manner, we do not assume that the distribution should be Gaussian and thus that
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Figure 4.2: Top panels: distributions of the vertical energy gap from MD simulations of lumiflavin in the vacuum at six values of
the coupling parameter, η, at T = 300 K (left) and T = 350 K (right). Bottom right panel: free energy curves obtained at three
levels of approximation (see text). Bottom left: free energy curves at different temperatures. The inset shows the extrapolation to
the “transition state” at ∆E = 0.
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Figure 4.3: Vertical energy gap distributions (top panels) and free energy curves (bottom
panels) of the first reduction of Lumiflavin in water computed in full QM (left-hand-side) and
using the hybrid QM/MM model (right-hand-side). The blue and red free energy curves are
obtained from the corresponding fully oxidized (η = 0) and reduced (η = 1) Gaussian fits of
P (∆E) using Equation 4.2. The black dots show the result combining all five distributions
using Equation 4.9 and the weighted histogram analysis method.

the curves should be parabolic. Instead, we reweight the measured histograms of ∆E
to correct for the bias induced by the mixed Hamiltonian approach to recover the free
energy curves using Equation 4.9 and the weighted histogram analysis method [93] to
combine the six curves to either the η = 0 curve or the η = 1 curve. The bottom right
panel in Figure 4.2 shows that the three levels of approximation result in very similar
free energy curves for the reduction of lumiflavin in the gas phase. The bottom left
panel shows that the free energy curves at T = 300 and T = 350 K do not differ
from the zero Kelvin potential energy curves obtained from geometry optimizations.
These results will serve as a reference in the discussion of the results for the reduction
reactions of lumiflavin in water solvent presented next.

4-3.2

Reduction of lumiflavin in water solvent

Figure 4.3 shows the results for the (first) reduction reaction of lumiflavin in aqueous
solution, with on the left-hand-side the results from the full QM simulations and on
the right-hand-side the result from the hybrid QM/MM model. Here, we compare
the results from the QM/MM simulations performed at T = 300 K with QM simulations done at a somewhat elevated temperature of T = 350 K to compensate for the
previously observed over-structuring in DFT–PBE water (see also Ref. [95]). The top
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panels in Figure 4.3 show the normalized P (∆E) distributions that we computed at
five values of the coupling parameter η = (0.00, 0.25, 0.50, 0.75, 1.00). The histograms
(shown by dots) are well fitted by Gaussian functions (solid lines). The fluctuations
in ∆E, as represented by the widths of the distributions, are seen to be very similar
for each of the five (fractional) oxidation states of lumiflavin. However, comparing
the QM with the QM/MM results, we note a large shift of the distributions along the
x-axis as well as broader P (∆E) distributions in the QM/MM case (note the different
scales on the x–axis). As a result, also the free energy profiles shown in the bottom
panels are significantly different, with a double-well shaped profile for the QM case
on the left, while on the right-hand-side the QM/MM result showing the oxidized
state curve (blue) always above the reduced state curve (red). The latter shape of
the free energy landscape, which we already saw in the gas-phase (see the inset in the
bottom-left panel of Figure 4.2) is known as “Marcus inverted region”.
Apart from the different representation of the solvent in the QM and QM/MM
simulations, an important difference between the two models is the size of the periodic
box and the number of solvent water molecules in it. The QM box has an edge of
about 15 Å which is very small so that the electron added to the system feels a strong
interaction with its infinite array of periodic images. Also the polarized solvent is
more affected by the finite size effects in the QM case. The periodic QM/MM box
is much larger, with an edge of almost 70 Å and as a first approximation we could
consider to neglect the finite size effects on the QM/MM results. The QM/MM free
energy landscape can then be seen as resulting from the gas phase profiles but with a
significant lowering of the relative free energy of the aqueous reduced state. That is,
in the reduced state, the polarized solvent interacts strongly with the anionic flavin,
making removal of the electron energetically costly, and resulting in an average ∆E
of –4.28 eV. Indeed, without solvent the average ∆E is –1.95 eV (these numbers are
also found in the second row in Table 4.1). In the neutral oxidized state, the solvent
is (on average) not polarized and should therefore ideally not affect the cost to add an
electron with respect to the gas phase. In practice, we find that ∆E = −1.34 eV in
the QM/MM solvent, somewhat less negative than in the gas phase (–1.62 eV). This
difference is most likely an indication that the approximation that the interaction of
the electron with its periodic images in the QM/MM case does not hold, which shifts
∆E somewhat up (of course also in reduced state).
The finite size effects on solvation free energy, electron transfer free energy, and
reorganization free energy have been investigated using continuum theory and simulations with explicit solvent molecules in several studies [21, 38, 94]. The reorganization
free energy was found to effectively scale inversely proportional with the box size,
λ ∝ L−1 (although Seidel et al. [94] also found a good fit taking λ ∝ L−1/2 ), while
∆A effectively scales inversely proportional with the box volume, λ ∝ L−3 . Alaya
and Sprik [21] use the following dependence of ∆A and λ on the box size based on
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T/K
h∆EiO
h∆EiR
σO
σR
λO
λR
λ
∆AO
∆AR
∆A
∆A0

