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Abstract
The available experimental data provided by ultrafast dynamics studies of pyrrole and its
derivatives in excited states of mixed Rydberg/valence 3s/πσ* character are strongly affected by
the interaction with the laser pulses. Understanding these data has constituted an endeavor for
several groups during the last few years. Here we apply a simple theoretical model that,
including the interaction with the laser pulses, allows to clarify some aspects of the
discrepancies between measurements monitoring different experimental observables. New
experimental data on pyrrole, 2,4-dimethylpyrrole and 2,5-dimethylpyrrole are also provided to
check the validity of the model and to gain more insight into the excited state dynamics of
pyrrole systems.

Introduction
The role of πσ* states in the electronic relaxation of photoexcited heteroaromatic molecules has
attracted a growing interest since the publication of the seminal theoretical studies of Domcke
and co-workers,1,2 due to the potential involvement of these states in driving photostability in
biomolecules and their chromophores. At the Franck Condon (FC) region, the mixed
Rydberg/valence πσ* states result from the promotion of an electron in a π orbital to the 3s
orbital of the heteroatom (X). Although traditionally considered ‘optically dark’, they can be
populated directly through vibrational intensity borrowing from allowed ππ* transitions, or
alternatively, indirectly by non-adiabatic couplings. Due to the dissociative character that the
3s/πσ* states acquire upon increasing the X-H distance, they can lead to H atom detachment
and ultrafast internal conversion (IC) to the ground state, being the barrier that arises from the
coupling of Rydberg/valence πσ* states what finally defines the time scale of the process.
Among the prototypical molecules used to study this matter, pyrrole is a paradigmatic case
because its S1 π3s(N) Rydberg excitation, which acquires πσ* valence character as the N-H
bond extends, is the lowest energy excited state. For this reason, pyrrole photophysics has been
extensively explored from different points of view. The first experimental evidence of N-H
bond cleavage in pyrrole were found by Y.T. Lee and coworkers.3 By applying photofragment
translational spectroscopy, they concluded that after excitation at 248 nm a rapid crossing takes
place from the initially formed Rydberg state to the electronic surface upon which the
dissociation occurs or alternatively, the excitation prepares the Rydberg state along with a
dissociative state. Wei et al. carried out velocity map imaging (VMI) experiments at 243 nm
and 217 nm. They concluded that the repulsive nature of the 3s/πσ* potential energy surface
along the N-H stretching coordinate was responsible for fast N-H bond fission, as the main
decay pathway, and also a second relaxation channel involving fast IC to the electronic ground
state.4,5 Cronin et al. conducted accurate total kinetic energy release measurements of pyrrole,
establishing the onset of H atom production on the 3s/πσ* surface at 254 nm. Among other key
findings, this work observed excess vibrational energy within the 3s/πσ* state (at increased
excitation energies) gave rise to the formation of hot pyrrolyl fragments.6
The first real-time experiments were carried out by Lippert et al., who detected, after excitation
at 250 nm, the appearance of prompt H atom fragments with a 110 ± 80 fs lifetime.7 They also
observed a slower channel with a time constant of 1.1 ± 0.5 ps that was assigned to N-H
dissociation in the hot ground state formed after IC. The H atom detachment was also studied by
Roberts et al. by means of time resolved VMI experiments.8 They measured a time constant of

126 fs for excitation at 250 nm, similar to the fast decay observed by Lippert et al. On the basis
of complementary measurements of D-atom elimination from pyrrole-d1 molecules, they
concluded that after excitation at 250 nm, the excited state population tunnels through a small
exit barrier (>630 cm–1) prior to dissociation, confirming theoretical predictions by Vallet et
al.9,10 and more recently by Sapunar et al.11 A good agreement between theory and experiment is
also found when the 3s/πσ* surface is prepared at higher excitation energies as the considerably
faster H formation measured by Roberts et al. (46 ± 22 fs) was reproduced by the calculations of
Sapunar et al. (~28 fs).
The results presented above provide a consistent picture of pyrrole photodissociation dynamics.
However, when the view found from the products is compared to experiments that track the
relaxation of the parent molecule, some contradictions seem to emerge. Although in principle,
the decay of the pyrrole signal should correlate with the fragment formation (H atom), a
considerable mismatch is deduced from the observations reported by several groups. Lippert et
al.7 applied the same experimental configuration used for measuring the H formation to track
the dynamics on the pyrrole+ channel. The recorded decay showed a Gaussian contribution
around t = 0 that matches the cross correlation (CC) of the pump and probe pulses, but no hints
of resonant ionization though the 3s/πσ* state were reported. Time-resolved ionization
measurements, with somewhat better resolution, at a number of excitation and ionization
wavelengths by our own group also showed a signal dominated by non-resonant ionization,
without clear evidence of excitation to the 3s/πσ* state.12 Based on the theoretical modeling of
time-resolved photoelectron measurements (TRPES), Wu et al. reported a sub 20 fs lifetime for
pyrrole prepared in the 3s/πσ* state at 242 and 236 nm.13 However, the authors warned that at
these excitations wavelengths, no measurable difference between the pyrrole and the reference
molecule ionization signal was detected. Recently, Fielding and co-workers14,15 carried out
TRPES experiments and reported lifetimes ranging from 22 to 54 fs in the 240-250 nm
excitation interval. Aiming to clarify the differences observed for the parent ion lifetimes, Crane
et al.16 carried out TRPES measurements in the 267-240 nm excitation range and found several
pieces of evidence that support the non-resonant origin of the pyrrole ionization signal: (i) the
photoelectron angular distributions, which appear inconsistent with ionization from an
intermediate Rydberg excited state of predominantly 3s character. (ii) Identical TRPES data
showing a temporal behavior analogous to the reference non-resonant ionization signal recorded
in the studied excitation range. (iii) Pump-probe photoelectron spectra that perfectly match the
He(I) ground state spectrum, something again inconsistent with ionization via a resonantly
populated Rydberg state.
Studies on methyl-substituted pyrroles have provided clearer experimental observables, but they
have not shed much light on the elusive 3s/πσ* state dynamics of pyrrole. Staniforth et al.

