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Abstract
Using a jet spectroscopy molecular beam setup, gas phase
electronic spectra of three xylene isomers (para, meta
and ortho) have been collected for the neutral monomer
species as well as for their clusters with one and two wa-
ter molecules. Scans at a resolution of ±0.02 nm showed
a clear 0-0 transition for each xylene isomer as well as
the vibronic progression. The spectra were assigned with
the help of Franck-Condon factor PGOPHER simulations
from theoretical studies at the CAM-B3LYP/aug-cc-pVDZ
level of theory. The vibronic spectra of the xylene·H2O
and xylene·(H2O)2 clusters showed broad features between
36800-38400 cm−1 (260-272 nm) for p- and m-xylene,
while the water clusters of o-xylene gave more defined
bands. The separation of the vibronic bands in the clusters
mirrors the progression of the neutral monomers implying
that, for the S1 ← S0 transition, it is the same vibrational
modes that are involved in the monomer as in the clusters
with water. Both the separation and the spectral width of
the bands can be explained by the calculated differences in
geometries of the clusters in the ground and first electronic
excited states.

1 Introduction
Xylene molecules ((CH3)2C6H4) are pollutants that are re-
leased in emissions from combustion processes and indus-
trial solvents and they are also important precursors in the
soot formation process during fuel combustion.1–4 Due to
their role as atmospheric pollutants, understanding their in-
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teraction with water molecules is very important. The role
of water- and xylene-containing aggregates is also impor-
tant in micelle formation.5 Away from Earth, small aromatic
molecules such as xylene are thought to play an important
role in acting as building blocks for the formation of car-
bonaceous dust grains in space.6–8 Such grains are often
covered in layers of water ice, and hence the interaction of
xylene with water is also important in non-terrestrial envi-
ronments.9

Xylene is part of a family of aromatic molecules that also
contains benzene and toluene. The addition, and relative
position, of methyl groups on the benzene (toluene = CH3,
xylene = (CH3)2) affects both the shape and size of the
molecule.10 The polarity of each xylene isomer varies, with
the para species being apolar (it has no dipole moment), m-
xylene having a dipole moment of 0.35 D and o-xylene hav-
ing a dipole moment of 0.64 D.10,11 This change in dipole
moment influences how water molecules approach the aro-
matic ring system of the xylenes, and therefore dictates how
the species bind to each other during cluster formation.
These changes then have an effect on the electronic proper-
ties of the species and therefore dictate how the molecules
interact with other systems. This is of particular interest
when considering how the xylene species bind to water to
form aggregates, a common-phenomenon in atmospheric
chemistry and astrochemistry.1,12

Xylenes are well-studied molecules in the gas phase,
with the vibrational progression in the S1 electronic excited
state around 270 nm having been characterised by different
groups using multiple spectroscopic techniques: resonant
two-photon ionisation (R2PI) by Blease et al.,13,14 dispersed
emission (DE) by Breen et al.15 and laser induced fluore-
cence (LIF) by Ebata et al.16 More recently, the S2 electronic
excited states of xylene monomers have been studied due to
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their ultra-fast lifetimes.17,18 However, to the best of our
knowledge, electronic spectra of xylene-water clusters have
not yet been published in the literature. Infrared ion deple-
tion spectroscopy of p-xylene·(H2O)n clusters in the 3 µm
region has revealed that the p-xylene·(H2O)2 cluster has a
ground state geometry with a water dimer attached to the
side of the aromatic ring, with the binding of the water
trimer and tetramer being very similar.19 On the other hand,
the R2PI spectrum of p-xylene·NH3 shows similar band pro-
gressions to the p-xylene monomer, demonstrating how in-
fluential the clustering species can be on the vibrational lev-
els of these xylene clusters.20

Previous studies of neutral aromatic species have permit-
ted the development of a simple physical model describing
excited state dynamics of substituted aromatics (ππ*/πσ*
coupling) which was subsequently also found to be success-
ful in describing protonated systems.21–23 The excited state
model has also been successfully applied to a study of the
reactivity of “soft” UV-induced polycyclic aromatic hydro-
carbons (PAHs) with water clusters, where it was shown for
the first time that the presence of water molecules in in-
teraction with a neutral PAH molecule lowers the ππ*/πσ*
energy gap. This allows the system to access the H-loss dis-
sociation channel, and thus react to form an oxygenated
PAH without ionising the PAH.24,25 In this way, solvation of
an aromatic system can fundamentally change its molecular
physics.10,11

In light of this, the neutral monomer and water clusters of
each of the xylene isomers have been studied in this work
using photoionisation spectroscopy to investigate how the
clusters behave in the gas phase. Furthermore, computa-
tional studies of the clusters have been performed to justify
and explain the experimental observations. These calcula-
tions reveal how the geometries of both the monomers and
clusters change during the S1 ← S0 transition.

2 Methods
The molecular beam experiment is composed of two in-
dependently pumped vacuum chambers (base pressure =
10−6 mbar) separated by a 6 mm diameter skimmer. He-
lium carrier gas (2 - 6 bar) picks up the test species (xylene
and water) from a reservoir and the mixture of products is
expanded through the 200 µm nozzle of a pulsed valve (10
Hz, General Valve) into the first chamber.

