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New insights into the dissociation dynamics
of methylated anilines†

Neil C. Cole-Filipiak ‡ and Vasilios G. Stavros *

Aniline, an important model system for biological chromophores, undergoes ultrafast H-atom loss upon

absorption of an ultraviolet photon. By varying the number and position of methyl substituents on both

the aromatic ring and amine functional group, we explore the ultrafast production of photofragments as

a function of molecular structure. Both N-methyl aniline and 3,5-dimethyl aniline show altered H-atom

loss behaviour compared to aniline, while no evidence for CH3 loss was found from either N-methyl

aniline or N,N-dimethyl aniline. With the addition of time-resolved photoelectron spectroscopy, the

photofragment appearance times are matched to excited state relaxation pathways. Evidence for

a sequential excited state relaxation mechanism, potentially involving a valence-to-Rydberg decay

mechanism, will be presented. Such a global, bottom-up approach to molecular photochemistry is

crucial to understanding the dissociative pathways and excited state decay mechanisms of biomolecule

photoprotection in nature.

1. Introduction

By investigating the basic building blocks of aromatic bio-
molecules, chemists and biologists may develop a fundamental
understanding of the structure–dynamics–function relation-
ship governing molecular biology. Towards that goal, the ultra-
violet (UV) photochemistry of phenols, pyrroles, etc. have been
studied for some time as both simple biomolecule model and
as the basic chromophore of many biopolymers.1–3 Of parti-
cular importance was the revelation that these molecules have a
weakly bound, ps* electronic excited state which becomes
dissociative at extended O–X or N–X distances (X = H, CH3,
etc.), eventually intersecting the ground electronic state; a sche-
matic potential energy cut is shown in Fig. 1.4 Evolution of
excited state population along this dissociative coordinate
affords an opportunity for rapid, non-radiative transfer to the
ground state, a key clue to photoprotection in nature.4,5 As
such, these heteroaromatic systems have attracted considerable
interest from spectroscopists (see ref. 1, 2 and references
therein). Modifications to these fundamental chromophores

alters their photochemistry and, in addition to increasing
complexity, is a powerful tool to explore and explain funda-
mental behaviour.6,7 Through such investigations, we ultimately
seek to develop a complete, bottom-up understanding of bio-
molecule photochemistry.

The photochemistry of aniline, the simplest aromatic amine
and a model subunit of many biomolecules, has been exten-
sively studied both experimentally and theoretically. The first
excited state of aniline is a bound, valence 1pp* state8,9 (labelled
11pp*, see Fig. 1), photoexcitation to which results in an
extended excited state lifetime9–14 and high fluorescence quan-
tum yield;15 photoexcitation to this state does not result in N–H
bond dissociation.16,17 In the Franck–Condon (FC) region, the
11ps* state is largely Rydberg in character (N 3s) and weakly
bound18 while, at elongated N–H bond lengths, the state takes
on increasing s* character.1,8,9 From the 11ps* state, photo-
excited population may relax via two, competing pathways:
dissociation or internal conversion (IC). H-atom loss from the
11ps* state, due to N–H bond fission, results in high kinetic
energy (KE) H-atoms16 dissociating on a sub-ps timescale.17

Alternatively, IC to the 11pp* state results in ‘trapped’ popu-
lation which again persists for an extended excited state
lifetime.10,12,14,19

While several computational investigations have found several
other low-lying Rydberg excited states in aniline,8,9,19 these
states have received little experimental attention. Indeed, most
of the recent experimental work on aniline photodynamics has
focused on excitation to a second, higher lying 1pp* state at
ca. 240 nm. Relaxation from this state, henceforth referred to as
21pp*, has been observed to occur in r50 fs14 and may decay

Department of Chemistry, University of Warwick, Coventry, CV4 7AL, UK.

E-mail: v.stavros@warwick.ac.uk; Tel: +44 (0)2476 150172

† Electronic supplementary information (ESI) available: Description of the new
ion detector, example Xe+ transient, details of the instrument response function
and kinetic models, computational results, and additional experimental results
(including TR-PES fit residuals; additional H+ TKER; m/z = 15 TKER and
transients; and the results from aniline and N,N-DMA) may be found. See
DOI: 10.1039/c8cp07061j
‡ Present address: Combustion Research Facility, Mail Stop 9055, Sandia
National Laboratories, Livermore, CA 94551-0969, USA.

Received 15th November 2018,
Accepted 7th February 2019

DOI: 10.1039/c8cp07061j

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

8/
11

/2
5 

13
:5

9:
10

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-3619-8915
http://orcid.org/0000-0002-6828-958X
http://crossmark.crossref.org/dialog/?doi=10.1039/c8cp07061j&domain=pdf&date_stamp=2019-02-13
http://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cp07061j
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP021026


This journal is© the Owner Societies 2019 Phys. Chem. Chem. Phys., 2019, 21, 14394--14406 | 14395

through the aforementioned Rydberg states.9,20 Though a con-
sensus on the exact decay pathways remains elusive (namely the
degree to which 21pp* state population decays to the 11ps* and
11pp* states, cf. ref. 11, 12, 14 and 17), photoexcitation at
240 nm results in high KE H-atoms16 with an appearance
lifetime of 155 fs.17 Theoretical explorations have found several
conical intersections (CIs) between the 21pp*, 11ps*, 11pp*, and
S0 states,17,21 including an apparent 21pp*/11ps*/11pp* three-
state CI which lies along the minimum energy 21pp* - S0

relaxation pathway.21 Recent time-resolved photoelectron spectro-
scopy (TR-PES) by Fielding and co-workers14 has yielded con-
siderable insight into the 21pp* decay mechanisms, concluding
that photoexcitation at 238 nm populates the 21pp* which
decays almost exclusively to S0 with some IC to both the
11ps* and 11pp* states via the aforementioned multi-state
CI.21 The latter process is clearly revealed through a delayed
rise in photoelectron signal due to the sequential population of
the 11pp* state.11,12

To help elucidate and explore the relaxation mechanisms
of photoexcited aniline, recent TR-PES work by Townsend and
co-workers19,22 has explored the excited state dynamics of N,N-
dimethylaniline (N,N-DMA) and 3,5-dimethylaniline (3,5-DMA)
at 250 and 240 nm. The 11ps* state dynamics (as prepared by a
250 nm photon) of both species show remarkably similar
behaviour to that of bare aniline,19 though N–H dissociation
appears to be more favourable than direct 11ps* - 11pp* IC in
3,5-DMA than in aniline (as inferred by TR-PES results alone).
At 240 nm,22 the ultrafast decay of PES features attributed to the
21pp* and 3s/ps* states (the latter nomenclature explicitly
denoting the mixed N 3s and 1ps* nature of the first dissocia-
tive excited state), was followed by a rapid rise and slow decay of
a low eKE feature attributed to the 11pp* state. Fits to these
results suggested population transfer from the mixed 3s/ps*
state to the 11pp* state in competition with rapid N–X bond
fission, as supported by theoretical potential energy cuts (PECs)
along the N–X stretch coordinate. Contrary to aniline,14 no
direct evidence for population transfer from the 21pp* to the
lower lying excited states was found; the authors22 instead

concluded that the observed TR-PES behaviour must be due
to population of the 3s/ps* state in the initial photoexcitation
which subsequently decays to the lower lying 11pp* state.
Photoelectron angular distributions (PAD) in N,N-DMA also
revealed evidence for the initial population of a high-lying,
N 3p Rydberg state. Of particular interest from the work on
3,5-DMA and N,N-DMA at 240 nm is the insensitivity of the
TR-PES lifetimes to methylation of either the amine or aromatic
ring,22 a surprising find given the large amine geometry changes
required to access previously reported CIs.17,21 To explain these
results, Townsend and co-workers22 echoed previous speculation
on the dynamics of aniline9,20 and suggested that one or more N
centred Rydberg states may play a role in the 21pp* state decay
dynamics.

