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Table 1 EPT/6-311++G(3df,3pd) calculated vertical detachment

energies (VDEs) and pole strengths (in parentheses),

B3LYP/6-311++G(3df,3pd) D0-S0 adiabatic detachment energies (ADEs)

(0-0 transition) and maxima of the experimental 350 nm photoelectron

spectra (all in eV) for the phenolate form of pCA−, pCE− and pCT−.

Chromophore VDE ADE (0-0) Expt
pCA− 3.00 (0.879) 2.99 2.91±0.05

pCE− 2.91 (0.875) 2.91 2.83±0.05

pCT− 3.07 (0.879) 3.03 2.96±0.05

solved features at low eBEs. The rising edges of these broad
features remain at constant eBE for all photon energies and are
therefore attributed to direct photodetachment (PD). The maxima
of the 350 nm (3.54 eV) spectra are in good agreement (∼ 0.1 eV)
with the calculated vertical detachment energies (VDEs) and adi-
abatic detachment energies (ADEs), which are presented in Table
1. It is worth noting that there is significant photoelectron emis-
sion at lower eBEs than the calculated VDEs and ADEs in all the
photoelectron spectra. In pCA−, and one of its isomers oCA−, this
has been attributed to rotation around the single bond between
the C−−C double bond and the phenoxide group, so we assume
these torsional motions play a similar role in pCE− and pCT−.
The fact that the calculated VDEs and ADEs are so close to one
another suggests that the minimum energy geometries of the an-
ion and the radical are very similar, in agreement with the results
of our combined photoelectron spectroscopy and computational
study of gas-phase pCA− and its ortho- and meta- isomers.27 Our
calculated VDEs are also in good agreement with the EOM-IP-
CCSD/6-311+G(df,pd) value reported by Zuev et al. for pCA−

(2.92 eV),53 the OVGF/aug-cc-pVDZ value reported by Gromov
et al. for pCT− (2.90 eV)30 and the experimental VDE reported
for the methyl ketone analogue (2.9 eV).16

It is worth noting that pCA− can be formed during electrospray
ionisation as a carboxylate anion or as a phenolate anion, whereas
pCE− and pCT− have only one deprotonation site and can only
be formed as phenolate anions. It is clear from the photoelectron
spectra (Fig. 2) that all three chromophores have similar VDEs
(around 3 eV), which supports our earlier suggestion that pCA−

is formed in its phenolate form in our instrument when using
methanol with a few drops of aqueous ammonia as a solvent.27

This contrasts with the observations of Almasian et al.,25 but per-
haps emphasises the importance of instrumental parameters, such
as the position of the electrospray head, as well as choice of sol-
vent in determining the deprotonation site.54 The VDE for the
carboxylate form of pCA− (4.68 eV)27 is significantly higher than
for the phenolate form so it is also possible that both phenolate
and carboxylate forms are present in our instrument but that we
are only sensitive to the phenolate form in experiments with pho-
tons < 4 eV.

Although the VDEs of the chromophores are similar, the max-
ima in the photoelectron spectra and calculated VDEs (Table 1)
increase in the order pCE− < pCA− < pCT−. This trend can be
understood in terms of the stabilising effect of electron accepting
substituents lowering the energy of the resonantly stabilised an-
ions as the electron affinity increases in the order OMe < OH <

SMe.

The calculated vertical excitation energies for the first two
1
ππ
∗ states and the first 1nπ

∗ state of pCA−, pCE− and pCT−

are listed in Table 2, alongside the results of higher-level SA-
CASSCF(14,12)-PT2/cc-pVDZ calculations by García-Prieto and
coworkers37 and experimental values reported by Rocha-Rinza
and coworkers.21 The molecular orbitals involved in the transi-
tions are plotted in Fig. 3. Our calculated value for pCE− is con-
sistent with that calculated using the CAM-B3LYP/aug-cc-pVTZ
method22 and our value for pCA− lies within the range of val-
ues calculated by Zuev et al.53 and Uppsten and Durbeej,55 al-
though all the values are ∼ 0.5 eV higher than the experimen-
tal values determined from action spectra21 and those calculated
using the SA-CASSCF(14,12)-PT2/cc-pVDZ method.37 Nonethe-
less, the characters of the excited states calculated using the CAM-
B3LYP/6-311++G(3df,3pd) method, and the energies of the ex-
cited states with respect to one another, are in good agreement
with those calculated using the SA-CASSCF(14,12)-PT2/cc-pVDZ
method. To guide our interpretation of the photoelectron spectra,
we have marked the more accurate VEEs determined by García-
Prieto and coworkers using the SA-CASSCF(14,12)-PT2/cc-pVDZ
method37 on our experimental spectra (Fig. 2) and use the con-
figurations obtained from the CAM-B3LYP/6-311++G(3df,3pd)
to determine the characters of the excited states with respect to
the detachment continua.

