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ABSTRACT: Understanding charge transfer reactions between quantum dots (QD) and metal oxides is
fundamental for improving photocatalytic, photovoltaic and electronic devices. The complexity of these
processes makes it difficult to find an optimum QD size with rapid charge injection and low
recombination. We combine time-domain density functional theory with nonadiabatic molecular
dynamics to investigate the size and temperature dependence of the experimentally studied electron
transfer and charge recombination at CdSe QD-TiO nanobelt (NB) interfaces. The electron injection rate
shows strong dependence on the QD size, increasing for small QDs. The rate exhibits Arrhenius
temperature dependence, with the activation energy of the order of millielectronvolts. The charge
recombination process occurs due to coupling of the electronic subsystem to vibrational modes of the
TiO2 NB. Inelastic electron-phonon scattering happens on a picosecond time scale, with strong
dependence on the QD size. Our simulations demonstrate that the electron-hole recombination rate
decreases significantly as the QD size increases, in excellent agreement with experiments. The
temperature dependence of the charge recombination rates can be successfully modeled within the
framework of the Marcus theory through optimization of the electronic coupling and the reorganization
energy. Our simulations indicate that by varying the QD size, one can modulate the photoinduced charge
separation and charge recombination, fundamental aspects of the design principles for high efficiency

devices.
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1. INTRODUCTION

Titanium dioxide (TiO,) has established itself as one of the most widely used inorganic
semiconductors in photocatalytic,'® photovoltaic,*® and photo-electrochemical® applications by virtue of
its excellent physical and chemical stability, nontoxicity, desirable electronic and optical properties, and
low cost. However, its photoactivity is limited partly by its large band gap (3.2 eV), allowing TiO- to
absorb only ultraviolet light which is approximately 5% of the solar spectrum. Tremendous efforts have
been made to enhance TiO- ability to harvest visible light. One way is through band gap narrowing by
doping TiO, with impurity atoms such as nitrogen®” or introducing defect states within the band gap. Yet,
the large energy required to introduce dopant atoms restricts sample synthesis. An alternative approach is
to couple TiO, with other materials such as molecular chromophores,®!! conjugated polymers,*?-14

nanoscale carbon materials,'>%® and semiconductor quantum dots (QDs).17-%

Semiconductor QDs, such as CdSe with its tunable band gap, offer great opportunities to harvest
light energy in the visible and infrared regions of solar spectrum. These small-band gap semiconductor
nanostructures have unique ability to undergo efficient carrier multiplication under visible light
photoexcitation.?”-2 In particular, they are capable to inject excited electrons and generate photocurrent
under visible light irradiation when deposited on TiO, surfaces. The effect of size quantization allows one
to tune the visible response and vary the band energies to modulate the charge transfer across different
particle sizes.’®% 2° Robel et al. observed that as the size of the QD decreases, the small energy

difference attained can increase the electron transfer (ET) rate by nearly 3 orders of magnitude.®

One-dimensional (1-D) TiO, nanomaterials, such as nanobelts, nanotubes and nanowires, have
become a highly promising avenue in photocatalysis, solar cell and gas sensor technologies due to their
confinement, and structurally well-defined physical and chemical properties. Although the energy gap of
these single-crystalline 1-D nanostructures shows little alteration compared to the bulk TiO,, they do

display an increase in photoactivity due to better charge transport, higher surface defect content, and



larger surface area.®3! Wang et al. have shown that the use of TiO, nanobelts (NBs) instead of TiO.
nanoparticles (NPs) not only permits a larger critical size of PbS QDs capable of injecting electrons into
TiO2 NBs, but also extends the effective absorption of the PbS-QD/TiO.-NB nanohybrids to a longer
wavelength region up to 1400 nm.?® In our recent studies, we have characterized the photoinduced ET at
CdSe-TiO; interfaces using real-time nonadiabatic molecular dynamics (NAMD) implemented within the
time-dependent density functional theory (TD-DFT) framework®?3® and have shown that the ET

mechanism is non-adiabatic for the 1-D TiO, NB acceptor and adiabatic for the quasi 0-D TiO, NP.Y

In view of the central importance of TiO, nanobelts and CdSe for technological applications, the
current study uses the TD-DFT/NAMD approach to investigate the effect of the QD size on the
interparticle ET process. The simulation shows that the interfacial ET in CdSe-QD/TiO.-NB can be tuned
through the size quantization effect of CdSe QDs, in agreement with the available experimental data.*®
The present work also addresses the temperature dependence of the interfacial ET dynamics for charge

separation and charge recombination.

