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ABSTRACT:

Attosecond pump-probe experiments performed in small molecules have allowed tracking charge
dynamics in the natural time scale of electron motion. That this is also possible in biologically
relevant molecules is still a matter of debate, since the large number of available nuclear degrees
of freedom might destroy the coherent charge dynamics induced by the attosecond pulse. Here we
investigate XUV-induced charge dynamics in the aminoacid tryptophan. We find that, although
nuclear motion and non-adiabatic effects introduce some decoherence in the moving electron wave
packet, these do not significantly modify the coherence induced by the attosecond pulse during the
early stages of the dynamics, at least for molecules in their equilibrium geometry. Our conclusions
are based on elaborate theoretical calculations and the experimental observation of sub-4 fs
dynamics, which can only be reasonably assigned to electronic motion. Hence, attosecond pump-
probe spectroscopy appears as a promising approach to induce and image charge dynamics in

complex molecules.
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Imaging electron dynamics in molecules with few-fs or sub-fs time resolution is the very first step
towards achieving control of chemical processes that occur on a longer time scale [1-9]. The rapid
progress in attosecond technology [10-14] has already permitted electron dynamics in atoms
[15,16] and simple molecules [17,18] to be imaged and controlled, and similar behavior in more

complex molecules such as biologically relevant molecules can be expected [5,8].

A convenient approach to investigate electron dynamics is attosecond pump-probe spectroscopy
[1,5-7,17-20]. Among the different strategies proposed in the literature, of special interest is the
case in which an attosecond extreme ultraviolet (XUV) pump pulse, e.g., produced by high-
harmonic generation, ionizes the molecule and a time-delayed few-fs near-infrared (NIR) pulse is
used to probe the charge dynamics generated in the molecular cation by the pump pulse. The first
and, to our knowledge, only experimental work that has provided real-time evidence of charge
dynamics in a relatively large molecule using this technique was reported in 2014 for the amino
acid phenylalanine [5]. In this work, the fragmentation yield associated with the production of the
doubly-charged immonium ion exhibits few-fs oscillations superimposed to a smooth decreasing
background typical of the much slower nuclear dissociation dynamics. With the help of theoretical
calculations performed within the static exchange density functional theory (DFT) and the fixed-
nuclei approximation, these fast oscillations were interpreted as the signature of the coherent

electron dynamics generated by the attosecond pulse on the remaining molecular cation [5,21].

A rather unexpected result of this work was the realization that the observed electron dynamics
can be explained, on the few-fs time scale, by just a few characteristic frequencies, despite the
large number of molecular states excited by the broadband attosecond pump pulse. This
remarkable observation strongly supports the use of attosecond techniques to initiate and image

charge migration/transfer processes in large molecules. However, to fully get into this path, one



has first to check if similar simple charge dynamics can be induced in other molecules, especially
larger ones, and then elucidate to what extent the degree of coherence of the electronic dynamics
initiated by prompt ionization is affected by the nuclear degrees of freedom. The experimental
observation of few-fs features in phenylalanine was a first indication that, at least in particular
cases, dephasing due to nuclear motion may not necessarily prevent the observation of ultrafast
coherent electron dynamics. However, there is no guarantee that this would always be the case or
that the coupling with the increasing number of nuclear degrees of freedom present in large
molecules, giving rise to possible non-adiabatic relaxation pathways close to the Frank-Condon
region, would not completely wash out the coherence of the electronic wave packet just after its

creation [22-24].

With the aim of going deeper into these questions, we have performed elaborate theoretical
calculations in combination with attosecond pump-probe experiments on the tryptophan molecule.
Besides accurately describing the ionization step, which is necessary to obtain a realistic
description of the propagating electronic wave packet, the present theoretical model takes into
account the effects of both electron correlation and nuclear motion, which have been previously
disregarded (Ref. [5]). This is very challenging for such a large molecule, since one must evaluate

the ionization amplitudes (modulus and phase) for a large number of open channels.

Tryptophan (Trp) has been chosen among the twenty known amino acids, because it is the one
with the most interesting photochemical properties. Indeed, its chromophore, the indole group (an
aromatic heterocycle formed by a pentagonal and a hexagonal ring, see Fig. 1), is responsible for
the largest part of the UV-VUV absorption of proteins, and its characteristic absorption and
emission bands are very sensitive to its local environment. Thus, Trp is currently used to probe

protein folding, to investigate the mechanism of electron transfer through the protein matrix and



to monitor electron and proton dynamics in photo-excited states [25-27]. Therefore, time resolving
electron dynamics in this molecule may be useful to extend the applicability of Trp-based

photochemical techniques to the attosecond time domain.

