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Supplementary Information

1 Experimental methods

1.1 Molecular-beam photoelectron spectrometer

Our molecular beam velocity-map imaging (VMI) photoelectron spectrometer has been described
in detail elsewhere.1 Briefly, a molecular beam of phenol was created by flowing 1.8 bar of helium
carrier gas through solid phenol heated to 70◦C in the sample tube of a pulsed Even-Lavie valve,
operating at a repetition rate of 250 Hz, and expanding the mixture through a 50 µm aperture
and 1 mm skimmer into the interaction region of a VMI spectrometer. The molecular beam was
intersected with femtosecond laser pulses generated by frequency doubling the output of an opti-
cal parametric amplifier (Coherent Opera-F) pumped by an amplified Ti:Sapphire femtosecond
laser system (Coherent Verdi, Mira and Legend). The 1/e2 pulse durations have been measured
to be in the range of 280 - 320 fs at the relevant wavelengths (∼300 fs for 235.5 nm). The flux
was attenuated to keep the photoelectron count-rates below 10 photoelectrons per pulse to avoid
detector saturation and multiphoton processes occurring and the known binding energy of phenol
used to determine no space-charge effects were occurring. Photoelectron images were recorded
for 600 s. Background images (without phenol) were also recorded for 600 s and subtracted from
the photoelectron images. Photoelectron spectra were recovered from the background-subtracted
data using the pBASEX image inversion algorithm and the energy scale was calibrated by record-
ing the 2 + 1 resonance-enhanced multiphoton ionisation (REMPI) spectrum of Xe at 249.6 nm.
The resolution was ∆E/E ≈ 3%.

1.2 Liquid-jet photoelectron spectrometer

Our liquid-microjet photoelectron spectrometer will be described in detail in a future publi-
cation. Briefly, the apparatus comprises a commercial liquid microjet (Microliquids GmbH)
and a magnetic-bottle photoelectron spectrometer. A high-performance liquid chromatography
(HPLC) pump (Microliquids, 002) was employed to deliver 100 mM aqueous solutions of phenol
to a 20 µm diameter fused silica capillary, using a backing pressure of 70 bar and flow-rate of
0.6 ml/min. The phenol solution was prepared using highly demineralised water (conductance,
15 MΩ/cm); 30 mM sodium fluoride was added to minimise charging effects and increase the
conductivity of the liquid jet. The liquid-jet was intersected with femtosecond laser pulses 1 mm
downstream from the nozzle in the region of laminar flow. The laser pulses were generated by
frequency upconverting the output of an optical parametric amplifier (TOPAS) pumped by an
amplified Ti:Sapphire femtosecond laser system (Coherent Micra and Legend) operating at 1
kHz. The 1/e2 pulse duration of the 235.5 nm pulses was measured to be ∼150 fs. The flux
was attenuated so that the count-rate was typically 500 Hz (below 1 photoelectron per pulse)
to avoid space-charge effects and saturation of the detector. Photoelectrons were collected and
analysed using a magnetic bottle photoelectron spectrometer, consisting of a permanent magnet
built from two magnetised cylinders of Sm2Co17 and a conical iron cap and a 0.63 m flight tube
with a solenoid and a µ-metal shield. The photoelectrons were detected using a microchannel
plate (Beam Imaging Solutions) at the end of the flight tube and the photoelectron signal was
preamplified and counted using a digitiser (Keysight U5309A). The polarization of the laser was
set parallel to the flight axis. The energy scales of the time-of-flight spectra were calibrated by
recording one-colour 1 + 1 and 2 + 1 REMPI spectra of NO. The resolution was ∆E/E ≈ 2%.

1.3 Streaming potential measurement

The liquid-jet is electrically charged due to dynamic separation of the electrical double layers
formed around the inner walls of the capillary and the resulting streaming current generates
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a streaming potential that accelerates or decelerates photoelectrons emitted from the liquid-
jet. The nozzle was passivated for around 26 hours to ensure that the ion-exchange processes
responsible for the streaming potential had reached equilibrium before we began measurements
and all measurements were made during one afternoon. The streaming potential was measured
using a method based on that reported by Tang et.al..2 Briefly, we recorded the 2 + 1 REMPI
of Xe at 249.6 nm in the presence of the liquid-jet near the ionisation point of Xe. The resulting
shift in electron kinetic energy (eKE) is plotted in Fig. 1 for different distances between the
ionisation point of Xe and the liquid-jet, ∆x (see inset). The eKE is expressed as

eKE(x) = eKEfield-free −
Lφ

L+ ∆x
(1)

where L is the distance between the ionisation point and the skimmer, eKEfield-free is the eKE
following 2+1 photoionisation of Xe when the jet is not running and φ is the streaming potential.
The streaming potential was measured before (φ = −0.13 eV, R2 = 0.968) and after (φ =
−0.15 eV, R2 = 0.964) recording the photoelectron spectra. The measurement with the best fit
was taken as the streaming potential measurement (φ = −0.13 eV) and was accounted for by
adjusting the eKEs derived directly from the time-of-flight measurements.