The effect of substituting the hydrogen on the carboxylic acid
group in pCA− for a methyl group (pCE−) has very little effect on
any of the VEEs. However, substituting the oxygen atom for a sul-
fur atom (pCT−) causes the 1

1
ππ
∗ and 1

1nπ
∗ states to red-shift

by 0.1−0.2 eV, although it has very little effect on the 2
1
ππ
∗ state.

These observations can be understood in terms of the molecular
orbitals involved in the transitions (Fig. 3). Transitions to the
1

1
ππ
∗ and 1

1nπ
∗ states are to the π

∗

1
molecular orbital, which is

delocalised across the anion and therefore stabilised by the elec-
tron accepting methyl thioester group, whereas the 2

1
ππ
∗ tran-

sition is to the π
∗

2
molecular orbital, which is localised on the

phenoxide group and is barely influenced by changing the sub-
stituents on the coumaryl tail.

It is clear from Fig. 2 that the 1
1
ππ
∗ and D0 states are very

close to one another in pCA− and pCE−, but that the 1
1
ππ
∗ state

is 0.2− 0.3 eV lower in energy than the D0 state in pCT−. This
suggests that the thioester link between the chromophore and the
protein plays a role in ensuring that the 1

1
ππ
∗ state is bound with

respect to photodetachment following excitation at the maximum
of 1ππ

∗
← S0 absorption band. This is consistent with the fact that

there have not been any reports of electron emission from PYP
following excitation within the 1ππ

∗
← S0 absorption maximum

at 446 nm (2.78 eV), even though electron emission has been
observed following excitation at higher photon energies.28

As the photon energy increases, the broad features in the pho-
toelectron spectra change shape on the high eBE side, character-
istic of an indirect PD process following resonant excitation of
a higher lying electronically excited state (autodetachment). In
pCA−, and one of its isomers mCA−, this broadening has already
been rationalised in terms of resonant excitation of higher-lying
2

1
ππ
∗ excited states followed by autodetachment.27 Similar ef-
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Table 2 CAM-B3LYP/6-311++G(3df,3pd) vertical excitation energies in eV and oscillator strengths f (in parentheses) for the phenolate form of pCA−,

pCE− and pCT− compared with SA-CASSCF(14,12)-PT2/cc-pVDZ calculated values 37 and experimental values 21 from the literature

Chromophore 1
1
ππ
∗

1
1nπ

∗
2

1
ππ
∗

1
1
ππ
∗ 37

1
1nπ

∗ 37
2

1
ππ
∗ 37 Expt 21

pCA− 3.45 (0.91) 4.09 (0.00) 4.33 (0.10) 2.96 3.65 3.82 2.89
pCE− 3.43 (0.95) 4.12 (0.00) 4.31 (0.11) 2.94 3.65 3.81 2.88
pCT− 3.30 (1.12) 4.00 (0.00) 4.34 (0.09) 2.73 3.47 3.86 -

Fig. 3 Top left: Jablonski diagram illustrating the electronic relaxation and emission processes following UV photoexcitation of pCA−, pCE− and

pCT−. Horizontal black lines represent the vibrational levels of the excited electronic states and the solid pink area represents the electron

detachment continuum. Vertical red arrows represent the eKE of direct and indirect electron emission processes and the solid grey areas represent

the vibrational energy left in the neutral radical after electron detachment (determined by the propensity for conservation of vibrational energy). The

horizontal black arrows represent some of the possible internal conversion (IC) processes and the horizontal red arrow represents electrons with

eKE ∼ 0 eV following thermionic emission (TE) from vibrationally hot S0. Top right: Schematic energy level diagram showing the resonance character

(horizontal blue arrows) of the first three excited singlet electronic states of the chromophores with respect to the D0 and D1 electronic continua.

