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Chapter 5

Photoinduced Coherent Charge
Transfer

5.0.1 ABSTRACT

Theoretical and spectroscopic evidence of coherent oscillatory behaviour as-
sociated to photoinduced charge transfer has been reported both in complex
biological environments as well as in biomimetic models for artificial photo-
synthesis. Here we consider a biomimetic model to investigate this process
in real-time simulations based on Ehrenfest dynamics. The Ehrenfest for-
malism allows for a detailed analysis of how photon-to-charge conversion
is promoted by a coupling of the electronic excitation with specific vibra-
tional modes. The simulations show that when the difference in energy
between the exciton and charge transfer orbitals matches the frequency of
interfacial bond-stretching the energies of the orbitals start to oscillate in
resonance. Moreover, charge transfer is only observed when these interfa-
cial N-H bonds are free to move.
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T. J. Eisenmayer and F. Buda, "Real-time Simulations of Photoinduced Coherent
Charge Transfer and Proton-Coupled Electron Transfer', ChemPhysChem, 2014.
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CHAPTER 5. PHOTOINDUCED COHERENT CHARGE TRANSFER

5.1 Introduction

In natural photosynthesis, photoinduced charge separation is the first funda-
mental step leading to the conversion of solar energy into chemical energy
(see Chapters 3 and 4 of this thesis and [1,2]). There is converging experi-
mental and theoretical evidence of oscillatory features associated with the
reaction coordinates for energy and electron transfer in natural and arti-
ficial photosynthetic complexes (see Chapters 3 and 4 of this thesis and
[3-9]). Understanding the nature and the role of this coherent dynamics
is important both from a fundamental and technological point of view, as
it may provide guiding principles for the design of efficient molecular de-
vices for solar to fuel conversion. Photoinduced electron transfer processes
are usually analysed in the context of transition rates. However, in reality
many competing processes occur at the same time including dynamic and
possibly coherent nuclear motion. Here we use instead Ehrenfest dynamics
simulations to overcome this issue and investigate in real-time the coupling
between the electronic motion and specific vibrational modes of the com-
plex. We consider a donor-acceptor hydrogen bonded complex formed by
melamine and isocyanuric acid that mimicks DNA base-pairing [10].

5.2 Model and Methods

For the time dependent Kohn-Sham (TDDFT) simulations of photoin-
duced electron transfer we consider a supramolecular complex consist-
ing of melamine (1,3,5-triazine-2,4,6-triamine) and isocyanuric acid (1,3,5-
triazine-2,4,6-trione) held together by a hydrogen bonding network (Figure
5.1) [11].
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Figure 5.1: Melamine (donor; left) and isocyanuric acid (acceptor; right).
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5.2. MODEL AND METHODS

The biomimicry of the model lies in its resemblance with DNA base-pairing
as it self-assembles into a tile-like structure with two-dimensional hydrogen
bonds [11]. The geometry optimization of the complex is performed with the
ADF program [12] at the BLYP/TZP level of theory. We do not impose the
symmetry (C2v in this case); therefore even a small residual asymmetry at
the end of the geometry optimization will manifest itself in the molecular
orbitals. This can be seen in Figure 5.2 for the LUMO+2 that has no
amplitude on the lower right amine, while it does on the top right amine.
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Figure 5.2: Localization of the frontier molecular orbitals at ¢ = ¢(0). The

photoexcitation [HOMO]—[LUMO+2] and its energy are shown together with
the gradients for photoinduced charge transfer [LUMO+2]—[LUMO+1/LUMO].

The optimized geometry is then used to perform a spin-polarized single-
point LDA [13] density optimization on a real space grid with 52 Ry cutoff
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CHAPTER 5. PHOTOINDUCED COHERENT CHARGE TRANSFER

using the OCTOPUS suite [14-17]. The core electrons are described by
Troullier-Martins pseudopotentials in SIESTA format [18]. From the ob-
tained set of occupied and unoccupied states we prepare the system in a
single-particle excited state on the melamine, by depopulating the HOMO
and populating the LUMO+2 (Figure 5.2). We also calculated the ener-
gies the relevant orbitals using different exchange-correlation functionals,
including the Local-Density Approximation (LDA), a Generalized Gradient
Approximation (BLYP) and several hybrid functionals with varying amount
of Hartree-Fock exchange. We observe that the orbital energies involved in
the photoinduced electron transfer process do not change significantly with
respect to the Local-Density Approximation that is used to propagate the
excitonic (HOMO — LUMO+2) state in time. In Table 5.1 we also report
the oscillator strengths of the relevant excitations for the complex obtained
using linear-response TDDFT calculations.

BLYP | B3LYP | BI1LYP | MPW1PW | CAM-B3LYP
Excitonic state (eV) 6.49 6.49 6.66 6.68 6.93
Oscillator strength 0295 | 0.191 0.274 0.269 0597
Charge Transfer state (eV) | 3.57 4.79 511 514 6.45
Oscillator strength 0.001 | 0.002 0.002 0.002 0.007

Table 5.1: Linear-response TDDFT energies (eV) with different functionals.

