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Abstract

Chromophores based on the para-hydroxycinnamate moiety are widespread in the natural world, including
as the photoswitching unit in photoactive yellow protein and as a sunscreen in the leaves of plants. Here, pho-
todetachment action spectroscopy combined with frequency- and angle-resolved photoelectron imaging is used
to �ngerprint the excited state dynamics over the �rst three bright action-absorption bands in the methyl ester
anions (pCEs−) of deprotonated para-coumaric acid at a temperature of ≈300K. The excited states associated
with the action-absorption bands are classi�ed as resonances because they are situated in the detachment con-
tinuum and are open to autodetachment. The frequency-resolved photoelectron spectrum for pCEs− indicates
that all photon energies over the S1 (ππ

∗) band lead to similar vibrational autodetachment dynamics. The
S2 (nπ

∗) band is Herzberg-Teller active and has comparable brightness to the higher lying 21 (ππ∗) band. The
frequency-resolved photoelectron spectrum over the S2 (nπ

∗) band indicates more e�cient internal conversion
to the S1 (ππ

∗) state for photon energies resonant with the Franck-Condon modes (≈80%) compared with
the Herzberg-Teller modes (≈60%). The third action-absorption band, which corresponds to excitation of the
21 (ππ∗) state, shows complex and photon-energy-dependent dynamics, with 20�40% of photoexcited popula-
tion internally converting to the S1 (ππ

∗) state. There is also evidence for a mode-speci�c competition between
prompt autodetachment and internal conversion on the red edge of the 21 (ππ∗) band. There is no evidence for
recovery of the ground electronic state and statistical electron ejection (thermionic emission) following photoex-
citation over any of the three action-absorption bands. Photoelectron spectra for the deprotonated methyl ether
derivative (pCEt−) at photon energies over the S1 (ππ

∗) and S2 (nπ
∗) bands indicate diametrically opposed

dynamics compared with pCEs−, namely intense thermionic emission due to e�cient recovery of the ground
electronic state.
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Introduction

Photoactive yellow protein (PYP) is a blue light sen-
sor found in the Halorhodospira halophila bacterium.1,2

In the PYP photocycle, absorption of blue light in-
duces an ultrafast E→Z photoisomerization of the
chromophore,3�7 followed by a cascade of conforma-
tional changes of the host protein that ultimately cause
the bacterium to move away from the light source.8

The chromophore in PYP is a deprotonated phenolic-
thioester molecule, which is structurally similar to the
deprotonated methyl ester of para-(E )-coumaric acid
(pCEs−) shown in Figure 1. Although the importance of
the sulphur atom and thioester linkage compared with
a conventional ester linkage is not entirely clear, the
pCEs− species is commonly assumed as a PYP model
chromophore because it is easy to synthesize and does
not decompose on standing. The fascinating photo-
physics of PYP and other photoactive proteins such
as green �uorescent protein have contributed to devel-
opment of the �eld of optogenetics,9,10 which consid-
ers the application of genetically encoded photoswitch
molecules to regulate biochemical processes.
Chromophores based on the para-coumaric acid moi-

ety � so called para-hydroxycinnamate chromophores �
are widespread in the Plantae kingdom,11 where they
function as photoprotecting sunscreens in the epidermal
cell layers of plants. In this context, they have high ab-
sorption cross-sections for UV radiation and e�ciently
convert the absorbed energy into nuclear motion via an
ultrafast internal conversion pathway along an E→Z

isomerization coordinate. The e�cacy of this mech-
anism has prompted the pharmaceutical and skincare
industry to incorporate cinnamate molecules as UV-B
�lters in cosmetic sunscreens.12

A desire to understand the inherent photochemistry
and excited state dynamics of para-hydroxycinnamate
chromophores has led to a wide range of investigations.
The majority of these studies were performed in solu-
tion, �nding that the inherent E→Z photoisomerization
e�ciency and timescale is modi�ed by deprotonation
state and site, solvent interactions, functional group
substitution and torsion-locking the single bond adja-

Figure 1: E -isomers of pCEs− and pCEt−. para-
coumaric acid, pCA, has two deprotonation sites, lead-
ing to phenoxide and carboxylate deprotomers.

cent to the phenyl ring.13�19 Theoretical investigations
suggest there are barriers on the S1 (ππ

∗) potential en-
ergy surface that dictate the molecule's photochemistry,
and also suggest that functional group substitution and
the presence of a condensed phase environment (solu-
tion or protein) can signi�cantly alter the relative ener-
getics/accessibility of conical intersection seams leading
to E→Z isomerization.20�27 In principle, the inherent
photophysics can be disentangled from the in�uence of
an environment by comparing photo-induced dynamics
in the gas phase with those in condensed phases.
In a pioneering gas-phase study, Zewail and co-

workers28 used femtosecond time-resolved photoelec-
tron spectroscopy to study the dynamics on the S1(ππ

∗)
state of a ketone derivative of pCEs−, proposing that
most of the photoexcited population survived for ≈52 ps
before internally converting to the ground electronic
state. Because this lifetime is long compared with the
expected timescale for intramolecular vibrational en-
ergy redistribution,29 the study concluded that internal
conversion is a barrier controlled process. This conclu-
sion was also reached by an earlier theoretical study
using excited state molecular dynamics simulations.20

In a recent contribution considering pCEs− (Figure 1),
photodetachment action spectroscopy, single-color pho-
toelectron spectroscopy and femtosecond time-resolved
photoelectron imaging was used to demonstrate that
some fraction of anions in the S1(ππ

∗) state internally
converted to a dipole-bound state on a sub-picosecond
timescale and the remainder of photoexcited anions
relaxed to a twisted intermediate, which survived for
≈45 ps before autodetaching.30 There was no evidence
for recovery of the ground electronic state.
There have been several other gas-phase action spec-

troscopy studies utilizing nanosecond-duration pulsed
light sources to elucidate on the absorption pro-
�les and dynamics of electrosprayed hydroxycinna-
mate anions. These include photo-induced dissociation
spectroscopy using an ultra-high vacuum ion storage
ring,31�33 infrared multiphoton dissociation (IRMPD)
spectroscopy,34 photoelectron spectroscopy,35�38 and
tandem ion mobility mass spectrometry.39 For the sim-
plest para-hydroxycinnamate molecule, para-coumaric
acid (pCA, Figure 1), IRMPD and ion mobility stud-
ies have demonstrated that electrospray ionization pro-
duces both phenolate and carboxylate deprotomers,34,39

and that the deprotomers have distinct photochemical
responses. In particular, both deprotomers have par-
tially overlapping action-absorption spectra in the 3.26�
3.54 eV (380�350 nm) photon energy range and there is
an e�cient, enol-keto phototautomerizm and ensuing
intramolecular proton transfer that converts the car-
boxylate deprotomer into the phenoxide deprotomer.39

