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‡Instituto de Investigaciones en Fisicoquímica de Coŕdoba, INFIQC (CONICET - Universidad Nacional de Coŕdoba), Coŕdoba,
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ABSTRACT: We have implemented an electron−nuclear real-time propagation scheme
for the calculation of transient absorption spectra. When this technique is applied to the
study of ultrafast dynamics of Soret-excited zinc(II) tetraphenylporphyrin in the
subpicosecond time scale, quantum beats in the transient absorption caused by
impulsively excited molecular vibrations are observed. The launching mechanism of such
vibrations can be regarded as a displacive excitation of the zinc−pyrrole and pyrrole C−
C bonds.

Computer simulations of femtosecond pump−probe
spectroscopy experiments such as time-resolved photo-

absorption have been a topic of interest of the scientific
community for many years. In the last five years significant
progress has been made in the development of atomistic
techniques to simulate transient absorption (TA) of molecules
in the time domain. De Giovannini et al. reported a protocol to
compute the TA spectra in the attosecond time scale using
time-dependent density functional theory (TDDFT) and
applied to helium and ethylene.1 Several issues and conditions
regarding TDDFT exchange-correlation kernels were de-
scribed and new methods that overcame the limitations of
adiabatic TDDFT were published.2−6 However, to the best of
our knowledge, there is still no fully atomistic development
that allows the simulation of TA spectra accounting for ion and
electron dynamics after an initial perturbation (pump) to the
electronic density.
Meanwhile, time-resolved broadband TA experiments using

ultrashort (sub- or near-10-fs) pulses have been done to study
ultrafast charge separation in organic systems,7,8 photo-
dynamics of DNA bases9−11 and vibronic dynamics of
retinal.12 Sub-20-fs polaron-pair formation in an organic
semiconductor was observed using such ultrashort pulses by
two-dimensional spectroscopy.13 In refs 7 and 8, ultrafast
pump−probe spectroscopy was combined with TDDFT to
understand charge separation in prototypical organic photo-
voltaic devices. Such ultrafast measurements of electronic−

vibrational dynamics can shed light on important processes
and be more directly compared with quantum-dynamical
simulations on the subpicosecond regime.
Since the early 2000s, considerable debate has built up

around zinc(II) tetraphenylporphyrin (ZnTPP). The seminal
works lead by Gustavvson14 and Zewail15 of the ultrafast
dynamics after photoexitacion of the Soret band roughly
agreed on the decay lifetime of the S2 excited state, which is
between 1.5 and 2.4 ps depending on the solvent. A
disagreement with the rise time of S1 was reported by
Zewail,15 which suggested the existence of a dark state close to
S2. Further evidence proved that vibrational relaxation in the
excited state (electronic-vibrational coupling) drives ultrafast
relaxation dynamics instead of a dark state.16 It would be
interesting to understand, however, how and why such modes
are launched in the first place.
In this letter we focus on the ultrafast (<700 fs) dynamics of

ZnTPP after Soret band excitation with a resonant laser pulse
by analyzing the time-resolved TA spectra, the vibrational
signatures they contain, and the ion dynamics that
accompanies the excitation by projecting into molecular
normal modes.
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Calculations are based on real-time (RT) Ehrenfest
electron−ion dynamics within the density functional tight-
binding (DFTB) formalism as implemented in the DFTB+
package.17 DFTB is a very efficient semiempirical approach for
quantum mechanical simulations based on a second order
expansion of the Kohn−Sham energy functional around a
reference density.18 It has been successfully applied to study
the real-time laser-driven dynamics of several metallic,19,20

semiconductor21 and molecular systems.22−24

TA spectra are calculated as follows. After a ground state
electronic structure calculation, a time-dependent perturbation
with a pulse shape (pump) is added to the Hamiltonian of the
system, which allows for a real-time propagation of the one-
electron reduced density matrix, by numerical integration of
the Liouville−von Neumann equation for Ehrenfest dynamics
within DFTB.20 The instantaneous density matrix and atomic
coordinates have all the necessary information to compute the
absorption spectra at each time of the trajectory, so they are
dumped to disk and a separate calculation is run, where a Dirac
delta perturbation or kick (probe) to the instantaneous density
matrix is applied and this trajectory is propagated keeping all
the conditions of the simulation exactly as the original pump
simulation. An effective linear response approach can be used
to calculate the frequency-dependent polarizability α(ω, τ)
(where τ is time difference between pump and probe, hereafter
delay time) by Fourier transform of the dipole moment
difference, as shown in eq 1. Here μP + pτ is the dipole moment
of the system μ̂ = −er ̂ in the time-domain calculated after the
probe kick at delay time τ and μP is the dipole moment of the
simulation with the pump perturbation only.

