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Chapter 4 

 
 
Crucial Role of Nuclear Dynamics in 
Heterogeneous Electron Transfer 
 
 

4.0. ABSTRACT 

This chapter investigates the process of electron injection from a terrylene-based 

chromophore to a TiO2 semiconductor bridged by a recently proposed phenyl-amide-

phenyl molecular rectifier. The mechanism of electron transfer is studied by means of 

quantum electron dynamics simulations using an extended Hückel Hamiltonian. Prior 

to the quantum dynamics simulations, nuclear dynamics trajectories are calculated 

separately through ab initio Molecular Dynamics. It is found that the inclusion of the 

nuclear motion, in a coupled quantum-classical framework, opens a channel for 

coherent long range directional photoinduced electron transfer. This nonadiabatic 

process occurs between near-degenerate donor and acceptor states. In particular, 

the fluctuations of the dihedral angle between the terrylene and the phenyl ring 

modulate the localization and thus the electronic coupling between the donor and 

acceptor states. The electron propagation shows characteristic oscillatory features 

that correlate with interatomic distance fluctuations in the bridge. Hence the system 

acts as a “phonon antenna” to specific vibrational modes obtained in the ab initio 

molecular dynamics beforehand to drive the process. The understanding of coherent 

effects is important for the design of functional dyes with low-loss injection and 

rectification properties. 
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4.1. INTRODUCTION 

Environmentally friendly and cost-effective dye-sensitized solar cells (DSSCs) are a 

potential alternative to silicon-based photovoltaics for solar energy conversion, can 

be equipped with molecular catalysts for direct conversion and storage of solar 

energy into fuel, and have been the subject of extensive research1–5. In DSSC 

devices a semiconductor electrode is functionalized with a (molecular) chromophore 

absorbing visible light. The photoexcitation induces heterogeneous electron transfer 

(ET) from the dye into the semiconductor conduction band (CB), while an electrolyte 

shuttles electrons from the counter electrode to regenerate the oxidized dye. 

 Despite considerable improvement achieved in recent years, DSSCs performances 

have not reached energy conversion yields and efficiency levels that are necessary 

to render them competitive with silicon-based solar cells. Higher efficiencies can be 

attained by increasing the light harvesting properties of the solar cell, by decreasing 

internal energy losses or by optimizing conditions for fast electron injection.  

A major obstacle hampering the performance of DSSC devices is represented by 

the internal losses from recombination between the electron injected into the 

semiconductor and the hole on the oxidized dye6. In a converging approach to 

design more efficient devices, several groups have investigated the effect of specific 

cell parameters for enhancing electron injection and reducing recombination losses, 

such as length and nature of the bridges7–10, the chemical structure of the anchor 

groups11 and the redox potential of the electrolyte12. In addition, detailed 

investigations of the molecular mechanisms at the dye/semiconductor interface13–18 

have revealed the importance of nonadiabatic dynamics for charge separation and 

recombination19–21. 

Recently, Batista and coworkers proposed the use of a molecular rectifier22 

composed of two phenyl rings coupled through an amide bond to prevent back 

electron transfer (see AM molecule in Scheme 4.1a). This molecule acts as a 

rectifier when used as a molecular wire or as a linker-chromophore in a solar cell 

device23,24. In these previous works it has been shown that the rectifying properties 

of AM can be rationalized in terms of the asymmetric charge distribution of the 

frontier molecular orbitals. Used as a molecular bridge between a dye and a 

semiconductor, a rectifying AM linker could increase the DSSC efficiency by 

decreasing the electron-hole recombination rate.  

To investigate the role of AM in the electron injection process, we use it to bridge 

an amine-functionalized terrylene antenna (T) and a titanium dioxide (TiO2) anatase 

surface (T-AM-TiO2, Scheme 4.1b). Terrylene is a well characterized molecule that 

absorbs within the visible spectrum (~580 nm) and has an excited state lifetime on 
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the ns time scale25,26. Recently this molecule has been also used as electron donor 

for TiO2 based DSSC27. TiO2, in turn, is a semiconductor material widely used as an 

electron collector in DSSC. This oxide is known for its stability, its high surface area 

for dye loading, and its high electron collection efficiency; additionally, its bands 

allow efficient electron transfer from most of the commercially available dyes6. The 

anchoring of the dye onto TiO2 is achieved through a carboxylic acid group in a 

bidentate bridging mode (Scheme 4.1b). 