Typically, the yield of each deprotomer using electro-
spray ionization is largely in�uenced by the solvent and
pH,34,40 but can be also in�uenced by electrospray ge-
ometry and needle voltage, desolvation conditions, and
collisional treatment of ions while introducing them into
vacuum.41,42 Unfortunately, for pCA−, unknown depro-
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tomer yields using electrospray ionization, overlapping
action spectra for the two deprotomers with near-UV
wavelengths of light and a photo-induced interconver-
sion pathway between the deprotomers mean that the
earlier photoelectron spectra are ambiguous. Overall,
there is a clear need for benchmark measurements on the
spectroscopy and excited state dynamics of isolated hy-
droxycinnamate anions with di�erent functional group
substitution and for which the deprotonation site is not
in doubt.
Here, we have used photodetachment action spec-

troscopy and frequency- and angle-resolved photoelec-
tron imaging to �ngerprint the excited state dynamics
for the �rst few electronic states of pCEs− and pCEt−

(Figure 1). These anions were chosen because they allow
for unambiguous study of phenoxide and carboxylate
deprotonation sites, and because a recent tandem ion
mobility study demonstrated that electrospray ioniza-
tion of a sample of the E -isomer of each retains its geo-
metric con�guration in the absence of collisional activa-
tion (heating) in the electrospray ion source.39 Our re-
sults show diametrically opposed excited state dynamics
for the two anions, and highlight that multiple electron
detachment pathways can contribute (often simultane-
ously) to low kinetic features in photoelectron spectra.
Assuming that pCEs− and the thioester chromophore
in PYP have similar gas-phase excited state dynamics,
the lack of ground state recovery for any photon energy
across the �rst three action-absorption bands for pCEs−

implies that the protein environment in PYP plays a key
role in tuning the photophysics of the chromophore.

Experimental

The photoelectron spectroscopy apparatus and
frequency- and angle-resolved photoelectron imag-
ing methodology has been described in detail else-
where.43�46 Brie�y, gas-phase pCEs− or pCEt−

was produced through electrospray (-5 kV) of a
≈1mmol L−1 methanolic solution of the target com-
pound (99%, Sigma-Aldrich, shielded from light) with
a trace of ammonia. Electrosprayed anions were trans-
ferred via a capillary into a radio frequency ring-
electrode ion trap. The trapped anions were unloaded
(10Hz) into a colinear time-of-�ight optics assem-
bly that accelerated them along a 1.3m �ight region
and into a continuous-mode penetrating �eld velocity-
mapping assembly.44 Light pulses of a selected photon
energy from a Continuum Horizon OPO pumped by a
Continuum Surelite II Nd:YAG laser (< 1mJpulse−1,
5 ns pulse duration, 10Hz) were timed to interact with
the mass-selected ion packet at the centre of the veloc-
ity map imaging stack. Ejected electrons were veloc-
ity mapped onto a dual (chevron) multichannel plate
(MCP) detector and P43 phosphor screen detector,
which was monitored with a charge-coupled device
camera. Velocity-map images were accumulated with
a 500 ns acquisition gate applied to one of the MCPs.

The velocity-mapping resolution is ∆E
E ≈5% and the

electron kinetic energy (eKE) scale was calibrated from
the spectrum of I−. Velocity-map images were recon-
structed using an antialiasing and polar onion-peeling
algorithm,47 providing the photoelectron spectra and
associated angular distributions in terms of β2 values.

48

β2 values may range from �1 to 2,48 with these limits
corresponding to electron ejection perpendicular and
parallel to the laser polarization, respectively. Quoted
β2 values in this work have an uncertainty of approx-
imately ±15%, providing qualitative assessment if β2

values are positive, negative or zero (isotropic). In sev-
eral measurements at selected photon energies, delay of
the acquisition gate applied to the MCP by 50 ns rel-
ative to the light pulse tested for photoelectron signal
associated with thermionic emission.30,49

Computational Details

Franck-Condon-Herzberg-Teller (FCHT) simulation of
the absorption pro�les for the �rst three bright ele-
cronic bands of pCEs− were performed using the
Gaussian 16.B01 software package and FCHT algo-
rithm implemented therein (includes Duschinsky rota-
tion50).51,52 The FCHT simulations assumed a tem-
perature of 300K in accord with the expected ex-
perimental trapping temperature. Geometry opti-
mizations and vibrational frequency calculations as
input for the FCHT simulations were performed at
the ωB97X-D/aug-cc-pVDZ level of theory.53,54 Verti-
cal excitation energies (VEEs) were computed at the
STEOM-DLPNO-CCSD/aug-cc-pVDZ level of theory
using ORCA 4.2.0.55,56

Results and Discussion

Photodetachment action spectroscopy

pCEs−

The photodetachment action spectrum for pCEs− is
shown in Figure 2a. The spectrum has three clear
bands, which are assigned to electronic transitions to
the S1(ππ

∗), S2(nπ
∗) and 21(ππ∗) states. The third

bright state is labelled as 21(ππ∗) rather than S3(ππ
∗)

following the convention in the earlier photoelectron
spectroscopy studies. Photon energies of maximum re-
sponse over the three bands are S1(ππ

∗)=2.88±0.02 eV,
S2(nπ

∗)=3.30±0.02 eV and 21(ππ∗) ≈4.1 eV, with the
latter given approximately due to overlap of the 21(ππ∗)
and 31(ππ∗) bands. The maximum signal level over the
S2(nπ