Figure 1. Structure of the most abundant conformer of tryptophan. Green spheres: carbon atoms;
blue spheres: nitrogen atoms; red spheres: oxygen atoms; white spheres: hydrogen atoms. The hole
electron density created by the attosecond pulse used in the experiment is represented by a brown

mesh (isovalue = -0.003 bohr-).

In this paper, we show that irradiation of tryptophan by an XUV attosecond pulse generates few-
fs electron dynamics that must arise from the coherent superposition of the valence states of the
molecule. By just involving valence states in the ionization step, one avoids Auger decay
processes, which is an important source of damage in large molecules, thus favoring the
persistence of the induced charge dynamics in the original (unbroken) molecule. The generated
electron dynamics leads to significant charge fluctuations in the indole group, which could thus be
used to probe similar electron dynamics occurring in the Trp environment. Finally, and most

importantly, we show that, for molecules in their equilibrium geometry, nuclear motion and non-



adiabatic effects do introduce some decoherence in the propagating electronic wave packet, but
this is not enough to significantly modify the coherent charge dynamics ignited by the attosecond
pulse, at least during the first 20 fs, when several cycles of charge fluctuations have already
occurred. Hence, attosecond pump-probe spectroscopy appears as a general and promising

approach to induce and image charge dynamics in complex molecules.

Let us start by describing the actual electronic wave packet that is formed by irradiating Trp with
the XUV attosecond pulse used in the experiment, whose spectrum is shown in Fig. 2(a). We have
theoretically evaluated such a wave packet and its ulterior time evolution for the most abundant
conformer of Trp in its equilibrium geometry by using a methodology that goes well beyond that
employed in Ref. [5]. In particular, the ionization amplitudes that define the coherent superposition
just after the ionization step have been obtained by using the full-electron static-exchange density
functional theory (DFT) method [28,29], which makes use of localized B-spline functions. This
method has been previously applied to describe ionization of complex molecules, among them
glycine and phenylalanine [5,30-32], with great success. The photoionization cross sections
(proportional to the squared moduli of the ionization amplitudes) for the 39 ionization channels
accessible with the attosecond pulse are shown in Fig. 2(a). As can be seen, in the range of photon
energies covered by the attosecond pulse, all accessible channels have comparable cross sections
(roughly within a factor of 3) and are thus expected to contribute to the coherent superposition. To
gauge the quality of these calculations, in Fig. 2(b) we compare the theoretical total photoelectron
spectrum with the only one available in the literature from synchrotron radiation measurements at

a photon energy of 100 eV [33]. The agreement is reasonably good.
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Figure 2. (a) Photoionization cross sections of Tryptophan. The labels indicate the molecular
orbital from which the electron is removed (54A denotes the HOMO, 53A the HOMO-1, and so
on). The yellow curve over the shaded area shows the spectrum of the attosecond pulse used in the
experiment. (b) Comparison between the measured photoelectron spectrum [33] and the calculated
one at 100 eV (lower panel). For a realistic comparison, our infinitely resolved spectral lines have
been convoluted with a Lorentzian function of 0.4 eV full width at half maximum (FWHM) that

reproduces the experimental broadening of the peaks.



Figure 1 shows the hole density (equivalent to the charge density) at time zero, i.e., just after
interaction with the attosecond pulse. This hole density results from the coherent superposition of
a large number of electronic one-hole states and is therefore very delocalized. The subsequent
field-free evolution of the hole wave packet has been described by using an extension of time-
dependent DFT in combination with Ehrenfest molecular dynamics (TDDFT-ED) as implemented
in the CPMD package [34] (see Methods). At variance with earlier work on phenylalanine [5], in
our TDDFT-ED approach, the evolution of the electronic density is no longer described as a
superposition of single-hole configurations, as the time dependence of the density is explicitly built
into the propagation of the TDDFT equations. Thus, variations due to changes in electron
correlation during the time evolution are allowed. Moreover, decoherence effects due to nuclear
motion and non-adiabatic effects are taken into account via Ehrenfest dynamics. The simulations
have been performed for a molecule that is initially in its equilibrium geometry (i.e., single
trajectory). Figure 3 shows snapshots of the calculated hole density at different times, for both the
case in which the positions of the nuclei are fixed and the case in which they are allowed to move.
To better visualize temporal changes in the density, the latter has been referred to its mean value
over the time interval chosen to perform the calculations. As can be seen, very fast charge
fluctuations occur around any molecular site, with no preference for specific functional groups.
Thus, contrary to chemical intuition, for a few hundreds of attoseconds, functional groups with
large electron affinity may bear less electronic charge than functional groups with less or no
electron affinity, thus transiently leading to profound changes in the chemical bonding. In
particular, charge fluctuations are rather apparent around the indole chromophore, where regions
exhibiting an excess of charge (purple) rapidly turn into regions with a deficit of charge (yellow).