This paper is organized as follows: The next section gives a brief summary of the theory
underlying NAMD and TD-DFT, and describes the computational details. The results are discussed in
section 3, which is separated into five parts focusing on the geometric and electronic structure of the
CdnSen/TiO- interfaces, the vibrational motions contributing to the ET dynamics, the charge-separation
dynamics, the electron-hole recombination dynamics, and the temperature effect on the interfacial ET
dynamics. The simulation results are compared with the available experimental data. The Conclusions

section summarizes the key findings of the current study.

2. THEORETICAL METHODOLOGIES

We use the mixed quantum-classical approach implementing the fewest switching surface
hopping (FSSH) technique3*3 within the time-dependent Kohn-Sham (KS) scheme to simulate the ET

3



dynamics.®>% In this approach, the electrons are treated quantum mechanically, while the nuclei are
treated classically. The approach provides a detailed ab initio picture of the coupled electron-vibrational
dynamics on the atomic scale and in the time-domain, and has proven to be efficient in many systems and

processes 8,15, 17, 36-43

A detailed description of the method can be found elsewhere.**#¢ The simulations are performed
in the adiabatic representation, which are naturally produced by ab initio electronic structure theory. It
should be noted that phenomenological, analytical models, such as the Marcus theory, employ diabatic
representation. Diabatic states are usually defined to be localized on donor and acceptor species.
Adiabatic states are eigenstates of the electronic Hamiltonian. They can change localization due to
nuclear motions. Diabatic surfaces can cross in energy, while adiabatic surfaces instead undergo

“avoided crossings” near the diabatic crossings.

Geometry optimization, electronic structure, and adiabatic MD calculations were carried out
using the Vienna ab initio simulation package (VASP).*” The electron exchange correlation effects were
described by a generalized gradient approximation using the Perdew-Burke-Ernzerhof (PBE) functional.®
The projected-augmented wave (PAW) approach was used to describe the interaction of the ionic cores

with the valence electrons.

The simulation uses the stoichiometric anatase nanobelt with (101) surface termination, since it is
the most stable among the low index surfaces of anatase TiO. The initial geometry was fully relaxed to
the nearest minimum structure, and the resulting structure was used to model CdSe/TiO; heterostructures.
The (101) NB surface has a stepped structure with exposed 5-fold and 6-fold coordinated Ti atoms, as

well as 2-fold and 3-fold coordinated O atoms.

The initial structures of the CdSe QD were generated from bulk wurtzite. Three sizes are
considered in our simulations: CdsSes, Cd13Seis and CdssSess with diameter of 0.50, 1.00, and 1.30 nm,

respectively. Each QD was placed in a box with at least 16 A of vacuum between neighboring QDs, and



they were relaxed to their minimum energy nuclear geometry, determined by convergence of the forces

on all atoms to less than 0.03 eV/A.

The QD-TiO, NB systems were constructed by placing the QD above the TiO, NB surface.
Periodic boundary conditions in three dimensions were applied. In order to avoid spurious interactions
between periodic images of the system, 16 A of vacuum were added along both y and z-directions. The
systems were fully relaxed to their minimum configuration at T= 0 K. After relaxing the geometries at 0
K, uniform velocity rescaling was used to bring the temperature of the CdSe-TiO systems to 100 K. The
simulations at 100K represent, approximately, ultrahigh vacuum conditions accessible experimentally.
For instance, such conditions were used to study photo-induced ET from molecular chromophores to TiO;
by Willig and co-workers.***° Since the simulation contain no solvent and ligands, they best correspond
to such experiments. After that, depending on the system size, 3.7 to 5.3 ps adiabatic MD simulations

were performed in the microcanonical ensemble with a 1.5 fs atomic time-step.

