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We revisit the photoelectron spectroscopy of aqueous phenol in an effort to improve our

understanding of the impact of inhomogeneous broadening and inelastic scattering on

solution-phase photoelectron spectra. Following resonance-enhanced multiphoton

ionisation via the 11pp* and 11ps* states of phenol, we observe 11pp*–D0/D1 ionisation

and competing direct S0–D0/D1 ionisation. Following resonance-enhanced multiphoton

ionisation via the 21pp* state, we observe the signature of solvated electrons. By

comparing the photoelectron spectra of aqueous phenol with those of gas-phase

phenol, we find that inelastic scattering results in peak shifts with similar values to those

that have been observed in photoelectron spectra of solvated electrons, highlighting

the need for a robust way of deconvoluting the effect of inelastic scattering from

liquid-phase photoelectron spectra. We also present a computational strategy for

calculating vertical ionisation energies using a quantum-mechanics/effective

fragmentation potential (QM/EFP) approach, in which we find that optimising the

configurations obtained from molecular dynamics simulations and using the

[phenol$(H2O)5]QM[(H2O)n$250]EFP (B3LYP/aug-cc-pvdz) method gives good agreement

with experiment.
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1 Introduction

Ionisation is the most fundamental photophysical process accompanying the
interaction of ionising radiation with biologically important molecules and plays
a central role in radiation chemistry and biology. The formation of an electron
and a radical is the rst step in a chain of chemical reactions that results in DNA
damage. The most direct way to probe ionisation experimentally is to use
photoelectron spectroscopy (PES), which measures the electron kinetic energies
(eKEs) of electrons emitted following ionisation. The eKE distribution encodes
the role of each vibrational mode of the radical in its subsequent structural
relaxation and, in the case of solution-phase photoelectron spectra, also contains
information about solvent relaxation. However, the interpretation of solution-
phase photoelectron spectra is complicated by the inhomogeneous environ-
ment of the solution causing spectral broadening and inelastic scattering of
photoelectrons in the solution before emission causing the measured electron
kinetic energies to be lower than their true values.1,2 Disentangling the various
contributions to solution-phase photoelectron spectra requires gas-phase PES as
an essential reference and synergistic contributions from experiment and theory.
Here, we revisit the PES of aqueous phenol in an effort to improve our under-
standing of the impact of inhomogeneous broadening and inelastic scattering on
the photoelectron spectra.

Phenol is a ubiquitous molecular motif in many biologically relevant chro-
mophores. It is the chromophore in the amino acid tyrosine, which plays an
important role in photosynthesis,3 and it is a building block of the chromophore
in green uorescent protein, the most widely used uorescent probe for in vivo
monitoring of biological and biochemical processes.4,5 The UV absorption spec-
trum of phenol is dominated by two bands centered around 270 nm (4.6 eV) and
210 nm (5.9 eV), corresponding to transitions from the electronic ground state, S0,
to the rst two 1pp* states, labelled 11pp* and 21pp* (Fig. 1). Between these two
1pp* states lies a 1ps* state, labelled 11ps*. The 11ps* state is composed of O-
centered p 3s and ps* congurations and is dissociative along the O–H stretch
coordinate. The 11ps* state forms conical intersections (CIs) with the 11pp* and
S0 states at modest O–H bond lengths and, therefore, plays an important role in
the photostability of chromophores containing the phenol motif.6,7

There have been numerous experimental and computational studies of the
photochemistry and photophysics of isolated phenol molecules in vacuo and in
solution.6,8–34 Gas-phase studies have revealed that following photoexcitation
above the 11pp*/11ps* CI, the dissociative 11ps* potential energy surface is
accessed directly and O–H bond ssion occurs, forming phenoxyl radical and
hydrogen atom products (PhOc + H) on a femtosecond timescale.20 Following
photoexcitation just below the 11pp*/11ps* CI, the dissociative 11ps* potential
energy surface is accessed by tunnelling through the barrier under the CI, forming
PhOc + H on a nanosecond timescale.14,22,23 In hexane, an aprotic solvent, the
initial bond ssion processes and timescales have been found to be very similar to
those in the gas phase.35 However, in aqueous solution, new relaxation pathways
are possible. Following photoexcitation of the 21pp* state at 200 nm and the
11pp* state below the 11pp*/11ps* CI, solvated electrons and PhOc radicals were
observed to be formed on timescales of 200 fs and 2 ns, respectively, using
This journal is © The Royal Society of Chemistry 2020 Faraday Discuss., 2020, 221, 202–218 | 203
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Fig. 1 UV absorption spectra of phenol in the gas phase (g) and in aqueous solution (aq).
Arrows indicate the wavelengths employed in our multiphoton PESmeasurements and the
dashed vertical line indicates our estimate of the S0–S1 adiabatic excitation energy (AEE).
Inset: geometry of phenol(H2O)5 optimised at the [phenol$(H2O)5]QM[(H2O)263]EFP level of
theory.
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transient absorption spectroscopy.28 In both cases, autoionisation was proposed
as a mechanism for the formation of solvated electrons. A recent liquid-microjet
PES study by our group found that following photoexcitation of the 11ps* state at
235 nm, just above the 11pp*/11ps* CI, IC to the 11pp* state occurred on a 150 fs
timescale.31 It was also suggested that solvated electrons were formed on the same
ultrafast timescale by a sequential mechanism, involving O–H bond ssion to
form PhOc + H followed by proton-coupled electron transfer (PCET).