investigated the H atom appearance times in 2,4-dimethylpyrrole (2,4-DMP) using the VMI
technique, reporting a lifetime of 120 fs, independent of the excitation energy.17 This value
contrasts with the parent ion lifetime that Yang et al.18 determined to lie, according to their
TRPES measurements, between 11 and 29 fs. It is remarkable that in the latter study, contrary to
the pyrrole case, the signature of the 3s/πσ* is perceptible in the TRPES data. Correspondingly,
our own time-resolved ionization (TRIY) study on 2,5-dimethypyrrole (2,5-DMP) yielded,
independently of the excitation energy, a clearly distinguishable lifetime of 56 fs that was
assigned to the 3s/πσ* state.19 Similar results, but with somewhat slower rates (85 fs), have also
been recently reported by Yang et al.20 Unfortunately, no results on the H fragment formation
times are available for 2,5-DMP.
There is a clear need to further investigate discrepancies reported between the temporal
behavior of the parent and the fragment ions in order to gain a better understanding of the
dynamics in pyrrole-based motifs after direct excitation to the 3s/πσ* surface. To tackle this
issue, we present a theoretical study that uses a one-dimensional three state model to describe
the wave packet dynamics on the 3s/πσ* potential. The simplicity of the treatment allows us to
include the interaction with the laser pulses, to explore its influence on the final experimental
observables. The results of the model permit us to address some key aspects of the problem: i)
the influence of the excitation energy and the 3s/πσ* surface topology. ii) The time scales for
barrierless and tunneling dynamics. iii) The direct comparison between the parent molecule
decay and the fragment appearance lifetimes in ionization experiments. iv) The contribution of
the non-resonant ionization to the experimental observables. On the other hand, there are certain
caveats associated with the reduction of the problem to a single coordinate, but as will be
shown, our approach is nevertheless valid for testing some of the hypothesis proposed to explain
the discrepancies between the different experimental observations.
Additionally, to facilitate the comparison with experimental data in the literature, we have
carried out complementary measurements in 2,5-DMP and 2,4-DMP, which include
experiments at different pump and probe wavelengths and on deuterated species (2,4-DMP-d1,
2,5-DMP-d1). The new results will be contextualized with previous theoretical and experimental
observations and the predictions of the current model.
2. Methodology
The model
The wave packet dynamics on the 3s/πσ* potential is described by the time dependent
Schrödinger equation in the form:21,22
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where U1 is the ground state potential function defined as a Morse potential, U2 represents the
potential energy curve of the excited (3s/πσ*) state and Ωpump(t) and Ωprobe(t) are the Rabi
frequencies corresponding to the excitation and ionization pulses. The variables t and τ are time
and pump-probe delay respectively.
In order to study the influence of the shape of the excited state potential, four different
potentials have been investigated (Fig.1). These were empirically constructed from the result of
the coupling between a Morse and an exponential potential. Their energies were chosen to
reproduce the pyrrole 3s state minimum and the dissociation asymptotic value,6,9,10 while the
magnitude of the couplings were tuned to produce four potentials (U2a, U2b, U2c and U2d) with
different topology, as presented in Fig.1. The use of these potentials allows us to study the
influence of the surface topology on the dynamics in a detailed and systematic manner. In this
sense, the barrier height for U2a is low enough (∼750 cm-1) to produce direct dissociation. On
the other hand, U2b, U2c and U2d potentials present a ∼1900 cm-1 energy barrier that gives rise to
a bound state from which tunneling will take place. To see the impact of barrier area on the final
observable, the width is increased going from U2b to U2c. Additionally, in the case of U2d a
higher dissociation asymptote was considered to mimic exit channel height of methylated
derivatives.
To describe not only the wave packet dynamics, but the experimental observables too, the
ionization step has been included by considering a final cation state (U3), on which the
electronically excited wave function is projected. Two different U3 potentials (U3a, U3b) have
been used to describe the transient ionization of the parent ion (TRIY and TRPES experiments)
and the detection of the H formed in the dissociation (VMI experiments), respectively. The
parent ion decay has been modeled using a Morse potential (U3a) identical to the U1 potential
employed for the ground state. As it will be shown, the particular shape and exact location of
the U3a minimum will have little influence on the observed dynamics. It is also important to
remark that Equation 1 can describe the FC overlap between the wave packet and the
eigenstates of U3a, but not the coupling to a true continuum, because only nuclear degrees of
freedom are considered. Accordingly, the probe pulse frequency was adjusted to produce an
effective coupling with the final v=0 state of U3a. Again, this approximation will have an impact

on the effective width of the ionization window, but the results will show that the influence on
the observed dynamics is minimal.
In order to describe the time scale for H production via dissociation on the U2 state, which will
be further compared with the parent ion decay, U3b was chosen to be a constant potential, in
such a way that a probe pulse with the appropriate frequency produces the coupling between the
U2 dissociation asymptote and U3b. This simple approach allows us to model the experimental
observation of the nascent H atoms by projecting the 1s orbital into the 2s by two photon
absorption at 243 nm, and subsequently ionizing by the absorption of a third 243 nm photon.
The impact of this 2+1 REMPI detection scheme on the final observable has been also
theoretically studied by means of an additional constant U3b’ potential (see ESI).
Regarding the excitation and ionization pulses, although most of the reported experimental work
on pyrroles was done using pulses compatible with 30-40 fs, but chirped up to 50-200 fs, for the
current study, we have used Fourier transform limited pulses of 30 fs (490 cm-1 bandwidth). In
this way, it is possible to account for the effects of the bandwidth (resonant and non-resonant
conditions), while retaining the simplicity associated with a constant instantaneous frequency.
The amplitude of the coupling is arbitrarily chosen to transfer only a small portion of the
population (∼1%).
The only couplings among the potential energy curves are induced by the laser pulses, therefore,
non-adiabatic dynamics involving U1 and U2 surfaces is not described by the model.