In the present work, we seek to measure the H-atom or CH3

appearance lifetime from N-methylaniline (NMA), N,N-DMA,
and 3,5-DMA (structures shown in Fig. 1) to explore how simple
alkyl substituents affect the dissociation dynamics of aniline.
By correlating photofragment appearance lifetimes to excited
state decays, as observed via TR-PES, we unveil both Rydberg-to-
valence and valence-to-Rydberg dynamics in our attempt to
develop a more complete picture of the excited state dynamics
following photoexcitation to the 21pp* state. We note that while
previous investigations have referred to the mixed 3s/ps* state
using a variety of labels, in the present work we use 11ps* to refer
to the entire state and N 3s to refer to the bound, Rydberg-like
local minimum near the Franck–Condon region.

2. Experimental

Aniline (Acros Organics, 99.8%), NMA (Aldrich, 98%), N,N-DMA
(Acros Organics, 99%), and 3,5-DMA (Acros Organics, 98%) were
used without further purification. Room temperature vapour phase
UV spectra (Fig. 1) were recorded on a Cary 60 spectrophotometer
by placing a drop of sample into an empty quartz cuvette.

The experimental apparatus used in the present work
has been previously described in detail23–25 with a summary

Fig. 1 The vapour phase spectra of aniline (black line), NMA (red line), 3,5-DMA (blue line), and N,N-DMA (green, dot-dashed line) are shown on the left
with the corresponding structures shown in the middle panel. A schematic potential energy cut along the aniline N–X reaction coordinate is shown on
the right (adapted from ref. 16).
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provided herein. The molecule of interest is gently heated
(35 1C for aniline, NMA, and N,N-DMA; 55 1C for 3,5-DMA)
and seeded in a molecular beam of B3 bar He. This gas
mixture is then expanded into vacuum by an Even–Lavie pulsed
solenoid valve26 operating at 125 Hz. The molecular beam then
passes through a skimmer which separates the source and
interaction chambers. Two, temporally delayed, ultraviolet
laser beams—the ‘pump’ and ‘probe’—intersect the molecular
beam: the former initiates photochemistry while the latter
ionises either the photoexcited molecules or the resulting
photoproducts. A set of ion optics designed for velocity map ion
imaging27 (VMI) accelerate and focus the photoions or photo-
electrons onto a position sensitive detector at the end of a time-
of-flight tube such that scattered particles with the same initial
velocity are projected onto the same point on the detector. The
detector itself consists of two microchannel plates (MCP)
coupled to a phosphor screen (Photek VID-240) and imaged
by a CCD camera (Basler A-312f) interfaced with a computer.
Images are recorded as a function of pump–probe time delay
(Dt), thus producing time-resolved ion image (TR-VMI) or
photoelectron spectroscopy (TR-PES) transients. Similarly, the
total ion yield (TR-IY) transient of a particular m/z value may be
measured using a recently installed MCP/metal anode detector
that can rotate into the ion flight path, as shown in Section S1 of
the ESI.† Ion signal, gated in flight time, is recorded as a function
of time delay on an oscilloscope (LeCroy LT372 Waverunner)
connected to a computer.

To generate the pump and probe laser beams, the pulsed
(B40 fs duration) 800 nm output of a commercial oscillator
and regenerative amplifier (Spectra Physics Tsunami and
Spitfire XP) operating at 1 kHz is split into three 1 W beams.
The first two beams each pass through a tuneable UV optical
parametric amplifier (Light Conversion TOPAS-C) to generate
the pump and probe pulses of approximately 500 cm�1 full
width at half maximum. The pulses are temporally delayed by a
hollow corner gold retroreflector mounted on a motorised delay
stage in the pump beam path prior to the TOPAS for a maxi-
mum Dt = 1.2 ns. The pump pulses (lpu) were, unless noted
otherwise, centred at 238 nm. For TR-VMI, the probe wave-
lengths were centred at lpr = 333 or 243 nm to provide 2 + 1
resonance enhanced multiphoton ionisation (REMPI) of the
CH3 or H-atom photofragments, respectively. TR-VMI experiments
were also performed with the probe pulse tuned away from the
REMPI wavelength while maintaining a similar photon energy
(i.e. lpr = 245 nm while monitoring m/z = 1 and lpr = 307 nm
while monitoring m/z = 15); these conditions will henceforth be
described as an off-resonant or non-resonant probe. For
TR-PES, the probe pulse wavelength was centred around 305 nm
to minimise probe-initiated photodynamics (see Fig. 1), observe
dynamics from multiple excited states, and for consistency with
previous investigations.11,12,14,22 For TR-VMI the pump electric
field vector was parallel to the plane of the detector (the probe
polarisation is irrelevant); for TR-PES the probe pulse electric
field vector was also held parallel to the plane of the detector.
The laser beams are then focused to intersect the molecular beam
within the ion optics. The instrument response function (IRF)

was characterized by the non-resonant TR-IY of Xe+ at the
temporal overlap of the pump and probe pulses (Dt = 0). The
Xe+ transient was fit to a Gaussian distribution with a typical
full width at half maximum (FWHM) of B100 fs; see Section S2
of the ESI.† Laser power studies were also performed to ensure
single photon photochemistry.