Although the electronic relaxation dynamics of photoexcited neutral phenol
molecules has been studied extensively, there has been less interest in the pho-
toionisation of phenol. PES36–40 and multiphoton ionisation (MPI) mass-spec-
trometry41 measurements of gas-phase phenol have determined the rst two
adiabatic ionisation energies (AIEs) to be 8.508 eV (ref. 41) and 9.36 eV,36 for the
ground and rst electronically excited states of the radical ion, D0 and D1,
respectively. A resonance-enhanced MPI (REMPI) PES study of gas-phase phenol
revealed the vertical ionisation energy (VIE) from the 11pp* state to D0 to be
around 0.3 eV higher than the AIE.42 Recent quantum dynamics calculations have
identied the key vibrational modes contributing to the subsequent electronic
relaxation of the radical ion following photoionisation.33 In aqueous solution, an
X-ray PES study of aqueous phenol using a liquid-microjet revealed the VIEs for D0

and D1 to be lowered to 7.8 � 0.1 eV and 8.6 � 0.1 eV, respectively.43 Two inde-
pendent liquid-microjet MPI PES studies of phenol in aqueous solution gave VIEs
of 7.6 � 0.1 eV, 8.5 � 0.1 eV (ref. 31) and 8.0 � 0.1 eV, 8.5 � 0.1 eV.44 Despite both
studies yielding VIEs within experimental error of the X-ray PES data, the two
experiments did not yield values that were in good agreement with each other.
The photoelectron spectra recorded by us were analysed by tting the data to
204 | Faraday Discuss., 2020, 221, 202–218 This journal is © The Royal Society of Chemistry 2020
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a single photoionisation process from 11pp*, to D0.31 The photoelectron spectra
recorded by Roy et al. were analysed by tting the data to two ionisation processes
from 11pp*, to D0 and D1, and by including a shi to account for inelastic scat-
tering, estimated from photoelectron spectra of solvated electrons in aqueous
solution.44 Calculations of phenol$(H2O)4 clusters, in which the VIEs were
determined using the equation-of-motion coupled-cluster method with single
and double excitations for ionisation potentials (EOM-IP-CCSD)45 method for
phenol perturbed by the electrostatic eld of a 35 Å spherical box of water
molecules modelled using the effective fragment potential (EFP) method, have
given VIEs to D0 and D1 of 7.9 eV and 8.6 eV, respectively,43 in agreement with the
experimental measurements.

The different approaches to the analysis of liquid-microjet MPI photoelectron
spectra31,44 motivated us to revisit the MPI PES of aqueous phenol. In this paper,
we compare the results of new liquid-microjet MPI PES experiments with gas-
phase MPI PES measurements31 and liquid-microjet X-ray PES measurements.43

We also compare photoionisation calculations of phenol in the gas phase with
those in aqueous solution using density functional theory (DFT) and EOM-IP-
CCSD methods for phenol$(H2O)5 clusters perturbed by the electrostatic eld of
water molecules modelled using the EFP method.

2 Methods
2.1 Experimental

Photoelectron spectra were recorded using our recirculating liquid-microjet
magnetic-bottle time-of-ight (TOF) photoelectron spectrometer that has been
described in detail elsewhere.46 Briey, a 100 mM aqueous phenol solution, with
30 mM sodium uoride added to minimise charging effects and increase the
conductivity, was introduced through a 20 mm diameter quartz nozzle into the
spectrometer. The liquid-microjet was intersected with femtosecond laser pulses
approximately 1 mm below the nozzle, in the region of laminar ow. The
femtosecond laser pulses were generated by frequency upconverting the output of
an optical parametric amplier pumped by an amplied Ti:sapphire femtosecond
laser system operating at 1 kHz; the electric eld vectors of the laser pulses were
parallel to the TOF axis and the 1/e2 pulse duration of the 235.5 nm pulses was
measured to be �150 fs. Photoelectrons were detected at the end of the TOF tube
and the photoelectron current was recorded together with the arrival time relative
to the trigger of the laser pulse. The photoelectron count-rate was kept at around
500 Hz to avoid space-charge effects and saturation of the detector. eKE spectra
were determined by calibrating the TOF against the MPI photoelectron spectrum
of NO47 and multiplying the photoelectron counts by the Jacobian mes

2/(t � t0)
3,

where me is the mass of an electron, t is the TOF and s and t0 are calibration
constants. Photoelectron spectra of Xe were recorded to determine the energy
resolution and streaming potential, which were DE/E � 1% and fstr ¼ 0,†
respectively.