Fig. 1. Empirical potential energy curves for the ground (U1) and the πσ*excited state (U2a,
U2b, U2c and U2d). For more details see main text.
In order to achieve a valid general result for different pyrrole derivatives, the reduced masses
were set at 1 u and 2 u values, for the H and D detachment, respectively. In all cases the v=0

eigenfuntion of U1 was taken as the initial state.23 The differential equations were solved using
the NDSolve routine implemented in Mathematica package24 with a 0.05 fs step. Equation 1 is
solved along the pump-probe delay (τ), yielding the probability of projecting to U3 as a function
of τ. To avoid reflections of the wave packet at the boundaries in the simulation of the H/D
formation dynamics, propagation was extended to large N-H distances of up to 20 Å. In the case
of the parent ion detection scheme, a complex absorbing potential of the form
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is added to U2 to induce the total absorption of the wave packet at distances larger than 4 Å.
This allows us to extend the integration time without increasing the window along the N-H
coordinate, saving a considerable amount of computational time particularly for the slower
dynamics. A more detailed discussion of this approach may be found elsewhere.25
Experimental details
Time-resolved ion-yield measurements of pyrrole, 2,5-DMP, 2,5-DMP-d1, 2,4-DMP and 2,4DMP-d1 were conducted at different pump and probe wavelengths. Pyrrole, 2,5-DMP and 2,4DMP were acquired from Aldrich and used directly without further purification. Deuterated
molecules were synthesized by chemical exchange with heavy water and characterized by FTIR
spectroscopy (see ESI for details). The experimental methodology and apparatus have been
described in detail elsewhere.12 The molecules, heated at 50oC and seeded in 0.5 atm of Ar, were
expanded in the ionization region of a Wiley-McLaren mass spectrometer by means of a
General Valve Series 9 pulsed valve firing at 100 Hz. Experimental conditions (valve pulse
duration, carrier gas pressure and laser-valve delay) were carefully set to avoid contributions
from molecular clusters in the monomer mass-channel.26 The laser pulses were generated by a
Ti:Sapp oscillator-regenerative amplifier system (Coherent Mantis-Legend) that provides a 1
kHz train of 35 fs pulses. To produce pump pulses at 250 nm and 267 nm an optical parametric
amplifier and third harmonic generator were used, respectively. For the probe the fundamental
(800 nm), second or third harmonics were used, depending on the experiment. The pump-probe
delay was controlled by an optical delay line (APE Scandelay 150) with a resolution of 2 fs.
The pump intensities were reduced to avoid contributions from higher excited states. In all the
experiments, the one-color (pump and probe only) signal was negligible respect to the two-color
ionization, except when probing with 267 nm, in which a ∼30 % background signal was
observed. The relative pump-probe polarization was set at 54.7° to eliminate rotational
alignment effects. The instrumental response function was in the range 60–100 fs (FWHM)
depending on the experimental configuration, and the ∆t = 0 reference position were determined
by the simultaneous measurement of the non-resonant ionization of ethylene and Xe.

3. Theoretical results
In this section, the results provided by Equation 1 for the four U2 potentials (subsections 3.1-4)
are described. The non-resonant ionization contribution is described in 3.5
3.1 U2a potential
The absorption spectrum of U2a, as the population transferred to the excited state as a function
of the excitation energy, is presented in Fig. 2a together with those corresponding to U2b and
U2c (2b and c) for comparison. It is important to remark that being a 1D model, the calculation
can only provide information about the overlap along the N-H coordinate, i.e. the FC factors,
convoluted with the temporal effects (pulse duration and natural line width). Therefore,
although the model cannot reproduce the experimental absorption spectrum, it allows
determination of the amount of kinetic energy of the wave packet created on the excited state,
which is essential to understand the photodissociation mechanism. The maximum excitation is
found at 41200 cm-1, 1200 cm-1 above the minimum of the U2a potential (green line), and 500
cm-1 above the barrier (orange line), dropping rapidly at higher excitation energies. Considering
that this result includes the convolution with the excitation laser bandwidth (∼500 cm-1), we can
anticipate that the pump pulse will produce a coupling above the barrier that will lead to prompt
dissociation at all excitation wavelengths, which means that there is not a bound state within the
potential energy minimum. The temporal evolution of the system after excitation at 41300 cm-1
is presented in Fig. 3. The transients corresponding to the parent ion (open circles) and the H
atom formation (solid circles) are calculated by integrating the probability on U3a and U3b,
respectively, as a function of the pump-probe delay. The fitting of these results by the optical
Bloch equations27 yielded a time constant of 7.5 fs for the parent ion decay (red line). However,
the use of a 7.5 fs formation lifetime (green solid line) cannot reproduce the H fragment
transient. An additional 8.5 fs shift to positive times is required to obtain a satisfactory fit (blue
line). It is worth noting that this shift accounts for the time that the wave packet needs to cross
the blind spot between the parent ionization loss and the H fragment formation onset. The same
calculations have been carried out for the deuterated derivative yielding a parent ion decay of 12
fs, which corresponds to a kinetic isotope effect (KIE) of 1.5 (see Fig.S5 in the ESI).
The inspection of the wave packet dynamics reveals that the population at the FC region, which
appears as a sharp peak at distances close to 1 Å, resides only for a few femtosecond after the
excitation pulse, escaping very fast towards larger N-H distances, as expected for a direct
dissociation (see Fig. S6).

Fig. 2. Population transferred to the U2a (a), U2b (b) and U2c (c) potentials as a function of
excitation energy. The vertical green and orange lines correspond to the energy of the minimum
and the top of the barrier, respectively.