Bottom: Main CAM-B3LYP/6-311++G(3df,3pd) molecular orbitals involved in the transitions to the first three excited singlet electronic states.
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fects have also been observed in photoelectron spectra of the de-
protonated green fluorescent protein (GFP) chromophore follow-
ing resonant excitation of higher lying excited 1

ππ
∗ states.40,56,57

The 350 nm (3.54 eV) photoelectron spectra are least influ-
enced by resonant excitation of the 2

1
ππ
∗ states, which have

VEEs around 3.8− 3.9 eV for all three chromophores (Fig. 2), so
the 350 nm spectra have been superimposed on the 320 nm and
315 nm photoelectron spectra to highlight the contributions from
resonant excitation of the 2

1
ππ
∗ states in the photoelectron spec-

tra recorded at shorter wavelengths. The difference is most pro-
nounced for the 320 nm photoelectron spectrum of pCT−, when
the photon energy (3.87 eV) is resonant with the 2ππ

∗
← S0 ab-

sorption maximum (3.86 eV37).

In Fig. 3, the possible electronic relaxation and electron emis-
sion processes following photoexcitation of pCA−, pCE− and
pCT− are illustrated on a Jablonski diagram and the resonance
characters of the first three singlet excited electronic states with
respect to the D0 and D1 electronic continua are also shown. The
2

1
ππ
∗ state responsible for the broadening on the high eBE edges

of the photoelectron spectra (Fig. 2) is an excited shape reso-
nance with respect to the D0 continuum, implying a strong cou-
pling between the 2

1
ππ
∗ state and the D0 continuum and fast

electron emission.

The photoelectron spectra of pCA− and pCE− also have features
at high eBE (low eKE) that shift towards higher eBEs as the pho-
ton energy increases, characteristic of indirect PD processes. In-
terestingly, this feature is not observed in the photoelectron spec-
tra of pCT−. The first question to ask is whether the D1 continua
are accessible energetically. The VDEs to the first electronically
excited states of the neutral radicals have been calculated to be
4.38, 4.32 and 4.50 eV for pCA−, pCE− and pCT−, respectively.
The calculated VDEs are higher than the photon energies used
in our experiments; however, it is possible that they are overes-
timated by ∼ 0.5 eV, similar to the VEEs calculated for the anion
using the same method (Table 2), in which case the D1 continuum
would be accessible energetically in pCA− and pCE− at 320 and
315 nm and at 350 nm if the ADEs were 0.3− 0.4 eV lower than
the VDEs. The next question to ask is if any of the excited states
of pCA− and pCE− are coupled strongly to the D1 continuum. The
2

1
ππ
∗ state is a Feshbach resonance with respect to the D1 contin-

uum, implying a weak coupling between the 2
1
ππ
∗ state and the

D1 continuum and slow electron emission. Thus, indirect electron
emission from the 2

1
ππ
∗ state to the D1 continuum is unlikely to

compete with fast electron emission to the D0 continuum. How-
ever, ultrafast internal conversion to a lower lying excited elec-
tronic state may compete with the fast electron emission to the
D0 continuum. Subsequent electron emission from lower lying
electronically excited states could generate low eKE electrons, if
the displacements between the minima of these states and the
D0 state were sufficiently small that the Franck-Condon factors
were largest between the high vibrational levels of the electroni-
cally excited states and high vibrational levels of D0 (Fig. 3). The
1

1nπ
∗ state has shape resonance character with respect to the D1

continuum and Feshbach character with respect to the D0 contin-
uum, whereas the 1

1
ππ
∗ state has shape resonance character with

respect to the D0 detachment continuum and Feshbach character

with respect to the D1 continuum. Consequently, it seems likely
that any population relaxing to the 1

1nπ
∗ state would undergo

fast electron emission to the D1 continuum or internal conversion
to 1

1
ππ
∗ or S0 states and any population relaxing to the 1

1
ππ
∗

state would undergo fast electron emission to the D0 continuum
or internal conversion to S0. Internal conversion processes pop-
ulating high vibrational levels of the electronic ground state of
the anion would also result in low eKE electrons from thermionic
emission (Fig. 3).