Figure S1: Photoelectron kinetic energy measured as a function of distance ∆x between the
ionisation point of Xe and the 110 mM aqueous phenol jet (solid circles). Xe was ionised by 2+1
REMPI at 249.67 nm. The solid black line is the least-squares fit of Eq. 1. L = 1.1 mm for
these measurements.
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2 Experimental results

2.1 Photoelectron spectra plotted as a function of two-photon eBE
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Figure S2: 1+1 UV PES 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) and 235.5 nm (5.27 eV), plotted as a function of two-photon eBE. The
asterisks mark the D0-S0 AIE and are consistent with the literature value of 8.508 eV.3
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2.2 Fits to 235.5 nm photoelectron spectra of phenol in aqueous solution

It is possible to fit the spectrum with two Gaussians (R2 = 0.9915) and the fit is only slightly
better with three Gaussians (R2 = 0.9919). However, the fit with two Gaussians has peak
maxima at 7.4 ± 0.1 eV and 8.3 ± 0.1 eV (two-photon eBEs), which are not consistent with
previous BESSY measurements (7.8 ± 0.1 eV and 8.5 ± 0.1 eV),4 and the higher eBE peak has
a one-photon eBE of 3.0 eV, which is far from our measurements of D0-11ππ∗ VIE at longer
wavelengths (3.5 ± 0.1 eV). On the other hand, the fit with three Gaussians gives peak maxima
for processes II and III of 7.6 ± 0.1 eV and 8.5 ± 0.1 eV (two-photon eBEs), that are consistent
with the previous BESSY measurements, and the peak at higher eBE corresponds to one-photon
eBE of 3.24 eV, which is closer to our measurement of the D0-11ππ∗ VIE (process I) at longer
wavelengths.
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Figure S3: 1+1 UV PES of phenol in aqueous solution recorded following photoexcitation at
235.5 nm and plotted as a function of two-photon eBE (bottom axes) and one-photon eBE (top
axes). The experimental spectrum is fit to (a) two Gaussians and (b) three Gaussians.
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2.3 Velocity-map images

275 nm

265.5 nm

253 nm

249.7 nm

235.5 nm

Figure S4: Raw velocity map images recorded for gaseous phenol using the molecular beam
velocity map imaging spectrometer. In all images the polarisation axis of the laser is parallel to
the double headed arrow (top left).
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3 Computational methods

The geometries of isolated phenol and phenol with up to six explicit water molecules were opti-
mised using the Møller-Plesset Perturbation Theory of 2nd Order (MP2) method5 in the Gaus-
sian09 program suite;6 for phenol with five or six water molecules, several possible complexes
were considered, noted as “clusters" in Figure S5. We did not optimise a cluster with two water
molecules, since this would not provide any additional information that was not obtained with
the cluster with three water molecules.

Vertical ionisation energies (VIEs) from the ground electronic state were calculated using the
equation-of-motion coupled-cluster method with single and double excitations (EOM-CCSD) for
the calculation of ionisation potentials (EOM-IP-CCSD).7 The vertical excitation energy (VEE)
for the 11ππ∗-S0 transition was calculated with the EOM-CCSD method for excitation energies
(EOM-EE-CCSD).7 The VIEs from 11ππ∗ were then obtained as the difference between the
VEE and VIE of the relevant Dn-S0 ionisation. These calculations were carried out using the
Q-Chem program package, version 4.3.8 For all ionisation processes, Dyson orbitals and their
corresponding norms9 were calculated with EOM-IP/EE-CCSD using the Q-Chem CCMAN2
module. In all calculations, the aug-cc-pVDZ basis set was used.10

The Dyson orbitals and norms are needed to obtain photoionisation cross-sections with the
ezDyson program11 (version 3.3). Spherical averaged cross-sections were computed for each
transition individually. In the ezDyson calculations, a maximum angular momentum number of
5 was applied. The charge of the ionised molecule is +1, hence Coulomb waves were used to
describe the electrostatic interaction between the outgoing electron and the charge remaining
at the molecule. The cross-sections were computed for a grid of eKEs of the outgoing electrons
with a spacing of 0.1 eV. For the reference photoionisation energy, experimental values given in
Table S1 were used. Since ionisation takes place from singlet states, a factor of 2 accounting for
spin-degeneracy was applied. There are no degenerate orbitals present that would need to be
taken into account.
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4 Computational results

4.1 Structures of phenol + nH2O

Phenol+1H2O Phenol+3H2O Phenol+4H2O Phenol+5H2O
cluster 1

Phenol+5H2O
cluster 2

Phenol+6H2O
cluster 1

Phenol+6H2O
cluster 3

Phenol+6H2O
cluster 2

Figure S5: Structures of phenol + nH2O with n = 1, 3, 4, 5 or 6 water molecules. The phenol
+ 3H2O was first found in reference 12.

7



4.2 Calculated and experimental IEs and VEEs

Calculated Experimental

Molecule S0-D0 S0-D1 S0-1ππ∗ S0-D0 S0-D1 S0-1ππ∗ 1ππ∗-D0

Phenol (g) 8.460a 9.285a 4.869a 8.508b 9.36c 4.63d 4.3 ± 0.1a

Phenol (aq) 7.9e 8.6e 7.6 ± 0.1a 8.5 ± 0.1a 4.57d 3.5 ± 0.1a

7.8 ± 0.1e 8.6 ± 0.1e

a VIE from this work
b AIE from Ref. 3
c AIE from Ref. 13
d VEE estimated from the maxima of the UV-vis absorption spectra presented in Fig. 1 of this

work
e VIE from Ref. 4

Table S1: Calculated and measured IEs from S0 to D0 (electron hole in πHOMO) and D1 (electron
hole in πHOMO-1), calculated and measured VEEs from S0 to 1ππ∗ and measured VIEs from 1ππ∗

to D0, for phenol in the gas-phase and in aqueous solution. All values are in eV.

4.3 Ionisation cross-sections of phenol + nH2O
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Figure S6: One-photon photoionisation cross-sections for phenol + nH2O. The top two curves
in each plot are one-photon photoionisation cross-sections from the S0 state of phenol to the D0

and D1 states of the phenol cation plotted as a function of photon energy for an equivalent two-
photon (1+1 non-resonant) ionisation process. The lower two curves in each plot are one-photon
photoionisation cross-sections for ionisation from the 11ππ∗ state of phenol to the D0 and D1

states of the phenol cation plotted as a function of photon energy.
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