QM/MM
300
-1.34 (02)
-4.28 (02)
0.26 (00)
0.26 (00)
1.28
1.27
1.47
-2.62
-3.01
-2.81
-2.81

Frozen solute
300
-1.07 (05)
-4.25 (01)
0.31 (01)
0.25 (01)
1.80
1.21
1.59
-2.87
-3.04
-2.66
-

LF → LF−
Solute only
300
-1.62 (01)
-1.97 (00)
0.14 (01)
0.10 (00)
0.38
0.19
0.18
-1.52
-1.87
-1.80
-

QM
350
0.47 (02)
-0.87 (03)
0.19 (00)
0.18 (01)
0.59
0.55
0.67
-0.12
-0.31
-0.20
-0.20

Vacuum
300
-1.62 (00)
-1.95 (00)
0.09 (00)
0.09 (00)
0.16
0.16
0.17
-1.78
-1.79
-1.79
-1.80

LFH → LFH−
QM/MM
QM
300
350
-1.12 (06) 0.42 (05)
-4.06 (06) -0.89 (05)
0.28 (02) 0.17 (01)
0.28 (02) 0.24 (01)
1.55
0.49
1.50
0.95
1.47
0.65
-2.67
0.07
-2.56
0.06
-2.59
-0.24
-2.59
-0.24

eqn.

4.5
4.5
4.4
4.6
4.6
4.3
4.2

Table 4.1: First four rows: first and second moment of the vertical energy gap distributions obtained from the Gaussian fit
functions, with in parentheses an error estimate in the last two digits (see text). Below: redox properties derived from the ∆E
distributions using the equations listed in the last column.
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Figure 4.4: The vertical energy gap, h∆Eiη , of the half reaction LF + e− → LF− in vacuum
(T = 0 and T = 300 K) and in water (T = 300 K and T = 350 K) as a function of the
amount of “lumiflavin reduction”, η. The curves are almost perfectly linear as expected for
systems that follow Marcus behavior. The slopes equal twice the reorganization free energy.

the continuum Born model:
2πR2
2
∆A(L) = ∆A∞ − (qO
− qR2 )
= ∆A∞ − γ3 L−3
3
3L 


1
1
1
ξEW
1
2
−
λ(L) =
(qO − qR )
+
= c1 + γ1 L−1 ,
2
opt stat
R
L

(4.12)
(4.13)