The adiabatic energies and NA couplings were calculated for each step of the MD run, and the
classical path approximation to FSSH was used.*® The adiabatic MD trajectories were used to sample the
initial conditions and to carry out the NAMD simulations. A minimum of 350 geometries were selected
randomly from the 3.7 to 5.3 ps adiabatic MD trajectories as initial conditions for the NAMD, to simulate
charge transfer from the CdSe QD to the TiO, NB and electron-hole recombination from the TiO, NB to
the CdSe QD. The duration of each NAMD trajectory depended on the QD size and temperature. The
minimum duration was 0.7 ps for charge separation and 2.2 ps for charge recombination. An electron was
promoted to the orbital corresponding to the lowest energy excitation of CdSe, and its evolution was
tracked by solving the time-dependent KS equations, which were propagated with the second-order

differencing scheme® using a 10 fs time step.

3. RESULTS AND DISCUSSIONS



3.1 Geometric and electronic structure of the CdSe-QD/TiO,-NB systems.

The geometry and separation of CdSe adsorbed on TiO; characterize the strength of the CdSe-
TiO; interfacial interaction which plays a key role in the determination of the rates and mechanisms of the
ET processes®®. Figure 1 illustrates the optimized and finite-temperature geometries of the simulated
CdSe-TiO; systems. Several possible orientations have been considered for the adsorption of CdSe QDs
in order to locate the most stable structure. The top, middle, and bottom panels illustrate the TiO, NB
interacting with CdsSes, Cdi3Se1s and CdssSess QDs, respectively. A comparison of the systems at 0 K
and 100 K indicates that thermal fluctuations impact the system geometries. At 0 K, all three QDs are
bound to TiO, and form covalent bonds. In the CdsSes-TiO, system, the QD is connected to the NB via a
Cd-O covalent bond of length 2.49 A. As temperature is raised from 0 to 100 K, the QD rotates along the
z-axis and forms additional covalent bonds (2 Cd-O and 2 Se-Ti bonds) with the NB. The formation of
these covalent bonds increases the chemical interaction between the donor and acceptor species. The
length of these bonds in the sample MD geometry represented in Figure 1 are 2.31 and 2.38 A for Cd-O,

and 2.71 and 2.78 A for Se-Ti.

In the case of Cdi3Se1s-TiO, and CdssSess-TiO2 systems, the QD is bound to TiO- at 0 K through
two Se-Ti bonds with bond lengths of 3.03 A for Cdi3Se1s-TiO,, and 2.95 and 3.00 A for the CdssSess-
TiO. As temperature increases to 100 K, the QD-NB interaction decreases significantly. As a result, the
average separation between the QD and NB increases, the Se-Ti bonds break, and the donor-acceptor

coupling strength decreases.

The conformations and bond distances at 100 K presented in Figure 1 refer to a sample MD
geometry selected randomly. We have also generated averages for each CdSe-TiO; system by sampling
over 360 nuclear configurations throughout the MD. The difference between the average geometries and
the sample geometries represented in Figure 1 is small. For example, in the case of CdsSes-TiO-, the

CdSe QD in the average geometry is connected to the NB via two Cd-O and two Se-Ti bonds as in the



sample MD geometry. The calculated average bond lengths are 2.44 + 0.10 and 2.33 + 0.06 A for Cd-O;

and 2.81 + 0.06 and 2.74 + 0.12 A for Se-Ti.