Fig. 3. The transients corresponding to the ionization from the FC region (open circles) and H
atom formation (solid circles) calculated by integrating the probability on U3a and U3b,
respectively, as a function of the pump-probe delay. Solid lines are the fittings with optical
Bloch equation (see text for details)

3.2 U2b potential
The absorption spectrum found by excitation to the U2b potential of the hydrogenated (black
line) and deuterated (grey line) species is presented in Fig. 2b. Contrary to the U2a potential, in

both cases the absorption maximum is now below the energy barrier (∼41900 cm-1), denoting
the existence of a bound state. Indeed, the width of the spectrum is only slightly larger than the
pump laser bandwidth (∼500 cm-1), pointing to a single spectral line.
The time-dependent experimental observables of the H species have been calculated for
different excitation energies. When the system is prepared below the barrier at 41300 cm-1
(Fig.4a) the parent ion decays in 19 fs according to the fit with the optical Bloch equations.27
Similar to the case of the U2a potential, the fitting of the H atom formation requires a 7.5 fs shift.
Apart from inducing a much weaker transition, excitation above the barrier, at 41990 cm-1 (Fig.
4b) also produces a faster H atom detachment, very similar to that observed on the U2a potential,
with a 7.5 fs parent ion decay and a 6.5 fs shift for the onset of the H formation.
In Fig.5 the wave packet dynamics on U2b after excitation at three different energies is
presented. Excitation well above the barrier (42425 cm-1) results in prompt dissociation (Fig.
5a), very similar to the U2a potential, but when the excitation energy is reduced to prepare the
bound state at 41300 cm-1, the behavior is considerably different (Fig. 5c). The wave packet,
which now has to tunnel through the barrier along the N-H stretching coordinate, escapes more
slowly from the FC region, giving rise to a wave packet that is spread and retarded with respect
to the prompt dissociation. Another characteristic feature of tunneling dynamics is the fact that
by the time the wave packet front has reached very long distances (12 Å, for example), there is
still some remaining probability at the FC region. At intermediate excitation energies (Fig. 5b),
the pump pulse prepares a superposition of bound and unbound states, and therefore, a mixture
of tunneling and prompt dissociation is observed (see Fig. S7 in the ESI for more information).

Fig. 4. The transients corresponding to the ionization from the FC region of U2b (open circles)
and the H atom formation (solid circles) calculated by integrating the probability on U3a and
U3b, respectively, as a function of the pump probe delay. Solid lines are the fittings with optical
Bloch equations (see text for details). a) Excitation to the bound at 41300 cm-1. b) Excitation
above the barrier at 41990 cm-1.

Fig. 5. Snapshots of the wave packet on U2b at different excitation energies: a) 42425 cm-1, b)
41835 cm-1, c) 41300 cm-1. The time-step between consecutive curves is 15 fs.

The effect of deuteration on the tunneling dynamics is illustrated in Fig. 6, where the simulated
parent ion transient, after excitation to the bound state (41000 cm-1 and 41300 cm-1 for the D and
H species, respectively), is presented. The KIE (4.2) increases considerably the tunneling
lifetime from 19 fs to 79 fs, which allows a clearer distinction between the wave packet
dynamics of the prompt (Fig. S8a) and tunneling (Fig. S8c) dissociations.

Fig. 6. Transient ionization from the H (solid circles) and D (open circles) U2b potentials
calculated by integrating the probability on U3a as a function of the pump-probe delay. Solid
lines are the fittings with optical Bloch equation (see text for details).
3.3 U2c potential
The spectrum found for the U1→ U2c transition (Fig. 2c) reflects the existence of a bound state
below the barrier, with a zero point energy (ZPE) of ∼1000 cm-1 and ∼700 cm-1 for H and D,
respectively. At energies twice the ZPE, a good overlap of the position and momentum is found
just above the barrier, allowing the preparation of a pseudo v’=1 state that causes the small
secondary absorption maximum. The calculated dynamics after excitation to the bound (41000
cm-1) and pseudo v’=1 (42800 cm-1) states is presented in Fig. 7. The difference between prompt
(8 fs) and tunneling (162 fs) dynamics is remarkable in the case of this potential, while the shift
of the H fragment formation respect to the parent ion decay (8 and 9.5 fs) is very similar to
those observed for the U2a and U2b potentials. The wave packet evolution for tunneling and
prompt fragmentation is analogous to the previous potentials, but now, the excitation above the
barrier prepares a wave packet that exhibits a double maximum at short N-H distances, in close
analogy to the probability associated to a v’=1 state (See Fig. S9).
The deuteration effect in the case of the U2c potential is more dramatic, producing a KIE of 12.5
(see Fig.8).

Fig. 7. The transients corresponding to the ionization from the FC region of U2c (open circles)
and the H atom formation (solid circles) calculated by integrating the probability on U3a and
U3b, respectively, as a function of the pump probe delay. Solid lines are fits using the optical
Bloch equations (see text for details). a) Excitation to the bound state at 41000 cm-1. b)
Excitation above the barrier at 42800 cm-1.

Fig.8. Transient ionization from the H (solid circles) and D (open circles) U2c potentials
calculated by integrating the probability on U3a as a function of the pump probe delay. Solid
lines are the fittings with optical Bloch equations (see text for details). The excitation is to the
bound state at 41000 cm-1 and 40700 cm-1 for H and D respectively.
3.4 U2d potential
The U2d potential was constructed to model the dynamical behavior found in 2,4-DMP and 2,5DMP. In order to predict the effect of methylation, the barrier width, which lies between U2b and
U2c, was chosen to reproduce the 2,4-DMP+ measured decay As it is shown in Fig. 9, the parent
ion lifetime increases from 43 fs to 222 fs, which corresponds to a KIE of 5.2.