Quantum chemical calculations were performed using the
GAMESS computational package.28,29 The geometry of NMA
was optimised on the ground electronic states of the neutral
(S0) and cationic (D0

+) surfaces at the CAM-B3LYP30/aug-cc-
pVDZ31 level of theory,32–34 using the restricted Hartree–Fock35

or restricted open-shell Hartree–Fock36 methods respectively.
Excitation energies and transition dipole moments were calcu-
lated from the S0 equilibrium geometry using the time-dependent
version of the above level of theory; excited state character was
determined by the component atomic orbital amplitudes and
visual inspection of the three dimensional orbitals using the
wxMacMolPlt program.37 Normal mode analysis was used to
calculate the zero-point energies of the D0

+ state at the equili-
brium and Franck–Condon (i.e. S0 equilibrium) geometries. All
computational results are presented in Section S3 of the ESI.†

3. Results and analysis

The velocity map ion images were deconvoluted to produce the
one-dimensional velocity distribution using the polar onion
peeling (POP) method.38 The velocity distributions were con-
verted to total kinetic energy release (TKER) distributions by
calibrating to the known dissociation energies of HBr39 and an
appropriate mass weighting factor:

TKER = (mAB/mB)KEA (1)

where mAB is the mass of the parent molecule, mB is the mass of
the counter-fragment, and KEA is the kinetic energy of the
measured photofragment (i.e. CH3 or H-atom). A TKER distri-
bution reveals information about energy partitioning during a
photodissociation event by the following relationship:

hc/lpu + E0 � BDE(A–B) = TKER + Eint (2)

where hc/lpu is the pump photon energy, E0 is the energy of the
molecule prior to photoexcitation, BDE(A–B) is the asymptotic
A–B bond dissociation energy, and Eint is the internal energy of
the photofragments. In the limit of cold molecules and photo-
products (i.e. E0 = Eint = 0) the maximum TKER is given by
TKERmax = hc/lpu � BDE(A–B).

POP deconvolution also produces the one-dimensional angular
distributions of the photofragments. These are then fit to the
known functional form40 to yield the anisotropy parameter b which,
for the rapid fragmentation of polyatomic molecules, provides a
measure of the alignment of the laser electric field vector and the
dissociating bond. In the limiting cases, b may take a value of 2 or
�1 corresponding to a parallel or perpendicular dissociation event,
respectively; an isotropic distribution will result in b = 0.

Similar to the photofragment analysis, the photoelectron
images were processed via POP deconvolution. The resulting
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photoelectron velocity distributions are converted to electron
kinetic energy (eKE) by calibrating to the 2 + 1 REMPI of Xe.41

Similar to eqn (2), the photoelectron spectra unveil the excited
state dynamics by:

hc/lpu + hc/lpr + E0 � IE = eKE + Eint
+ (3)

where hc/lpr is the probe photon energy, IE is the ionisation
energy, and Eint

+ is the internal energy of the cation (which
includes information about the excited state populations prior
to ionisation). Again, POP deconvolution will fit the PAD to the
known functional form,40 resulting in the anisotropy parameters
b2 and b4.

The two-dimensional TKER transients are then analysed by
following the behaviour of a particular feature over Dt and
fitting with a one-dimensional, parallel dynamics model con-
sisting of a sum of exponential decay and rise functions con-
voluted with a Gaussian IRF; see Section S2 of the ESI† for
further details of the kinetic model. Non-resonant production
of H+ (i.e. dissociative ionisation) was similarly modelled using
a sum of exponential decays convoluted with a Gaussian IRF.
Conversely, the two-dimensional TR-PES results are analysed
using global lifetime analysis42,43 to monitor changes to the
entire spectrum as a function of time delay using the Glotaran
software package.44 All TR-PES results were fit with two expo-
nential decay models: one assuming sequential dynamics and,
for comparison with previously reported results,11,12,14,22 a
model assuming parallel (branched) dynamics. The evolution
associated spectra (EAS) that are obtained from the sequential
dynamics fit to the experimental data highlight the spectral
feature changes associated with each step in the sequential
model while, for the parallel model, the extracted decay asso-
ciated spectra (DAS) are the wavelength dependent amplitudes
for each exponential decay lifetime.42 Further details pertaining
to how EAS and DAS are extracted from the experimental data
using the aforementioned kinetic models, as well as details
regarding the interpretation of these spectra, may be found
in ref. 42–44. TR-PES lifetimes will be reported as tn, where
increasing n denotes increasing lifetime. Similarly, H-atom
appearance lifetimes will be reported as tH

n . Photoelectron

anisotropy parameters will be reported as b2 and b4 while a
photofragment anisotropy parameter will be given as bA where
A indicates the dissociated fragment (e.g. bH for N–H bond
fission).

(a) N-Methylaniline

(i) TR-PES. At lpu = 238 nm, the NMA TR-PES results (shown in
Fig. 2b and Section S4.1 of the ESI†) bear a strong resemblance
to previous aniline and substituted aniline results.11,12,14,22

Near Dt = 0, a high eKE feature around 10 000–12 000 cm�1,
largely attributable to ionisation from the 21pp* state, is initi-
ally populated. Next, the sharper feature at B8000 cm�1 is
indicative of ionisation out of a Rydberg state and is consistent
with ionisation out of the N 3s state observed in other aniline
derivatives.11,12,14,22 Finally, a broad, low eKE feature is rapidly
populated before narrowing and decaying (see Fig. S4 in the
ESI†). This low eKE feature has previously been assigned to
ionisation from the 11pp* state, though ionisation of any long-
lived 21pp* state population to the first electronic excited state
of the cation (D1

+) may contribute to the TR-PES signal around
4000 cm�1.45 Similar to aniline,11,12 a clear temporal delay of
ca. 50 fs is evident between the initial rise of the high eKE
feature (10 000–12 000 cm�1) and all lower eKE features. Such
an offset suggests sequential decay behaviour in NMA and, as
such, results from the TR-PES fits using a sequential kinetic
model will be presented here in the manuscript while the results
of a parallel dynamics model fit are presented in the ESI.†
Overall, a total of five lifetimes are needed to satisfactorily fit
these data; time constants are given in Table 1, EAS for each
time constant are shown in Fig. 3, and DAS and all fit residuals
may be found in Fig. S4 of the ESI.†

The b2 values as a function of eKE near Dt = 0 are also shown
in Fig. 3. Of particular interest are the two modest rises in b2 at
B8000 and B13 000 cm�1. As has been previously outlined,15

such b2 features are typically due to ionisation from Rydberg
orbitals with well-defined energies and orbital angular momenta;
the b2 feature at 8000 cm�1 is consistent with the assignment of
the corresponding TR-PES feature to the N 3s state. The previous
TR-PES investigation of N,N-DMA22 found a sharp rise in both b2

Fig. 2 In order of increasing amine substitution, the short time delay TR-PES results at lpu = 238 nm and lpr = 305 nm from (a) 3,5-DMA, (b) NMA, and
(c) N,N-DMA.
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and b4 at the highest eKE, which the authors attributed to
ionisation from a high lying N 3p state. In NMA, the b2 feature
at B13 000 cm�1 may also be due to ionisation from a N 3p
state which yields only minimal TR-PES intensity. Unfortu-
nately, large oscillations in the b4 distribution at these high
eKE, shown in Fig. S5 of the ESI,† limit our confidence in this
anisotropy parameter at the highest eKE and we cannot firmly
assign the B13 000 cm�1 b2 feature to a N 3p state. Furthermore,
the excited state calculations on NMA, presented in Section S3.1
of the ESI† and discussed below, reveal two candidate Rydberg
states lying near the 21pp* state energy. Thus, while the highest
eKE edge of the 21pp* TR-PES feature contains information
about the dynamical behaviour of a Rydberg state, it is at pre-
sent unclear from which Rydberg state these photoelectrons
originate, whether the Rydberg state is populated in the initial

photoexcitation, and how population of a Rydberg state affects
the photodynamics of NMA.