ET can occur directly during photon absorption, adiabatically by atomic motion over a transition
state, and non-adiabatically by a quantum transition/tunneling between donor and acceptor states.? ET to
the acceptor during the optical excitation constitutes the direct ET mechanism. When the distance
between the donor and acceptor species increases, both direct and adiabatic ET stop. In that case, ET
proceeds by the NA mechanism. If the donor and acceptor species are very far from each other, ET
becomes extremely slow, while energy transfer can still take place, in particular, by the Forster

mechanism.5®

Figure 1. Side views of the CdSe-TiO, systems optimized at 0 K and during molecular dynamics at 100
K. Top: CdsSes-TiO2 NB; middle: Cd13Seis-TiO, NB; bottom: CdssSess-TiO, NB. The geometry for 100

K is an MD snapshot.

Figure 2 shows the electronic density of states (DOS) of the combined system, separated into the

contribution from Cd.Se, (red line) and the TiO. NB (black line). The change of the QD band gap due to



size quantization effect is featured by the increase/decrease of its conduction band bottom potential, in
agreement with the experiments.’®%* Thermodynamically, the transfer of excited electrons into the
conduction band of the TiO, NB can only occur when the conduction band edge of the CdSe QDs is
higher than that of the TiO, NB. The DOS in Figure 2 demonstrates that the QD sensitizes the
semiconductor by introducing electronic states in the semiconductor band gap. Furthermore, Figure 2
shows that the QD introduces excited electronic states that overlap in energy with electronic states in the
conduction band of the TiO, NB. The smaller QD particle size has a higher conduction band edge, and
therefore, a higher driving force for injecting electrons into the conduction band of the TiO, NB. The

LUMO of the combined CdSe-TiO; system is due to TiO2, while the HOMO arises from the CdSe QD.
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Figure 2. Density of states of the TiO> NB (black line) and CdSe QD (red line). The Fermi level is set to
zero. Top: CdesSes-TiO2 NB; middle: CdisSeis-TiO, NB; bottom: CdssSess-TiO; NB. The CdsSes and

Cd13Se;s DOS have been rescaled by a factor of 4 for clarity.



Changes in the QD size affect both donor-acceptor coupling and energy. The strength of the
donor-acceptor coupling is directly reflected in the amount of mixing between the donor and acceptor
orbitals. Generally, the stronger is the electronic interaction, the more significant is the mixing. Figure 3
shows the spatial distribution of electron densities of the donor and acceptor states for the electron
injection process. The QD LUMO is the donor state for the charge separation. In all three systems, the

donor state is delocalized over the whole QD, Figure 3(a), (d) and (g).

It should be noted that the band states of an isolated TiO, NB are delocalized. However, the
acceptor states seen in the QD-NB system are localized, because the adsorbed donor breaks the
symmetry. The acceptor states are not uniformly spread over the NB and are localized towards the region
where the binding interaction between CdSe and TiO; is strongest. This is a generic phenomenon found in
other systems, for instance at a molecular chromophore-TiO; interface.®® The weak donor-acceptor
coupling in the CdSe-QD/TiO,-NB system, and the large ensemble of available phonon modes, cause the
excited electron to be transferred from the QD donor to the NB acceptor state by a NA transition, and the

excess electronic energy to be deposited into vibrational modes.
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Figure 3. Charge densities of (1% column) QD donor states, (2" column) TiO, acceptor states, and (3™
column) QD HOMO states of the CdSen-TiO, systems. The 1s, 2nd, and 3+ rows are for n = 6, 13, and 36,

respectively.

In our recent publication,'” we tested the results with respect to the size of the nanobelt. We
carried out additional calculations with Cd13Se13 adsorbed on a 50% thicker TiO» nanobelt and identified
the acceptor state. Similarly to the example in the text, the acceptor state was not uniformly spread over
the NB and was localized towards the region where the binding interaction between CdSe and TiO, was
strongest. At the same time, the acceptor state became more delocalized in the thicker slab. One can
expect that some degree of localization of the acceptor state should remain even in thick NBs, because the

NB symmetry is broken by interaction with the CdSe QD.
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3.2 Vibrational motions contributing to the ET dynamics