t t t t( , ) d ( ( ) ( )) exp(i )P p P∫α ω τ μ μ τ ω= − ++ τ (1)

The absorption coefficient σ(ω) can be calculated from the
polarizability as shown in eq 2. Due to the interference
between the pump and the probe, a phase factor dependent on
the delay time is introduced in the frequency-dependent
polarizability, mixing the real and imaginary parts.2 This
contributions are not observed in typical pump−probe
experiments where the signal is averaged over many laser
shots. To get rid of such coherence we introduce a phase to the
pump field and average the polarizability over four different
phases, as described in ref 25. Thought this scheme increases
the computational cost significantly, since it multiplies the
number of calculations to be done by the number of phases,
the use of TD-DFTB makes it feasible. The mathematical
aspects of this method are out of the scope of this letter and
will be explained in detail elsewhere.

c
( )

4
Im( ( ))σ ω πω α ω=

(2)

ZnTPP’s ground state absorption spectrum was calculated
by RT propagation after a Dirac delta perturbation. The two
lowest-energy active bands are the Q-band at 1.93 eV (642
nm) and the Soret or B band at 2.77 eV (447 nm), in relatively
good agreement with the experimental values of 594 and 406
nm,26 respectively, as expected for this method.22 The system
is then illuminated with a monochromatic sin2 pulse of pulse
time tp = 10 fs tuned to the Soret band energy and a peak field
intensity of 0.02 V Å−1 (pump), yielding an energy fluence of
0.5 mJ cm−2, and then evolves for 725 fs. During the dynamics,
2000 snapshots of the system’s density matrix and geometry
are stored, allowing us to calculate the TA spectra with a time

resolution of 0.36 fs. In Figure 1 the differential absorption
ΔA(τ) = A(τ) − AGS is plotted for selected delay times: after

the pump (τ = 10 fs) and every 100 fs. There is strong ground
state bleaching (GSB) of the Soret and Q bands (indicated
with a vertical dashed band) and a broad region of excited state
absorption (ESA) to the red of the Soret band for λ > 470 nm,
in agreement with experiments on ZnTPP measured in
ethanol.27,28 Similar ESA is observed in MgTPP and
CdTPP.29 The origin of such ESA band is not clear but it is
likely absorption from S1, since its intensity increases with time
after pumping S2 as it decays to S1, while the GSB at the Q-
band does not change significantly.27

The TA spectra are usually calculated subtracting the ground
state spectrum; however, for the visualizations shown in this
work (heatmaps) this quantity is not appropriate since the
subtle changes that occur after the pulse are obscured by the
strong bleach at the Soret band. Considering that the strongest
changes to the absorption weights occur during the pump, it is
better to calculate the absorption change with respect to the
spectrum at the end of the pump (eq 3) and this is indeed
what we show in the figures in this work.

A t A t A t t( ) ( ) ( )pΔ = − = (3)

In Figure 2 the ground state and TA spectra are shown. The
TA spectra calculated from electron−nuclear dynamics is
depicted in Figure 1b. Around the Soret energy the signal is
dominated by a strong ground state bleach, although this is
ignored in the plot due to our choice of reference absorbance
(vide supra, see Supporting Information, Figures S1 and S2);
instead, the signal shows oscillatory features with changes in
the sidebands of the Soret band and not in the peak center. In
some experimental works, to study such oscillatory compo-
nents the Fourier transform of the spectra along the delay time
axis was calculated.8,10−12 The fast Fourier transform of the TA
spectra along each delay time is shown in Figure 1c. The
spectral density shows significant peaks at wavenumbers
around 200, 450, and 1800 cm−1 corresponding to periods
of around 400, 74, and 18 fs. To investigate the cause of such
oscillations the same simulation was performed clamping the
nuclei and running the electron dynamics only; the TA spectra
and spectral density are shown in Figure 1, parts d and e,
respectively. No significant frequency components are detected

Figure 1. Differential absorption of ZnTPP ΔA for selected delay-
times. The vertical dashed lines indicate the position of the Soret and
Q bands.
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in this case, leading to the conclusion that such oscillations are
of vibrational nature.
The effect on the Q-band is much weaker, as it can be seen

in Figure 2. The frequency components of the spectral density
are in agreement with those of the Soret band, although the
low frequency oscillations are much stronger in the red
sideband than in the blue.
A normal modes calculation in the ground state was