Using the quantum defect value of d = 0.912 from the aniline
N 3s state18 as a qualitative estimate for NMA (as methylation of
the amine will shift the value of d), we can estimate the energy
of the 3s state in NMA using

E3s ¼ IE� R

ðn� dÞ2 (4)

where R is the Rydberg constant and n is the principal quantum
number of the state. From eqn (4), the N 3s state in NMA should
appear at B34 100 cm�1 (B293 nm).45 Although the absorption
spectrum of NMA in Fig. 1 does show additional intensity near
290 nm, there is not an obvious, additional feature when com-
pared to aniline. Furthermore, similar spectral shifts are observed
for the other substituted anilines suggesting that this behaviour is
due to methyl group stabilisation of the 11pp* state. Examining
eqn (3) and (4) we may also estimate the eKE at which the N 3s
state will appear using eKE = E3s + hc/lpr � IE. The resulting
estimated eKE value of 7600 cm�1 is in remarkably good agree-
ment with the experimental photoelectron spectra, further sup-
porting the assignment of the B8000 cm�1 TR-PES feature to the
N 3s state in NMA.

(ii) Photodissociation. A strong H+ signal appears centred
at a TKER of B6000 cm�1 (see Fig. 4). The H+ signal promptly
appears (o2 ps) and, as time delay is increased, shows a
marked increase in intensity along the lower KE side. The
TKER spectrum at Dt = 1 ps shows additional signal at the high
TKER edge due to time-dependent, non-resonant dissociative
ionisation; an example TKER acquired with a non-resonant
probe at Dt = 1 ps is also shown in Fig. 4. Using a published
N–H bond dissociation energy for NMA,46 a TKERmax =
12 376 cm�1 is in relatively good agreement with the high TKER
edge of the spectra, though the same publication reports
an aniline BDE(N–H) approximately 1400 cm�1 smaller than
Ashfold and co-workers.16 As also shown in Fig. 4, non-resonant
production of H+ (independently detected using a non-resonant
probe) contributes a small amount to the TKER signal at all
kinetic energies and Dt. Fig. S6 of the ESI† reveals a nearly
constant bH E �0.3 across the entire main feature of the TKER
spectrum; this value of bH is also conserved at all values of Dt.
This value of bH is consistent with a perpendicular dissociation
occurring before significant rotational randomisation of the

Table 1 TR-PES decay and H-atom appearance lifetimes following photoexcitation at the pump wavelengths indicated; errors reported from the
present work are the standard error of the fit. Similar lifetimes are in bold and matching colours

Molecule, lpu (nm)

TR-PES H-atom

t1 (fs) t2 (fs) t3 (ps) t4 (ps) t5 (ns) tH
1 (fs) tH

2 (ps)

Aniline, B240 50 � 10a 0.45a 90 � 5a — —

NMA, 238 o50 1.3 � 0.1 40.5

NMA, 245 o50 0.80 � 0.05 41.2

3,5-DMA, 238 o50 1.05 � 0.07 127 � 2 41.2 —
N,N-DMA, 238 o50 85 � 2 1.03 � 0.06 139 � 2 0.88 � 0.09 — —

a Ref. 14. b Ref. 17.

Fig. 3 TR-PES results for NMA at 238 nm with (a) EAS and (b) the
photoelectron signal (black line) and b2 values (blue circles) near Dt = 0.
The short-time TR-PES transient for NMA may be found in Fig. 2; a full
transient is shown in Fig. S4 of the ESI.† The EAS have been smoothed
using a 3 point moving average; the t1 EAS intensity has been scaled for
visual clarity.
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photoexcited NMA. Due to rotational randomisation, we would
expect the H+ appearing at later time delays to have an isotropic
(bH = 0) distribution. The preservation of bH E �0.3 at all time
delays is likely due to the dominance of the initial, ultrafast
H-atom loss mechanism to the total TKER spectral intensity.
Thus, the absence of any significant change with increasing
time delay is unsurprising given the small TKER contribution
from H-atoms dissociating with lifetime tH

2 (after rotational
randomisation). The similarity of the TKER spectra to those
taken at lpu = 252 nm (see Fig. S7 of the ESI†) where dissocia-
tion occurs above the 11ps* barrier in aniline,7 suggests that
the N–H bond fission is occurring from the same excited state
(namely the 11ps* state) for both pump wavelengths.

Integration of the main TKER feature (ca. 2500–8000 cm�1)
yields the transient also shown in Fig. 4. These transients show
a clear, ultrafast rise in H+ intensity followed by an additional
rise of ca. 100 ps. To account for the time-dependent dissocia-
tive ionisation captured in the integration of the main TKER
feature, a separate H+ transient was produced by integrating

TKER 4 11 000 cm�1 (Fig. 4b inset) and was fit using the
exponential decay model described in Section S2.3 of the ESI.†
The resulting H+ decay lifetime was included in the fit to the
transient at lower TKER (i.e. Fig. 4b), yielding the two neutral
H-atom appearance lifetimes given in Table 1. Further details
on fitting and kinetic models may be found in Section S2 of the
ESI.† It is interesting to note that the H-atom appearance
lifetimes are similar to the TR-PES t2 and t4.

CH3 loss was also investigated at lpu = 238 nm; example
transients and TKER distributions at m/z = 15 may be found in
Fig. S7 of the ESI.† TKER distributions at several time delays
show no features other than a sharp rise in intensity near zero
kinetic energy, consistent with dissociative ionisation.47 The
transients largely show a decay in signal, again due to disso-
ciative ionisation of photoexcited NMA to m/z = 15. The
transient appears to plateau at large Dt, in agreement with
the behaviour observed in the TR-PES results at low eKE. The
m/z = 15 transient also reveals an apparent exponential rise
(with an estimated lifetime of 2 ps) superimposed on the overall
decay that is not observed with an off-resonant probe, suggest-
ing that this rise reports on the production of neutral CH3.
However, a pump laser power study revealed that these neutral
CH3 photofragments appear to be due to multiphoton pump
photoexcitation, likely to a region of a cationic potential energy
surface which, with a few picosecond lifetime, undergoes disso-
ciation along the N–CH3 coordinate. Attempts to investigate
single pump photon production of CH3 (i.e. by decreasing the
pump laser power) were unsuccessful, as no time-dependent
signal could be observed. Thus, no evidence was found for
single pump photon initiated photodissociation to produce
neutral CH3 photoproducts from NMA.