 
Scheme 4.1. Chemical structure of the molecular rectifier AM (a), and of the T-AM dye (b). 

The anchoring of the chromophore to the TiO2 semiconductor through a carboxylic acid group 

(anchor group), leads to the formation of the T-AM-TiO2 system. 

 

To provide insight for the design of more efficient charge separators, I have 

investigated the quantum dynamics of electron injection coupled to thermal nuclear 

motion in a coupled quantum-classical framework where the nonadiabatic connection 

between successive molecular conformations is carried out through the diabatic 

atomic orbitals base. The semi-classical simulations show that the system is able to 

selectively couple to specific modes from a nuclear dynamics trajectory to open a 

rectifying electron injection channel in the T-AM-TiO2 system by a coherent 

superposition of states. This mechanism is fundamentally different from a 

semiconductor junction, since the unidirectional conversion of the initial excited state 

on the chromophore is due to coherent mixing with a charge transfer state between 

the chromophore and the TiO2, which does not rely only on an energy gradient, but 

requires in addition strong electronic coupling from nearly degenerate exciton and 

charge transfer states. The vibronic coupling to normal modes localized at the 

interface between the antenna and the semiconductor drives the process. These 

results support recent findings on the importance of coherent vibronic coupling 

during photo-induced charge separation processes for both natural and artificial 

light-harvesting systems16,28–34. 



Chapter 4. Crucial Role of Nuclear Dynamics in Heterogeneous Electron Transfer 

84 

 

4.2. METHODS AND COMPUTATIONAL DETAILS 

The electronic properties of the systems are quantum mechanically described by 

means of a tight-binding Hamiltonian based on the extended Hückel (EH) theory35,36 

(see also chapter 2 of this thesis). 

The EH method implementation used here, employs as basis set of ܭ 

nonorthogonal Slater-type orbitals (STO) centered at the position of the respective 

atom in the system. A set of adiabatic molecular orbitals (MO) is constructed as 

linear combinations of the STO atomic orbitals (AO) according to ߰ ൌ	∑ ܿఔ߮ఔ௄
ఔୀଵ . It 

follows that the coefficients ܿఔ are obtained by solving the generalized eigenvalue 

equations ∑ ܿఔ൫ܪఔఓ െ ఔఓ൯ܵߝ ൌ 0௄
ఔୀଵ ߤ∀ , ൌ  ఔఓ and ܵఔఓ are respectivelyܪ Here		.ܭ,1

the electronic Hamiltonian and the overlap matrix elements in the AO basis 

representation, while ߝ is the corresponding eigenvalue. The diagonal elements ܪఔఔ 

are called Coulomb integrals. The value of each of them is assigned through 

parametrization and represents approximately the valence state oxidation potential 

of the atomic orbitals ߥ. The off-diagonal elements ܪఔఓ ൌ
ଵ

ଶ
	݇ఔఓ൫ܪఔఔ ൅  ఓఓ൯ܵఔఓ (orܪ

bond integrals) represent the energy of the electron in the region where the two 

atomic orbitals  and  overlap (ܵఔఓ). ݇ఔఓ are the modified empirical Wolfsberg-

Helmholz parameters36,37. The matrix elements of the tight-binding EH Hamiltonian 

are therefore dependent on three semiempirical parameters: ܪఔఔ, ݇ఔఓ	and the 

effective charge of the nucleus () embedded in the definition of the STOs.  

In standard EH methods, these parameters are subject to the following 

approximations: i) the Coulomb integrals are approximated with the oxidation 

potential of the valence-shell atomic orbital; ii) no distinction based on the atom 

chemical environment is made for the parametrization of the AOs; iii)  ݇ఔఓ is 

assumed equal to 1.75. These approximations can strongly affect the outcome of the 

calculations, depending on the systems under investigation. To overcome these 

problems, for our investigation we use parameters previously optimized against 

experimental and DFT results. Additionally, the molecular environment is also 

considered during optimization through the enlargement of the AOs basis set. The 

optimization procedure is described in the next section 4.2.1.  