It is possible that the low eKE (high eBE) electrons observed in
the 350 nm photoelectron spectra of pCA− and pCE− arise from a
different relaxation process than those in the 320 nm and 315 nm
photoelectron spectra. The action absorption spectrum for pCE−

shows that 350 nm lies between the 1
1
ππ
∗ and 2

1
ππ
∗ absorp-

tion bands,22 so the non-zero absorption could be the result of
populating high lying vibrational levels of the 1

1
ππ
∗ state which

could then autodetach to the D0 continuum or undergo internal
conversion to S0 followed by thermionic emission.

Thus, the presence of high eBE (low eKE) electrons in the
315 nm and 320 nm photoelectron spectra of pCA− and pCE−,
that shift towards higher eBEs as the photon energy increases,
suggests that IC to lower lying electronic states or the ground elec-
tronic state compete with PD. The presence of high eBE (low eKE)
electrons in the 350 nm photoelectron spectra of pCA− and pCE−

can either be attributed to a similar process or to resonant exci-
tation of the 1

1
ππ
∗ state followed by autodetachment or internal

conversion to the ground state and thermionic emission. The ab-
sence of high eBE (low eKE) electrons in the 315 nm and 320 nm
photoelectron spectra of pCT− could be the result of raising the
threshold for detachment into the D1 continuum and ‘turning off’
the 1

1nπ
∗
→ D1 + e

− detachment channel. However, if this were
the case, subsequent electronic relaxation from the 1

1nπ
∗ state

to the 1
1
ππ
∗ or S0 states would themselves generate low eKE

electrons by fast electron detachment into the D0 continuum or
thermionic emission. A more likely explanation seems to be that
lowering the 1

1nπ
∗ and 1

1
ππ
∗ states in the Franck-Condon re-

gion makes conical intersections between the 2
1
ππ
∗ and 1

1nπ
∗

or 1
1
ππ
∗ states inaccessible or less accessible, effectively ‘turn-

ing off’ internal conversion to these states and the ground elec-
tronic state, leaving indirect electron emission from the 2

1
ππ
∗

state to the D0 continuum as the only relaxation pathway. The
absence of high eBE (low eKE) electrons in the 350 nm photo-
electron spectrum of pCT− can be explained either as ‘turning
off’ internal conversion processes from the low vibrational levels
of the 2

1
ππ
∗ state or ‘turning off’ autodetachment and internal

conversion from high vibrational levels of the 1
1
ππ
∗ state. This

opens the interesting possibility of using changes to the link be-
tween the chromophore and the protein in PYP to manipulate the
UV induced electron donor properties of the protein and isolated
chromophores, with the potential to monitor and manipulate re-
dox processes.58

4 Conclusions

In this paper, we have used photoelectron spectroscopy and quan-
tum chemistry calculations to investigate the role of the thioester
group in controlling the competition between internal conver-
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sion and electron emission in isolated PYP chromophores in the
gas phase. Following photoexcitation with ultraviolet light in
the range 350− 315 nm, we see photoelectrons with high eKEs
that arise from direct photodetachment or from excitation of the
2

1
ππ
∗ state followed by indirect photodetachment to the D0 con-

tinuum. We also see photoelectrons with low eKEs that appear to
arise from an indirect electron emission process. We attribute
these low eKE electrons to photodetachment from lower lying
1

1nπ
∗ or 1

1
ππ
∗ states or to the vibrationally hot electronic ground

state and subsequent thermionic emission. We find that substitut-
ing the hydrogen atom of the carboxylic acid group with a methyl
group lowers the vertical detachment energy but has very little
effect on the competition between internal conversion to lower
lying electronic states and electron emission, whereas substitut-
ing with a thioester group raises the vertical detachment energy
and appears to ‘turn off’ competing electron emission processes
from lower lying electronically excited states or the electronic
ground state. This suggests that one of the roles of the thioester
link between the chromophore and the protein is to contribute
to impeding electron emission following photoexcitation of the
1ππ

∗ state and another is to ‘turn off’ competing relaxation path-
ways to allow the chromophore to act as an efficient light-induced
electron donor following photoexcitation at shorter wavelengths
within the 2

1
ππ
∗
← S0 absorption band.
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