(iii) kpu = 245 nm. While the highest lying Rydberg feature
observed in Fig. 3b appears B1500 cm�1 above the centre of
the 21pp* TR-PES feature, quantum chemical calculations pre-
dict two possible Rydberg states lying near the 21pp* state
energy (see Section S3.1 of the ESI†). Indeed, other theoretical
investigations of aniline-based systems have predicted several
Rydberg orbitals in close proximity to the 21pp* state.8,9,19,22

To help determine which candidate Rydberg state is excited,
and explore the effects of said state on the observed NMA
photodynamics, TR-PES and H-atom transients were also
acquired at lpu = 245 nm (shown in Fig. S9–S11 of the ESI†).
At this pump wavelength, the high KE b2 distribution near
Dt = 0 no longer shows a slight rise, the highest eKE portion of
the b2 distribution instead drops towards zero within the 21pp*
feature. Thus, following photoexcitation at lpu = 245 nm, the
absence of a second rise in b2 at the highest eKE (i.e. eKE Z

10 000 cm�1) is consistent with population of a Rydberg state
lying above the 21pp* state at lpu = 238 nm. Apart from the
change in b2 behaviour, the TR-PES and H-atom results are very
similar to those recorded at 238 nm, though with a noticeable
increase in both t4 and tH

2 ; all time constants are given in
Table 1. We note that while tH

1 also increases with increasing
pump wavelength, the time-dependent dissociative ionisation
at both wavelengths reduces our confidence in the first H-atom
appearance lifetime.

Fig. 4 (a) H+ TKER spectra at several time delays and lpu = 238 nm;
spectra have been smoothed using a 10 point moving average. The expected
TKERmax at this wavelength is shown as a purple arrow.46 The dashed, grey
line shows an example H+ TKER acquired with an off-resonant probe. (b) H+

transient for the main TKER feature at 238 nm (black circles) and the
corresponding fit (black line). The two rises are due to the production of
neutral H-atoms with appearance lifetimes assigned to each rise. The red
circles are probe or multiphoton initiated H-atom loss dynamics and,
for simplicity, have been excluded from the overall fit. Inset: The time-
dependent, dissociative ionisation production of H+ is also shown (blue
diamonds) along with the accompanying fit (blue line). The exponential
decay lifetime from the inset transient (tdecay) was included in the fit to the
main transient; see eqn (S1) (ESI†) for further details.
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(b) Aniline, 3,5-dimethylaniline, and N,N-dimethylaniline

The short time TR-PES results from 3,5-DMA and N,N-DMA are
shown in Fig. 2; full results are in Section S4.2 of the ESI† and
lifetimes are given in Table 1. Similar to NMA, TR-PES results
from 3,5-DMA and N,N-DMA reveal five decay lifetimes. While
the previous study by Townsend and co-workers22 used four
decay time constants, the new time constant is only apparent at
Dt 4 100 ps (larger time delays than the previous investigation).
The additional time constant results in a slight contraction of
the t2 and t3 lifetimes relative to their published values.22 Close
examination of the N,N-DMA results shown in Fig. 2 show
slightly different behaviour of the N 3s feature (the sharp rise
in TR-PES intensity near 10 000 cm�1 and Dt = 0) from the other
two anilines studied herein: the feature has shifted to a higher
eKE and now appears concurrently with the 21pp* state rather
than at a later time-delay.

The H-atom TKER spectrum from aniline at lpu = 238 nm
was re-investigated to explicitly verify only one, sub-ns N–H
bond dissociation process.17 As shown in Fig. S12 of the ESI,†
TKER spectra at Dt = 1 ps and 1.2 ns are identical; the H+

transient was not re-investigated. Similar to aniline, H+ TKER
spectra from 3,5-DMA (shown in Fig. 5) taken at Dt = 1 ps and
1.2 ns show no appreciable differences; both feature a clear
peak at B6000 cm�1 which sits upon a structureless dissocia-
tive ionisation ‘baseline.’ Integration of the main TKER feature
results in a H+ transient which reveals rapid H-atom loss with
an appearance lifetime of B70 fs (also shown in Fig. 5).

To complement the previous TR-PES investigation of
N,N-DMA,22 which speculated that rapid N–CH3 bond fission
was occurring, CH3 loss from N,N-DMA was investigated in the
present work; the results may be found in Fig. S15 of the ESI.†

However, the TKER distributions and m/z = 15 transient are
strikingly similar to the results from NMA, suggesting that the
production of m/z = 15 photoions is dominated by dissociative
ionisation of the parent cation. We note however that, unlike
NMA, a pump laser power study suggests that the rise in the
N,N-DMA m/z = 15 transient is from single pump photon
photoexcitation. Given the absence of a TKER feature obviously
attributable to neutral N–CH3 bond fission, we speculate that the
rise in CH3

+ intensity is due to neutral excited state evolution
resulting in enhanced Franck–Condon factors for dissociative
ionisation. Thus, while we cannot rule out CH3 loss from
N,N-DMA, there is no clear evidence for single photon initiated
N–CH3 bond dissociation.

4. Discussion

The above results raise several pertinent questions regarding the
excited state dynamics of aniline-based systems. For the present
discussion, we will focus on the nature of the initial photoexcita-
tion, the excited state population leading to the second H-atom
appearance in NMA, and the absence of CH3 loss from NMA and
N,N-DMA in an attempt to synthesise a global relaxation mecha-
nism and elucidate the structure–dynamics relationships under-
pinning these results. Before the discussion of an excited state
decay mechanism, two important points must be made. First, the
following discussion will focus on the relaxation of the 21pp* state
to the other electronic excited states. Previous investigations have
either found no evidence for 21pp* state population transfer to the
11ps* or 11pp* states22 or concluded that a barrierless 21pp* - S0

excited state pathway was dominant.11,12,14 While we are unable to
directly probe repopulation of S0, the former conclusion (exclusive
21pp* - S0 population transfer) is in apparent conflict with our
present results. As a quantitative determination of the excited
state branching ratios is difficult,48 we instead accept the second
conclusion that relaxation of the 21pp* state to the lower lying
singlet excited states may only be a minor decay pathway. How-
ever, the importance of each pathway remains a key question in
the photodynamics of these aniline-based systems; excited state
trajectory calculations to elucidate the initial, ultrafast branching
ratios would be of considerable interest. The second point is a
caveat regarding TR-PES assignments: the strong similarity of
TR-PES results across molecules does not guarantee that the NMA
assignments are transferrable to other anilines. However, as the
H-atom results provide compelling evidence for overlapping
TR-PES assignments in NMA and 3,5-DMA, we follow previous
examples19,22 and will assume (unless otherwise noted) that the
global dynamics of these anilines may be discussed across species.
As a final aside, Fig. 6 shows a proposed decay mechanism along a
schematic cut through the potential energy surfaces important to
the dynamics. This mechanism is presented first as a reference
point and will be explored throughout the following text.