in which R is the effective spherical radius of the solute, q is its charge, and opt and
stat the optical and static dielectric constants respectively. At the right-hand-side, we
have simplified these expressions, using the proportionality constants γ3 and γ1 and
the constant c1 . Ayala and Sprik find for γ3 a value of –439 for a M1+ /M2+ metal ion
oxidation and a value of –1080 for a M2+ /M3+ oxidation. For γ1 , which should not be
dependent on the value of the initial charge as seen in Equation 4.13, they find –13.3
and –14.3 respectively.
When we now turn to the QM case with the much smaller box size, we find
h∆EiR = −0.87 and h∆EiO = 0.47 eV, resulting in a much less negative ∆A =
−0.20 eV compared to the QM/MM result of ∆A = −2.81 eV. If we were to assume
that this difference were solely due to the difference in box size, this would give us
a proportionality constant of γ3 = −1303. The QM/MM and QM values for the
reorganization free energy of 1.47 and 0.67 respectively would give γ1 = −9.9. Not
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surprisingly, these numbers are rather different from the numbers found by Ayala and
Sprik, because also the difference in the models has a significant effect on ∆A and λ.
The main difference is of course the electronic polarization of the solvent that is only
taken into account in the QM case. Neglecting the electronic polarization is expected
to lead to a too high reorganization free energy, as opt = 1 for the static MM charges,
rather than opt ≈ 2. There may also be differences in the first coordination shell
structure and hydration between the two models.
A final remark to make about the QM and QM/MM free energy landscapes shown
in Figure 4.3 is that the results from the simulations at intermediate (fractional) oxidation states, η, confirm the linearity of the solvent response during the first reduction
reaction. This is shown by the very similar widths of the distributions, Pη (∆E), and
also by the averages, h∆Eiη , which we have plotted as a function of η in Figure 4.4.
Indeed the response of the environment, represented by ∆E as the reaction coordinate, is almost perfectly linear with the amount of added charge. But what are the
specific changes in the solvent structure that make up the response of the system?
In the rest of this chapter, we will answer this question by analyzing (1) the inner
sphere reorganization of the lumiflavin molecule itself, (2) the reorganization of the
first coordination shell structure, (3) the electronic polarization of the solvent, and
(4) the changes of the electrostatic potential at the flavin due to the solvent.

4-3.3

Inner sphere and solvent reorganization, solvation shell
structure rearrangement

The response of the lumiflavin molecule ( i. e. the inner sphere reorganization) upon
adding an electron was already discussed previously for the flavin in vacuum, where
we showed that the structural changes largely match the structure of the lowest unoccupied molecular orbital (LUMO) that becomes filled [95]. This leads to a small
reorganization (free) energy of λ = 0.17 eV. Is the inner sphere response the same in
aqueous solution? To answer this question, we examined the structures of the lumiflavin molecule taken from the QM/MM aqueous solution trajectories and recomputed
Pη (∆E) after stripping the flavin from its solvent environment, i. e. in vacuum and
without periodic boundaries. The results are compiled in Table 4.1 in the column
labeled “Solute only”. The close match of h∆Eiη , ∆A, and λ with those for the lumiflavin in vacuum, indicates that the distribution of lumiflavin geometries is very
similar in vacuum and in solution.
To test whether the inner sphere and outer sphere reorganization free energies are
additive, we performed additional QM/MM simulations of the lumiflavin in water, in
which the lumiflavin structure was kept frozen, so that only the solvent is allowed
to move and reorganize. These results are labeled “Frozen solute” in Table 4.1. Surprisingly, the reorganization free energy λ is larger in this case compared to the fully
flexible flavin in water. This result is not fully understood, and may be due to limited
statistics or by freezing a non-representative lumiflavin geometry.
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The reorganization of the solvation shell structure can be analyzed by comparing
the radial distribution functions of water atoms around the lumiflavin in the oxidized
and reduced states. This detailed analysis was done for the QM model in Ref. [95]),
in which we reported a number of changes that take place in the hydrogen bonded
network at the hydrophilic side of the lumiflavin. For the QM/MM model the hydration, and in particular the changes in hydration upon flavin reduction, of the QM
lumiflavin by the MM water depends critically upon the parameterization of the coupling between the two representations. An initial QM/MM simulation of lumiflavin
in water, using the default parameterization of the CP2K program did not show the
expected hydrogen bonding of the solvent toward the O2, O4 and N5 atoms. Optimization of the radial cutoff parameter for hydrogen to a value of 0.25 Å and for
oxygen to a value of 0.78 Å resulted in the expected solvation shell structure, using
the QM result as a reference. A comparison of the radial distribution functions is
shown in Figure 4.5. The QM/MM recovers qualitatively the same first solvation
shell structure in the neutral and anionic states. There is a somewhat more structure at the carboxylic oxygens (O2 and O4) in the both reduction reactions and the
N5 in the LF/LF− state. Also plotted are the radial distribution functions obtained
from the intermediate η value simulations. It would be interesting to see whether the
changes in the first solvation shell also take place in a linear degree, as the linearity
of ∆E ∝ η suggests. Unfortunately, this first shell reorganization is rather subtle and
secondly our simulations may be too short to distill accurate distributions. However,
a significant change takes place at the N5 atom (its coordination number increases
from 0.6 to 1.9 during the first reduction reaction [95]) and a gradual increase of the
first peak is indeed seen from the intermediate distribution functions.