Compared with our previous work,31 we have employed a recirculating system
instead of a liquid nitrogen cold-trap, which improves the quality of the photo-
electron spectra at low eKE. We have also rewritten the data analysis soware and
corrected an error in the way the Jacobian was implemented, which results in
higher photoelectron counts at low eKE (see ref. 46).
This journal is © The Royal Society of Chemistry 2020 Faraday Discuss., 2020, 221, 202–218 | 205
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2.2 Computational

To benchmark the quantum mechanical (QM) computational methods used to
calculate the VIEs and vertical excitation energies (VEEs) of aqueous phenol,
calculations of isolated phenol molecules in the gas phase were performed at the
same levels of theory. The structure of gas-phase phenol was optimised using the
B3LYP48–51/6-311++G(3df,3pd)52–54 method and frequency-calculations were per-
formed to ensure that a minimum on the potential energy surface was reached.
The VIE was determined using two methods: B3LYP/aug-cc-pvdz to determine the
energy difference between neutral phenol and its corresponding cation, at the
minimum energy geometry of neutral phenol, and the EOM-IP-CCSD/6-31+G*
method. VEEs were calculated using the equation-of-motion coupled-cluster
method with single and double excitations for excitation energies (EOM-EE-
CCSD)45 and the algebraic diagrammatic construction method to second order
(ADC(2)),55,56 both with the 6-31+G* basis set. All gas-phase calculations were
performed using the QChem soware package57 apart from the optimisation and
frequency calculations which were performed using Gaussian 09.58

Several steps were involved in the calculation of VIEs and VEEs of phenol in
aqueous solution. First, a classical molecular dynamics (MD) simulation
(NAMD,59 developed by the Theoretical and Computational Biophysics Group in
the Beckman Institute for Advanced Science and Technology at the University of
Illinois at Urbana-Champaign) was used to sample an ensemble of conformations
of phenol in bulk water (Fig. 2). In the MD simulation, phenol was soaked in
a sphere of water with radius 50 Å (17 877 water molecules) and the CHARMM
force eld was used to model the system.60–62 The system was minimised for 2 ps
and then allowed to equilibrate at 300 K for a further 20 ps before running
a trajectory for 150 ps. Frames from the trajectory were saved every 500 fs (300
frames in total) for subsequent quantum mechanical/EFP (QM/EFP) calculations.
Hybrid QM/EFPmethods provide a rigorous yet computationally affordable way to
include solute–solvent interactions.63 In the EFP region, solvent molecules are
modelled as discrete entities using non-empirical model potentials that perturb
the QM region by their electrostatic potentials. The EFP also includes polar-
isation, dispersion and exchange interaction energies at the QM/EFP interface
and between the individual EFP fragments.

For the QM/EFP calculations, the QM region was selected to be phenol plus the
ve water molecules closest to any atom within phenol. Although fewer water
molecules have been employed for other calculations of phenol in aqueous
solution,34,43 we used ve because we found this was enough to ensure that all the
water molecules that are hydrogen-bonded to phenol (donor–acceptor distance <
3 Å, donor–H–acceptor bond angle 180 � 20�) were included in the QM region.
The EFP region was selected to be all other water molecules within 10 Å of any
atom in the phenol molecule (250–300 water molecules). A radius of 10 Å was
selected because it has been shown to work well for similar calculations for the
green uorescent protein chromophore in bulk water.64 The water molecules
outside the EFP region were then discarded. The EFP parameters used to repre-
sent water were the standard parameters in the Q-Chem65 or Firey66 libraries.

The QM and EFP selections were made independently for each of the 300 frames
saved from the MD simulation and therefore each frame has a different phenol
conformation as well as different congurations of water molecules, in both the QM
206 | Faraday Discuss., 2020, 221, 202–218 This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Simulation box showing the QM region containing a cluster of phenol and 5 water
molecules, a sphere of radius 10 Å containing 250–300 water molecules modelled using
the EFP method and a sphere of radius 50 Å containing the water molecules used in the
initial MD simulations.
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and EFP regions. The energies of each of the 300 congurations were calculated
using QM/EFP at the B3LYP/aug-cc-pvdz level of theory for both S0 (Fig. S7†) and D0

using the QChem soware package. VIEs were then calculated as the difference
between these S0 and D0 energies. Higher level calculations were then performed
using a selection of the 300 frames. To make these calculations computationally
affordable, we selected a relatively small set of frames and a smaller basis set. The
ten congurations with S0 energies closest to the mean S0 energy at the QM/EFP
(B3LYP/aug-cc-pvdz) level were selected (Fig. S7†) for QM/EFP calculations using
EOM-IP-CCSD, EOM-EE-CCSD and ADC(2), with the 6-31+G* basis set. These
calculations were performed using the QChem soware package.