We employ the BLYP and several hybrid functionals with varying amount
of Hartree-Fock exchange. We also include the results obtained with the
long-range corrected functional CAM-B3LYP that generally provides more
accurate charge transfer excitation energies. Moreover, we have performed
higher level ab initio calculations using the EOM-CCSD method with a
cc-pVDZ basis set for the donor molecule. All these additional test calcu-
lations have been performed using the Gaussian 09 package [19]. We verify
that across the range of functionals the excitonic state on the melamine
has the highest oscillator strength. This justifies the [HOMO]—{LUMO+2]
excitation as the most appropriate starting condition for the excited state
trajectories. For the excited state dynamics starting from the excitonic state,
we solve the time dependent Kohn-Sham equations using the OCTOPUS
quantum-chemical suite [14-17] with a time step of 2 attoseconds:

0

imepi(r,t) = [=1/aV2 +vepp(r,t)] @i(r, 1)

N
Z |90i(rvt)’2 = p(’l",t). (51)
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5.2. MODEL AND METHODS

This is achieved by constructing the time-dependent orbitals ¢ (7, t) through
an expansion of the adiabatic Kohn-Sham orbitals ¢;(r; R(t)) [20]:

p(r.t) = Y cit)pi(r: R(t)). (52)
To approximate the evolution operator we use the Approximated Enforced
Time-Reversal Symmetry algorithm [17] and the exponential of the Hamil-
tonian is calculated by Taylor expansion. The nuclei are propagated clas-
sically within the Ehrenfest formalism on a mean-field potential energy
surface [21]:

M d*R;  9Eks[p(r,t)]
I =— .
dt? OR;

(5.3)

Nonadiabatic transitions between orbitals are invoked by evaluating the
nonadiabatic coupling:

dij = (6i(r; R(t))|Vr|6;(r; R(1))) - dR/dt, (5.4)
that modifies the coefficients ¢;(¢) through [20]:

’ia(git) = ¢i(t) (€655 — dij), (5.5)

J

To quantify the photoinduced electron transfer along the dynamics we mon-
itor the photoinduced spin density (PSD):

N/2 N/2

PSD(r) = P (r) = p*(r) = 316/ (0)F = D168 I (55)

where p represents the density, « and 3 the respective spin species, N the
number of electrons and ¢; the Kohn-Sham molecular orbitals. Although
the total spin of the system is equal to O, the spatial spin distribution
upon photoexcitation will show regions with an excess of a or 5 spin. By
partitioning the simulation box in two halves, one containing the electron
donor (melamine) and the other containing the electron acceptor (isocya-
nuric acid) we quantify the amount of PSD transferred through the hydrogen
bond network. Furthermore, the negative/depleted regions of the PSD give
the spatial localization of the photoinduced hole, whereas regions with an
increase in PSD correspond to the photoinduced electron transfer.
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CHAPTER 5. PHOTOINDUCED COHERENT CHARGE TRANSFER

5.3 Results and Discussion

To follow the photoinduced electron transfer through a hydrogen bond net-
work we prepare the melamine cyanurate complex in a singlet excited state
on the melamine. This represents a typical excitonic state where the elec-
tron and hole are both localized on the same moiety with no net charge
transfer.
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Figure 5.3: Coherent photoinduced electron transfer (upper right panel) in
a DNA-base-pair-mimic held together by hydrogen bonds (See Movie 5.1).
The calculations were performed in real-time within the Ehrenfest formalism
starting from the localized photoinduced spin density in the upper left panel.
The photoinduced spin density after 50 fs (lower right panel) shows electron
transfer (blue) to the isocyanuric acid and an accumulation of the hole (red) on
the melamine. The fluctuations in the hydrogen bond network, illustrated by
the N-H bond (A) in the lower left panel, indicate a coherent coupling between
proton displacements and electron transfer.

In terms of the photoinduced spin, we can compare the initial state of the
quantum-classical dynamics (Figure 5.3, top left) with the involved orbitals
(Figure 5.2) and verify that the depleted (red) density corresponds to the
HOMO and the increase (blue) corresponds to the LUMO+2. Starting from
the localized exciton state on the melamine the quantum-classical dynam-
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5.3. RESULTS AND DISCUSSION

ics simulation shows charge transfer through the hydrogen bond network
with superimposed temporal oscillations with a period of approximately 10
fs (Figure 5.3, upper right panel). In wavenumbers this equals ~ 3300
cm™!, which lies in the amine N-H stretching mode range suggesting a co-
herent coupling of the (nonadiabatic) electron transfer with nuclear motion
involving the hydrogen bond network. This is further illustrated by sim-
ply comparing the N-H bond dynamics (Figure 5.3, bottom left panel) with
the oscillatory electron transfer along the trajectory, both exhibiting the
same number of oscillations within the simulation time. The total charge
transferred in 50 fs amounts to ~ 0.3 electron equivalent. The dynami-
cal snapshots in Appendix | show the photoinduced spin density along the
dynamics where this oscillatory behaviour in the charge transfer is evident.
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Figure 5.4: Eigenvalues of the molecular orbitals, the dark blue line represents
the initially occupied excitonic LUMO+2, while the light blue lines represent
the populated charge transfer orbitals LUMO and LUMO+-1.