4-3.4

Solvent reorganization, electronic effects

Part of the solvent response to addition of an electron to the solute is through electronic polarization. To examine the extend of this electronic polarization, and how it
is distributed around the lumiflavin, we have computed the Mulliken charges of the
QM system (lumiflavin and 102 water molecules) for each time frame, before and after
adding (or subtracting) the electron. This was done for the simulation in the oxidized
(LF) and first reduced (LF− ) states, as well as for the second reduction, LFH and
LFH− , states.
Figure 4.6 shows snapshots from simulations of the aqueous lumiflavin in the different states, in which the solvent atoms are color coded to represent the time averaged
change in the Mulliken charges upon the vertical excitation (i. e. adding or subtracting the electron). Note that this representation is only possible because the molecules
do not significantly diffuse during the short time span of 2.5 ps over which the average
is taken. The main polarization is seen to take place at the hydrogen bonded solvent
atoms, which we therefore show in ball-stick representation. The dark blue to dark
red color code represents a change in Mulliken charge ranging from –0.009 to 0.068
electron. In each of the four states, a similar pattern is seen: a strong electronic polar-
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Figure 4.5: Radial distribution of solvent water around selected atoms of lumiflavin at T = 350 K for QM(QM) and at T =
300 K for QM/MM. Left panels: neutral lumiflavin (black lines) and reduced anionic lumiflavin (magenta). Right panels: neutral
semiquinone state, LFH (black) and doubly reduced anionic flavin, LFH− (magenta).
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Figure 4.6: The average change of the atomic (Mulliken) charges upon adding an electron to the neutral flavin (left panels) and
upon removing an electron from the anionic species (right panels), shown using snapshots from the full QM simulations of the first
reduction reaction of flavin (top) and the second reduction (bottom) at T = 350 K. The color coding ranges from –0.009 (dark
blue) to 0.068 electron (dark red). The images are generated with VMD [102].
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Figure 4.7: The charge of lumiflavin computed as the sum of the mulliken charges of the
lumiflavin atoms during 2.5 ps of the QM simulations of LF (black) and LF- (red) in water,
before and after adding or subtracting the electron. Note the systematic deviation from zero
charge at the neutral LF due to a small charge transfer from the solvent.

ization takes place at almost all first coordination shell water molecules, especially at
the H–bonded molecules at the hydrophilic side of the flavin but also at several first
shell molecules that flank the ring-system at the side. The charge shift is away from
the flavin upon adding an electron, making the H–bonded atom more positive and the
other atoms more negative. Note that some of the polarized solvent molecules show
significantly more negative charge (blue) than positive charge (red), which indicates
an additional change in the net charge of the molecule due to intermolecular charge
transfer.
Most likely, this charge transfer takes place between H–bonded solvent molecule
and the lumiflavin, which could spill out some electron charge, after adding the electron, to nearby water molecules. Note that the surplus blue coloring could also be
explained by a charge transfer from solvent molecules to lumiflavin before adding the
electron, as this state is the reference state to compute the difference in the Mulliken
charges. Indeed, the latter is the case, as is seen from the total Mulliken charge on the
Lumiflavin atoms shown in Figure 4.7. Irrespective of the oxidized (η = 0) or reduced
(η = 1) state of the system, the total charge on the flavin is fluctuating around –1
when the electron is added, but somewhat negative by –0.2 electron for the neutral
flavin. Clearly, both the electronic polarization of solvent molecules and the charge

67

4-3 Results

transfer between solute and solvent are not taken into account in the QM/MM model,
so that a difference in the results for the redox properties should be expected between
the QM and QM/MM models.