 

4.2.1. Optimization of the Extended Hückel parameters 

Initially, the density of states (DOS) for the (110) surface of anatase is obtained 

with the standard EH parameters38 imposing periodic boundary conditions along the 
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[101] and the [010] directions. For the calculation of the isolated TiO2 surface, as 

well as for the functionalized one, an orthorhombic supercell with lattice parameters 

a=10.239 Å, b=15.137 Å and c=40 Å is used. The standard EH calculation estimates 

the lower edge of the TiO2 conduction band (CB) at -10 eV.  

At the same time, the T-AM chromophore geometry is optimized in its ground 

state at the DFT level, using the exchange correlation functional B3LYP39 coupled 

with the Gaussian type basis set cc-pVDZ. The DFT calculations are performed with 

the Gaussian09 software package40. This computational set-up has already been 

proved accurate in describing the electronic properties of a similar terrylene/TiO2 

based DSSC device27. 

Although it is experimentally difficult to obtain an accurate estimate for this 

parameter, -4.0 eV (vs. vacuum) is commonly accepted as an appropriate value for 

the edge of the TiO2 CB27,41. Consequently, in order to obtain the energy gradient 

with respect to the semiconductor CB calculated with the EH method (-10 eV), the 

DFT frontier molecular orbital (FMO) energy values are down shifted by 6 eV. These 

corrected energies are used as target values for the optimization of the EH 

parameters. The optimization is performed by minimizing the cost function ݂ of the 

form 

 

 	݂ሺሼߞሽ, ሼܪఔఔሽ, ሼ݇ሽሻ ൌ ෍ ௝߱ൣ݌௝ሺሼߞሽ, ሼܪఔఔሽ, ሼ݇ሽሻ െ ௝݌
୰ୣ୤൧

ଶ
ெిోొ౏౐౎

௝ୀଵ

 (4.1)  

 

where ݌௝ሺሼߞሽ, ሼܪఔఔሽ, ሼ݇ሽሻ is the system’s property of interest, ݌௝
୰ୣ୤ the target value 

for that property and j the relative weight of the jth constraint. As shown in 

equation 4.1, the cost function ݂ and the property ݌௝ depend on the semiempirical 

parameters sets ሼߞሽ, ሼܪఔఔሽ, ሼ݇ሽ. For each optimization run, it is possible to selectively 

optimize one or more of these parameters, for each atom in the molecule.  

For the purpose of this work, the constraints are applied only to the energy values 

of the highest occupied molecular orbital (HOMO), the lowest and the second lowest 

unoccupied molecular orbital (LUMO and LUMO+1) of T-AM. The shifted DFT 

energies are used as target values. To evaluate the quality of the optimized EH 

parameters, the DFT/B3LYP and the EH orbitals are compared both in terms of their 

energy and their localization.  

The optimization of the atomic parameters for amide and carboxylic groups is 

treated separately from the remaining C, N and O atoms in the molecule. In this 

way, specific sets of parameters are generated for those atoms, to account for 
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differences in chemical environments. Although this enlarges the basis set used for 

the calculations, it increases the accuracy of the results. 

4.2.2. Quantum-classical dynamics of hole/electron wavepackets 

In this chapter, the coherent mixing of the charge transfer state into the excitonic 

state is studied by combining quantum dynamics for the electrons, and classical 

molecular dynamics for the nuclei42–44.  

The time evolution of the electronic wavepacket, under the influence of the 

underlying nuclear dynamics, is carried out through the combined AO/MO time-

propagation method45. This propagation method is outlined in Scheme 4.2, and 

proceeds as follows. 

The position dependent AOs used to write the initial wavepacket Ψ୅୓ሺݐሻ, for ݐ ൌ 0 

 

 หΨ୅୓ሺ0ሻൿ ൌ෍ܿఝሺ0ሻ

୅୓

ఝ

|߮ሺ0ሻۧ (4.2)  

 

yield the Hückel Hamiltonian matrix elements ܪఔఓሺ0ሻ. The Hamiltonian changes 

between consecutive nuclear configurations through the overlap matrix, due to the 

position-dependent nature of the atomic orbital basis. 