Fig. 9. Transient ionization from the H (solid circles) and D (open circles) U2d potentials
calculated by integrating the probability on U3a as a function of the pump probe delay. Solid
lines are the fittings with optical Bloch equation (see text for details).
3.5 Amplitude of non resonant ionization.
Non-resonant ionization is assisted by out-of-resonance optically active states. Therefore, from
the experimental point of view, the non-resonant ionization (pump-probe) is always present, but
its observance is dictated by the relative weight with respect to the usually more intense
resonant signal. For pyrroles, the one-photon excitation of the 3s/πσ* state is extremely weak,
and therefore, the non resonant absorption, induced by bright neighboring states, is the
contribution that dominates the ionization signal.12,16,18,20 The model based on Equation 1 allows
us to estimate the relative magnitude of the resonant and non-resonant ionizations. The nonresonant contribution is treated by considering a state (U2NR) located at 5.7 eV (vertical
excitation) and described by a potential analogous to U2b. This state should account, not only for
the near B1(πσ*) excitation, but for a number of close lying bands that give rise to the intense
absorption located at ∼6 eV. For this purpose, an oscillator strength equivalent to that calculated
by Roos et al.28 for the ∼6 eV band (about 20 times the oscillator strength previously used with
the U2a, U2b and U2c. potentials) was assigned to it. Fig. 10 shows the non-resonant parent ion
signal induced by such a state, together with the parent ion decay associated with the U2b
potential at 41300cm-1. It should be noted that the amplitude of the non-resonant ionization will
increase with the excitation energy, due to its dependence on the detuning (∝1/∆2).29-31 It is also
worth mentioning that this 1D approach overestimates the resonant contribution because the
absorption spectrum of the dissociative state is reduced to a single line (see Fig. 2, for example),
in such a way that the laser is coupled with the whole absorption band. On the contrary, the real
spectrum of the molecule extends for some tens of nanometers (several times the laser
bandwidth), making the coupling with the radiation field less effective.

Fig.10. Comparison between the resonant and non-resonant ionization signals calculated at
41300 cm-1 excitation energy. See text for details.
3.6 Experimental results
To further explore some aspects of the excited state dynamics that can be directly compared to
our model predictions, we have carried out complementary TRIY measurements on pyrrole, 2,4DMP, and 2,5-DMP. Fig. 11 shows the transients simultaneously recorded at pyrrole+ and Xe+
channels by a 250 nm pump and a 267 nm probe. The Xe+ signal originates from 2+1’ resonant
ionization through the 6p ←← 5p transition. Consequently, a Heaviside function convoluted
with the 2+1’ CC function was used to determine the ∆t=0 reference delay. On the other hand,
pyrrole 1+1’ signal was fitted by a Gaussian function to evaluate an eventual shift of the signal
to positive delays that could be indicative of ultrafast dynamics. The displacement of this signal
respect to Xe+ is very small (2 ± 2 fs) and attributable to the experimental precision. The
differences observed between the widths (ω) of the CCs in both transients (67 fs vs. 75 fs,
FWHM) are related to the higher order interaction of the pump in the case of Xe. The errors
quoted in Fig. 11 for ∆t and ω were calculated as the standard deviation of the values found in 5
independent scans.

Fig.11. a) 2(250 nm)+1’(267 nm) resonant ionization of Xe used to determine the ∆t=0
reference. b) Pyrrole+ 1+1’ ionization signal.
Fig. 12 shows the transient recorded for the pyrrole+ mass channel (bottom panel) by exciting at
250 nm and probing at 400 nm, together with the non-resonant ionization of ethylene used to
determine the ∆t=0 reference delay (upper panel). In this case, the deviations of width (ω) and
position (∆t) of the pyrrole+ transient respect to ethylene+ cannot be attributed to the different
order of the ionization processes, because in both cases is 1+2’. Although the differences could
be ascribed to the effect of resonances met by the probe,12 or even to the experimental precision,
we cannot rule out the contribution of a sub-20 fs decay associated with the 3s/πσ* state.

Fig.12. 1+2’ ionization signals of ethylene (a) and pyrrole (b) registered with 250 nm (pump)
and 400 nm (probe) pulses.

Transients corresponding to 2,5-DMP+ and 2,5-DMP-d1+ are shown in Fig. 13. The two ionic
species produced by the interaction with 267 nm (pump) and 800 nm (probe) pulses were
recorded simultaneously, together with the ethylene reference. The data were fitted by the sum
of an exponential decay (convoluted with the Gaussian instrumental response function) and a
Gaussian at ∆t=0 to reproduce the non-resonant contribution. The extracted lifetimes were
55±12 fs and 313±34 fs for 2,5-DMP and 2,5-DMP-d1, respectively, which yields a KIE ∼ 5.7.
It is worth noting that the 2,5-DMP-d1 transient also includes a component the 55 fs lifetime to
account for the contribution (18%) of the isobaric 2,5-DMP-13C of the more abundant non
deuterated species. (See Fig. S4).

Fig.13. 1(267 nm)+3’(800 nm) transient signals collected simultaneously in the 2,5-DMP-d1+
(a) and 2,5-DMP+ (b) mass channels.
The results found for 2,4-DMP and 2,4-DMP-d1 (Fig. 13) are very similar to those described
above. The lifetimes derived were 44±13 fs and 226±28 fs, for 2,4-DMP and 2,4-DMP-d1,
respectively, yielding a KIE ∼ 5.1.