∗) and 21(ππ∗) bands is ≈10% of that over the
S1(ππ

∗) band.
The photodetachment action spectrum over the

S1(ππ
∗) band (2.67 � 3.10 eV) was recently published

in Ref. 30 with assignment of the vibrational struc-
ture having ≈90 cm−1 spacing to the principal Franck-
Condon in-plane stretching vibration, ν3=88 cm

−1
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Figure 2: Photodetachment action spectra: (a) pCEs−, with the gray trace as a �ve-fold magni�cation of the black
trace; (b) pCEt−. FCHT simulations (blue, arbitrary scaled) are included for pCEs− and have been translated
for best agreement with experiment. The feature denoted with * in (b) is probably an artefact. Note, pCEt−

signal extends below the ADE by ≈0.16 eV because ions at a temperature of 300K have ≈0.15 eV vibrational energy
(calculated from a harmonic partition function). In (a), FCHT simulations at the ωB97X-D/aug-cc-pVDZ level of
theory were shifted by -0.41 eV [S1(ππ∗)], -0.50 eV [S2(nπ∗)] and -0.39 eV (21ππ∗) to achieve best agreement with
experiment. Note, it is di�cult to align the FCHT simulation for the 21ππ∗ state with experiment due to the absence
of clear vibrational structure.

(ωB97X-D/aug-cc-pVDZ level of theory).30 The rest
of the present photodetachment action spectrum, i.e.
over the higher photon energy bands, agrees with a
photoneutralization spectrum for pCEs− recorded us-
ing an ultrahigh vacuum ion storage ring,33 except
o�ers increased spectral resolution. For pCEs−, we ex-
pect that the photodetachment action spectrum should
parallel the gas-phase absorption spectrum because
there was no evidence for statistical electron ejection
(thermionic emission) at any photon energy across
the action spectrum range and thus our measurement
should capture all ejected electrons, the origin of the
S1(ππ

∗) band is above the adiabatic detachment energy,
ADE = 2.83±0.05 eV,30 the electronic transitions are
bright (large absorption cross-section) compared with
the direct photodetachment baseline, and �uorescence
should be negligible due to the picosecond lifetime of
the S1(ππ

∗) state.30

Calculated vertical excitation energies (VEEs) for

pCEs− at the STEOM-DLPNO-CCSD/aug-cc-pVDZ
(ωB97X-D/aug-cc-pVDZ geometry) level of theory and
oscillator strengths (f) are given in Table 1, reveal-
ing reasonable agreement with experiment. The
largest deviation between theory and experiment is
for the S2(nπ

∗) state, with the calculated VEE being
≈0.2 eV larger than experiment. For comparison, EOM-
CC3/aug-cc-pVDZ (RI-MP2/6-31+G* geometry) VEE
values from Ref. 39 are in excellent agreement with ex-
periment for the S1(ππ

∗) and S2(nπ
∗) states, however,

the VEE for the 21(ππ∗) state is ≈0.3 eV lower in energy
than experiment. We propose that the poorer agree-
ment between the calculated and experimental VEE for
the 21(ππ∗) state at the higher level of theory (EOM-
CC3/aug-cc-pVDZ) is due to the initial geometry. For
example, repeating the STEOM-DLPNO-CCSD/aug-
cc-pVDZ calculation at the RI-MP2/6-31+G* geom-
etry, i.e. the geometry used in the EOM-CC3 cal-
culation, leads to a decrease of the calculated VEE
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for the 21(ππ∗) state by ≈0.2 eV, yet there is little
change in VEE for the other two states. It is also
worth noting that the STEOM-DLPNO-CCSD/aug-cc-
pVDZ (ωB97X-D/aug-cc-pVDZ geometry) calculations
gave VEE=4.28 eV (f = 0.02) for the 31(ππ∗) ←S0

transition, suggesting overlap with the blue-edge of the
21(ππ∗) band.
The photodetachment action spectrum for pCEs−

shows that the maximum signal level over the S2(nπ
∗)

band reaches ≈10% of that for the S1(ππ
∗) band, which

is substantially more intense than predicted from the
calculated oscillator strengths. It is unlikely that the
direct photodetachment cross-section (D0 ←S0) varies
signi�cantly over the two transitions, and therefore
does not account for this disagreement between exper-
iment and theory. A feasible explanation is provided
by FCHT simulation of the S2(nπ

∗) ←S0 transition
at a temperature of 300K, which predicts that the in-
tensity of the S2(nπ

∗) band is signi�cantly increased
through Herzberg-Teller coupling.57�59 Speci�cally, the
FCHT simulation predicts that ≈80% of the band in-
tensity originates from Herzberg-Teller active combina-
tion modes and provides a simulated absorption pro�le
that satisfactorily accounts for the shape of the action
spectrum (the simulation has been translated in photon
energy for best agreement with experiment), with the
lower energy part of the S2(nπ

∗) band principally de-
�ned by Franck-Condon modes and the higher energy
part by Herzberg-Teller modes. Further details of the
Franck-Condon vs Herzberg-Teller modes are given in
the Supporting Information. Finally, the small feature
in the hν = 3.1�3.2 eV window might be due to hot band
signal not accounted for in the FCHT simulation (e.g.
some fraction of the ions at higher temperature) or pos-
sibly a contribution from the alternative rotamer (see
calculations and discussion later).
A FCHT simulation of the 21(ππ∗) ←S0 transition

for pCEs− is shown in Figure 2a, which has been trans-
lated in photon energy for approximate agreement with
experiment. The simulation predicts that the transi-
tion is origin dominated with some intensity associated
with several in-plane modes: ν15 = 516 cm−1 (phenyl
stretch), ν26 = 838 cm−1 (phenyl breathing), ν33 =
1128 cm−1 (phenyl hydrogen wag), and ν45 = 1459 cm−1

Table 1: Experimental and calculated vertical excita-
tion energies (VEEs) in eV and oscillator strengths (f)
for pCEs−.

State Experiment Theorya f Ref. 39
S1(ππ

∗) 2.88±0.02 2.80 0.9 2.88
S2(nπ

∗) 3.30±0.02 3.50 3× 10−3 3.22
21(ππ∗) ≈4.1b 4.06 0.1 3.78

aCalculated values are at the
STEOM-DLPNO-CCSD/aug-cc-pVDZ

(ωB97X-D/aug-cc-pVDZ geometry) level of theory.
bEstimated value � see text for comparison with other

action spectroscopy measurements.