This result suggests that attosecond resolved photoemission and/or photoabsorption experiments



performed at wavelengths where the indole chromophore is active (e.g., by using attosecond
transient absorption spectroscopy techniques [35]) might be useful to provide temporal

information about charge dynamics occurring in the Trp environment, e.g., in a large protein.

Fixed nuclei

Figure 3. Snapshots of the charge density evolution. Upper row: results obtained by fixing the
positions of the nuclei. Lower row: results obtained by allowing the nuclei to move as described
by the Ehrenfest MD formalism. For a better visualization, at all times the hole density is referred
to its average value over the complete time interval. Regions with an excess or a deficit of charge

with respect to this average value are represented in purple and yellow colors, respectively.

To experimentally access the dynamics of this electronic wave packet, gas-phase Trp molecules
(with an internal temperature of approximately 450 K) were irradiated by an isolated XUV
attosecond pulse identical to that used in the above theoretical calculations. Then the ensuing

charge dynamics was probed by a waveform-controlled 800-nm sub-4 fs pulse. A clean plume of

10



isolated and neutral molecules was generated by evaporation of Trp from a thin metallic foil heated
by a continuous wave (CW) laser. The parent and fragment ions resulting from the interaction with
the pump and probe pulses were analyzed by using a linear time-of-flight mass spectrometer (see
[5] for details). Photoionization of a large molecule such as Trp by XUV pulses inevitably leads
to the production of several cationic fragments. Previous work on phenylalanine [5,19] has shown
that ultrafast oscillations observed in the yield corresponding to the breakup into a carboxyl radical
and a doubly charged immonium ion are most likely associated with charge fluctuations around
the amino group, which remains bonded to the central body of the molecule and therefore can keep
exchanging charge with the latter while the carboxyl group is leaving or has completely left. Here
we follow a similar strategy and concentrate on the equivalent doubly charged ionic fragment [Trp~
“minus” the COOH radical, or (Trp-COOH)~ for short], where, according to Fig. 3, charge

exchange between the amino group and the rest of the molecule should follow a similar pattern.

Fig. 4 shows the yield for the production of (Trp-COOH)~ (mass/charge ratio of 79.5) as a function
of the pump-probe delay. The most prominent feature of the measured yield is the sharp increase
from zero time delay up to about 12 fs, followed by a steady decay that extends beyond 30 fs. As
discussed in [19], this reflects the nuclear dynamics induced by the XUV pulse, but also by the
NIR probe pulse, which further ionizes the molecule and leads to its dissociation in the fs time
scale. Superimposed to this variation of the yield, one can clearly distinguish oscillations that occur
on a much shorter time scale. By appropriately subtracting the slow varying background, the
oscillations are more clearly revealed and a fit to sinusoidal functions could be easily performed
(see inset in Fig. 4 and details in the Supporting Information). From this fit, we have obtained the

main characteristic frequency of this ultrafast dynamics: 0.252+0.011 PHz, corresponding to a
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period of 4 fs. The presence of a single frequency already suggests that, as in the phenylalanine

case [5], the ultrafast dynamics induced in Trp by the attosecond pulse is relatively simple.
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Figure 4. Integrated yield of the doubly charged immonium ion (mass/charge = 79.5) as a function
of XUV pump - NIR probe delay (dotted line). The black line is a fitting curve used to guide the
eye. Inset: differential signal obtained by subtracting a fitting function from the data. The black
curve is a sinusoidal function of frequency 0.252 PHz. Error bars show the standard error of the

results of two measurements.

