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Femtosecond time-resolved photoelectron spectroscopy experiments have been used to compare the electronic relaxation dynam-

ics of aniline and d7-aniline following photoexcitation in the range 272–238 nm. Together with the results of recent theoretical

investigations of the potential energy landscape [M. Sala, O. M. Kirkby, S. Guérin, and H. H. Fielding, Phys. Chem. Chem.

Phys. 2014, 16, 3122], these experiments allow us to resolve a number of unanswered questions surrounding the nonradiative

relaxation mechanism. We find that tunnelling does not play a role in the electronic relaxation dynamics, which is surprising

given that tunnelling plays an important role in the electronic relaxation of isoelectronic phenol and in pyrrole. We confirm the

existence of two time constants associated with dynamics on the 11πσ∗ surface that we attribute to relaxation through a conical

intersection between the 11πσ∗ and 11ππ∗ states and motion on the 11πσ∗ surface. We also present what we believe is the first

report of an experimental signature of a 3-state conical intersection involving the 21ππ∗, 11πσ∗ and 11ππ∗ states.

1 Introduction

There is continuing interest in the role of 1πσ∗ states in the

photochemistry of small aromatic molecules containing OH

and NH groups.1,2 These states are characterised by dissocia-

tive potential energy curves along O–H or N–H stretching co-

ordinates and have been shown to provide efficient electronic

relaxation pathways to conical intersections with the elec-

tronic ground state. Consequently, these dissociative states

play an important role in protecting biological molecules from

harmful photochemical reactions.3–5

Aniline (C6H5NH2) is a structural motif found in the purine

nucleotides, adenine and guanine, and in the pyrimidine nu-

cleotide, cytosine. The UV absorption spectrum of aniline is

dominated by two bands centered around 282 nm and 230

nm, corresponding to π∗ ← π transitions to the first two
1ππ∗ states, labelled 11ππ∗ and 21ππ∗ (Fig. 1).6–11 The first
1πσ∗ state, labelled 11πσ∗, lies between the 11ππ∗ and 21ππ∗

states.7 It is composed of N-centered π3s and πσ∗ config-

urations, arising from 3s ← π and σ∗ ← π transitions,
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respectively.12,13 The 11πσ∗ state has π3s character in the

Franck-Condon region but becomes dissociative along the N–

H stretch coordinate and forms conical intersections with the

11ππ∗ state and ground electronic state at modest N–H bond-

lengths. It has also been proposed that the two 3p Rydberg

states may lie between the 11ππ∗ and 21ππ∗ states.14,15

There have been a number of recent experimental studies

of the photochemistry and photophysics of isolated aniline

molecules in vacuo using H-atom (Rydberg) photofragment

translational spectroscopy,16 femtosecond pump-probe pho-

toionisation spectroscopy,17 femtosecond pump-probe veloc-

ity map imaging,18 and time-resolved photoelectron imaging

spectroscopy.19–22 There have also been a number of recent

theoretical investigations of the potential energy landscape

and relaxation pathways following photoexcitation to the first

few singlet excited states.14,18,23 However, there is not yet a

consensus on the electronic relaxation mechanism.

Questions that remain are: (1) Is there evidence to support

the suggestion that following excitation close to the 11πσ∗

origin, tunnelling occurs through the barrier on the 11πσ∗

potential surface?16,18,21 (2) Following excitation above the

11πσ∗ origin, is the relaxation pathway 11πσ∗ → 11ππ∗ 19,20

or 11ππ∗ → 11πσ∗?16–18 (3) Is there evidence to support

the suggestion that non-radiative decay from the 21ππ∗ state

to the ground-state passes through a three-state conical inter-

section involving the 21ππ∗, 11πσ∗ and 11ππ∗ states23 or a

21ππ∗/11ππ∗ conical intersection18 or involves the 3p Ryd-

berg states?14

These questions motivated us to revisit the nonradiative re-
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Table 1 Summary of 1/e lifetimes extracted by fitting portions of the time-resolved photoelectron spectra of aniline and d7-aniline to equation

1. The errors quoted represent two standard deviations.

λpump/nm τ1/ps τ2/fs τ3/fs τ4/fs g(t)/fs

aniline

272 600± 40 220± 120
250 100± 8 570± 180 110± 20 190± 10
238 90± 5 450 ∗ 130± 40 50± 10 230± 10

d7-aniline

272 1300± 40 220± 110
250 100± 6 480± 150 130± 20 180± 20
238 82± 5 980± 510 130± 30 50± 10 220± 10

Fig. 3 Spectral components of Ci(eKE) extracted from the

time-resolved photoelectron spectra (Fig. 2) using the decay times

listed in Table 1 and eq. (2). The sum of Ci(eKE) (black lines)

represents the photoelectron spectrum of the initially excited state.

nents. In contrast, for aniline, the spectrum associated with

the τ2 timescale is much less intense than that for d7-aniline,

the spectrum associated with τ3 only has positive amplitude

components, both at low eKE and around 1 eV, and the spec-

trum associated with the τ4 timescale has positive amplitude

components at high eKE and negative amplitude components

at low eKE, suggesting an evolution on the excited potential

energy surface from the 21ππ∗ state into the 11ππ∗ state.