(phenyl stretching). Although the simulation predicted
hot band signal at a temperature of 300K, the experi-
mental spectrum is still considerably broadened on the
red edge with no clear origin transition. Two possible
reasons for the di�erence between experiment and the-
ory are: (1) a short inherent lifetime of the 21(ππ∗)
state due to the shape resonance character of the state,
and (2) transition smearing associated with �uxional-
ity/rotamers of the ground electronic state anions in
the gas phase at a temperature of 300K (more so for
the 21(ππ∗) state than the other two states).
The �rst spectral broadening factor, an inherently

short lifetime of the 21(ππ∗) state, presumably has some
contribution since the state is classi�ed as a shape res-
onance,60 i.e. a one-electron detaching transition is re-
quired to achieve the neutral state. Time-resolved mea-
surements on the dynamics of resonances for other gas-
phase chromophores by the current authors have found
that shape resonances situated well into the detachment
continuum (as is the case here) usually have sub-60 fs
lifetimes. As a speci�c example, cryogenic photode-
tachment action spectroscopy measurements on the �rst
shape resonance in the para-benzoquinone radical an-
ion show a broad, featureless electronic transition due
to lifetime broadening.45,61 Femtosecond time-resolved
measurements determined that the shape resonance in
that instance had a lifetime of ≈20 fs.62 In contrast,
Feshbach resonances near the detachment threshold in
cold para-benzoquinone radical anions produced clear
vibrational structure and therefore have much longer
lifetimes.61 Returning to the 21(ππ∗) state of pCEs−,
excited state lifetimes in the range 10�40 fs correspond
to spectral widths of 0.4�0.1 eV, which could satisfac-
torily explain the lack of a sharp origin transition and
breadth of the action spectrum band.
The second spectral broadening factor, smearing of

the 21(ππ∗) ←S0 transition energy due to �uxion-
ality/rotamers, is consistent with the VEE calcula-
tions above that demonstrated a sensitivity of this
transition energy to the initial geometry (much more
so than for the other two states). Furthermore, a
recent study considering deprotomers of pCA− used
RRKM calculations to propose that the phenoxide de-
protomer in the gas phase (and presumably also pCEs−)
are rigid towards internal rotation at a temperature
of 300K and, consequently, exist in two rotameric
forms. Calculations on the higher-energy rotamer at
the STEOM-DLPNO-CCSD/aug-cc-pVDZ level of the-
ory gave VEEs of S1(ππ

∗)=2.81 eV, S2(nπ
∗)=3.17 eV

and 21(ππ∗)=3.87 eV. The VEE for the S1(ππ
∗) ←S0

transition is within 0.01 eV of that for the most stable
deprotomer, and the VEE for the S2(nπ

∗) state (per-
haps fortuitously) is consistent with a minor unassigned
feature situated just below hν = 3.2 eV in the photode-
tachment spectrum (Figure 2a). The calculated VEE
for the 21(ππ∗)←S0 transition of the rotamer is ≈0.2 eV
lower in energy than that for the most stable rotamer,
again consistent with spectral smearing of the origin
transition. At this stage, it is unclear which spectral
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Table 2: Experimental and calculated vertical excita-
tion energies (VEEs) in eV and oscillator strengths (f)
for pCEt−.

State Experiment Theorya f Ref. 39
S1(ππ

∗) ≈3.6b 4.28 0.3 3.51
S2(ππ

∗) 3.93±0.02 4.48 0.03 4.06
aCalculated values are at the

STEOM-DLPNO-CCSD/aug-cc-pVDZ
(ωB97X-D/aug-cc-pVDZ geometry) level of theory.

bEstimated value � see text for comparison with other
action spectroscopy measurements.

broadening mechanism is dominant.

pCEt−

The photodetachment action spectrum for pCEt− (Fig-
ure 2b) has two bands and the shoulder of a third, which
is denoted by `A'. The �rst two bands are assigned to
the S1(ππ

∗) ←S0 and S2(ππ
∗) ←S0 transitions. This

photodetachment action spectrum has two contrasting
properties compared with pCEs−. First, a signi�cant
portion of the S1(ππ

∗) band is situated below the ADE
(determined at 3.7±0.2 eV later). Second, delay of the
acquisition gate on the detector by 50 ns relative to the
light pulse showed that thermionic emission is the dom-
inant electron detachment pathway. These two proper-
ties imply that the photodetachment action spectrum
for pCEt− will vary from the inherent absorption spec-
trum. Speci�cally, our photodetachment acquisition
collected electrons ejected over a 500 ns window after
the light pulse � this acquisition gate is required for
velocity-map imaging. Assuming thermionic emission
operates on a tens to hundreds microsecond timescale
(varies with photon energy and might be in competi-
tion with statistical dissociation), the photodetachment
measurement collects only a few percent of the total
electron detachment yield.
Calculated VEEs for pCEt− at the STEOM-DLPNO-

CCSD/aug-cc-pVDZ (ωB97X-D/aug-cc-pVDZ geome-
try) are summarized in Table 2, revealing that this level
of theory overestimates by >0.6 eV compared with ex-
periment. For comparison, the VEEs at the EOM-
CC3/aug-cc-pVDZ level of theory from Ref. 39 are in
much better agreement with experiment, with the ref-
erence study concluding that at least the aug-cc-pVDZ
basis set as well as corrections for triples excitations
in the EOM methodology are required to align calcu-
lated VEEs with action spectra for the carboxylate de-
protomer of pCA−.39 While the VEEs for pCEt− at
the EOM-CC3/aug-cc-pVDZ level of theory are con-
sistent with the present photodetachment action spec-
trum, the oscillator strengths deviate from experiment
because much of the S1(ππ

∗) band is situated below the
detachment threshold. Feature `A' in the photodeple-
tion action spectrum for pCEt− (Figure 2b) is presum-
ably due to excitation of a higher lying electronic state.
The pCEt− photodetachment action spectrum has

an appearance threshold at ≈3.35 eV and a photon en-
ergy of maximum response over the S2(ππ