Vibrational motions alter the atomic coordinates of the CdSe QD and TiO, NB, generate a
distribution of the photoexcited state energies, and create an inhomogeneous ensemble of initial
conditions for the photoinduced ET processes.® Vibrations are also responsible for fluctuation of the
energy gap between the donor and acceptor states. They generate the nonadiabatic coupling, that causes
hops between adiabatic states. Finally, vibrations accommodate the excess electronic energy released
during the ET process. The fluctuations of the QD HOMO and LUMO, and the NB LUMO due to
thermal atomic motions are shown in Figure 4. The small energy fluctuations of the CdSe QD HOMO
and LUMO are reasonable. The QD is composed of heavy atoms and exhibits high symmetry. Heavy
atoms move little, and the QD symmetry is preserved. The fluctuations are much larger for the smallest
QD studied and decrease with the increase of the particle size. QDs become more rigid with increasing
size, and their geometries change much less due to thermal fluctuations and electronic excitation. The
averaged gaps between the QD and NB LUMOs during the MD run are 1.14, 0.83 and 0.29 eV, for n = 6,
13 and 36, respectively. The relative magnitudes of the gaps and the trend agree well with the

experimental data.?®>*

To characterize the randomness of the phonon-induced fluctuation in the electronic excitation
energy gap, we compute the autocorrelation functions (ACFs), commonly used for chemical kinetics

studies®-%8 and defined as

_(E@®E(0))
O

1)
where E(t) is the energy gap between a given pair of states. The ACFs quantify the memory of the
corresponding fluctuations. The ACFs for the transition between the QD LUMO and the NB LUMO are

shown in Figure 5 (black lines). The ACFs show a significantly faster decay for CdsSes and CdisSeis
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compared to CdssSess. The decay time scales are approximatively 11 fs for CdsSes and Cdi3Sess and 124
fs for CdssSess. The rapid decay in CdeSes and Cdi3Sess is a result of the coupling of the electronic

subsystem to more phonon modes compared to CdzsSess.

Taking the Fourier transform of the ACFs helps to identify the phonon modes that couple to the
electronic subsystem and promote the ET. FTs were computed from 1 ps trajectories, allowing frequency
resolution of ~75 cm%. Figure 6 shows the data for the charge separation process (black lines) in the three
systems. For the system with the smallest QD, the dominant peak appears at 852 cm? and can be
attributed to the longitudinal optical phonon mode of TiO.. The dominant peak for the two other systems

appears at around 100 cm, in the range of acoustic modes that modulate the size and shape of the NB.
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Figure 4. Evolution of the energies of the QD LUMO (blue line) and HOMO (black line), and the NB

LUMO (red line). Top: CdsSes-TiO2 NB; middle: Cd13Se1s-TiO, NB; bottom: CdssSess-TiO, NB.
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Figure 5. (Left) Autocorrelation functions and (right) Fourier transforms of the electronic energy gaps
between the QD LUMO and the NB LUMO (black line), and between the NB LUMO and the QD HOMO

(red line). Top: CdsSes-TiO2 NB; middle: Cd13Seis-TiO2 NB; bottom: CdssSess-TiO2 NB.

3.3 Electron transfer dynamics

The ET from the CdSe to TiO> NB occurs via a NA transition between the corresponding states.’
The time-dependent populations of the donor states for the charge separation illustrate the evolution of the
ET process in Figure 6. The time scales for the ET are obtained by fitting the data by a combined

exponential and Gaussian function

f(t) = Bexp (— T—tl) + (1 - B)exp (—0.5 (é)z)
)

f(t) is the fitting function of the time-dependent populations of the donor states shown in Figures 6 and 7.
Generally, quantum dynamics starts with a cosine/Gaussian time-dependence, as in the Rabi oscillation.

