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Processes heterogeneously photocatalyzed require computational 
strategies beyond the ground state analysis through the Density 
Functional Theory (DFT). A new roadmap calls for explicitly exploring 
the excited states for modelling efficient photoactive nanostructures. 
Here, we analyze the dynamics of excited states in (TiO2)8 clusters. 
While we shed light on the effect of water coverage on the dynamics of 
various excited states, we perform an initial methodological 
assessment of nonadiabatic molecular dynamics (NA-MD) recipes for 
further use in larger and more realistic titania nanostructures.

Computational details & models

Non-Adiabatic Molecular Dynamics Roadmap

Excited 
states

dynamics

STEP 1
Getting 
initial 

nuclear 
trajectory

STEP 2
Computing MO 
overlaps, time-
overlaps, exc. 

energies

STEP 3
Computing 

nonadiabatic 
couplings 

between states

STEP 4
Running 

nonadiabatic
molecular 
dynamics

AIMD (DFT)
Classical MD (FF)

TD-DFT excitations
(PBE, PBE0, B3LYP)
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TSH method

LIBRA

AIMD introduces anharmonic effects -> lower frequency values but also busier 
vibrational densities 

Qualitatively the same -> tested FFs are accurate and computationally-efficient

HOMO

LUMO

S1→S0 transition is driven by the Ti-O bending 
and stretching modes

OH stretching modes not coupled to the 
S1→S0 transition 

(TiO2)8(H2O)5 AIMD

Hydration degree increases the excitation energies 

 Hybrid functionals mitigate CT underestimation of PBE

Larger densities located around the Ti-O bonds

(TiO2)8(H2O)2 presents lower average NACs than bare case, as states 
become slightly more separated in energy 

As more water molecules are added, the states acquire similar spatial 
distributions and symmetries: (TiO2)8(H2O)5 possess better electronic state 

mixing and thus larger NACs 

Pre-computed energies (𝐸𝐼) and NACs (𝑑𝐼𝐽) are used to construct the vibronic Hamiltonian at every timestep: 

𝐻𝐼𝐽
𝑣𝑖𝑏 𝑅 𝑡 = 𝐸𝐼 𝑅 𝑡 𝛿𝐼𝐽 − 𝑖ℏ𝑑𝐼𝐽 𝑅 𝑡

𝐻𝐼𝐽
𝑣𝑖𝑏 employed for getting the time-evolution of the coefficients (𝑐𝑖,𝑎) of our TD-DFT states, determining the decay time of S1

Trajectory surface hoping (TSH) algorithms: FSSH, mSDM, DISH, IDA

30 initial conditions x 500 realizations = 15000 trajectories per methodology. NA-MD runs are initialized in S1 in 
all of them. S1 decay evolution is then fitted to exponential fitting functions:

FSSH yields shorter recombination times, as it doesn’t account for decoherence between states – less realistic
S1 decay time evolution wrt the degree of hydroxylation inversely proportional to NACs evolution

(TiO2)8(H2O)2 provides longer times – more convenient for photocatalyic purposes

mSDM method involves a complex 
description leading to the 

elimination of coherences and thus 
to larger decay

Hybrid (B3LYP, PBE0) TD-DFT 
functionals give rise to faster S1-S0 

recombination (green, black)
Good agreement in final results 

between ffMD and AIMD!!
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FF based MD

𝜏PBE/PBE = 4.6 ± 0.1 ps
𝜏FF/PBE = 2.5 ± 0.0 ps

𝜏PBE/B3LYP = 135.0±20.7 ps
𝜏FF/B3LYP = 103.1 ± 11.1 ps

FF + TD-B3LYP + mSDM
𝜏(TiO2)8

= 1024.9 ps
 𝝉(𝐓𝐢𝐎𝟐)𝟖 𝐇𝟐𝐎 𝟐

= 1033.5 ps
𝜏(TiO2)8 H2O 5

 = 103.1 ps

STEP 4: NA-MD
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