∗) band at
≈4.0 eV. Both of these properties are similar to those
found for pCEt− in a recent photodepletion action spec-
trum recorded using a tandem ion mobility spectrom-
eter.39 Unfortunately, it is di�cult to provide a more
detailed comparison due to the high pressure environ-
ment in the tandem ion mobility spectrometer and con-
sequential quenching of statistical processes such as
thermionic emission.63 In an alternative comparison,
the tandem ion mobility spectrometry study reported
an action spectrum for the S1(ππ

∗) ←S0 transition of
the carboxylate deprotomer of pCA− by monitoring
phototautomerization and ensuing intramolecular rear-
rangement.39 Theoretical modelling revealed that the
initial phototautomerization involved an excited state
mechanism that should occur faster than collisional en-
ergy quenching. Although phototautomerization does
not occur for pCEt−, the phototautomerization action
spectrum for the carboxylate deprotomer of pCA− has
maximum response at ≈3.5 eV, which is close to the cal-
culated VEE for that deprotomer and also for pCEt−

at 3.51 eV from Ref. 39. This is consistent with assign-
ment of S1(ππ

∗) band for pCEt− in Figure 2b. FCHT
simulation of the absorption spectrum for pCEt− was
not attempted since the present action spectrum does
not mirror the absorption spectrum.

Frequency- and angle-resolved photoelec-

tron imaging

Frequency- and angle-resolved photoelectron imaging
was used to provide spectral �ngerprints for excited
state dynamics in pCEs− and pCEt−. The underlying
strategy of the technique is to maximize information
content by recording a series of photoelectron spectra
with varying photon energy and analyzing trends in the
electron kinetic energy (eKE) distributions and their an-
gular properties.45,46,64 When these data are considered
along with the photodetachment action spectrum and
photoelectron spectra in which the acquisition gate ap-
plied to the MCP detector is delayed relative to the light
pulse,49 certain spectral features and trends can provide
indirect evidence or ��ngerprints� for excited state dy-
namics. Potential dynamical �ngerprints include inter-
nal conversion between resonances, vibrational autode-
tachment from excited states situated below the detach-
ment threshold, and recovery of the ground electronic
state followed by thermionic emission.

pCEs−: S1(ππ
∗) band

The frequency-resolved spectrum for pCEs− is shown
in Figure 3a and the photodetachment action spectrum
is reproduced in Figure 3b for direct comparison. The
41 photoelectron spectra contributing to the frequency-
resolved spectrum have been area normalized to accen-
tuate the spectral features. Photoelectron angular dis-
tributions in terms of β2 values are shown in Figure 3c.
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Figure 3: Frequency-resolved photoelectron spectroscopy of pCEs−: (a) frequency-resolved photoelectron spectrum,
(b) photodetachment action spectrum for visual comparison with (a), (c) photoelectron angular distributions in
terms of β2 values, (d) example photoelectron spectra at hν = 2.76 and 3.26 eV associated with resonant excitation
of the S1(ππ

∗) and S2(nπ
∗) bands, (e) example photoelectron spectra at hν = 3.70, 3.82 and 3.88 eV associated

with resonant excitation of the 21(ππ∗) band. Note the di�erent horizontal abscissa scales. See SI for all individual
spectra contributing to (a). The * symbols in (e) are discussed in the text.

The frequency-resolved spectrum (Figure 3a) shows a
low-eKE distribution over the 2.7 ≤ hν ≤ 3.1 eV range,
i.e. over the S1(ππ

∗) band, with double peak struc-
ture � see example photoelectron spectra in Figure 3d.
The spectrum at hν = 2.76 eV is essentially identical
to the photoelectron spectra at all other photon energy
over the S1(ππ

∗) band. A recent study on pCEs− com-
bining single-color photoelectron spectroscopy and fem-
tosecond time-resolved photoelectron spectroscopy as-
signed this double peak structure to the combination
of nuclear relaxation to a twisted intermediate geom-
etry on the S1(ππ

∗) state followed by autodetachment
and vibrational autodetachment from a dipole-bound
state.30 Photoelectron angular distributions show that
β2 ≈+0.1 over the low-eKE feature, and delay of the
acquisition gate applied to the MCP detector by 50 ns
relative to the light pulse con�rmed that all photoelec-
tron signal occurred within 50 ns. Both of these re-
sults are consistent with no thermionic emission, which
should yield low-eKE electrons with an isotropic photo-
electron angular distribution (β2 ≈0) over a microsec-
ond timescale. It follows that most of the S1(ππ

∗)
population undergoes nuclear relaxation to form either
a twisted intermediate or dipole-bound state, both of

which autodetach.30

The photoelectron spectra associated with the blue
edge of the S1(ππ

∗) band show a small amount of
prompt detachment, de�ned as a combination of di-
rect photodetachment and prompt autodetachment, e.g.
<10% in the hν = 3.00 eV spectrum, with the signal in
the 0.05�0.15 eV window having β2 ≈-0.4.

pCEs−: S2(nπ
∗) band

The frequency-resolved spectrum in Figure 3a shows
that photon energies resonant with the low photon en-
ergy (hν = 3.15�3.35 eV) part the S2(nπ

∗) band, i.e. as-
sociated with predominately Franck-Condon modes as
discussed in the Supporting Information, yields mostly
low-eKE signal with β2 ≈+0.1. Because this signal re-
sembles that when exciting the S1(ππ

∗) state, we as-
sign the dynamics as internal conversion and autode-
tachment from the S1(ππ

∗) twisted intermediate and
dipole-bound state. Such dynamics are consistent with
the Feshbach resonance character of the S2(nπ

∗), which
requires electron recon�guration to achieve the neutral
electronic structure in during autodetachment and al-
lows a time window for internal conversion to occur.
For photon energies resonant with the remainder of
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the S2(nπ
∗) band (hν = 3.35�3.50 eV), Herzberg-Teller

active modes dominate the photodetachment action
spectrum (see Supporting Information) and the photo-
electron spectra show two signi�cant changes. First,
the amount of low-eKE signal decreases, broadens and
loses the double peaked structure that was attributed
to some combination of vibrational autodetachment
from the S1(ππ