performed by diagonalizing the mass-weighted Hessian matrix
and the atomic coordinates along the evolution were projected
onto the normal mode displacements (mass-weighted
eigenvectors),30 as shown in eq 4, where vAi is the eigenvectors
matrix elements, ΔrA(t) are the nuclear displacements, mA is
the atomic mass and the coefficients Qi thereby calculated are
the coordinates in the normal mode basis. The potential
energy of mode i can be calculated as shown on eq 5. The
potential energy per mode was integrated along the trajectory
and is depicted in Figure 3a, between 200 and 2000 cm−1,
while in parts b and c, the integrate spectral densities in the
Soret region (between 280 and 520 nm) for moving and
clamped ions are shown. The modes of 448 and 1830 cm−1 are
the ones most coupled with the Soret transition, and can be
identified as the symmetric zinc-pyrrole breathing (ZPB) mode
and the symmetric pyrrole half-ring mode (PHR), respectively.
These results partially agree with the experiments that were
reported on this system after Soret excitation: the ZPB mode
was identified at 388 cm−1 in ref 31. using chirped
femtosecond pulses and resonance Raman spectra, and in ref
16 at 385 cm−1 using pump-degenerate four wave mixing and
TA measurements; a high frequency mode was only assigned
in ref 16 at 1352 cm−1 as the inner-ring stretch, which is
compatible with a mode at 1405 cm−1 that is observed in our
calculations (Figure 3b). In the energy per mode distribution
there are also important contributions at low frequencies
(below 200 cm−1) that match the signals from the spectral
density shown in Figure 2, although the trajectories are not
long enough to resolve these peaks. Such very low-frequency
modes would be strongly damped in experiment done in
solution due to their nature, which involves motions that
extend over the whole molecule and involve significant motion
of the benzene rings.

Q t m tr v( ) ( )i
A

A A Ai∑= Δ ·
(4)

V t c Q t( ) (2 ( ))i i i
2π ν= ̅ (5)

Interestingly, the usual approach to obtain the vibrational
power spectrum from a molecular dynamics, namely the
Fourier transform of the summed velocity−velocity autocorre-
lation function, did not yield the correct distribution of
vibrational modes evidenced by the projection onto normal
modes for nonequilibrium dynamics (see Figure S5 in the
Supporting Information). Hence the simulated TA spectrum
proves to be useful also as a computational tool to study
optically driven impulsive vibrational dynamics.
None of the references above discuss the reasons for the

selective excitation of the ZPB and PHR modes. Here we
provide a geometrical interpretation based on an indirect

Figure 2. Ground state spectrum (a); TA spectra calculated by subtracting the absorption spectrum at each time with the spectrum at the time of
the pulse for a simulation with moving (b) and clamped (d) ions; Fourier transform of the TA spectra along the delay time axis for moving (c) and
clamped (e) ions. Dashed lines indicate the wavelength of the most important frequency contributions.

Figure 3. Total potential energy per mode (a); Fourier transform of
TA spectra in the Soret region considering moving (b) and clamped
(c) ions.
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displacive mechanism. In Figure 4, the transition density for
the Soret excitation integrated over the z axis along with the
atomic displacements of the two most relevant modes that
couple with this transition are shown. The transition density
shows a density depletion region between the zinc and
nitrogen atoms, and an accumulation between the pyrrole
carbon atoms. This change of the bonding energy between the
atoms launches nuclear motions in which the Zn−N distance
increases and the pyrrole C−C distance stretches; once they
reach their new equilibrium positions in the excited state
surface, the motion continues by inertia, leading to an
oscillatory motion which is compatible with the ZPB and
PHR modes. This is known as displacive excitation of
vibrational modes and has been reported as an important
mechanism in molecular systems,32 as well as semiconductor33

and metallic nanoparticles.20,34 A piece of evidence that
supports this description is the increase in the oscillation
amplitude with the increase of electrons excited to the levels
above the Fermi energy (see Supporting Information, Figure
S3), which is a known feature of displacive excitation.33 In
addition, a simulation with a longer pulse (50 fs) reveals
selective excitation of the low frequency (ZPB) mode (see
details in Figure S4), which confirms its impulsive character.
In summary, we have applied a new tool to the study of the

vibrational motion launching and its electronic signature in a
iconic system. Even though there are still limitations of the
method to be overcome, such as the lack of inelastic
dissipation of power to the vibrational degrees of freedom, it
is remarkable that it is already possible to reproduce somewhat
accurately the vibrational modes that are selectively excited
and explain their origin from an atomistic time-dependent
perspective.
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Atomistic Insights into Chemical Interface Damping of Surface
Plasmon Excitations in Silver Nanoclusters. J. Phys. Chem. C 2016,
120, 24389−24399.
(20) Bonafe,́ F. P.; Aradi, B.; Guan, M.; Douglas-Gallardo, O. A.;
Lian, C.; Meng, S.; Frauenheim, T.; Sańchez, C. G. Plasmon-Driven
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