4 Discussion

To assist with the interpretation of the photoelectron spectra,

we begin with a summary of the results of our recent theo-

retical investigation of the relaxation pathways following pho-

toexcitation to the first few singlet excited states of aniline in

Fig. 4.23 On the 11ππ∗ potential energy surface (blue lines

in Fig. 4), we found a prefulvene-like minimum energy coni-

cal intersection (MECI) connecting the 11ππ∗ state with the

ground state in which the carbon-atom carrying the amino

group is distorted out-of-plane. On the 11πσ∗ potential energy

surface (green lines in Fig. 4), we found a MECI connecting

the 11πσ∗ state and the 11ππ∗ state close to the local mimi-

mum on the 11πσ∗ surface, suggesting that population on the

11πσ∗ surface could relax through this MECI to the 11ππ∗

state and to the dissociative component of the 11πσ∗ state. On

the 21ππ∗ state (orange lines in Fig. 4) we found evidence

for a barrierless pathway from the Franck-Condon geometry

to the ground state through a three-state conical intersection

involving the 21ππ∗, 11ππ∗ and 11πσ∗ states.

The experiments presented in this paper confirm our earlier

observation that four time constants are required to charac-

terise the photochemistry of aniline following photoexcitation

in the range 272-238 nm,19,20 which is consistent with the ex-

istence of at least four relaxation pathways.

The longest time constant τ1 corresponds to the decay of

population from the 11ππ∗ state. It has been suggested that

following excitation close to the 11πσ∗ origin, population on

the 11ππ∗ state may tunnel through the barrier formed by the

crossing between the 11ππ∗ and 11πσ∗ states onto the dis-

sociative part of the 11πσ∗ surface,16,18,21 as has been ob-

served in phenol.12,31–34 Tunnelling is sensitive to the mass

of the particle involved and therefore the time constant for a

relaxation mechanism involving tunnelling of one of the H-

atoms of the amino group would be expected to be signifi-

cantly longer for d7-aniline than aniline. However, τ1 is only

a factor of two longer for d7-aniline (Table 1), which is not

enough to be attributed to quantum mechanical tunnelling al-

though it can be accounted for by differences in the vibration
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of 11ππ∗ state is followed by relaxation through the MECI to

the dissociative component of the 11πσ∗ state, as suggested by

King and coworkers16 and Roberts and coworkers,18 although

we cannot rule out the possibility that there is a small contri-

bution from such a relaxation mechanism that is not revealed

by our fitting procedure. We note that a very recent study of

the dynamics of aniline reported by Thompson and coworkers

supports our conclusions.22

In aniline, the τ4 time constant corresponds to a rapid

(< 50 fs) flow of population from the 21ππ∗ state to the 11ππ∗

state and there is a decay of population from both the 11πσ∗

and 11ππ∗ states with a τ3 time constant (Fig. 3c). In d7-

aniline, the τ4 time constant corresponds to a rapid (< 50 fs)

decay of population from the 21ππ∗ state out of the observa-

tion window of our experiment, and a flow of population from

the 11πσ∗ state to the 11ππ∗ state with a τ3 time constant

(Fig. 3f). The rapid flow of population from the 21ππ∗ state

following excitation at 238 nm is consistent with our proposal

that population decays along a barrierless path to the ground-

state, through a CI between the 21ππ∗ state and the ground-

state.19,20 It is also worth noting that similar ring-puckering

relaxation pathways have been observed in other simple aro-

matic molecules such as pyrrole,35 and the purine DNA bases

adenine36,37 and guanine.38 Moreover, the boat conformation

of the phenyl ring at the CI between the 21ππ∗ state and the

ground-state (Fig. 4) resembles the Dewar form of benzene,

which is known to be populated following photoexcitation of

the 21ππ∗ state of benzene.39,40 However, our observation of

population in the 11πσ∗ and 11ππ∗ states at short times is

consistent with passage through a three-state CI involving the

21ππ∗, 11ππ∗ and 11πσ∗ states. It is worth noting that it is

unlikely that there is significant direct population of 11πσ∗

and 11ππ∗ states at 238 nm. Thus, our new experiments sup-

port our earlier proposal that following excitation of the 21ππ∗

state the majority of the excited state population is transferred

directly back to the ground state,19,20 but it seems likely that

some population is also transferred to the 11ππ∗ and 11πσ∗

states at a three-state CI involving the 21ππ∗, 11ππ∗ and

11πσ∗ states. From the 11πσ∗ and 11ππ∗ states, the molecule

can then relax directly to the Franck-Condon geometry from

where it can then relax through the prefulvene MECI connect-

ing the 11ππ∗ state with the ground state (τ1) or through the

MECI connecting the 11πσ∗ and 11ππ∗ states close to the lo-

cal mimimum on the 11πσ∗ (τ3).