∗) state and a dipole-bound state. Sec-
ond, β2 values over the low-eKE feature are closer to
zero (β2 ≈+0.05), but β2 values over the remainder of
the frequency-resolved spectrum are negative, reaching
β2 ≈-0.5 on the high-eKE tail. Delay of the acquisition
gate applied to the MCP detector by 50 ns con�rmed
that there is no thermionic emission.
In summary, the frequency-resolved spectrum as-

sociated with the S2(nπ
∗) band indicates that reso-

nant access of Franck-Condon and Herzberg-Teller ex-
cited state modes lead to distinct non-adiabatic dynam-
ics. Undoubtedly, future investigations employing cryo-
genic methods will allow for measurement of vibrational
structure over the S2(nπ

∗) band. Time-resolved pho-
toelectron spectroscopy could further elucidate on the
dynamics associated with each section of the S2(nπ

∗)
band.30

pCEs−: Direct photodetachment region

We term the region between the S2(nπ
∗) and 21(ππ∗)

bands (hν ≈3.5�3.7 eV in Figure 2a and Figure 3a) in the
pCEs− photodetachment action spectrum the `direct
photodetachment region'. In this region, the photoelec-
tron spectra are dominated by a high-eKE distribution
with a peak eKE that increases commensurately with
photon energy and is consistent with predominately di-
rect photodetachment. Photoelectron angular distribu-
tions are aligned perpendicular to the laser polarization,
with β2 ≈-0.5 over the central part of the direct pho-
todetachment region.
It is worth noting that there is a small yield of low-

eKE electrons with a doubled peaked distribution (<5%
of the photoelectron signal) with slightly positive β2 val-
ues produced over the direct photodetachment region.
This is presumably from smearing of the red-edge of the
21(ππ∗)←S0 transition, as discussed above.
Many of the photon energies used in earlier photo-

electron studies35�38 to imply excited state dynamics
in pCEs− and derivatives used photon energies over
this direct photodetachment region (e.g. 3.54, 3.87 and
3.94 eV in Ref. 36). These photoelectron spectra were
interpreted in terms of dynamics associated with the
21(ππ∗) state and internal conversion to give thermionic
emission. Both the present and our earlier study30 show
that there is no internal conversion to the ground elec-
tronic state and no thermionic emission.

pCEs−: 21(ππ∗) band

The frequency-resolved spectrum for pCEs− over the
21(ππ∗) band (hν ≈3.7�4.2 eV in Figure 2a and 3a) re-

veals complex �ngerprints of excited state dynamics.
There was no evidence for thermionic emission using the
detector gating strategy. The photoelectron spectra can
be broadly divided into three regions. First, from the
onset of the 21(ππ∗) band at hν ≈3.7 eV to hν ≈4.1 eV,
the frequency-resolved spectrum has a static eKE distri-
bution centred at eKE≈0.7 eV with β2 ≈+0.2 � see the
eKE = 0.3�0.9 eV region in Figure 3c. Second, there is a
substantial fraction of low-eKE signal that is consistent
with some fraction of excited state population under-
going internal conversion and autodetachment from the
twisted intermediate on the S1(ππ

∗) state and a dipole-
bound state. Third, the high-eKE distributions show
vibrational structure at certain photon energies. There
is also a modulation in intensity between low-eKE sig-
nal and high-eKE signal with photon energy, which is
indicative of vibrational mode-speci�c dynamics (see ar-
rows in Figure 3a). The modulation between low-eKE
and high-eKE photoelectron signal is illustrated by the
hν = 3.82 and 3.88 eV photoelectron spectra in Fig-
ure 3e. These three properties/trends are now discussed
in turn.
The static eKE distribution centred at eKE≈0.7 eV

occurs over the hν ≈3.6�4.1 eV range and could orig-
inate from three processes: (i) internal conversion to
the S2(nπ

∗) state followed by autodetachment, (ii) nu-
clear relaxation on the 21(ππ∗) followed by autode-
tachment, and (iii) prompt autodetachment that occurs
more rapidly than any vibrational energy redistribution
so that vibrational excitation of the anion is retained
during the detaching transition. Explanation (i) is con-
sistent with the energy of the S2(nπ

∗) state, which is
situated ≈0.5�0.6 eV above the ADE. Explanation (ii) is
consistent with calculations on the optimized geometry
of the 21(ππ∗), which predict that the state is situated
≈0.7 eV above the detachment threshold. Explanation
(iii) might be consistent with the shape resonance char-
acter of the state, however, rotamer/geometry smear-
ing complicate any �rm assignment. The signi�cant
change in β2 value across the static eKE distribution
no doubt contains important dynamical information,
however, there is no simple way to model angular dis-
tributions associated with autodetachment from reso-
nances. Whatever the assignment, it is interesting to
note that similar trends in frequency-resolved spectra
and associated β2 values have been previously observed
for the para-HBDI− (chromophore in green �uorescent
protein) when exciting over the red edge of the 21(ππ∗)
band,65 and also for several other para-substituted phe-
noxide anions.66 Time-resolved spectroscopy on the
21(ππ∗) state of para-HBDI− showed that the excited
state dynamics leading to the eKE distribution occurred
on a sub-60 fs timescale.65 The initial interpretation
of the para-HBDI− results followed the �rst explana-
tion (internal conversion followed by autodetachment),
with the assignment in part attributed to a sudden
change in β2 values with photon energy. Subsequently,
Bochenkova et al.67 suggested through calculations that
explanation (iii) was most likely, although their calcula-
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tions did not account for the sudden change in β2 values.
Very recently, Glover et al.68 used high-level theory to
identify a conical intersection and internal conversion
route lending support to the original assignment.
The low-eKE feature in the frequency-resolved spec-

trum over the hν = 3.7�4.0 eV range, which has
β2 ≈+0.1, is consistent with internal conversion and
autodetachment from the twisted intermediate on the
S1(ππ

∗) state and a dipole-bound state. Integrating
the low-eKE signal (eKE<0.2 eV) in the frequency-
resolved spectrum indicates that it constitutes 20�40%
of the photoelectron signal. It is unknown if the in-
ternal conversion mechanism leading to the low-eKE
signal is a direct 21(ππ∗) →S1(ππ