We have extracted additional dynamical information by performing a time-window Fourier
transform of both the measured yield and the calculated hole-density around the amino group. The
results are shown in Fig. 5. For comparison, we also show the results obtained in the fixed-nuclei
approximation. As can be seen, the effect of nuclear motion, though not negligible, does not lead
to dramatic changes in the calculated frequencies. In other words, for the molecule under
investigation, nuclear motion and non-adiabatic effects do not seem to substantially modify the
initial coherence of the wave packet or alter the simple picture that only a few frequencies are

responsible for the observed dynamics. For a meaningful comparison with the experimental results

12



shown in Fig. 5(d), the calculated spectrum has been convoluted with a gaussian filter function
that accounts for the time resolution of the experiment, leading to the results shown in Fig. 5(c).
The same filter has been used to plot the experimental results. The frequency observed
experimentally at 0.252 PHz corresponds to the slower beating retrieved from the theoretical
calculations and it exhibits a similar time behavior, gradually disappearing after 25 fs from zero
time delay. The faster beating predicted by theory at 0.53 PHz (see Fig. 5(a)) is not seen in the
experiment as a consequence of the limited time resolution. This important result confirms that,

even for a very large molecule such as Trp, electronic coherences may survive nuclear motion.
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Figure 5. (a) Time-window Fourier transform of the electronic density generated by the attosecond
pulse around the amino group in Trp. (b) The same within the fixed-nuclei approximation, FNA.
(c) Convolution of the results given in (a) with a gaussian filter function with a fwhm of 7 PHz
that accounts for the time resolution of the experiment. (d) Time-window Fourier transform of the

measured fragmentation yield shown in Fig. 4.
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A careful inspection of Fig. 5 shows that the main feature at 0.25 PHz appears earlier in the
experiments than in the calculations. This might be due to modifications of the original dynamics
by the NIR probe pulse and/or the ensuing fragmentation dynamics, which are not described in the
theoretical simulations. Also, one cannot completely discard a systematic error of about 1-2 fs in

the calibration of the experimental pump-probe delay.

To get additional insight on the role of non-adiabatic effects, we have projected at different times
the time-dependent Kohn-Sham (KS) orbitals onto the stationary KS orbitals. The results are
shown in Fig. 6 for a few characteristics orbitals. In most cases, the calculated projections simply
oscillate around their initial values, thus indicating that the population of the corresponding
molecular orbitals remains more or less the same for all times and, therefore, do not significantly
alter the evolution of the electronic wave packet. This is the case for the @, orbital shown in Fig.
6. In contrast, for some other orbitals, like the @,, one, non-adiabatic transitions associated with a
change in the orbital character can be observed. These occur after approximately 15-20 fs and,
therefore, cannot play any role during the early stages of the wave packet evolution. Nevertheless,
as non-adiabatic transitions show up at times in which oscillations in the measured yields are still
visible, they do have some effect in the relative intensities and positions of the recorded frequencies
(compare Figs. 5(a) and 5(b)). These findings are in agreement with those recently reported for
glycine by using a similar theoretical treatment [36]. The calculated projections also show that the
KS orbitals involved in the beating appearing at around 0.25 PHz are delocalized all over the

molecule, so that they play an active role in charge fluctuations around the indole group (see Fig.

3).
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Due to the complexity of the theoretical treatment used in the present work, our analysis of the
effect of the coupled electron and nuclear dynamics on the induced coherences has been limited to
a Trp molecule in its equilibrium geometry. However, recent theoretical work [23] has reported
that the evolution of the electronic wave packet corresponding to different initial nuclear positions,
compatible with the molecular geometries expected in the Franck-Condon region, could be slightly
different, thus leading to a damping of the charge fluctuations, and possibly to a broadening of the
associated frequencies. The present experimental results reveal that, at least in the present case,

these effects might not be so pronounced as to completely wash out the electronic coherences.
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Figure 6. Projections of selected time-dependent KS orbitals (®,, and ®,) onto the stationary KS

orbitals ¢ as a function of time.

In conclusion, we have performed a combined theoretical and experimental investigation in
tryptophan that suggests the existence coherent electron dynamics associated to a few
characteristic frequencies, thus confirming that this may be a rather general scenario in complex

molecules of similar size, in particular biologically relevant molecules. The key result here is that
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electronic coherences, responsible for the ultrafast oscillations observed in fragmentation yields,
are not fully destroyed by nuclear motion and non-adiabatic transitions during the wave packet
evolution, at least for molecules in their equilibrium geometry. Both effects are common and
relevant in large molecules due to the large number of available electronic and nuclear degrees of
freedom, and the presence of hydrogen atoms, which move fast. The results of the present work
suggest that they take place after electronic coherences have been established, so that the latter

have enough time to leave their signature in the measured fragmentation yields.