To investigate whether optimisation with QM/EFP improved the calculations,
additional QM/EFP calculations of VIEs and VEEs, using B3LYP/aug-cc-pvdz,
EOM-IP-CCSD/6-31+G*, EOM-EE-CCSD/6-31+G* and ADC(2)/6-31+G*, were per-
formed for the same ten frames following optimisation at the PBE0 (ref. 67–69)/
aug-cc-pvdz level of theory. The geometry optimisation was carried out using the
Firey quantum chemistry package,70 which is partially based on the GAMESS
(US) source code;71 it adjusts the positions of all atoms within the QM region at
the PBE0/aug-cc-pvdz level and the 250–300 explicit water molecules modelled by
EFP are also reorientated (rotational and translational degrees of freedom).
3 Results and discussion

In Fig. 3, we present 1 + 1 MPI photoelectron spectra of phenol in aqueous
solution as a function of one-photon electron binding energy, eBE ¼ hn � eKE
This journal is © The Royal Society of Chemistry 2020 Faraday Discuss., 2020, 221, 202–218 | 207
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Fig. 3 MPI photoelectron spectra of phenol in the gas phase (black) and in aqueous
solution (blue) recorded following photoexcitation at 275 nm (4.51 eV), 265.5 nm (4.67 eV),
253 nm (4.90 eV), 249.7 nm (4.97 eV), 235.5 nm (5.26 eV) and 199 nm (6.23 eV), plotted as
a function of one-photon eBE (lower axes). The additional scales marked on the top
horizontal axes of the 235.5 nm and 199 nm spectra (blue) represent the two-photon eBEs
for these photon energies. Intensities of the individual spectra have been normalised to
their maxima. Gaussians represent S1(1

1pp*)–D0 (dark blue), S1(1
1pp*)–D1 (orange), S0–D0

(light grey). Insets in 265.5–249.7 nm spectra are residuals of the fits of Gaussians to the
low eBE edges of the photoelectron spectra, corresponding to S0–D0. The S0–D1 ion-
isation process overlaps with the S1(1

1pp*)–D0 process in the 235.5 nm PES (stripes). The
dark green Gaussian in the 199 nm photoelectron spectrum corresponds to two-photon
ionisation from the 1b1 molecular orbital of H2O (l) and the inset corresponds to the
residual of the low eBE edge (plotted as a function of one-photon eBE) and is attributed to
e�(aq) / e�(g).
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where hn is photon energy, together with the equivalent gas-phase photoelectron
spectra.31 The photoelectron spectra of phenol in aqueous solution are shied to
lower eBEs by around 0.8 eV compared to the gas phase and are similar to those
208 | Faraday Discuss., 2020, 221, 202–218 This journal is © The Royal Society of Chemistry 2020
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reported in our earlier work;31 however, as a result of the improved quality of data
obtained using a recirculator compared to a liquid nitrogen cold-trap (Section 2.1)
we are able to identify additional features. The 275–249.7 nm photoelectron
spectra recorded following resonance-enhanced MPI via the 11pp* state are now
best t with two Gaussians, corresponding to 11pp*–D0/D1 ionisation processes.
At 275 nm, the area of the peak corresponding to ionisation to D0 is around three
times larger than that of the peak corresponding to ionisation to D1, in agreement
with our earlier calculations of photoionisation cross-sections from the 11pp*
state.31 This contrasts with the 267 nm MPI photoelectron spectrum reported by
Roy et al. in which the area of the peak corresponding to ionisation to D0 was
substantially less than the area of the peak corresponding to ionisation to D1.44

The ratios of the areas of the two peaks corresponding to ionisation from 11pp* to
D0 and D1 are observed to decrease with increasing photon energy (Fig. 3), unlike
the calculations;31 this could be attributed to increased solute and solvent reor-
ganisation during ionisation to D1 compared to ionisation to D0. The residuals of
the ts at the low eBE edges of the 265.5–249.7 nm spectra are plotted as insets in
Fig. 3 and can be attributed to non-resonant S0–D0 MPI that competes with
resonance-enhanced MPI. The contribution from non-resonant MPI increases
with decreasing S0–1

1pp* absorption cross-section, as we would expect. This
feature was not observed in either of the previous MPI studies of aqueous phenol
but is observed in the MPI gas-phase PES.31,44

The 235.5 nm (5.26 eV) MPI photoelectron spectrum is very broad and can be
t with either three or four Gaussians; however, we believe that tting to three
Gaussians is more appropriate (see below). There are four processes contributing
to the photoelectron spectrum t to three Gaussians: resonant 11pp*–D0/D1 MPI
and non-resonant S0–D0/D1 MPI. At this photon energy, the photoelectron spectra
corresponding to 11pp*–D0 and S0–D1 lie on top of one another and it is not
possible to distinguish between them by tting an additional Gaussian. The peak
centered at 8.0 � 0.1 eV two-photon eBE corresponds to S0–D0 ionisation and is
close to the X-ray PES measurement.43 At 235.5 nm, the 11pp* state is not
populated directly (Fig. 1) but our observation of 11pp*–D0/D1 ionisation is
consistent with photoexcitation of the 11ps* state followed by rapid relaxation to
the 11pp*/11ps* CI, aer which some population will undergo IC to the 11pp*
state before photoionisation, on the timescale of the measurement (�150 fs).