∗) process or the
S2(nπ

∗) state is involved as an intermediate, i.e. a
21(ππ∗) →S2(nπ

∗) →S1(ππ
∗) internal conversion cas-

cade. It is worth noting that the low-eKE photoelec-
tron features for photon energies over the 21(ππ∗) and
S2(nπ

∗) bands show reproducible structure indicated
by the * in Figure 3e (see individual spectra in the
Supporting Information), however, this structure is not
evident in photoelectron spectra for photon energies
across the S1(ππ

∗), indicating di�ering vibrational au-
todetachment dynamics following direct excitation of
the S1(ππ

∗) state or access through internal conver-
sion. In earlier photoelectron spectroscopy studies on
quinone cluster anions, we assigned structured, low-
eKE features to autodetachment from a dipole-bound or
correlation-bound state,69,70 with the vibrational struc-
ture attributed to speci�c autodetaching vibrational
modes.71 In this mechanism, vibrational motion asso-
ciated with modulation of the orbital containing the
most weakly bound electron causes the electron to be
�shaken o�� with a kinetic energy proportional to the
vibrational mode frequency. Ultimately, time-resolved
photoelectron spectroscopy is the best avenue for gain-
ing further insight into internal conversion and low-eKE
vibrational autodetachment dynamics associated with
the 21(ππ∗) state, although such measurements should
be performed at low temperatures to minimize spectral
smearing associated with ion �uxionality.
The high-eKE vibrational structure in the photoelec-

tron spectra consists of three obvious vibrations oc-
curring at �xed eKE values (i.e. they do not move
with photon energy) of 0.70, 0.86 and 1.02 eV (±0.03 eV
uncertainty), corresponding to a spacing of ≈0.16 eV
or ≈1300 cm−1. The example photoelectron spec-
tra in Figure 3e show two of these vibrations in the
hν = 3.70 eV spectrum and three in the and hν =
3.88 eV spectrum. Furthermore, the high-eKE vibra-
tional structure and the modulation in spectral intensity
between the low-eKE and high-eKE signal with pho-
ton energy (spacing of ≈0.12 eV) appear connected �
the high-eKE vibrational structure is evident for pho-
ton energies that give reduced low-eKE signal, while the
high-eKE vibrational structure is washed out for pho-
ton energies that give increased low-eKE signal. There
is no clear vibrational structure in the photodetachment
action spectrum consistent with either the high-eKE vi-

brational structure or the modulation between low-eKE
and high-eKE signal with photon energy. The lack of
any new detaching transitions in a direct photodetach-
ment simulation (D0 ←S0) implies that the direct pho-
todetachment cross-section should not sharply change
over the 21(ππ∗)←S0 transition.
Taking all of the data together and remembering that

the photodetachment action spectrum showed a broad-
ened red edge for the 21(ππ∗) ←S0 transition, a possi-
ble explanation for the high-eKE vibrational structure
and the modulation in spectral intensity between the
low-eKE and high-eKE signal with photon energy is
schematically illustrated in Figure 4. We propose that
there is a mode-speci�c excited state competition be-
tween prompt autodetachment and internal conversion.
In this mechanism, resonant excitation of vibrational
levels of one or several speci�c modes � say including
the ν45 = 1459 cm−1 (phenoxide stretch) � leads to in-
creased prompt autodetachment signal compared with
resonant excitation of other modes (e.g. the 0-0 tran-
sition or ν15, ν26 and ν33 modes), which give more e�-
cient internal conversion. We selected ν45 = 1459 cm−1

as a possible example mode because very fast autode-
tachment from this vibration to corresponding neu-
tral vibrations could account for both the spacing in
the high-eKE vibrational structure and the (approxi-
mate) photon energy spacing for eKE modulation in the
frequency-resolved spectrum. It is worth noting that
a similar modulation between low-eKE and high-eKE
signal when photoexciting over a shape resonance was
observed in photoelectron spectroscopy study on coen-

Figure 4: Proposed photo-induced electron ejection dy-
namics associated with the red edge of the 21(ππ∗)←S0

transition for pCEs−. PD indicates a prompt autode-
tachment process for the ν = 1459 cm−1 mode (blue),
and IC (red) indicates an internal conversion to the
S1(ππ

∗) state possibly via the S2(nπ
∗) state.
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Figure 5: Frequency-resolved photoelectron spectroscopy of pCEt−: (a) frequency-resolved photoelectron spectrum,
(b) photodetachment action spectrum for visual comparison with (a), (c) corresponding photoelectron angular dis-
tributions in terms of β2 values, (d) example photoelectron spectra at hν = 3.76 eV without (black) and with (gray)
delay of the MCP acquisition gate by 50 ns, (e) example photoelectron spectrum at hν = 4.25 eV. Note the di�erent
horizontal abscissas. See SI for all individual spectra contributing to (a).

zyme Q0 dimer radical anions,69 and was similarly in-
terpreted as a mode-speci�c excited state competition
between prompt autodetachment and internal conver-
sion. Finally, we note that the proposed interpretation
in Figure 4 requires that the initial anion geometry is
well de�ned, thus, if our hypothesis is correct, broaden-
ing of the red edge of the photodetachment action spec-
trum over the 21(ππ∗)←S0 transition is due to lifetime
broadening of the origin transition.
For photon energies higher than hν ≈4.1 eV, there

is new signal at low-eKE that appears to increase in
peak eKE commensurately with photon energy, and
is assigned to a new direct photodetachment channel.
EOM-IP-CCSD/aug-cc-pVDZ calculations gave the sec-
ond vertical detachment energy (VDE) for pCEs−

at 4.36 eV,39 which consistent with this new feature
(D1 ←S0). Photoelectron spectra were not recorded
for photon energies higher than ≈4.2 eV due to back-
ground from photoelectrons associated with scattered
light striking the velocity-mapping electrodes.
In summary, the 21(ππ∗) state of pCEs− exhibits

complex internal conversion and mode-speci�c autode-
tachment dynamics. These dynamics were not recog-
nized in earlier photoelectron spectroscopy studies tar-
geting this state. Undoubtedly, future investigations on
cryocooled anions will provide increased spectral resolu-

tion and further insight into the excited state dynamics
associated with the 21(ππ∗) band.