(a) Photoexcitation

The first, and perhaps most fundamental, task is to determine
which excited states the pump photon populates. From Fig. 1,

Fig. 5 H+ transient from 3,5-DMA at lpu = 238 nm; data are shown as
open circles while the black line is the fit. Inset: Example TKER spectra at
lpu = 238 nm; the spectra have been smoothed using a 30 point moving
average. Both the transient and TKER reveal that 3,5-DMA has only one
ultrafast (i.e. within 1.2 ns) H-atom loss mechanism. The peak at Dt = 0 is
due to multiphoton dissociative ionisation within the cross-correlation of
the two laser pulses.
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it is clear that photoexcitation at 238 nm will principally
populate the strongly absorbing 21pp* state. However, as pre-
vious work has concluded that other excited states must also
be photoprepared in the dimethyl anilines,22 we explore that
possibility herein. The DAS for each species, particularly
3,5-DMA, show clear evidence for delayed population of the
lower-lying excited states; see Fig. S4, S9, S13, and S14 in the
ESI.† For NMA and 3,5-DMA, the N 3s and 11pp* TR-PES
features show a clear time delay offset from the appearance
of the 21pp* feature (see further discussion below) and we thus
conclude that the corresponding states are not populated by the
pump laser pulse.

Based on the PAD results from NMA at 238 nm, and sup-
ported by the previous investigation of N,N-DMA,22 a high-lying
Rydberg orbital is populated at or near Dt = 0 and the initial
photoexcitation may thus populate both the 21pp* and a nearby
Rydberg state (though not the N 3s state, see above). While
direct excitation to a Rydberg state is generally less favourable
than a valence-to-valence transition, as evidenced by the weak
oscillator strengths calculated for other anilines,9,22 the oscil-
lator strengths for the two Rydberg orbitals closest to the 21pp*
state in NMA are only a factor of two and four smaller than for
excitation to the 21pp* state (see Table S1 in the ESI†). At lpu =
245 nm, the absence of the highest eKE Rydberg-like b2 feature
suggests that the 238 nm pump photon populates a Rydberg
state lying above the 21pp* state energy. The carbon-centred
Rydberg state, described in Table S1 in the ESI,† is the most
likely source of the highest eKE b2 feature as this state’s energy
– calculated to lie B400 cm�1 above the 21pp* state – is within

the pump laser bandwidth of the 21pp* state. In contrast, the
energy difference (from both electronic structure and quantum
defect calculations45) between the 21pp* and lower-lying N 3p
states is greater than the pump laser bandwidth. Thus, the
results from NMA at lpu = 238 nm support the photoexcitation
of a high-lying, carbon-centred Rydberg orbital, though the
otherwise strong similarity of the NMA TR-PES and H-atom
temporal behaviour at both pump wavelengths suggests that this
Rydberg state does not play a significant role in the observed
photodynamics.

(b) Initial TR-PES and lifetime assignments

The TR-PES results from NMA reveal similar dynamics to the
overall behaviour previously observed in aniline, N,N-DMA, and
3,5-DMA.11,12,14,22 The length of the newly observed ns lifetime
(t5) suggests that this process is the fluorescent decay of the
11pp* state15 and supports the assignment of the low eKE
TR-PES feature to this state; measurement of the fluorescence
lifetimes and quantum yields following photoexcitation to
the higher lying states of aniline would help confirm the
assignment of t5 and add insight to the other decay dynamics.
As mentioned above, it is possible that 21pp* state dynamics
are appearing in the low eKE feature. Indeed, excited state
dynamics calculations of aniline using a model Hamiltonian
suggested that the 21pp* state lives for 4300 fs.9 However,
given that we can neither support nor eliminate this possibility,
we accept previous assignments11–14,19,22 that the low eKE
TR-PES feature itself is principally due to ionisation from the
11pp* state.

While t1 is still clearly dominated by decay of the 21pp*
TR-PES feature within the IRF, some of the 21pp* feature
persists to decay along with the N 3s state (t2). The t2 EAS also
involves population of the lowest eKE feature, suggesting a
sequential decay mechanism from the 21pp* or N 3s states.
Indeed, the t2 DAS for all species (see Fig. S4, S9, S13, and S14
in the ESI†) show negative amplitude for the lowest TR-PES
feature, indicative of population transfer from the higher lying
states. Such a sequential mechanism is supported by the
delayed rise of the 11pp* TR-PES feature, as shown in Fig. 2.
As discussed below, the time constants of t2 and t4 are in good
agreement with the H-atom appearance times in NMA and (for
t2 only) 3,5-DMA. It thus seems reasonable to conclude that
these time constants are related to population sampling the
11ps* state.

The dynamics described by t3 are not simple to assign, as
altering the methyl substitution and pump wavelength both
substantially change the best-fit value of this lifetime (see
Table 1). For 3,5-DMA and N,N-DMA,19,22 the equivalents of
t3 and t4 have been assigned to IVR on and decay of the 11pp*
state. The assignment of t4 to 11pp* relaxation is reasonable,
further analysis of this lifetime may be found along with the
second H-atom loss discussion below. While energy redistribu-
tion seems to be supported by the negative DAS amplitudes
associated with t3 (see Fig. S14 of the ESI† for a clear example),
the assignment of t3 to IVR is at odds with the increased
lifetime observed upon methyl substitution (see Table 1).

Fig. 6 Schematic diagram showing the proposed 21pp* de-excitation
pathways. Photoexcitation (purple arrow) to the 21pp* state undergoes
IC to the N 3p state, which couples through the N 3s region of the 11ps*
state (a) where it immediately scatters to dissociate. Simultaneously, the
21pp* state undergoes IC onto 11pp* (b) and undergoes IVR. From the 11pp*
state, population can either sample the 11ps* state via a CI17,21 and
dissociate (c), undergo IC to the ground state (d), or fluoresce (e and blue
arrow). Dashed green arrows indicate dissociative mechanisms while solid
green arrows represent non-dissociative mechanisms. In the case of N,N-
DMA, the initial photoexcitation may be to both the 21pp* and N 3s states.
Not shown are any possible direct 21pp* - 11ps* population transfer or
intersystem crossing(s) to the triplet manifold.
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The possibility of a N 3s - 11pp* population transfer was a
proposed explanation for the low eKE PAD change on a similar
timescale in N,N-DMA and 3,5-DMA,22 however we find no
evidence for the N 3s TR-PES feature on this timescale. The
equivalent aniline lifetime to t3 has been assigned to popu-
lation dynamics on the 11ps* state located away from the
Franck–Condon region.14 Such dynamics may contribute to
the lowest eKE TR-PES signal, as previous work on alkyl sub-
stituted amines has revealed a broad, structureless s* feature at
low eKE (see, for example, ref. 22 and 49). Indeed, the second
H-atom appearance from NMA suggests that the 11ps* state
must be populated or remain accessible for several 10s of ps,
though we attribute that dissociative population to 11pp* -

11ps* IC with lifetime t4 (see below). Diffusion of the excited
state wavepacket, particularly along a relatively flat potential
energy surface, has been observed to occur with a B1 ps
lifetime in the related system 2-hydroxypyridine50 and may also
contribute to the present TR-PES changes describe by t3. Thus,
while dynamics on both the 11pp* and 11ps* states are possible,
and some form of population redistribution must be occurring,
the excited state processes described by t3 may be both highly
mixed and strongly dependent upon molecular structure. As
such, we are hesitant to assign one mechanism across all aniline
species to the changes described by t3.