In our earlier work, the 235.5 nm MPI photoelectron spectrum was t to four
Gaussians. The additional Gaussian was attributed to the photoelectron spectrum
of the solvated electron that we proposed was formed following relaxation
through the 11pp*/11ps* CI aer which, in addition to IC to the 11pp* state, O–H
dissociation could occur to form PhOc + H, followed by proton-coupled electron
transfer, H(aq) + H2O / H2O

+(aq) + e�(aq). It is possible that there is a contri-
bution from solvated electrons to the peak we have assigned as S1–D1.

The 199 nm (6.23 eV) MPI photoelectron spectrum, which has not been re-
ported before, is dominated by a peak centred around 5.25 � 0.1 eV eBE with
a long tail at low eBE. The peak centred around 5.25 � 0.1 eV eBE can be t with
a single Gaussian and corresponds to 11.5 � 0.1 eV two-photon eBE, which we
attribute to ionisation from the 1b1 molecular orbital of water.72 The residual of
this t is plotted as an inset and it can be t with a Gaussian centred around 4.0�
0.1 eV (one-photon eBE) which we attribute to the photoelectron spectrum of the
solvated electron. This value of eBE lies between the values of 4.5 eV and 3.7 eV
This journal is © The Royal Society of Chemistry 2020 Faraday Discuss., 2020, 221, 202–218 | 209
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obtained from careful measurements of the photoelectron spectra of solvated
electrons at 5.8 eV and 13.6 eV, respectively,2 and its observation is consistent with
transient absorption measurements of solvated electrons being formed on a 200
fs timescale following 200 nm excitation.28 The residual on the low eBE edge of the
solvated electron photoelectron spectrum can be attributed to S0–D0 ionisation
(Fig. S4†).

Now we consider the effect of inelastic scattering on our photoelectron spectra.
Recent careful measurements of UV photoelectron spectra of solvated electrons
revealed that the measured eBE gradually increased with photon energy, indi-
cating that the photoelectron energy diminished as a result of electron-solvent
molecule inelastic scattering before emission from the surface of the liquid.1

Subsequent scattering simulations quantied the role of inelastic scattering on
the photoelectron spectra.2 In order to investigate the impact of inelastic scat-
tering on the peak positions and widths of our liquid-microjet photoelectron
spectra, we plotted the eKEs of the maxima and full-width half-maxima (FWHM)
of the Gaussians tted to the 11pp*–D0/D1 processes, as a function of photon
energy, alongside those for the 11pp*–D0 process for gas-phase phenol (Fig. 4).
The peak widths do not seem to vary substantially with photon energy. The overall
shapes of the three sets of data are very similar, with the peak eKEs remaining the
same for both 275 nm and 265.5 nm spectra but then increasing approximately
linearly. The gradient of the line tted to the linearly increasing component of the
plot for the gas-phase data is 1.02 � 0.02, indicating that the propensity for
Fig. 4 Plots of fitted Gaussian peak maxima (data points) and full-width half maxima
(shaded areas) corresponding to S1(1

1pp*)–D0 in the gas phase (g) and S1(1
1pp*)–D0/D1 in

aqueous solution (aq), as a function of photon energy (bottom axis) and wavelength (top
axis). Solid straight lines are fits to the higher photon energy data points, with gradients m
indicated. Dashed lines are peak maxima estimated using S0–D0/D1 VIEs obtained from X-
ray PES43 and the S0–S1(1

1pp*) AEE determined from the UV-vis absorption spectrum
(Fig. 1, orange dashed line), assuming that vibrational energy is conserved during
photoionisation.
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conserving vibrational energy during the 11pp*–D0 photoionisation process
holds extremely well over this energy range. In contrast, the gradients of the lines
t to the peak positions corresponding to 11pp*–D0/D1 processes in aqueous
phenol are less than unity. Moreover, these lines are shied from the positions
estimated using S0–D0/D1 VIEs obtained from X-ray PES43 and the S0–1

1pp* AEE
determined from the UV-vis absorption spectrum (4.46 eV, Fig. 1), assuming that
vibrational energy is conserved during photoionisation (dashed lines in Fig. 4).
We used VIEs from X-ray PES measurements rather than our ownmeasurement at
235.5 nm because we have not deconvoluted inelastic scattering from our
235.5 nm spectrum. Although it is possible that the propensity for conserving
vibrational energy does not hold for aqueous phenol, we believe this is unlikely
because it holds so well for gas-phase phenol, the UV-vis spectra of gas-phase and
aqueous phenol are remarkably similar (Fig. 1) and the overall trends of the lines
plotted in Fig. 4 are similar for aqueous phenol and gas-phase phenol. Thus, we
believe the differences between the estimated peak positions and the actual peak
positions can be attributed to inelastic electron scattering and note that our peak
shis are similar to those reported in ref. 2 over the same energy range.