4-3.5

Solvent reorganization, electrostatic potential and fluctuations

The solvent response through a change in the static polarization (here “static” means
“not electronic”) is due to a reorientation of the solvent molecules, which carry a non–
uniform electronic charge distribution. This in turn changes the electrostatic potential
experienced by the solute, which couples directly to ∆E. In the case of the QM/MM
model, we can compute the electrostatic potential, V elec , at the lumiflavin due to the
solvent using
V elec =

1 X qe qi
,
4π i |rc − ri |

(4.14)

in which the sum runs over all solvent atoms, with qi the MM charge of the oxygen
or hydrogen atom i and ri its position. For simplicity, we compute V elec at the center
of mass of the lumiflavin, rc , and, since we are interested in the potential felt by
the added electron, qe equals –1. Long range contributions are included using Ewald
summation.
The left panel in Figure 4.8 shows de electrostatic potential at the flavin center
versus ∆E in the QM/MM case. The plots combine the data taken from all five simulations at different fractional oxidation states, for both the first and second reduction
reactions. The correlation between V elec and ∆E is very high, with a correlation
coefficient of 0.99. Such a strong correlation is even somewhat surprising, because we
only consider V elec at the lumiflavin center, whereas we know that the electron added
to the flavin is rather delocalized over the three–ring system [95].
For the QM solvent, it is less trivial how to compute the electrostatic potential at
the flavin due to the solvent. We have approximated V elec in this case in two manners,
which give qualitatively the same result. We first computed V elec using Equation 4.14
and taking for the qi the MM charges for the solvent oxygen and hydrogen atoms. In
the second manner, we use instead the Mulliken charges (before adding or removing
the electron) for qi . The latter V elec is shown versus ∆E with black dots in the righthand-side panel of Figure 4.8. Clearly, the correlation, indicated with the straight line
fitted through the data points, is much weaker compared to that of the QM/MM case.
Apparently, the electrostatic potential computed by summing over MM or Mulliken
charges does not capture well the static solvent polarization in the QM case.
For the QM/MM case, the electrostatic potential captures the solvent reorganization rather well. Since V elec is computed by simply adding the contributions from each
of the solvent molecules, we can examine the contributions from the separate water
molecules. Figure 4.9 shows the time average contribution of each water molecule
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Figure 4.8: The electrostatic potential, Velec , at the center of mass of lumiflavin due to the water solvent versus ∆E in the
QM/MM simulations (left panel) and the QM simulations (right panel). Velec was computed with Equation 4.14 and summing over
all SPC water model charges in the QM/MM model, whereas in the full QM case the oxygen and hydrogen Mulliken charges were
used.
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to the electrostatic potential experienced by the lumiflavin in the different oxidation
states. Here the color-coding of bright red to bright blue runs from –0.08 to 0.04 eV.
Perhaps, not surprisingly, the water molecules in the first coordination shell display
the strongest contribution to V elec , with molecules that donate a hydrogen bond giving
a positive contribution (blue) and molecules that are more oriented with the oxygen
toward the flavin contributing negatively to V elec . Of course, this does not imply that
V elec is short-ranged as beyond the first shell the contribution is distributed over larger
and larger shells of water molecules. Comparing the oxidized state (left-hand-side)
to the reduced state (right-hand-side), we also observe the (average) reorientation of
water molecules upon reduction as a color shift from predominantly red to more blue.
Note that solvent molecules that contribute strongly to the electrostatic potential at
the flavin directly affect ∆E and therefore ∆A and the redox potential. Moreover,
solvent molecules that display a change in electrostatic potential upon flavin reduction
contribute to the reorganization free energy.
The contribution to the reorganization free energy per solvent molecule can also
be visualized by computing the second moment of the V elec per molecule. This is
shown in Figure 4.10, in which the color coding from white to bright blue refers
to average fluctuations (here taken as the standard deviation, σ) in V elec that run
from 0 to 0.136 meV respectively. Again, the major distribution arrises from solvent
molecules in the first coordination shell. Interestingly however, the molecules that
are H–bonded to the hydrophilic side of the flavin are seen to contribute much less
to the solvent reorganization than the molecules flanking the three-ring system from
the side. Apparently, the hydrophilic side of the solute, which takes part of the
hydrogen bond network of the solvent, is hydrated by solvent molecules that then
contribute to the average electrostatic potential but hardly to the reorganization free
energy as they cannot reorient. Instead the under-coordinated solvent molecules at
the hydrophobic sides of the lumiflavin are much more flexible to reorient their dipole
and thus contribute much more to the solvent reorganization.