As the number of quantum states involved in the dynamics grows, the time-dependence becomes
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exponential, as in Fermi’s golden rule. These two regimes, seen in Figures 6 and 7, are represented by the
fitting function, eq 2. The ET times,t, reported in the figures are computed as weighted averages of the
exponential and Gaussian components: t = Bt; + (1 — B)7,. The photoinduced ET from the CdeSes,
Cdi3Sess, and CdssSess QDs into the TiO2 NB occur on different time scales, 20 fs, 21 fs and 158 fs,
respectively. These results correspond to the faster end of the broad range of the experimental injection
times measured for a variety of CdSe-TiO, systems.®>*%° In particular, the simulated times are in
agreement with the 1.68x10' s? transfer rate measured by Tvrdy et al. for their smallest CdSe
nanoparticle (2.8 nm diameter).> It should be noted that the systems used in the calculations are smaller
than those in the experiment. For example, our largest QD size is 1.30 nm which is less than half the 2.8
nm diameter reported by Tvrdy et al. Because of the reduced system size, one expects the simulated
dynamics to be faster than the measured time scales in general. Besides the system size, various other
parameters can influence ET times obtained in experiment, including preparation methods, surface

roughness of QD and substrate, and linker.

According to the Marcus theory, the logarithm of the ET rate for a non-adiabatic reaction in the
classical limit is a quadratic function with respect to the driving force.5%5! As the driving force increases,
the ET rate increases as well, and reaches a maximum when the driving force equals the reorganization
energy. The TiO density of states at the QD LUMO energy depends on the offset between the QD
LUMO and the bottom edge of the TiO, conduction band, as shown, for instance, in the experiments by
Robel et al.!® Data in Figure 6 shows that as the QD size increases, the ET rate is enhanced. In other
words, the ET time increases as the band gap decreases. Hence, the ET rate is intimately related to the
energy gap, in good agreement with the experiments.’®> The fastest ET in our simulated CdSe-TiO,
systems is observed with CdsSes QD, which indicates that smaller-sized CdSe quantum dots show greater
charge injection rates, a priori desirable for high efficiency devices. However, larger particles have better

absorption in the visible region but cannot inject electrons into TiO- as effectively as smaller-sized CdSe
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guantum dots. Often, faster charge separation correlates with faster charge recombination, which is

detrimental for device performance.
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Figure 6. Electron transfer from the CdSe QD LUMO to the TiO, NB LUMO, represented by the time-
dependent populations of the donor orbital. The time constants are obtained by a combined exponential

and Gaussian fits, eq 2.

3.4 Electron-Hole Recombination

The return of the electron from the TiO, NB to the CdSe QD occurs by a transition from the
bottom of the TiO, conduction band to the QD HOMO. Decreasing the QD gap lowers the LUMO energy
and increases the donor-acceptor gap. Due to this large energy gap that separates the donor and acceptor
states for charge recombination, and the excess electronic energy that is accommodated by phonons, it is
very unlikely that a nuclear fluctuation can bring the initial (donor) and final (acceptor) electronic states
in resonance. Therefore, it will necessitate a nonadiabatic transition to transfer the electrons back to the

CdSe QD. Figure 3 (2" and 3" columns) depicts the charge densities of TiO, LUMOs and QD HOMOs,
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which constitute the initial and final states for the electron-hole recombination. The LUMOs are localized
in the TiO-, because the adsorbed donor breaks the symmetry. The HOMOs are localized on CdnSen (0 =

6, 13, 36) and extend into the TiO, substrate for n = 13 and 36.

The evolution of the energy gaps between the NB LUMO and the QD HOMO as a function of
time is plotted in Figure 4. As the size of the QD increases, the average energy gap increases and the
fluctuations decrease. Figure 5 presents the ACFs of the HOMO-LUMO energy gap for all the systems
studied. The ACFs are different to those for the electron injection. Their oscillation periods are longer,
and their decay time scales are 71, 92 and 332 fs for CdsSes, Cdi13Se1s, and CdssSess, respectively. The
Fourier transform of these energy gaps are also presented in Figure 5. Their spectra show a stronger
contribution from the low frequency vibrations at around 37 cm?, and in the 111-250 cm™ energy

window.