The τ2 time-constant has been another subject of debate. Its

broad decay associated spectrum originally led us to assign it

to dynamics on the 11πσ∗ surface, possibly trapping,19,20 and

Thompson and coworkers to assign it to IVR on the 11ππ∗ sur-

face.21 The values of τ2 (Table 1) are similar to timescales that

have been attributed to ultrafast IVR processes on the 11ππ∗

surfaces of phenol, catechol, resorcinol, and hydroquinone.41

However, we do not observe any dynamics with a τ2 time-

constant following excitation below the 11πσ∗ origin, so we

believe this time-constant must correspond to dynamics on

the 11πσ∗ surface. Interestingly, Domcke and coworkers also

found two time constants associated with the 11πσ∗ surface

of pyrrole which, like aniline, has a quasi-bound well close to

the Franck-Condon region and a dissociative potential curve

along the N–H stretching coordinate.42 Their wave packet cal-

culations revealed time constants of ∼ 10 fs and several hun-

dreds of femtoseconds, corresponding to direct decay over the

barrier and tunnelling through the barrier, respectively. How-

ever, τ2 has similar values for aniline and d7-aniline following

photoexcitation at 250 nm (Table 1) and similar values over a

range of excitation energies (Table 1 and ref.20), which rules

out tunnelling. Thus, we still conclude that there are two time

constants associated with dynamics on the 11πσ∗ surface in

aniline: τ3 associated with flow of population through the CI

between the 11πσ∗ and 11ππ∗ states and τ2 associated with

motion on the 11πσ∗ surface, although we concede that IVR

may be a better description of the dynamics with time constant

τ2. Quantum dynamics calculations may help gain further in-

sight into the dynamics on the 11πσ∗ surface.

5 Conclusions

New femtosecond time-resolved photoelectron spectroscopy

experiments following photoexcitation of aniline and d7-

aniline from below the 11πσ∗ origin to the 21ππ∗ state have

resolved a number of unanswered questions surrounding vari-

ous electronic relaxation mechanisms.

(1) We did not find evidence to support the suggestion that

following excitation close to the 11πσ∗ origin, tunnelling oc-

curs through the barrier on the 11πσ∗ potential surface.16,18,21

We attribute the dynamics following excitation below the

11πσ∗ origin in aniline and d7-aniline to IVR on the 11ππ∗

surface, ISC or fluorescence. Following photoexcitation above

the barrier between the Franck-Condon geometry and the pre-

fulvene MECI connecting the 11ππ∗ state with the ground

state, we attribute the dynamics on the 11ππ∗ surface to re-

laxation through the prefulvene MECI.

(2) We observe clear evidence to support the conclusions of

our earlier experiments that following photoexcitation above

the 11πσ∗ origin, the 11πσ∗ state is excited directly and re-

laxes through the MECI connecting the 11πσ∗ and 11ππ∗

states close to the local mimimum on the 11πσ∗ surface.19,20,23

Although we do not observe population flow from the 11ππ∗

state to the 11πσ∗ state, it is possible that there could be a

small contribution from direct excitation of the 11ππ∗ state

followed by relaxation through the MECI to the dissociative

component of the 11πσ∗ state. We conclude that there is also

a second time constant associated with dynamics on the 11πσ∗

surface.

(3) We find compelling evidence to support our proposal
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that non-radiative decay from the 21ππ∗ state involves a bar-

rierless pathway from the Franck-Condon region to a CI be-

tween the 21ππ∗ state and the ground-state that passes through

a three-state conical intersection involving the 21ππ∗, 11πσ∗

and 11ππ∗ states.23

In summary, this work demonstrates that tunnelling does

not play a role in the electronic relaxation dynamics of aniline

following photoexcitation in the range 272–238 nm, which is

surprising given that tunnelling has been found to play an im-

portant role in the electronic relaxation of the isoelectronic

molecule phenol and in pyrrole. To the best of our knowledge,

this work also provides the first experimental signature of a

3-state conical intersection. Detailed gas-phase experiments

such as this, combined with the results of detailed theoretical

studies, are essential in forming a good starting point for un-

derstanding the relaxation mechanisms of these biologically

relevant chromophores in realistic environments.
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