Diagonalization of this Hamiltonian matrix by means of the transformation operator 

 

 ෠்ܲ ൌ෍෍ห߰ۧ߰ۦ|߮ۧ൫ܵఝఞିଵ൯߮ۦ|
୅୓

ఝ,ఞ

୑୓

ట

 (4.3)  

 

produces the adiabatic basis of delocalized molecular orbitals ሼ߰ሺ0ሻሽ at ݐ ൌ 0 (see 

Scheme 4.2 , blue arrow ෠்ܲሺ0ሻ).  
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The wavepacket is then expressed in the orthonormal MO basis set according to  

 

 หΨ୑୓ሺ0ሻൿ ൌ෍ܥటሺ0ሻ
ெை

ట

|߰ሺ0ሻۧ . (4.4)  

 

The advantage of using the molecular orbital representation is given by the simple 

form of the time-propagation equations, within a time slice ݐߜ. 

In this basis, the time-propagation of the wavepacket is performed by solving the 

time-dependent Schrödinger equation  

 

 ݅԰
݀
ݐ݀
|Ψ୑୓ሺݐሻൿ ൌ ሻۧݐሻ|Ψ୑୓ሺݐ෡ሺܪ . (4.5)  

 

Within the time slice ݐߜ, since the nuclear geometry is treated as static, the 

molecular orbitals are time-independent ൫ൻ߰ห ሶ߰ ௜ൿ ൌ 0൯. It follows that the solution of 

equation 4.5, within a time slice ݐߜ, leads to the time evolution of the MO 

coefficients as 

 

ሻݐటሺܥ	  ൌ టሺ0ሻܥ expሺെ݅ܧట ݐ ԰⁄ ሻ .  (4.6)  

 

In the MO basis the Hamiltonian is diagonal and ܧట are its eigenvalues. From 

equation 4.6 it is clear that within the time slice, the time evolution is contained only 

in the phase factor. This time-propagation step is indicated in Scheme 4.2 by the 

green arrow. 

Once |Ψ୑୓ሺݐߜሻൿ has been obtained, the wavepacket is transformed back to the AO 

basis by using the transformation operator  

 

 ෠ܲ ൌ ෍෍ห߮ۧ൫ܵఝఞିଵ൯߯ۦ|߰ۧ |߰ۦ
୅୓

ఝ,ఞ

୑୓

ట

, (4.7)  

 

as indicated with the blue arrows ෠ܲሺ0ሻ in Scheme 4.2. 

This transformation is done since it is easier to transfer the wavepacket 

coefficients between time slices within the AO basis.  
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If ݐߜ is sufficiently small, we can reasonably assume that 

 

 ෍ܿఝሺݐߜሻ

஺ை

ఝ

|߮ሺ0ሻۧ ൎ ෍ܿఝሺݐߜሻ
஺ை

ఝ

|߮ሺݐߜሻۧ , (4.8)  

 

which allows the transfer of ൛ܿ߮ሺݐߜሻൟ to the next nuclear configuration, as indicated 

by the red arrow bridging step 0 and step 1 in Scheme 4.2. However, as an effect 

of the nuclear motion, the center of the AO basis will change between consecutive 

MD steps yielding ܪఔఓሺ0ሻ ്  .ሻݐߜఔఓሺܪ

The procedure explained for MD step 0, is reiterated along the whole trajectory. 

In this investigation, to simulate the initial excitonic state induced in the terrylene 

dye by photo excitation (t=0), the wavepackets for the hole and the electron are set 

to the HOMO and the LUMO of the adsorbate molecule, respectively. Consequently, 

Ψሺ0ሻ is the exciton reactant state localized on the donor. However, along the 

dynamics, the wavepacket evolves into the charge transfer product state by 

delocalizing between the donor and the acceptor.  

The nuclear trajectory for the isolated molecule, used for the time-evolution of the 

wavepackets, is calculated beforehand through ab initio Molecular Dynamics using 

the Car-Parrinello MD (CPMD) code46 (see section 2.4 of this thesis). The DFT/B3LYP 

optimized geometry is used as the starting point for the MD simulation, which is 

carried out in vacuum using the pseudopotentials of reference47 with a plane wave 

cut-off of 70 Rydberg and the BLYP48,49 exchange correlation functional. Applying the 

Nosé-Hoover thermostat, the T-AM molecule is brought to a temperature of 300 K 

and allowed to equilibrate for 2 ps using a time step of ݐߜ ൌ 0.1	fs. During the whole 

simulation, the atoms of the carboxylic acid anchoring group are constrained in their 

initial positions. At the end of the simulation the carboxylic acid is replaced with the 

previously optimized TiO2 slab already functionalized with the anchoring unit.  