The time-dependent populations of the donor states for the recombination process are illustrated
in Figure 7. The calculated times obtained using the combined exponential and Gaussian function, eq 2,
are 0.45, 0.69, and 1.70 ps for CdsSes, Cdi3Seis, and CdssSess, respectively. The electron-hole
recombination trend is similar to that for the charge separation, with slower recombination time for larger
QDs. The effect of increasing QD size on the recombination rate is significant, consistent with the
experimental observation.®? Our simulations show that larger QDs suppress the electron-hole

recombination.

16



I ! I ! T ]
— Cd,Se/TiO,
— Cd S¢ JTiO,
Cd, Se /TiO, |

Population

Recombination

1 1 l it
O'OO 500 1000 1500 2000

Time (fs)
Figure 7. Electron transfer from the TiO, LUMO to the CdSe HOMO, resulting in electron-hole

recombination and represented by the time-dependent populations of the initial state.
3.5 Temperatures Effects on the Interfacial ET Dynamics

Probing the temperature dependence of ET reactions can give additional information regarding
their mechanism. Only a few studies of the temperature dependence of fast ET reactions using
femtosecond transient absorption spectroscopy have been reported to date.?%36 The problem is due to the
experimental difficulties associated with performing temperature-dependent pump-probe experiments.
We have performed a series of simulations on the CdsSes/TiO, and CdzsSess/TiO, system at temperatures
ranging from 100 to 300 K to study the temperature dependence of the charge separation and charge
recombination processes at the CdSe-TiO- interface. By fitting the charge separation ET rate for each
temperature to the combined exponential and Gaussian function, eq 2, we can plot the logarithm of the ET
rate (ker = 1/1) as a function of inverse temperature, Figure 8. Overall, the data follows Arrhenius
behavior, indicating that photoinduced electron injection can be modeled using the expression

AG

kgr = Kerv EXP(_kB_T

®)
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where AG is the Gibbs free energy of activation, k,; is the electronic transmission coefficient which is
usually estimated to be unity according to the classical Marcus theory, v is the frequency of nuclear
motion over the barrier, T is the temperature, and kg is the Boltzmann constant. A linear regression of the
data gives AG = 0.006 eV, which corresponds to ksT at 66 K for CdsSes/TiO2; and AG = 0.014 eV, which
corresponds to kT at 163 K for CdssSess/TiO2. The frequency prefactors determined by the Arrhenius fit
are equal to 9.30x10% and 2.44 x 10% s for CdsSes/TiO, and CdssSess/TiO-, respectively. The calculated

energy of activation depends on the size of the QD and it increases with the QD’s size.
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Figure 8. Electron transfer rate in the CdssSess-TiO, system as a function of temperature. The ET rate

shows an Arrhenius dependence on temperature, as in the Marcus theory.
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Figure 9. Charge recombination rate (ker=1/1) times T¥2 as a function of temperature for CdsSes/TiO-

(triangle) and CdssSess/TiO2 (diamond). The lines are fit to the linearized form of eq 4.

The temperature dependence of the charge recombination rate constant is expected to follow the

o = i WE (AG® + 2)?
ER= p2qie, T P\ T T adk,T
4)

where V is the electronic coupling, 2 the reorganization energy accompanying the redistribution of charge,

Marcus equation (eq 4):

and AG? the thermodynamic driving force for the ET process. Rewriting this equation shows that a plot of
ln(kERTl/Z) versus 1/T is linear. Therefore, the electronic coupling V can be obtained from the intercept
of the plot, and the slope gives the reorganization energy 4 or the thermodynamic driving force AG°
providing that one of the two quantities is known. The reorganization energy that accounts for energy
fluctuations in the system due to charge transfer has been reported to have characteristic small values of
tens of millielectronvolts for nanocrystals.>*® In Figure 9, the rate constants for the charge recombination
in CdsSes/TiO2 and Cd36Sess/ TiO- are plotted against inverse temperature and fitted to the linearized form

of eq 4. Our results show that the recombination rates slowly increase with temperature. Since our
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calculations are done in vacuum and because of a weak exciton-phonon coupling, the reorganization
energy is expected to be very small with only vibrational modes contributing.®® Taking 4 = 10.0 meV, as
reported by Tvrdy et al.,> the optimized values of AG® and V were estimated and reported in Table 1. For
both systems, the electronic coupling is of the same order of magnitude, 37.4 cm™ for CdsSes/TiO, and
20.8 cm® for CdssSess/TiO,. By using the same reorganization energy value for both systems, we observe
that the effect of the QD size on the driving force is very small. These results suggest that the decrease in
the recombination rate for larger dots arises mainly from the donor-acceptor coupling rather than the

changes in the energy gap. This is confirmed by the analytic analysis presented in.®®