While these findings indicate the suitability of ultrashort pulses to capture ultrafast dynamics and,
in the long-term, pave the way to achieve certain control on the subsequent chemical path, a few
more questions remain open to discussion, as e.g., why the probe pulse does not seem to
significantly modify the frequencies associated with the electronic wave packet. Recent simple
theoretical models have suggested that an XUV probe pulse could introduce new characteristic
frequencies, mostly out of the range that is experimentally accessible, while preserving the original
frequencies [36]. However, there is no theoretical evidence yet that this should also be the case for
a NIR probe pulse. Including the effect of the NIR probe pulse in molecular systems of this size is
extremely demanding, as one should evaluate multi-photon (not just one-photon) ionization of the
singly-charged molecular cation from all states entering the coherent superposition created by the
attosecond pulse (39 states in Trp) to all energetically accessible final states leading to a molecular
di-cation (typically, many hundreds). And this for all the pump-probe delays, which imply

different geometries.

Another open question is why the superposition of electron dynamics generated from different
molecular geometries, as e.g. those contained in the Franck-Condon region, do not seem to blur

the dynamics arising from a well-defined molecular geometry. Answering these questions in large
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molecules calls for even more refined theoretical methods and detailed experiments, which should

be available in the near future.

Finally, it is important to stress that, although the use of XUV attosecond pulses inevitably leads
to ionization and, therefore, the investigated charge dynamics is that of the remaining molecular
cation, there are current experimental efforts to produce similar attosecond pulses in the UV, which
would not ionize the molecule and thus would be ideal to investigate charge dynamics in neutral
systems. In this case, the broadband UV pulse would also lead to a coherent superposition of
electronic states, this time in the neutral molecule, which would necessarily lead to fluctuations in
the electron density similar to those described in the present work. This electron dynamics could
similarly be affected by nuclear dynamics and the passage through conical intersections as well.
Therefore, all the knowledge gained by using XUV attosecond pulses could be directly

extrapolated to few-fs or attosecond UV pulses.

THEORETICAL METHODS

We have carried out the calculations for the free propagation of the electronic density after
interaction with the attosecond pulse by using the plane-wave Kohn-Sham (KS) based DFT
methodology implemented in the CPMD package [34], in which nuclear dynamics is treated within
the Ehrenfest formalism. It is well known that Ehrenfest dynamics cannot capture nuclear wave
packet branching. However, in the present case, this effect plays essentially no role in the
description of the dynamics during the first 10 fs following ionization, and only contributes
moderately at later times. This is because, for this system and under the present conditions, the
nuclear wave packet cannot diffuse into different regions of the nuclear configuration space in

such a short time interval. Ehrenfest dynamics accounts for nuclear wave packet splitting in a mean
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field level, which is accurate enough when the different surfaces do not produce a significant
spread of such nuclear wave packet in space.

Preparation of the initial electronic density has been performed exactly as described in previous
work [36]. The TDDFT simulations were performed, within the frozen core approximation, by
using a tetragonal box of dimensions 30x20x20 A containing a single Trp molecule. Following the
standard approach, core electrons were replaced by pseudo-potentials of the normal Troullier-
Martins form [38]. The use of pseudopotentials is justified because, even for the largest photon
energies contained in the XUV pulse, core electrons are not accessible (for this, one would require
photons of several hundreds of eV). Also, involvement of core electrons in the free propagation of
the electron density is very unlikely, if not totally impossible, because correlation between core
and valence electrons is negligible. The plane-wave basis set employed was truncated at an energy
cutoff of 70 Ry. For both pseudo-potentials and active electrons, the energies and forces were
evaluated using the Kleinman-Bylander scheme [39]. The exchange-correlation potential was
represented by using the generalized gradient approximation PBE functional, which has been
shown to accurately describe electronically excited states of Trp [40] and is computationally more
convenient than the LB94 one used in the static exchange DFT calculations when a basis of plane
waves is used. Preliminary studies performed on glycine using hybrid functionals did not show
any significant improvement of the results compared to DFT/TDDFT/PBE. In this respect, it is
important to emphasize that we are interested in studying the electronic relaxation of a perturbed
electronic structure, which (in the time scale of our calculations) does not produce any bond
breaking (that would require a good description of static correlation). Electronic relaxation in
molecular systems is dominated by dynamical (and not static) correlation, which in general is well

described by DFT/TDDFT/PBE calculations.
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We have projected the KS orbitals obtained from the static exchange DFT calculations (defining
the electronic density) into the KS orbitals that initialize the time-dependent Kohn-Sham
propagation in order to consistently define a new reduced density matrix. The numerical
integration that solves the equations of motion with the CPMD code is performed using an iterative
scheme based on a two-step Runge-Kutta propagator [41], which maintains order ot accuracy. The
used time step, 0t=0.01 atomic units (0.241 as), ensures energy conservation over the entire

simulation range (25 fs) with a maximum deviation at the end of the simulation is 0.2 eV.
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