Once the nuclear trajectory is obtained for the chromophore, the hole and the 

electron wavepackets are propagated along this trajectory following the combined 

AO/MO time-propagation method44,16 described above, using the same time step of 

the MD simulation. 

This methodology allows to treat the nonadiabatic transfer from an exciton 

reactant state to a charge transfer product state in the adiabatic MO representation 

through periodic projections onto the diabatic AO basis immediately followed by back 

transformation to the MO basis where the quantum electron dynamics is most 

conveniently performed. It has been already applied successfully for the description 

of heterogeneous electron transfer processes42,50,45. 
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4.2.3. Normal mode analysis  

The normal mode analysis for the isolated AM bridge unit is performed making use 

of the ADF software package51–53. The structure of the Phenyl-Amide-Phenyl 

molecule, initially optimized in vacuum at the DFT/B3LYP level, is subsequently used 

to numerically calculate the vibrational frequencies using the same computational 

set up. 

 

4.3. RESULTS AND DISCUSSION 

4.3.1.  The optimized EH parameters  

Following the procedure described in section 4.2.1, the DFT/B3LYP optimized 

structure and orbital energies of T-AM are used to carry on the optimization of the 

EH parameters. The results of the calculations performed with the semiempirical and 

the ab initio methods are compared in Table 4.1.  

 

 
DFT/B3LYP 

(eV) 
Target values

(eV) 
Optimized EH 

(eV) 
HOMO -4. 7 -10.7 -10.7 

 
 

 
 

LUMO -2.6 -8.6 -8.6 

  
 

LUMO+1 -2.4 -8.4 -8.3 

  
 

Table 4.1. Comparison between the frontier molecular orbital (FMO) energies obtained with 

the DFT/B3LYP method, the target values for the EH parameters optimizations, and the FMO 

energies calculated with the optimized EH parameters. The target values are estimated by 

applying a rigid 6 eV down shift to the DFT/B3LYP energy values. The images of the FMOs 

obtained for T-AM with DFT/B3LYP and the  optimized EH parameters are shown for 

comparison. 

 

The results clearly show that the generated set of optimized EH parameters are 

able to accurately reproduce the shape and the energy of the T-AM frontier 

molecular orbitals computed at the DFT/B3LYP level. This validates the use of this 

newly optimized basis set for the description of T-AM electronic properties and for 

studying the electron quantum dynamics processes. 
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4.3.2. Electron quantum dynamics simulations  

The optimized EH parameters are used to perform a single point calculation of the 

entire chromophore/semiconductor system. 

In Figure 4.1a the total density of the unoccupied states of T-AM-TiO2 projected 

on the chromophore (Dye, in blue) and on the semiconductor (TiO2, in grey) are 

compared. 

 

 
Figure 4.1. (a) Comparison between the density of the chromophore unoccupied states (Dye, 

in blue) and of the TiO2 conduction band (TiO2, in grey). On the right hand side, the electron 

donor and acceptor states contributing to the peak around -8.7 eV are represented. (b) 

Electron and hole time-dependent SP profiles of system T-AM-TiO2 in the absence of nuclear 

motion (blue and green line, respectively). The time step of the simulation is fs. Both 

calculations are performed for the entire T-AM-TiO2 system on the fixed set of ground-state 

optimized molecular coordinates using the optimized EH parameters. 

 

To prepare the system, the T-AM structure employed for the parametrization of 

the EH Hamiltonian is used. The projected density of states for T-AM (Figure 4.1a, 

Dye) presents a peak at -8.7 eV. This peak is associated with the two almost 

degenerate    ( = -0.05 eV) unoccupied system orbitals shown in Figure 4.1a. 

These two orbitals, labeled Electron Donor (ED) and Electron Acceptor (EA) states, 
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correspond respectively to the LUMO and LUMO+1 of the isolated dye molecule 

(Table 4.1). 