4-4

Conclusions

We argued at the beginning of this article that a detailed molecular picture of the
environment reorganization during a reduction reactions was still unclear. In order
to unravel the environment responds to an electron transfer reaction, we have studied
the first and second reduction reactions of lumiflavin in gas phase and water solution
at T = 300 K and T = 350 K, using DFT–based molecular dynamics simulations
at the DFT–PBE level of theory and hybrid quantum mechanics / molecular mechanics (QM/MM). Comparing these two methods, we have found that the response
through electronic polarization plays a significant role in the simulations. Moreover,
the QM/MM model allows for larger systems and thus for analysis of the longer-range
solvent response. We find that the curvature of the parabolic free energy profiles does
not depend on the (fractional) charge of the flavin, which is in perfect agreement
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Figure 4.9: Snapshots of aqueous lumiflavin in which each solvent molecule is color coded to illustrate its contribution to the
average electrostatic potential at the Lumiflavin center. The color range runs from –0.08 eV (dark red) to 0.04 eV (dark blue). The
averages are taken over the last 2.5 ps of the QM simulation. The images are generated with VMD [102].
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Figure 4.10: The average fluctuations (σ) of the electrostatic potential that each water molecule induces at the Lumiflavin center
illustrated by coloring the solvent molecules of a representative snapshot. The color range runs from 0 (white) to 0.136 meV (dark
blue).
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with the linear response assumption that underlies Marcus0 theory of electron transfer. However, the classical treatment of the solvent in the QM/MM model leads to
an almost twice as large reorganization free energy compared to that in the fully QM
case. Although this can be largely explained by the difference in system size, we suspect that also the lack of the electronic polarization (which provides an instantaneous
relaxation of the electrostatic interaction upon a change in the flavin charge) in the
MM solvent can result in an increased solvent reorganization.
Lumiflavin is an amphiphilic molecule with on one side a hydrophobic methyl substituted carbon ring and at the other end a heteroatomic ring with nitrogen atoms
and carbonyl groups that form hydrogen bonds with the water solvent. Radial distribution functions of the flavin atoms with respect to the solvent atoms reveal a
pronounced solvent structure at the hydrophilic part of the flavin, which shows small
differences between the neutral and anionic states of the molecule. In the reduced
state a small increase of the first RDF peaks indicate a strengthening of the hydrogen
bonds with respect to that in the oxidized state. At the N5 position in the middle
ring a more significant reorganization takes place: this nitrogen atom is not involved
in hydrogen bonding in the oxidized state, but can accept up to two hydrogen bonds
after reduction. Simulations of partially charged lumiflavin show that this H–bond
affinity increases gradually upon charging. The radial distribution functions of the
full DFT and the hybrid QM/MM models show a similar picture, although the RDFs
of the carbonyl groups is somewhat more structured in the QM/MM model.
Apart from the changes in the solvent coordination and the hydrogen-bonding
with the flavin, the solvent reorganization occurs mainly through changes in the electronic and static polarization of the solvent. By computing the average difference in
the Mulliken charges of the solvent atoms before and after adding (or subtracting)
an electron to (or from) the flavin, we show that the electronic polarization is indeed
significant, especially at the first coordination shell solvent molecules that form hydrogen bonds to the flavin, but in a lesser extend also at the water molecules further
away. The Mulliken charges also reveal a small but significant charge transfer that
takes place from the solvent to the flavin in the oxidized state.
For the QM model, we have computed the electrostatic potential at the lumiflavin
due to the solvent atoms using either the Mulliken charges or taking fixed MM charges
at the solvent atom positions. In both cases, the electrostatic potential correlates
poorly with the vertical gap energy, ∆E. Instead, in the QM/MM case, the correlation
between ∆E and the electrostatic potential at the flavin computed by summing over
the solvent MM charges is very strong. This shows that the solvent reorganization is
captured very well by regarding only the change in the electrostatic potential in the
QM/MM case, whereas in the QM case this relation is less clear, most likely due to
additional relaxation due to the electronic polarization and charge transfer.
By further partitioning the average electrostatic potential at lumiflavin in its
contributions per solvent molecule, we find that the first coordination shell water
molecules that donate a hydrogen bond to the flavin induce a positive potential,
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whereas the water molecules that accept a H–bond and also the non-hydrogen bonded
solvent molecules that flank the aromatic ring system mainly contribute a negative
potential. As the average electrostatic potential directly affects the average ∆E, and
thus the redox potential, we predict that there is a relation between the number of
H–bond accepting or donating substituents of a compound and its redox potential.
Finally, by mapping the standard deviation in the electrostatic potential contribution
per solvent molecule, we find that the fluctuations are small for the hydrogen bonded
water molecules. This confirms that these molecules contribute little to the reorganization free energy, in agreement in the small changes seen in the RDFs. Instead
the water molecules that flank the lumiflavin on the side are seen to show the largest
contribution to the fluctuations, together with the water molecules that form H–bonds
at the N5 upon flavin reduction.
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Appendix