It is this consideration of inelastic scattering that suggests the 235.5 nm
photoelectron spectrum should be t to three Gaussians rather than four. In the
t to four Gaussians (Fig. S5†), the S1–D0 peak is shied to lower eBE than the X-
ray data whereas in the t to three Gaussians (Fig. 3), it is shied to higher eBE
than the X-ray data. Although both tted eBEs can be considered to be equivalent
to the X-ray data within the experimental errors of both measurements, inelastic
scattering would shi the measured peak to higher eBE, which suggests that the
t to three Gaussians is more appropriate. The wavelength dependence of
inelastic scattering poses a particular problem for photoelectron spectra that span
a wide range of eKEs, such as the 235.5 nm photoelectron spectrum. Although it is
reasonable to t Gaussians to a true photoelectron spectrum, Gaussians will be
distorted by a wavelength-dependent inelastic scattering shi. Therefore, it is
desirable to deconvolute inelastic scattering from a measured photoelectron
spectrum to obtain a true photoelectron spectrum before tting Gaussians.
Unfortunately, this is not possible without detailed modelling of inelastic scat-
tering across the relevant range of eKEs.

In Table 1, we present our measured S0–D0/D1 peak maxima together with our
calculated VIEs and experimental and calculated values from the literature. For
gas-phase phenol, our B3LYP/aug-cc-pvdz and EOM-IP-CCSD/6-31+G* methods
both give VIEs that are within 0.2 eV of the experimental AIEs36,41 and are as good
as other calculated VIEs reported in the literature.31,33,43 This gives us condence
that these are appropriate methods to investigate for the solution phase
calculations.

For aqueous phenol, Ghosh et al. employed a [phenol]QM[(H2O)bulk]EFP (EOM-
IP-CCSD/6-31+G*) method to calculate VIEs which were in very good agreement
with X-ray PES measurements.43 However, we chose to include water molecules
that were hydrogen-bonded to phenol in the QM region as well. For our aqueous
phenol calculations, the VIE averaged over the 300 congurations saved from the
MD calculations, using the [phenol$(H2O)5]QM[(H2O)n$250]EFP (B3LYP/aug-cc-
pvdz) method, is almost 0.4 eV higher than the value obtained from X-ray PES
measurements.43 The average VIE for the ten probable congurations (Section 2.2)
calculated using the same method is slightly higher. Interestingly, using the
This journal is © The Royal Society of Chemistry 2020 Faraday Discuss., 2020, 221, 202–218 | 211
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Table 1 Calculated VIEs and measured IEs (or peak maxima) from S0 to D0 and D1 in eV

D0 D1

Gas-phase
B3LYP/aug-cc-pvdz 8.49
EOM-IP-CCSD/6-31+G* 8.34 9.22
Experimental AIE (ref. 41) 8.51
Experimental AIE (ref. 36) 8.52 9.36
EOM-IP-CCSD/aug-cc-pvdz (ref. 31) 8.46 9.29
EOM-IP-CCSD/cc-pvtz (ref. 43) 8.55
CAS(7,8)/6-31+G* (ref. 33) 7.99 8.67

Aqueous solution
[Phenol$(H2O)5]QM[(H2O)n$250]EFP B3LYP/aug-cc-pvdza 8.17
[Phenol$(H2O)5]QM[(H2O)n$250]EFP B3LYP/aug-cc-pvdzb 7.93 (8.24)
[Phenol$(H2O)5]QM[(H2O)n$250]EFP B3LYP/6-31+G*b 7.94 (8.25)
[Phenol$(H2O)5]QM[(H2O)n$250]EFP EOM-IP-CCSD/6-31+G*b 8.29 (8.64) 9.19 (9.23)
Fitted peak maxima (Fig. 3) 8.0 � 0.1 8.9 � 0.1
X-ray PES (ref. 43) 7.8 � 0.1 8.6 � 0.1
[phenol]QM[(H2O)bulk]EFP (ref. 43) EOM-IP-CCSD/6-31+G* 7.9 8.6

a Average of 300 unoptimised congurations from the MD sampling trajectory. b Average of
10 congurations with S0 energy close to the average S0 energy (see text). Values in
parentheses relate to congurations that have not been optimised using QM/EFP methods.
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smaller 6-31+G* basis set does not make much difference. The average VIE
calculated using the EOM-IP-CCSD/6-31+G*method is around 0.3 eV higher than
that calculated using the B3LYP/6-31+G*.

We found that optimisation of the ten probable [phenol$(H2O)5]QM[(H2O)n$250]EFP
congurations lowered the calculated VIE values by around 0.1–0.3 eV. The average
VIE calculated for the ten probable congurations following optimisation and using
the B3LYP/aug-cc-pvdz method was 7.93 eV, which is in good agreement with the X-
ray PES measurement. Again, using the smaller 6-31+G* basis set made little
difference. The average VIEs calculated for the optimised ten probable congurations
using the EOM-IP-CCSD/6-31+G* method are around 0.4 eV higher than the experi-
mental values, although the difference between the S0–D0 and S0–D1 values (0.9 eV) is
reasonably close to the difference measured using X-ray PES. These calculations
suggest that optimisation of congurations obtained from MD simulations could be
important for determining accurate VIEs and that the simple DFT approach seems to
work particularly well. It will be interesting to test this procedure for calculating VIEs
on other molecules in aqueous solution to see if it is general rather than specic to
phenol. Curiously, our EOM-IP-CCSD/EFP method, which includes water molecules
that are hydrogen-bonded to phenol in the QM region, does not agree as well with the
experimental measurements as the EOM-IP-CCSD/EFP method employed by Ghosh
et al., which only included phenol in theQM region.43However, it is worth noting that
Ghosh et al. applied a correction to account for the effect of increasing basis set from
6-31+G(d) to cc-pVTZ.