An electron quantum dynamics simulation (EQD) is performed for the T-AM-TiO2 

system over the same set of nuclear coordinates used for the DOS calculation, 

keeping the nuclear positions fixed. Since the photoexcitation of the dye populates 

the molecular orbital localized on the terrylene (ED), the photoexcited electron has 

to travel across the bridge through the EA state to reach the TiO2 surface. Despite 

the proximity between the electron donor and acceptor states and the presence of a 

thermodynamic driving force, no ET from T-AM to TiO2 is observed within the 2 ps 

EQD simulation in absence of nuclear motion (see Figure 4.1b). 

To investigate the effect of the nuclear motion on the electron dynamics the 

hole/electron quantum dynamics calculations are repeated by evolving the 

wavepackets over a classical MD trajectory obtained beforehand (see section 

4.2.2)54,55. Since we use a nuclear trajectory obtained in the ground state, the effect 

of the thermal relaxation of the photogenerated hot exciton is not included. 

However, since this effect is fast and highly localized on the antenna, it is not 

expected to significantly affect the dynamics of the ET on a longer time scale6 (see 

section 4.6.1 in the Appendix). The results of the electron quantum dynamics 

performed along the MD trajectory are reported in Figure 4.2 showing the survival 

probability (SP) of the electron wavepacket. The SP is defined as the time-dependent 

population of the wavepacket within the dye42. When the wavepacket is fully 

localized within the sensitizer SP=1, while SP=0 when it is fully transferred to TiO2. 
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Figure 4.2. Electron quantum dynamics simulation of the T-AM-TiO2 system (SP, blue) along a 

classic MD trajectory obtained with CPMD. The electron and nuclear dynamics both employ a 

time step tfs. A schematic representation of the analyzed complex is presented on the 

left hand side of the figure, together with the identification of the dihedral angle  (in red). 

The black line () represents the variation of this angle along the dynamics. The range of 

values identified as crucial for electron injection is delimited by the red dashed lines. The 

regions highlighted in pink correspond to time intervals in which the dihedral angle 

fallswithin this range. 

The survival probability profile (Figure 4.2, SP) shows that the introduction of 

nuclear dynamics induces significant ET within the first few hundreds fs, in contrast 

to the results for T-AM-TiO2 without nuclear dynamics (Figure 4.1b). This 

demonstrates the importance of the coupling between the electron dynamics and 

thermal motions in the description of ET processes.  

Additionally, the SP profile is characterized by the presence of plateaus emerging 

periodically every ~250 fs indicating that the electron injection is temporarily 

quenched. At the same time the SP evolution shows that back charge transfer from 

the semiconductor on the terrylene antenna does not occur, well in line with the 

rectifier property of the AM bridge (see section 4.6.2 in the Appendix). The analysis 

of the molecular dynamics trajectory reveals a correlation between the recurrence of 

these plateaus and the fluctuation of the dihedral angle  (Figure 4.2, black line), 

defined between the terrylene and the phenyl ring Ph1 (see Figure 4.2, left). The 

electron injection occurs only when 70º or 110º (red dashed lines in Figure 

4.2). On the contrary, if 70º110º the transfer is hindered (areas highlighted in 
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pink, Figure 4.2). The variation of the dihedral angle influences the delocalization 

of the electron donor state over the Ph1 ring, as shown in Figure 4.3. 

 
Figure 4.3. Localization of the Electron Donor and Electron Acceptor states along the T-AM-

TiO2 MD trajectory. On the right hand side are reported the MD time frames and the value of 

the dihedral angle corresponding to the two electronic states shown



 When 70º110º the ED state is confined on the antenna (T) and is separated 

from the electron acceptor orbital by the Ph1 ring (red circles in Figure 4.3). 

However, when  is outside the aforementioned range the planarity and 

consequently the conjugation between Ph1 and the terrylene is increased. This 

induces the delocalization of the ED state over Ph1 (blue circles in Figure 4.3) and 

thus transiently enhances the coupling between the donor and acceptor states.  