Interestingly, in Figure 5.4 it can be seen that the energies of the
exciton (LUMO+2, dark blue line in Figure 5.4) and charge transfer
states (LUMO+1,LUMO, light blue lines in Figure 5.4) oscillate in
quasi-resonance once their difference matches the ~ 3300 cm~! energy
of the N-H stretching vibration. This happens after approximately 10 fs,
and is also the point where the charge transfer from the melamine donor
to the isocyanuric acid acceptor is initiated (Figure 5.3, upper right panel).

Therefore the coupling with the interfacial N-H stretching mode seems
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CHAPTER 5. PHOTOINDUCED COHERENT CHARGE TRANSFER

crucial for there to be any charge transfer. We verify this by fixing the
coordinates of the three interfacial N-H bonds and perform an identical
dynamical evolution starting in the excitonic state. In this case the energies
do not oscillate and do not cross as can be seen in Figure 5.5. Also, as
can be seen from the dynamical snapshots in Apppendix Il no charge is
transferred from the melamine donor to the isocyanuric acid acceptor.
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Figure 5.5: Eigenvalues of the molecular orbitals with the three interfacial
N-H bonds (depicted in black) fixed, the dark blue line represents the initially
occupied excitonic LUMO+-2, while the light blue lines represent the charge
transfer orbitals LUMO and LUMO+1. No charge transfer is observed.

In photosynthesis, coherent charge and energy transfer has been observed
at ambient temperature in complex biological surroundings [3,4,8]. The near
unity quantum yield of photon-to-charge conversion in photosynthetic com-
plexes stems from such concerted nuclear motion of the chromophore and
a responsive protein matrix [2,22]. The responsiveness lies in the fact that
the matrix couples specific vibrations to the photoexcited chromophore that
facilitate efficient photoinduced charge separation [3-5,9,23]. Promoting
vibrations are also observed in enzyme catalysis [24] and proton displace-
ments play an important role in facilitating electron transfer and prevent-
ing charge recombination in photosynthetic charge separation [23]. The
coherent coupling between amine stretching vibrations and photoinduced
electron transfer in melamine cyanurate (Figure 5.3) illustrates how proton
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5.4. CONCLUSIONS

displacements control the charge transfer in a hydrogen bonded complex.
It has recently been shown - with similar TDDFT/LDA simulations - that
correlated, coherent motion of ions and electrons drives the first steps of
photoinduced electron transfer in an artificial reaction center [7]. We show
that even photoexcitation of a DNA base-pair mimic leads to such coherent
motion. Based on these results we conclude that such characteristic vibra-
tions involve the nuclear motion at the interface between donor and acceptor.
It is tempting to suggest that this oscillatory behaviour is common to pho-
toinduced charge transfer processes. A broader investigation on a range
of supramolecular complexes is needed to verify the generality and role of
this phenomenon. At the same time these coherences can be optimized to
increase the efficiency of photon-to-charge conversion in molecular devices.
Interestingly, our results show that when the vibration has an energy that
matches the energy difference between exciton and charge transfer states,
the charge transfer is initiated and the energies oscillate in quasi-resonance
(Figure 5.4).

5.4 Conclusions

We have presented Ehrenfest dynamics simulations describing in real-time
the electron transfer in melamine-cyanurate. The photoinduced ET dy-
namics in this DNA base-pair mimic shows an oscillatory behaviour that
is suggested to be a signature of the coupling between electronic states
and high frequency vibrational modes associated to hydrogen bonding in-
teractions. When the nuclear coordinates associated to the N-H stretching
modes are fixed no charge transfer occurs. We also observe that the transfer
is initiated when the energy of the vibration matches the energy difference
between exciton and charge transfer state. At this point, the energies are
found to oscillate in quasi-resonance.
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5.6 Appendix |

MOVIE 6.1: "Oscillatory Charge Transfer"

(Click below to see MOVIE)

Left top: Charge on the melamine. Right top: Charge on the cyanuric acid.
Bottom panel: Photoinduced spin density along the trajectory.
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5.6. APPENDICES

Appendix Il

MOVIE 6.2: "Interfacial N-H bonds fixed: No Charge Transfer"

(Click below to see MOVIE)

Left top: Charge on the melamine. Right top: Charge on the cyanuric acid.
Bottom panel: Photoinduced spin density with interfacial N-H bonds fixed.
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