Fig. 5 shows a simulated S0–D0 photoelectron spectrum obtained by plotting
the distribution of VIEs calculated using the [phenol$(H2O)5]QM[(H2O)n$250]EFP
(B3LYP/aug-cc-pvdz) method as a histogram with bin size 0.12 eV. The full-width
half-maximum (FWHM) of the Gaussian tted to the histogram is 0.86 eV. The
212 | Faraday Discuss., 2020, 221, 202–218 This journal is © The Royal Society of Chemistry 2020
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Fig. 5 S0–D0 photoelectron spectra obtained from the fit to the 235.5 nm experimental
data (Fig. 3) and simulation (see text). The full-width-half-maxima are shown for both
Gaussian fits.
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FWHMof the S0–D0 photoelectron spectrum obtained from the t to the 235.5 nm
spectrum (Fig. 3) is signicantly larger (1.34 eV, similar to the X-ray PES FWHM43).
The difference could be attributed to solute and solvent reorganisation, which is
not accounted for in the simulation. The eKE dependence of inelastic scattering
can also affect the widths of measured photoelectron spectra but to account for
this properly requires detailed modelling of the electron scattering process.2

4 Conclusion

We have reported new MPI PES measurements of phenol in aqueous solution
recorded using our recirculating liquid-microjet apparatus. Following resonant
MPI via the 11pp* state, the improved quality of these photoelectron spectra of
phenol compared to those reported previously has allowed us to identify 11pp*–
D0 and 11pp*–D1 ionisation processes and competing direct S0–D0 ionisation.
Following resonant MPI via the 21pp* state, we have observed the signature of
solvated electrons. Following resonant MPI via the 11ps* state, we observed
11pp*–D0/D1 and S0–D0/D1 processes and, although we no longer nd evidence
for the formation of solvated electrons, we cannot rule out the possibility that
solvated electrons are formed. Time-resolved PES measurements will be able to
identify whether or not solvated electrons are formed following photoexcitation of
the 11ps* state and such measurements are planned in our laboratory. The VIEs
of photoexcited states of biologically relevant molecules in aqueous solution
underpin ionisation and charge transfer processes and are thus important in
radiation chemistry and biology. Solvated electrons, or more precisely pre-
solvated electrons, are also known to play a role in inducing damage to DNA in
aqueous solution.

By comparing the MPI photoelectron spectra of aqueous phenol and gas-phase
phenol, we found that inelastic scattering resulted in peak shis similar to those
This journal is © The Royal Society of Chemistry 2020 Faraday Discuss., 2020, 221, 202–218 | 213
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reported for photoelectron spectra of the solvated electron.1,2 The wavelength
dependence of inelastic scattering poses a particular problem for interpreting
broad photoelectron spectra and highlights a need for a robust way of deconvo-
luting the effect of inelastic scattering from liquid-phase photoelectron spectra.
Quantifying the inelastic scattering of low energy electrons in aqueous solution is
also crucially important for improving our understanding of the role of (pre-)
solvated electrons in inducing damage in DNA in aqueous solution.

We have developed a QM/EFP protocol for calculating the VIEs of aqueous
phenol. We found that DFT with a reasonably large basis set performed well. We
also found that optimising the congurations obtained from MD simulations
improved the value for the VIE. It will be interesting to investigate whether
optimising greater numbers of congurations improves the agreement with
experiment and to test the protocol on other molecules. The FWHM of our
simulated S0–D0 photoelectron spectrum was less than that obtained from our t
to experimental data, which we attribute to solute and solvent reorganisation.
Calculating solute and solvent reorganisation energies during ionisation is
challenging, but we believe that high quality liquid-microjet photoelectron
spectra together with analogous measurements in the gas-phase provide ideal
benchmarks for theory.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by the EPSRC (EP/L005646/1), the Diamond Light Source
(STU0157) and the Royal Society and Leverhulme Trust (SRF/R1/180079). We are
grateful to Dr Anastasia Bochenkova (Moscow State University) for advice on the
computational chemistry methods, to Professors Graham Worth (UCL) and
Michael Robb (Imperial) for useful discussions and Dr Frank Otto for computa-
tional support.

Notes and references

1 Y. I. Yamamoto, S. Karashima, S. Adachi and T. Suzuki, J. Phys. Chem. A, 2016,
120, 1153–1159.

2 D. Luckhaus, Y.-i. Yamamoto, T. Suzuki and R. Signorell, Sci. Adv., 2017, 3,
e1603224.

3 B. A. Barry, Photochem. Photobiol., 1993, 57, 179–188.
4 A. Acharya, A. M. Bogdanov, B. L. Grigorenko, K. B. Bravaya, A. V. Nemukhin,
K. A. Lukyanov and A. I. Krylov, Chem. Rev., 2017, 117, 758–795.