It is worth pointing out that performing the electron quantum dynamics while 

keeping the nuclei fixed, does not show electron injection on a timescale of a few ps, 

even when geometries with values outside the 70°-110° range extracted from the 

previous trajectory are used (as already shown in Figure 4.1b for the initial 

geometry, ≈50º). This indicates that ET is not solely promoted by a proper value of 

 but instead requires the coupling with other specific vibrational modes56. To 

identify those we use the same nuclear trajectory to perform an EQD starting from 

the molecular configuration at 890 fs with  =123º (Figure 4.2, just before the 

second shaded region). The results are presented in Figure 4.4b. 
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Figure 4.4. (a) Comparison between the survival probability (SP, blue line) oscillations and 

the amide bond (C-N) distance (, red line) along the EQD. (b) Comparison between the 

electron injection profile (SP, blue line) and the variation of the dihedral angle (black line) 

along the EQD simulation for the T-AM-TiO2 system. The red dotted lines correlate the starting 

of the electron injection with the decrease of  below 70°. (c) Energy values of the Electron 

Donor and the Electron Acceptor states along a portion of the EQD simulation. (d) Snapshots 

extracted along the EQD trajectory representing the electron wavepacket traveling through the 

bridge. 

 

Initially, while >110º, a limited injection (5%) is observed within the first ~50 fs. 

This transient is followed by a plateau up to about 230 fs, corresponding to the 

period during which 70º<<110º. Then ET towards the TiO2 is resumed by the 

decrease of  below the 70° threshold (red dotted lines in Figure 4.4b) and is 

characterized by electron density fluctuations with a period of ~30 fs (Figure 4.4b, 

black rectangle). The Fourier analysis of these rapid fluctuations gives a broad peak 

centered at ~1250 cm-1 (see Table 4.2a).  

In Figure 4.4a it is shown that the oscillations characteristic of the electron 

injection (SP, blue line) are highly correlated with the variation of the amide bond 

distance N-C (, red line). A normal mode analysis of the AM bridge shows that the 

N-C bond length is modulated by the normal modes 1 (1090 cm-1) and 2 (1226 
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cm-1) reported in Table 4.2a. In fact, as described in Table 4.2b, these modes 

involve mostly the variation of the ,  and  bonds localized at the interface 

between the ED and EA orbitals (Table 4.2). 

 

Table 4.2. (a) Frequencies of relevant normal modes of the AM bridge (and .) compared 

with the frequency obtained from the Fourier analysis of the electron injection oscillations 

along the EQD trajectory. ,  and  are the three bonds showing a major contribution to the 

normal modes and . (b) Graphic representation of the . ,  and  bond distance 

variations associated to the normal modes and . 

 

The energy fluctuations of these two orbitals are represented in Figure 4.4c for a 

segment of the MD trajectory (0.1-0.4 ps), characteristic of the whole simulation. 

The energies of EA and ED MO states constantly cross each other, which confirms 

the nonadiabatic character of the electron transfer process. The crossing also shows 

that the primary ET step and the rectification do not require a strong energy 

gradient to take place. The ED and EA states oscillate with distinctive frequencies of 

1100 cm-1 and 1235 cm-1, respectively. The remarkable similarity between these two 

values and the frequencies of the normal modes 1 (1090 cm-1) and 2 (1226 cm-1) 

strongly indicates the influence of these particular vibrations on the energies of the 

electron donor and acceptor states. Overall these results underline the importance of 

these specific nuclear vibrations in driving the electron injection. Similar evidence of 

vibronic coupling effects have been recently reported for different organic 

supramolecular complexes28,30,57. 

Quantum coherent conversion from an excitonic state to a charge transfer state 

requires that the two states partially occupy the same volume, and that their energy 
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levels are close enough to be coherently coupled by vibrational modes31–33,58–60. In 

the system discussed here, the two states involved in the electron transfer are 

associated with orbitals that initially are sufficiently close in energy but spatially 

separated. Thermal motion brings a conformational change (variation of ) that 

makes them partially occupy the same molecular region. Under this condition the 

two states can be coherently coupled by the fast vibrational modes localized at their 

interface, thus allowing the propagation of the electronic wavepacket by a 

convergence of electronic and nuclear dynamics. 