Fig.14. 1(267 nm)+3’(800 nm) transient signals collected simultaneously in the 2,4-DMP-d1+
(a) and 2,4-DMP+ (b) mass channels.
4. Discussion
Main implications of the model results and comparison with previous theoretical predictions.
The proposed model allows a clear distinction of the mechanisms involved in N-H bond fission
in pyrroles. When the wave packet is created above the potential energy barrier on the
S1 (3s/πσ*) potential energy surface, the system rapidly moves away from the Franck-Condon
region and decreased vibrational overlap with the cation gives rise to an extremely short lifetime
(∼8 fs). This result appears to be independent of the specific potential energy curve employed
(U2a, U2b, U2c and U2d). Apart from the FC factors, the electronic part of the 3s/πσ* ionization
cross section state will also change rapidly as the N-H bond extends.16 The orbital contracts
massively as the 3s character falls away,32,33 which might artificially shorten the observed
lifetime by the associated reduction of the electronic cross section. Therefore, we can consider
the 8 fs decay time as an upper bound. Such a short lifetime would be very difficult to observe
in an experiment with a time resolution >50 fs and a precision >5 fs in the determination of
∆t=0, especially, if we consider the overlap with the non-resonant ionization contribution. On
the other hand, when the pump pulse prepares the molecule in the bound state within the
shallow minimum of the potential energy curve (U2b or U2c), H atom dissociation takes place
after tunneling through the barrier, giving rise to longer lifetimes that are very sensitive to the
particular topology of the potential energy curve. This is well illustrated by the difference of an
order of magnitude found between the lifetimes of the U2b and U2c curves, which present similar
barrier heights but different widths.

The description of the two dissociation mechanisms (prompt and tunneling) revealed by our
simulations aggress with previous theoretical studies. Vallet et al. carried out 2D (N-H
stretching and out-of-plane bending) wave packet dynamics on ab initio potential energy
surfaces of pyrrole calculated at CASSCF level.9,10 They found that when one or two quanta are
put into the N-H stretch, the vertical excitation produces a wave packet with enough energy to
overcome the barrier, reaching the πσ*/S0 conical intersection (CI) at ∼1.8 Å within the first 12
fs, resulting in prompt dissociation. This rate can be compared with the 16 fs H formation time
determined by means of the 1D model presented here (8 fs to move out of the FC region plus 8
fs more to reach the asymptotic part of the potential). The agreement is reasonable considering
that the asymptotic part of the potential is located at larger distances than the πσ*/S0 CI. On the
other hand, Vallet et al. observed no fast dynamics when they prepared the v=0 eigenstate of the
N-H stretching mode. In this situation, the rather high energy barrier (0.4 eV) trapped the
population in the 3s/πσ* well, from which the wave packet can only escape by tunneling. The
quantum dynamics calculations performed by Wu et al.13 also explored the time-scales for
prompt and tunneling dissociation on the 3s/πσ* surface. While the time for prompt N-H
dissociation (35 fs) was somewhat larger than that calculated by Vallet et al.9 and also our own
simulation, the timescale for tunneling dissociation is in excellent agreement with our model
when the U2c potential is used. In a similar vein, Sapunar et al.11 studied the photodynamics of
pyrrole as a function of the initial excitation energy by non-adiabatic trajectory-surface-hopping.
The barrier to H atom elimination was calculated to be 1780 cm-1,11 in good agreement with
previous calculations that yielded values of 1615, 1935 and 2090 cm-1,9,34,35 and very similar to
those considered in this work. They were able to model the prompt and tunneling dissociation
mechanisms, and also to reproduce the experimentally observed H formation lifetimes and
kinetic isotope effect produced upon deuteration.
Our model also provides new relevant insights about two aspects that are key to interpret the
observables registered in time-resolved experiments: the excitation energy (S0→3s/πσ*) and the
ionization window (3s/πσ*→Dn). Regarding the preparation of the excited state, as it is revealed
by the absorption spectra calculated for the U2b and U2c potentials (Fig.2) the optical coupling
induces a transition to the bound state within the potential well. Therefore, excitation energy in
excess to that of the bound state of the NH coordinate will be accumulated in other vibrational
coordinates and, given the time scale of the dissociation, the energy flow by IVR into the
dissociative coordinate to activate levels above the barrier along the N-H stretch will be very
limited. It is also instructive to analyze the ionization window along this (dissociative)
coordinate. According to the estimated relative values, the non-resonant ionization and the
ionization from the 3s/πσ* surface are expected to contribute to the transient ionization signal.
The former contribution only appears during the cross correlation time and the latter is lost as

soon as the wave packet leaves the FC region. In fact, the time required to travel the portion of
the curve from 1.2 to 2.5 Å is calculated to be ∼8 fs, regardless of the potential energy curve
considered. This means that increasing or moving the ionization window for a fraction of an
angstrom will have little impact in the final measurement and thus, in the context of the model,
the exact position and topology of the ionic potential (U3a) will not play a relevant role.
Analysis of pyrrole time-resolved data
On the light of the present results, we can reexamine some of the previous time-resolved data
recorded for the ultrafast photodissociation of pyrrole. The dynamics of isolated pyrrole after
excitation to the 3s/πσ* state has been followed in real time by experiments that either tracked
the appearance of the ionized H fragments, or alternatively, the evolution of the excited state by
experiments with ion/electron detection. Roberts et al. measured a lifetime of 126 fs for the
formation of the H atom fragment following excitation of pyrrole near the predicted 3s/πσ* state
origin at 250 nm, in very good agreement with the 110 fs value reported previously by Lippert
et al.7 The same experiment in pyrrole-d1 showed a slower rise for D atoms with a value of a 1.4
ps (KIE∼11), pointing to a tunneling mechanism. The measurement at slightly higher excitation
energy (238 nm) showed a clear increase in the rate of this process, yielding formation lifetimes
of 46 and 136 fs for H and D, respectively.8 This corresponds to a much lower KIE (∼2.9),
pointing to a prompt dissociation at this wavelength. The lifetime values at 250 nm are close to
the values provided by the model for the U2c potential, which yield tunneling mediated
dissociation in ∼160 fs with a KIE of ∼12. Indeed, if we consider that lower barriers will
produce shorter lifetimes and lower KIE’s, we should expect even better fitting to the
experimental results by fine tuning of the barrier size. However, as explained earlier, the onedimensional picture cannot fully explain the observed rate increase with the excitation energy,
and it would be necessary to invoke an IVR process able to transfer the excess energy
accumulated in other modes to the dissociative N-H stretching. This mechanism is discussed in
more detail below.
It is also instructive to compare the ultrafast dynamics of the H/D fragment appearance with the
relaxation of the initially prepared 3s/πσ* state measured by detection of the parent pyrrole
cation or the emitted photoelectrons. According to the model presented here, two contributions
to the transient ionization signal are expected from the parent ion perspective, the non-resonant
ionization and that corresponding to the ionization from the 3s/πσ* surface. The former is a
Gaussian function centered at ∆t=0 that seems to be the only signal experimentally observed in
pyrrole at 250 nm. Only in the work by Kirkby et al.14 does the pyrrole signal appears as a
single 40-50 fs decay without any contribution from the non-resonant ionization. The current
experiments further reinforce previous observations by improving the temporal resolution and