(c) The N 3s feature

The energetic and temporal behaviour of the N 3s TR-PES
feature is worth discussing in some greater detail. While
previous TR-PES experiments have observed this Rydberg
state,11–14,19,22 the feature has not received a close, comparative
analysis as a function of chemical modification. First, as seen
in Fig. 2 and previous investigations,11–14,19,22 the N 3s feature
(in aniline, 3,5-DMA, and NMA) is separated from the low eKE
feature by B5000–6000 cm�1. As the separation of the 11pp*
and 11ps* states in aniline is only B3700 cm�1,18 the remain-
ing eKE difference is likely due to the projection of the
vibrationally excited 11pp* state onto the vibrationally excited
D0

+ state while the N 3s state projects closer to the v = 0 level of
the ground cationic state (see Section S3.3 of the ESI†). The 3s
feature clearly shifts to higher eKE with increasing alkylation of
the amine, possibly due to the Rydberg state becoming more
‘atom-like’ (less dependent upon molecular geometry) and able
to project closer to the vibrationally cold, electronic ground
state of the cation.

There is also a clear shift in the temporal behaviour of the N
3s feature with increasing amine alkylation: the rise in 3,5-DMA
is noticeably offset to later Dt from the 21pp* onset, while in
N,N-DMA the two features seem to appear simultaneously. The
appearance of the N 3s peak in NMA is less clear due to overlap
with the 21pp* peak along the energy axis, though a slight shift
to later time delays with decreasing eKE is evident. In the case
of N,N-DMA, the 11ps* absorption itself may have shifted to
higher energies and may therefore be prepared by the initial
photoexcitation, however this interpretation is inconsistent
with both published electronic structure calculations22 and
expectations using quantum defect arguments.45 As the N 3s

feature appears most intense after the peak intensity of the
21pp* feature, we will continue with our conclusion that for all
of the anilines studied herein the N 3s state is not populated by
the initial photoexcitation.

(d) Decay of N 3s and rapid H-atom loss

Due to the strong similarity in TKER distributions and H-atom
appearance lifetimes, the first H-atom appearance in NMA and
3,5-DMA appears to be dissociation along a similar 11ps* state
as in aniline.17 While photoexcitation to the N 3p, 21pp*, or
carbon-centred Rydberg states could reproduce the observed
H-atom angular distribution of bH E �0.3 from NMA photo-
dissociation (see Section S3.2 of the ESI†), as discussed above
direct photoexcitation to the N 3p state seems unlikely. Further-
more, the similarity of the NMA H-atom results at lpu = 238 and
245 nm (i.e. with and without the carbon-centred Rydberg state)
suggests that the observed H-atom signal is due to photoexcita-
tion of the 21pp* state. Thus the observed H-atom anisotropy,
along with the delayed appearance of the N 3s TR-PES feature,
reinforces the conclusion that H-atom loss from NMA and
3,5-DMA is due to rapid population transfer from the 21pp*
state onto the dissociative 11ps* state.

In NMA, the elongation of tH
1 (relative to aniline) is likely due

to the heavier CH3 group retarding any amine geometry change
prior to or during the dissociation. One such motion was
proposed21 as a three state 21pp*/11ps*/11pp* CI where the
H2N–C bond is approximately perpendicular to the plane of the
ring. While motion through the three state CI would explain
the increase in tH

1 for NMA, such a motion should also retard
the population of the lower lying states. However, the appear-
ance Dt of the lower lying TR-PES features appears to remain
constant upon methylation of the amine, e.g. comparing 3,5-
DMA (Fig. 2a) to NMA (Fig. 2b). The increased tH

1 in NMA is thus
most likely due to the dissociation coordinate involving larger
changes to the amine geometry (such as planarisation towards
the anilino radical equilibrium geometry16) in addition to the
N–H stretch.

Thus, either the decay of the 21pp* state is due to the
aforementioned CI21 with the expected changes to the 21pp*
and 11pp* lifetimes obscured by the IRF or population transfers
to the N 3s state by another mechanism, such as sequential
transfer through the N 3p state (see ref. 49 and 51–53 for related
examples). This latter mechanism would explain the absence of
any evidence for direct 21pp* - 11ps* transfer from previous
TR-PES work11,12,14,22 and is qualitatively supported by (i) the
highly mixed nature of the 21pp* transition (which includes
contributions from nearby N- and C-centred Rydberg orbitals;
see Table S1 in the ESI†) and (ii) visual inspection of the
molecular orbitals shown in Fig. S3 of the ESI,† which suggest
good overlap between the N 3s and lowest-lying N 3p Rydberg
orbitals. Unfortunately, we are unable to further support or
disprove either mechanism in NMA at this point: the temporal
resolution of our experiment limits the information we can
obtain near Dt = 0 and we would expect any N 3p state population
to yield little or no discernible TR-PES structure.22,48 Regardless
of the mechanism, population transferred into the N 3s state in
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3,5-DMA and NMA rapidly escapes the ionisation window
towards dissociation (shown schematically in Fig. 6 as the dashed
green arrow). We note that the previously reported 3,5-DMA
DAS,22 which do not show the same ‘sequential’ behaviour as is
shown in Fig. S13 in the ESI,† are reproducible with the previously
published kinetic model of four exponential decays.

(e) 11pp*, s4, and the second H-atom loss mechanism

With a small decrease in TKER, i.e. an increase in Eint, the second
H-atom appearance lifetime in NMA is most likely due to dis-
sociation following excited state IVR. Building on the possible
mechanisms discussed above, a 21pp* - 11pp* transition (likely
also described by t2, see DAS in Fig. S4 of the ESI†) will result in a
highly vibrationally excited 11pp* state. The excellent agreement
between tH

2 and t4 thus implies that some of the vibrationally
excited 11pp* population must sample a 11ps*/11pp* CI17,21 and
transiently populate the 11ps* state, ultimately accessing the
repulsive portion of the potential (shown schematically in
Fig. 6c). The absence of any obvious, long-lived 11ps* TR-PES
features and the modest growth in H+ signal with tH

2 (see Fig. 4)
suggest that a relatively small amount of 11pp* population relaxes
via dissociation on the 11ps* state. Furthermore, the increase in
both tH

2 and t4 with increasing pump wavelength suggest that
non-dissociative mechanisms (e.g. IC) control the excited state
relaxation time t4 and thus the H-atom appearance lifetime tH

2 ;
similar behaviour has been observed in the excited state dissocia-
tion of 1,3-dihydroxybenzene.54 Thus, t4 is likely describing the
majority of the 11pp* state population undergoing IC to the
S0 state (via CIs such as the prefulvenic geometries previously
reported17,21) or intersystem crossing to the triplet manifold,15,55

though some population appears to remain in the 11pp* state and
likely fluoresces15 with lifetime t5 as discussed above.