pCEt−

The frequency-resolved spectrum for pCEt− is shown
in Figure 5a and the photodetachment action spectrum
is reproduced in Figure 5b for direct comparison. The
13 photoelectron spectra contributing to the frequency-
resolved spectrum have been area normalized to accen-
tuate spectral features. Photoelectron angular distribu-
tions in terms of β2 values are shown in Figure 5c.
The frequency-resolved spectrum shows there is a low-

eKE feature (eKE <0.2 eV) for all studied photon ener-
gies, exempli�ed by the hν = 3.76 eV spectrum in Fig-
ure 5d. This low-eKE feature has three important prop-
erties: (i) it does not comply to a single exponential-
like distribution (and has a di�erent shape to that for
pCEs−), rather there is a weak shoulder at eKE≈0.05 eV
which is evident for photon energies above and below
the ADE; (ii) β2 ≈+0.1 over the low-eKE feature (see
Figure 5c), which is inconsistent with purely thermionic
emission; (iii) delay of the acquisition gate applied to
the MCP detector by 50 ns relative to the light pulse
produced photoelectron spectra like that shown in Fig-
ure 5d, gray, which has β2 ≈ 0 (isotropic electron ejec-
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tion) and is consistent with some contribution from
thermionic emission � similar thermionic emission sig-
nal was observed when using MCP gating at all pho-
ton energies in Figure 5a. These three properties of the
low-eKE signal in the frequency-resolved spectrum for
pCEt− suggest the low-eKE signal is due to a combi-
nation of vibrational autodetachment and thermionic
emission, with the weak shoulder at eKE≈0.05 eV pre-
sumably due to the vibrational autodetachment process.
It is also possible that there is some contribution from
a dipole-bound state since the neutral core of pCEt has
a calculated dipole moment of µ=4.8D (anion geom-
etry), which exceeds the ≈2.5D threshold to support
a dipole-bound state.72 Whether dipole-bound states
are involved during internal conversion to recover the
ground electronic state is a topical question with rele-
vance to a range of common photochemical moieties,30

but cannot be reliably probed through single-color pho-
toelectron spectroscopy.
The frequency-resolved spectrum for pCEt− shows

little prompt detachment signal over the S1(ππ
∗) band.

However, a high-eKE feature with β2 ≈-0.1 � see tri-
angular region in Figure 5c, which is consistent with
prompt detachment is evident for photon energies over
the S2(ππ

∗) band � see example hν = 4.28 eV spec-
trum in Figure 5e. There is a decrease in the inten-
sity of the low-eKE feature for photon energies larger
than ≈4.1 eV, i.e. beyond the S2(ππ

∗) ←S0 transition.
The high-eKE feature provides the detachment param-
eters of ADE = 3.7±0.2 eV and VDE = 3.9±0.2 eV.
Earlier electronic structure calculations at the EOM-
IP-CCSD/aug-cc-pVDZ (RI-MP2/aug-cc-pVDZ geom-
etry) level of theory determined the lowest VDE at
3.87 eV,39 which is consistent with present experimental
value.
Recent tandem ion mobility measurements on the E

isomer of pCEt− did not �nd any evidence for E→Z

photoisomerization in the gas phase.39 Because the
present study has demonstrated that a signi�cant frac-
tion of pCEt− molecules photoexcited over the the
�rst two ππ∗ states recover the ground electronic state,
we conclude that the internal conversion dynamics in
pCEt− do not involve a conical intersection associated
with substantial torsion of the central alkene bond.

Conclusions and outlook

This investigation has demonstrated that two depro-
tomeric forms of methylated para-hydroxycinnamate
molecules have diametric excited state dynamics follow-
ing excitation of the �rst few electronic states. Whereas
deprotonation on the hydroxyl group (pCEs−) shows no
evidence of internal conversion to recover the ground
electronic state when photoexcited over the �rst three
action-absorption bands and thus cannot undergo E→Z

isomerization by passage through a conical intersection,
deprotonation on the carboxylate group (pCEt−) shows
e�cient ground state recovery dynamics when photoex-

cited over the �rst two absorption bands.
The S2(nπ

∗) ←S0 transition in pCEs− is substan-
tially brighter than predicted from conventional excited
state calculations due to Herzberg-Teller coupling, and
there are apparently mode-speci�c internal conversion
vs prompt detachment dynamics depending on whether
the Franck-Condon or Herzberg-Teller modes are ex-
cited. The 21(ππ∗) state in pCEs− state also exhibits
complex prompt autodetachment and internal conver-
sion excited state dynamics, with evidence for a mode-
speci�c competition. For pCEs− at room temperature,
it is hard to envisage that further single-color photoelec-
tron studies could provide additional insight into these
dynamics, rather future studies should focus on cold
anions to disentangle the two possible spectral broad-
ening e�ects for the 21(ππ∗)←S0 transition, and time-
resolved measurements over photon energies associated
with low-eKE and high-eKE electron ejection modula-
tion to directly probe the excited state dynamics.
In the context of models for the chromophore in PYP

and assuming that pCEs− behaves similarly to the ac-
tual thioester biochromophore, the lack of ground state
recovery following excitation of the �rst three bright
electronic states implies that interactions between the
chromophore and the protein's binding pocket plays a
key role in facilitating PYP photochemistry. Speci�-
cally, the lack of ground state recovery for pCEs− in the
gas phase indicates that E→Z photoisomerization is in-
e�cient compared with autodetachment. In accord with
excited state molecular dynamics simulations20 and re-
cent time-resolved photoelectron spectroscopy measure-
ments on the S1(ππ

∗) state of pCEs−,30 we conclude
that the lack of internal conversion to the ground elec-
tronic state and associated E→Z isomerization to give
a stable photoisomer is due to barriers on the S1(ππ

∗)
state. The additional vibrational energy deposited in
the S1(ππ

∗) state following excitation and internal con-
version from the S2(nπ

∗) or 21(ππ∗) states is ine�cient
at helping traverse these barriers before autodetach-
ment.
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All photoelectron spectra that contribute to the the
frequency-resolved photoelectron spectrum for pCEs−

and pCEt−.
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