the accuracy of zero-delay-time determination. As seen in Figs. 11 and 12, the registered signal
corresponds to non-resonant ionization and the presence of any dynamics slower than 20 fs can
be ruled out. On the other hand, as the maximum measured shift of the signal with respect to the
reference (4 fs) lies within the experimental error, it is plausible that there could be some minor
participation (small relative weight with respect to the non-resonant Gaussian) of dynamical
processes of lifetimes shorter than 20 fs. Consequently, the data recorded on the pyrrole parent
ion do not show any sign of the ∼100 fs tunneling lifetime found for the formation of the
fragments. Based on the results provided by our model, it is possible to analyze some of the
hypotheses employed to rationalize the different dynamics found in the H fragments and the
parent molecule transients, and particularly, the absence of tunneling evidence in the parent ion
signal decay. Firstly, aspects relating to the different location of the parent ionization and
fragment formation ionization windows along the N-H coordinate have previously been
invoked.7,16,18,3 As has been discussed above, however, this difference can be quantified in less
than 10 fs. This argument applies not only to the position of the observation window but also to
its width, which could provide an explanation to the fact that the different ionizing probes in the
IR-UV range (800 nm, 267 nm,19 300 nm13,16 and 243 nm7) basically yield the same result.
Moreover, we carried out additional measurements pumping at 250 nm and probing with 267
and 400 nm radiation (Figs. 11 and 12). In good agreement with the predictions from the model,
no appreciable variations in the pyrrole transient have been observed for any of the probe
wavelengths.
Extension to pyrrole derivatives
Trying to collect complementary data that could help to understand the pyrrole dynamics, the
ultrafast relaxation of the 3s/πσ* state has also been studied in 2,4-DMP and 2,5-DMP. When
these data are compared to pyrrole, however, far from clarifying the situation, new questions on
the matter are raised.
First, it is important to note that, contrary to pyrrole, several studies with ion and electron
detection have measured parent transients showing lifetimes assignable to dynamics on the
3s/πσ* state. Regarding 2,4-DMP, the photoelectron study by Yang et al.18 showed 3s/πσ* state
lifetimes of 11-29 fs in the 250-242 nm range. Our own TRIY measurements (Fig. 14) yielded a
similar, but slightly longer, value of 44±13 fs. We attribute the discrepancy to the uncertainty
associated with the analysis of a decay faster than the instrumental response function in the
presence of a strong non-resonant ionization. From the measurements in the deuterated 2,4DMP-d1 (Fig. 14a) a 226 fs value was retrieved, resulting in a KIE=5.1. These numbers are in
excellent agreement with the predictions from the model for the U2d potential, which yielded 43
and 222 fs lifetimes for 2,4-DMP and 2,4-DMP-d1, respectively (KIE = 5.2). The results

unambiguously reveal that in 2,4-DMP the 3s/πσ* dynamics are controlled by tunneling.
However, it should be noted, however that the mentioned KIE values are notably larger than
those determined by Staniforth et al.17 at similar wavelengths (∼2.6). This aspect will be
discussed below.
Similarly to 2,4-DMP, our previous TRIY and TRPES studies on 2,5-DMP19 showed, in
addition to the non-resonant ionization, a 55±13 fs lifetime attributed to the 3s/πσ* state.
Although initially it was interpreted as a barrierless process, our present experiments carried out
on 2,5-DMP-d1 (Fig. 13) showed a slower 313±34 fs lifetime that reveals the involvement of a
barrier (KIE∼5.7). The result matches very well with that found in 2,4-DMP and the model
predictions for the U2d potential. Recently Yang et al.20 have conducted TRPES measurements
on 2,5-DMP, extracting a lifetime of ∼85 fs for the 3s/πσ* state ionization. Certainly, there is a
deviation from our measurements that the authors ascribed to the different probes employed, but
in view of our model results, we tend to think that it is probably due to the experimental
uncertainties in both experiments and the differences in the data analysis.
Probably, the most intriguing aspect that arises from the comparison of pyrrole with 2,4-DMP
and 2,5-DMP is related to the barrier heights along the N-H 3s/πσ* potential energy curve. The
barrier in the case of 2,4-DMP and 2,5-DMP is expected to be considerably higher due to the
inductive effect of the methyl groups that stabilize the cation and the Rydberg states.36 In fact,
CASPT2 calculations yield a barrier height along the N-H stretching coordinate of ∼0.35 eV for
2,4-DMP17,34 (vs ∼0.2 eV in the case of pyrrole). Surprisingly, the measured dynamics, far from
being slower than that observed for the H formation in pyrrole, are considerably faster (when
measured using parent ion detection). This discrepancy is even more evident if we consider the
lifetimes of the deuterated species and the KIE values. Previously, this behavior has been
attributed to the participation of other vibrational modes in the reaction coordinate, in particular
torsional modes related with methyl groups,17 which are not present in pyrrole. Although, the
evolution of the wave packet in the N-H direction is expected to be much faster than the CH3
torsion, the former argument seems to be the only plausible explanation for the lower effective
barrier in methylated derivatives. The involvement of fast IVR promoted by the CH3 torsional
motion could also be invoked. However, such a mechanism should imply the acceleration of the
process upon reducing the excitation wavelength, due to the increasing density of states. This is
not observed either in 2,4-DMP,17 nor in 2,5-NMP.19 On the order hand, as showed by Cronin et
al.,36 analogously to pyrrole, there is a high degree of adiabaticity involved in the dissociation
and most of the excess energy provided by the photoexcitation is accumulated in the radical
vibrations, pointing to a limited role of IVR.