Both charge separation and recombination rates depend strongly on the QD size, with higher rates
for smaller QDs, see Figure 8 and 9. The dynamics is slower in larger dots, because QD states are more
delocalized and donor-acceptor couplings are smaller. The size dependence is slightly stronger for the
injection and recombination. The electron requires more time to move around larger QDs to find the
interface and transfer to TiO.. The recombination can involves QD states that are localized towards TiO,
e.g. Figure 3i, and therefore it is less sensitive to the overall QD size than injection. As the QD keeps
increasing to the bulk limit, the electron injection rate should continue to grow, while the recombination

rate can be expected to reach a limiting value.

Table 1. Driving forces (aA6°), reorganization energies (1), and electronic couplings (V) for charge

recombination in CdSe-TiO; obtained from fitting the calculated rate constants (kgg) to eq 4.

System 2 (meV) V (cm?) AGO (eV)
CdsSes/TiO- 10.0 37.4 -0.030
Cd3sSess/TiO; 10.0 20.8 -0.032
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The Marcus theory analysis is performed only for the electron-hole recombination reaction,
because it can be described by a simple reactant-product scheme involving one donor and one acceptor
state, occupied by electron and hole. The forward ET requires more advanced analytic treatments,®’ 8

since it involves a high density of TiO; acceptor states which are close in energy to the QD LUMO.

The data in Table 1 implies that the electron-hole recombination reaction occurs in the Marcus
inverted region, which may involve quantum-mechanical tunneling in the nuclear degrees of freedom.
Nuclear tunneling is not included in the present NAMD simulations. Semiclassical treatments of nuclei
make NAMD simulations significantly more expensive and impossible to perform on current systems.
The current work focuses on the ab initio time-domain simulation, and the Marcus type rate description is
used here to analyze the simulation data. Both atomistic simulation and analytic theory exclude nuclear
tunneling. One can expect that the nuclear tunneling effect is small in the present systems, because they

are composed of only heavy elements: Cd, Se, Ti and O.

4. CONCLUSIONS

We have performed NAMD simulations combined with time-domain DFT to characterize in
detail transfer of the photogenerated electron from a series of CdSe QDs (sizes 0.5, 1.0, and 1.3 nm in
diameter) to a TiO> NB and from a TiO. NB back to the CdSe QDs. The simulated time scales for both
ET and charge recombination agree with the experimental observations. The simulations indicate that
both charge separation and recombination rates strongly depend on the QD size, with higher rates for
smaller QDs. The dynamics is slower in larger dots, because QD states are more delocalized and donor-
acceptor couplings are smaller. The size dependence is slightly stronger for the injection and
recombination. The adsorption of CdSe breaks the symmetry of delocalized band-type states of the TiO;
NB, creating localized states. The donor states of the photoinduced charge separation and the acceptor

states of the photoinduced charge recombination are strongly localized on the QDs. The ET rate exhibits
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an Arrhenius-type temperature dependence, with activation of the order of millielectronvolts. Simulations
suggest that temperature dependence of the charge recombination rate can be successfully modeled using
the Marcus equation through optimization of the electronic coupling and reorganization energy.
Reasonable values for the electronic couplings and driving forces were extracted from fits of the
temperature variation of the recombination rates. The study provides valuable insights into the dynamics
of the interfacial charge separation and recombination, important to a wide variety of applications,

including solar cells, light emitting diodes, and photocatalysis.
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