Unbiasing the fractional electron transfer state simulations
The probability to measure a certain vertical energy gap, ∆E 0 = ER (rN ) − EO (rN ),
of the neutral (η = 0) system in the canonical ensemble is:
Z
1
0
Pη=0 (∆E ) =
(4.15)
drN e−βHη=0 δ(∆E − ∆E 0 ),
Zη=0
R
with Zη=0 = drN e−βHη=0 , the partition function of the neutral system. The probability in the reduced system, Pη=1 (∆E 0 ) has the analogous expression, but will in
practice be numerically different from Pη=0 (∆E 0 ) because the anionic system samples
different configurations under Hη=1 . In fact, there may even be little overlap between
the two probability functions in the case of a large reorganization of the environment
upon changing the charge.
To enhance the sampling of configurations in rarely visited regions of the reaction
coordinate ∆E, the system can be biased by sampling configurations under a mixed
Hamiltonian, Hη = ηHR + (1 − η)HO , with η ∈ [0, 1] and with HO and HR the
Hamiltonians of the neutral and anionic systems respectively. The probability function
measured at some fractional value η1 is again analogous to Equation 4.15, but it should
be reweighted to correct for the applied bias. To reweight a probability function
Pη1 (∆E 0 ) as if it was measured at a different η2 , we start from the formula for Pη2 (∆E 0 )
(see Equation 4.15) and multiply the Boltzmann factor by the identity e−βHη1 e+βHη1
and rearrange to:
Z
1
0
drN e−βHη1 e−β(Hη2 −Hη1 ) δ(∆E − ∆E 0 ).
(4.16)
Pη2 (∆E ) =
Zη2
By multiplying by a second identity, Zη2 /Zη2 , this can be further rewritten to:
Z
Zη1 1
0
Pη2 (∆E ) =
drN e−βHη1 e−β(η2 −η1 )∆E δ(∆E − ∆E 0 ).
(4.17)
Zη2 Zη1
in which we also made use of Hη2 (rN ) − Hη1 (rN ) = (η2 − η1 )∆E. As the delta function
leaves only the contributions for which ∆E = ∆E 0 , we can place the second exponent
in front of the integral, so that only the Boltzmann weight of Hη2 remains inside,
which is simply Pη1 (∆E 0 ) when normalized by Zη1 :
Pη2 (∆E 0 ) =

Zη1 −β(η2 −η1 )∆E
e
Pη1 (∆E 0 ).
Zη2

(4.18)