Parallel to the pyrrole case, measurements of H formation on 2,4-DMP by Staniforth et al.17
provided a 3s/πσ* lifetime considerably longer (∼120 fs) than that of the parent molecule
reported by Yang et al.18 but as we have already discussed, this gap should be less than 10 fs.
Armed with the above outlined arguments, we can now try to reconcile the apparently divergent
observations made for pyrrole and its methylated derivatives. It is key to note that the model
employed to reproduce the observables related to the temporal evolution of the photodissociation process does not describe the πσ*/S0 coupling along the N-H coordinate at highly
extended distances.9, 10 By invoking this effect, it is possible to explain, at least partially, some
of the inconsistencies found between the transients corresponding to the parent and the fragment
ions. A plausible hypothesis able to explain the differences found in the methylated species
between the parent ion and the fragment decays would be that the wave packet suffers some
delay during the crossing of the πσ*/S0 conical intersection (CI). As it was predicted by Vallet
et al.,9,10 part of the wave packet can be reflected by the attractive part of the diabatic ground
state, giving rise to an oscillatory behavior in the upper cone of the CI that can last for several
tens of fs. A similar behavior has also been suggested to occur in indole,32 ammonia37,38 and
aniline,39,40 among other systems. Then, for 2,4-DMP (and presumably for 2,5-DMP) the delay
caused in the H atom appearance respect to parent ion decay would be ∼70 fs. If we assume
such a delay for H and D containing species the H formation lifetime in 2,4-DMP would be
∼113 fs (43 fs parent ion decay + 70 fs delay), in excellent agreement with the value reported by
Staniforth et al. (124±8 fs at 265 nm). Analogously, the D formation lifetime in 2,4-DMP-d1
would be 292 fs (222 fs parent ion decay + 70 fs delay), which is also in agreement with y
Staniforth et al. (325±19 fs). These numbers yield a reduction of the KIE from 5.2 to 2.6,
matching the results found in VMI experiments by Staniforth et al. (2.6 at 256 nm).17 The same
reasoning could be applied to the pyrrole molecule, but in this case, as no dynamics has been
resolved when using parent ion detection in either pyrrole (see Fig. 11 & 12) or pyrrole-d5 (see
ESI), it is not possible to quantify the delay.
5. Conclusions
We have presented a 1D wave packet model for the N-H bond fission in pyrroles that includes
the interaction with the excitation and ionization laser pulses. In this way, we are able to predict
and compare the observables expected from time-resolved experiments that detect either parent
or H atom fragment ions. The results obtained allow us to analyze the influence of 3s/πσ* state
preparation and ionization on the observed excited state dynamics, leading to a better
understanding of the discrepancies seen in experimental measurements interrogating different
parts of the overall reaction coordinate. Using a series of carefully selected potentials, our model
permits us to quantify the rates of the direct/tunneling dissociation mechanisms and the isotopic

substitution effect (KIE). As it has been demonstrated for 2,4 and 2,5-DMP, from the
comparison with time-resolved ionization experiments, it is possible to estimate the effective
barriers in the dissociation channel.
Three main themes on the photodissociation of pyrrole and its methylated derivatives, 2,4 and
2,5-DMP, can be extracted from the model results:
-

For the pyrrole parent ion detection, the contribution of non-resonant ionization
has been estimated to have an amplitude, at least, on the order of that
corresponding to the resonance with the 3s/πσ* state. Therefore, the analysis of
ionization experiments must include this component. This result can be
extended to 2,4 and 2,5-DMP.

-

The lifetimes determined for the photoreactant decay and the photoproducts
formation should correlate within a 1-D picture, which, in principle, permits us
to discard the different location of the ionization windows as an argument to
explain the differences found between both lifetimes for pyrrole and its
methylated derivatives.

-

Regarding the initial excitation step, for potentials supporting a bound state, an
increment of the excitation energy should not lead to an acceleration of the
dynamics, but a loss of the FC factors of the N-H stretch mode instead. For
dissociative potentials, the expected acceleration is negligible with respect to
the temporal resolution.

In light of these main findings, and with the help of complementary experiments, we have tried
to rationalize the existent data on pyrrole its methylated derivatives, establishing the following
main facts:
-

Experimental TRIY results on 2,4-DMP and 2,5-DMP (and their deuterated
derivatives) can be satisfactorily described by our model (using potential U2d
potential), providing an estimation of the effective barrier along the N-H stretch
coordinate that matches theoretical predictions.

-

The experimental parent ion decay lifetime of 2,4-DMP (44 fs) differs from that
measured in VMI experiments (124 fs),17 while the mismatch is relatively less
important in the deuterated derivative (226 fs vs 325 fs). Trying to reconcile the
discrepancy, we hypothesize that the excited state wave packet would be
retained in the upper cone of the πσ*/S0 CI for some tens of femtoseconds, prior
to complete bond fission. This hypothesis needs to be properly checked beyond
our current experimental and theoretical capabilities. In this sense, theoretical

simulations, complementary to those by Vallet et al.,9,10 and particularly
focused on the influence of deuteration on the observed dynamics, could be
highly instructive.
-

The discrepancies between experimental parent ion decay and H/D formation
lifetime pyrrole and pyrrole-d5 cannot be explained in the light of the presented
model. In this sense, to have higher time resolution parent ion decay
measurements of pyrrole and pyrrol-d1, or alternatively the action spectrum
revealing the natural linewidths should shed light on the problem.
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