Assuming the 11pp* - 11ps* pathway outlined above ultimately
leads to N–H fission with lifetime tH

2 , there are several possible
explanations for the absence of this second H-atom loss mechanism
in aniline and 3,5-DMA. First, IC back out of the 11ps* state (to
either the 11pp* state or S0) may be more facile than dissociation for
aniline and 3,5-DMA; methylation of the amine may shift a relevant
CI. Alternatively, and not exclusively, dissociative tunnelling out of
the 11ps* state minimum is likely mediated by particular vibra-
tional modes13,16 which are sensitive to methylation. In this case,
amine methylation would apparently enhance the rate of tunnelling
while methylation of the ring would disrupt a mode-specific mecha-
nism (in contrast, alkylation of the pyrrole ring reduces the con-
tribution of tunnelling mechanisms to dissociation25,56,57). The
higher symmetry of aniline and 3,5-DMA versus NMA may also play
a role in the disappearance of tH

2 , as both the number and positions
of substituents have been shown to play a crucial role in H-atom
loss dynamics (see, for examples, ref. 7, 58 and 59). Ultimately,
further study of the second H-atom loss pathway – such as high-
resolution photofragment translational spectroscopy60 – will be
needed to fully elucidate the excited state dynamics at work.

(f) Absence of CH3 loss

The apparent absence of CH3 loss from both NMA and N,N-
DMA may be understood by comparison to the related system

N-methylpyrrole. In a previous study of N-methylpyrrole,
Ashfold and co-workers61 only observed excited state N–CH3

bond fission over a narrow range of pump photon energies
above the N–CH3 stretch barrier. This behaviour was attributed
to the heavier and slower CH3 group helping facilitate efficient
11ps*/S0 coupling at the CI at extended N–CH3 bond lengths
(see the schematic potential energy cut in Fig. 1). In these
substituted anilines, the 11ps*/11pp* CI is accessed faster in
N,N-DMA than in 3,5-DMA,22 thus reducing the relative impor-
tance of the dissociative coordinate in the relaxation dynamics
of N,N-DMA. However, as the same investigation22 concluded
that N,N-DMA photoexcited at 240 nm (above the 11ps* state
barrier) must undergo some ultrafast N–CH3 bond cleavage,
our present results would thus indicate that this dissociative
population returns to the ground state via the 11ps*/S0 CI.
Thus, while our present results do not support ultrafast CH3

loss as a competitive dissociation product from photoexcited
NMA or N,N-DMA, neither do our results disprove this relaxa-
tion pathway. Indeed, the qualitative agreement between our
results and the absence of ‘fast’ CH3 loss from N-methylpyrrole
at short pump wavelengths61 suggests that CH3 loss from these
anilines may occur near the 11ps* absorption onset; further
study of these systems would substantially contribute to the
understanding of non-hydride ps* states.

(g) Remaining questions

From the above discussion, it is evident that relaxation of these
substituted anilines following photoexcitation at 238 nm
involves competing population and decay of the lower lying
11ps* and 11pp* states. The correlation between excited state
decay times and photofragment appearance times strongly
supports the assignment of several PES features and dynamics
to loss of population via dissociation on the 11ps* excited state.
While the mechanisms discussed provide a reasonable picture
for the dynamics, some lingering questions remain. First, the
apparent acceleration of tH

1 upon methylation of the ring
(aniline versus 3,5-DMA) seems at odds with preparation of a
N 3s Rydberg orbital. However, the previously reported TR-PES
results from aniline at 238 nm show the 21pp* and 11ps*
features appearing simultaneously,11,12,14 suggesting that direct
population of and dissociation from the 11ps* state may over-
lap with and obscure dynamics from the 21pp* state of aniline.
TR-PES and H-atom appearance measurements from aniline
following photoexcitation at B225 nm (the peak of the aniline
21pp* state absorption shown in Fig. 1) could be of significant
interest, though aniline photoexcitation at both 200 and 240 nm
results in a similar H-atom appearance time.17 Similarly, a more
systematic study of N–H bond dissociation time as a function of
ring substitution would add considerable insight to the connec-
tions between ring substituents and ultrafast dissociation from a
mixed valence/Rydberg state.

Another dynamical question is the nature of the N 3s state
preparation in these substituted anilines. Principally, is popu-
lation of the N 3s Rydberg state due to direct ultrafast transfer
from the 21pp* state? Or does population flow through a
more complicated pathway, such as through the N 3p state?
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As discussed above, the initial photoexcitation appears to be
dominated by the 21pp* state; the EAS/DAS for all of the
substituted anilines studied at lpu = 238 nm show loss of the
highest eKE signal (i.e. from the most internally excited 21pp*
state) with lifetime t1 followed by a slightly longer decay of the
remaining 21pp* feature with lifetime t2. Indeed, the 3,5-DMA
t1 DAS (shown in Fig. S13 of the ESI†) shows negative ampli-
tude in the N 3s eKE region, indicative of sequential dynamics
from the highest eKE feature into the N 3s state. While direct
population from the 21pp* state is the simplest explanation
consistent with the observed dynamics, the previously reported
21pp*/11pp* and 21pp*/11ps* CIs show considerable out-of-plane
motion of the amine,17,21 which neither previous22 nor the
present work can find evidence to support. However the current
results may also be interpreted using a valence-to-Rydberg decay
mechanism, i.e. 21pp* - N 3p, a pathway which has only been
experimentally identified in a few small molecules (see, for
examples, ref. 53 and 62–65) and was previously alluded to play
a role in the dynamics of N,N-DMA.22 While such a 21pp* - N
3p transition would also have to be within the IRF, and thus
cannot be confirmed in the present work, the possibility further
reinforces the conclusion that Rydberg states play a vital and
complicated role in the relaxation dynamics of many systems.

5. Conclusions

In the present work we have investigated the ultrafast dissocia-
tion dynamics of several substituted anilines. By correlating the
photoproduct appearance times to TR-PES decay lifetimes, we
are able to assign some of the observed lifetimes to specific
excited states. Our results strongly support a sequential mecha-
nism whereby population first moves from the photoprepared
21pp* state to the 11ps* state, where the wavepacket scatters to
produce photoproducts. Concurrently, the 21pp* state relaxes to
the lower lying 11pp* state where, for NMA, population samples
the 11pp*/11ps* CI, resulting in a second H-atom loss path-
way. While population of these states have been previously
reported,10–14,19,22 our experiments are the first to clearly match
specific TR-PES features and lifetimes to dissociative processes.
Ultimately, the work presented herein further highlights the
rapid depopulation of higher-lying, potentially reactive excited
states in these model biomolecules. While ultrafast dissocia-
tion is observed along the N–H bond, the absence of a CH3 loss
channel may indicate efficient 11ps*/S0 coupling in these ani-
lines, reinforcing the role of these states as central to photo-
protection in molecular biology. Despite the substantial insight
afforded by these two techniques, important dynamical questions
remain including the nature of the 11ps* excited state population
(direct versus valence-to-Rydberg population transfer from the
21pp* state) and the exact structure–dynamics relationship under-
lying the second H-atom loss channel. Furthermore, the decay of
the 21pp* state appears to be largely insensitive to molecular
geometry; as this study is one of several that is unable to firmly
identify the cause, ab initio quantum dynamics calculations
would be of considerable interest.
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