A visual representation of the electron wavepacket propagating across the system 

is reported in Figure 4.4d. These snapshots clearly show how the wavepacket 

propagates through a channel which is opened as a result of the Ph1 rotation. The 

snapshot at t=0.35 ps shows clearly that the wavepacket can be described as a 

superposition of the corresponding ED and EA states shown in Figure 4.3. This 

demonstrates that the electron transfer is proceeding gradually from the ED state to 

the EA state, rather than through an instantaneous hopping. The MD trajectory is 

calculated separately and cannot change in response to the QED to produce 

electron-nuclear resonance57. Nevertheless, quantum dynamics always selects the 

fastest channel to the product making the electronic system acting as a phonon 

antenna. That is, it selects the vibrational mode that is “just right” to facilitate 

coherent transfer60. This validates the coupled quantum classical approach of 

treating the nonadiabatic transfer between two states through periodic 

instantaneous rearrangement of nuclear positions in the diabatic AO base, while 

performing the propagation in the adiabatic MO base. 
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4.4. CONCLUSIONS 

In summary, efficient ET in T-AM-TiO2 is driven by a strong coupling between the 

electron dynamics and specific nuclear vibrational modes. It has been shown that a 

slow rotation of the bridge with respect to the antenna opens a preferential channel 

for ET by changing the localization of the donor and acceptor states. When the 

channel is open, the charge can move across the bridge from the electron donor to 

the acceptor state driven by the bridge vibrational modes that induce periodic 

crossing of energy levels and nonadiabatic coupling of these two states. 

These results underline the importance of including the nuclear dynamics for a 

proper description of the electron injection. In addition, I have verified the 

rectification properties of the AM bridge as part of a chromophore for a DSSC. The 

vibrational modes identified through the analysis of the correlation between nuclear 

and electron dynamics provide possible strategies for accelerating the electron 

injection process for high efficiency by e.g. structural modifications of the AM bridge 

to constrain rotations of the Ph1 ring. 
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4.6. APPENDIX 

4.6.1. Test on geometrical relaxation in the excited state 

An additional test has been performed to check the effects of the photo-excitation 

on the T-AM chromophore. Using the Gaussian 09 software package40, together with 

the CAM-B3LYP exchange-correlation functional and the cc-pVDZ basis set, we have 

optimized the geometry of the T-AM dye in the first excited state, which has 

predominant HOMO-LUMO character. The optimized geometry in the excited state 

shows only small changes in the C-C bond lengths of the terrylene antenna with 

maximum displacements of ~0.03 Å. Given that the LUMO is highly localized on the 

terrylene, it is not surprising that these geometrical changes are only observed in 

the terrylene molecule and do not propagate on the AM bridge whose geometry is 

essentially not modified by the excitation. These results strongly suggest that the 

dynamics of the AM bridge will be hardly affected by the excitation localized on the 

terrylene antenna, giving further justification to the use of a ground state dynamics 

for the study of the electron injection.  

4.6.2. Test on T-Stilbene-TiO2 

The survival probability reported in Figure 4.2 and Figure 4.4 shows a constant 

decrease of the electron wavepacket localized on T-AM. This indicates the absence of 

large charge fluctuations from the semiconductor back onto the donor state of the 

dye. To verify that this is due to the AM bridge rectification properties, following the 

same computational procedure used for T-AM–TiO2, we perform an EQD simulation 

for a system in which we substitute the AM bridge with the fully conjugated (E)-

stilbene molecule (Figure A4.1a). Due to its conjugation this system is not 

expected to show rectification23.  

The results for T-Stilbene-TiO2 are reported in Figure A4.1b. Due to the fully 

conjugated nature of (E)-stilbene, the initial wavepacket is localized not only on the 

terrylene but on the entire dye. In this case the electron injection is extremely fast, 

due to the strong coupling with the semiconductor conduction band states (see 

Figure A4.1b, first 20 fs). However, along the dynamics the survival probability for 

T-Stilbene-TiO2 shows strong fluctuations associated with electron density fluctuation 

between the antenna and the semiconductor (see insets in Figure A4.1b). This is a 

strong indication that the T-Stilbene-TiO2 system does not show rectification 

capability in contrast to the results shown for T-AM-TiO2. 
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(a) 

 

(b) 

 

Figure A4.1. (a) Schematic representation of the T-Stilbene dye. (b) SP profile of the EQD 

simulation of T-Stilbene-TiO2 along an MD trajectory. The insets show the wavepacket 

localization at different snapshots along the EQD. 

 