5 A. Henley and H. Fielding, Int. Rev. Phys. Chem., 2019, 38, 1–34.
6 A. L. Sobolewski, W. Domcke, C. Dedonder-Lardeux and C. Jouvet, Phys. Chem.
Chem. Phys., 2002, 4, 1093–1100.

7 M. N. R. Ashfold, G. A. King, D. Murdock, M. G. D. Nix, T. A. A. Oliver and
A. G. Sage, Phys. Chem. Chem. Phys., 2010, 12, 1218–1238.

8 A. L. Sobolewski and W. Domcke, J. Phys. Chem. A, 2001, 105, 9275–9283.
9 W. Domcke and A. L. Sobolewski, Science, 2003, 302, 1693–1694.
214 | Faraday Discuss., 2020, 221, 202–218 This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9fd00079h


Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 1
5 

Ju
ly

 2
01

9.
 D

ow
nl

oa
de

d 
on

 3
/2

5/
20

26
 3

:5
8:

14
 A

M
. 

 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
10 K. Daigoku, S.-I. Ishiuchi, M. Sakai, M. Fujii and K. Hashimoto, J. Chem. Phys.,
2003, 119, 5149–5158.

11 C. M. Tseng, Y. T. Lee and C. K. Ni, J. Chem. Phys., 2004, 121, 2459–2461.
12 Z. Lan, W. Domcke, V. Vallet, A. L. Sobolewski and S. Mahapatra, J. Chem.

Phys., 2005, 122, 224315.
13 M. N. R. Ashfold, B. Cronin, A. L. Devine, R. N. Dixon and M. G. D. Nix, Science,

2006, 312, 1637–1640.
14 M. G. Nix, A. L. Devine, B. Cronin, R. N. Dixon and M. N. R. Ashfold, J. Chem.

Phys., 2006, 125, 133318.
15 C.-M. Tseng, Y. T. Lee, M.-F. Lin, C.-K. Ni, S.-Y. Liu, Y.-P. Lee, Z. F. Xu and

M. C. Lin, J. Phys. Chem. A, 2007, 111, 9463–9470.
16 M. N. R. Ashfold, A. L. Devine, R. N. Dixon, G. A. King, M. G. D. Nix and

T. A. A. Oliver, Proc. Natl. Acad. Sci. U. S. A., 2008, 105, 12701–12706.
17 O. P. Vieuxmaire, Z. Lan, A. L. Sobolewski and W. Domcke, J. Chem. Phys.,

2008, 129, 224307.
18 G. A. King, T. A. A. Oliver, M. G. D. Nix and M. N. R. Ashfold, J. Phys. Chem. A,

2009, 113, 7984–7993.
19 A. Iqbal, L. J. Pegg and V. G. Stavros, J. Phys. Chem. A, 2008, 112, 9531–9534.
20 A. Iqbal, M. S. Y. Cheung, M. G. D. Nix and V. G. Stavros, J. Phys. Chem. A, 2009,

113, 8157–8163.
21 R. N. Dixon, T. A. A. Oliver and M. N. R. Ashfold, J. Chem. Phys., 2011, 134,

194303.
22 G. M. Roberts, A. S. Chatterley, J. D. Young and V. G. Stavros, J. Phys. Chem.

Lett., 2012, 3, 348–352.
23 R. A. Livingstone, J. O. F. Thompson, M. Iljina, R. J. Donaldson, B. J. Sussman,

M. J. Paterson and D. Townsend, J. Chem. Phys., 2012, 137, 184304.
24 S. G. Ramesh and W. Domcke, Faraday Discuss., 2013, 163, 73–94.
25 X. Xu, K. R. Yang and D. G. Truhlar, J. Chem. Theory Comput., 2013, 9, 3612–

3625.
26 X. Xu, J. Zheng, K. R. Yang and D. G. Truhlar, J. Am. Chem. Soc., 2014, 136,

16378–16386.
27 K. R. Yang, X. Xu, J. Zheng and D. G. Truhlar, Chem. Sci., 2014, 5, 4661–4680.
28 T. A. A. Oliver, Y. Zhang, A. Roy, M. N. R. Ashfold and S. E. Bradforth, J. Phys.

Chem. Lett., 2015, 6, 4159–4164.
29 C. Xie, J. Ma, X. Zhu, D. R. Yarkony, D. Xie and H. Guo, J. Am. Chem. Soc., 2016,

138, 7828–7831.
30 W. Xie and W. Domcke, J. Chem. Phys., 2017, 147, 184114.
31 J. W. Riley, B. Wang, J. L. Woodhouse, M. Assmann, G. A. Worth and

H. H. Fielding, J. Phys. Chem. Lett., 2018, 9, 678–682.
32 G. Kumar, A. Roy, R. S. McMullen, S. Kutagulla and S. E. Bradforth, Faraday

Discuss., 2018, 212, 359–381.
33 M. P. Taylor and G. A. Worth, Chem. Phys., 2018, 515, 719–727.
34 I. Sandler, J. J. Nogueira and L. González, Phys. Chem. Chem. Phys., 2019, 21,
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