In the second chamber, a homemade time-of-flight mass
(TOF) spectrometer (components from Jordan TOF Prod-
ucts, Inc.) is used for the detection of charged species
formed using a tuneable ns UV-visible OPO laser (EKSPLA
model-NT342B) accessing the 225 – 709 nm region, with 8
cm−1 pulse width and 10 Hz repetition rate. Although the
wavelength step size is larger than that available with other
systems (e.g. colorant lasers), the aim of this work is not to
perform high precision spectroscopy as in previous studies,
but rather to measure the spectral differences upon water
complexation.

By optimising the timing of the pulses of both the super-
sonic valve and the laser, the gas phase species in the coldest

part of the supersonic jet are photoexcited. This allows elec-
tronic spectra of vibrationally-cold neutral molecules and
their clusters with water to be studied via two photon-one
colour (1 + 1) photoionisation spectroscopy.

Calibration experiments involved a known standard,
toluene, being run through the setup to calibrate the
TOF measurements to m/z ratios and optimise the pulses.
Toluene and all xylene species were purchased from Sigma-
Aldrich at analytical standard purity. Water was deionised
in-house.

Density-functional-theory (DFT) calculations were car-
ried out using Gaussian16.26 Equilibrium geometries and
vibrational frequencies of the neutral monomer species and
the clusters with water in the ground (S0) and first excited
state (S1) were calculated at the CAM-B3LYP/aug-cc-pVDZ
level of theory, including D3 Grimme’s dispersion correc-
tion; these optimised geometries are shown in ESI Figure
1.27 The conformational space of all species was explored
by optimising different starting geometries. Considering the
symmetry of the xylene isomers and the water molecule,
and the reduced size of the conformational landscape of the
complex, the initial structures were selected to sample the
structures presenting the most important interactions that
can be found in this system (e.g. O-H · · ·π ring, O· · ·H from
methyl groups or aromatic hydrogens). Time-dependent
density-functional-theory (TD-DFT) was used for the verti-
cal excitation energies. Ground and excited state optimised
geometries with zero-point energy (ZPE) correction were
compared to derive the adiabatic transition energies. Non-
covalent interactions (NCI) were revealed by means of the
NCI-Plot program, which is based on the topological analy-
sis and graphical interpretation of the electronic density and
its derivatives, as well as the reduced density gradient.28

Vibrationally-resolved electronic spectra from the Frank-
Condon transitions were simulated using the software pack-
age PGOPHER.29 This software can be used to estimate the
vibronic transitions by manually assigning quanta to indi-
vidual vibrational modes in the excited state and then cal-
culating the overlap integral between those filled S1 modes
and empty S0 modes. Figure 1 is an example showing
how the meta-xylene neutral monomer spectrum was as-
signed. For comparison with the vibrationally cold exper-
imental spectra, these simulations were performed at 50 K,
with a Lorentzian of width 10 cm−1, and showed no signifi-
cant changes at ± 50 K.

3 Results and Discussion
In order to understand the effects of the water molecules
on the electronic structure of xylene, the neutral monomer
species were first studied as benchmarking experiments. Ag-
gregates of xylene with one and two water molecules were
then generated to investigate how the binding of the wa-
ter molecules changes the spectroscopy of the S1 state, and
in particular its vibrational sub-structure. In the case of m-
xylene·(H2O)n, clusters up to n=5 were observed in the TOF
measurement (ESI Figure 2). However, these larger aggre-
gate species were not observed for all three xylene isomers,
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Figure 1 Experimental (green) and simulated (black) spectra for the
m-xylene neutral monomer with the x-axis (energy) set to zero with
respect to the 0-0 transition. Insets: torsional sub-structure of 0-0
(left) and ν19 (right) bands.

and those that were identified were of very low intensity.
Thus, they were not further investigated and are not in-
cluded in the following discussion. According to our the-
oretical simulations however, since the vertical ionisation
potentials (VIP) for the different isomers do not substan-
tially change as a result of complex formation i.e. exhibit a
maximum variation of 0.28 eV (ESI Table 1), these clusters
should be energetically accessible with the one-color REMPI
(resonance-enhanced multiphoton ionization) technique.

Experimental spectra for the S1 electronic state of each
of the xylene isomers in the monomer, 1:1 and 1:2 aggre-
gate forms are presented in Figure 2. Below each of the
spectra are the simulated progressions from PGOPHER. The
assignments of these features are given in Tables 1, 2 and 3.
Across all of the results, vastly different behaviour was ob-
served for the three isomers, with some of the narrow bands
in the monomer spectra becoming significantly broadened
upon aggregation, while other species preserve their well
defined structure regardless of the water binding.

3.1 Benchmarking the method with neutral
monomers

The top three panels in Figure 2 show the neutral monomer
experimental spectra for the three xylene isomers. The ori-
gin and the vibronic transitions display narrow bands with
a spectral width of 10 cm−1 (consistent with the linewidth
of the laser). The 0-0 transitions for para-, meta- and ortho-
xylene appear at 36730 cm−1 (272.26 nm), 36949 cm−1

(270.64 nm) and 37308 cm−1 (268.04 nm) respectively -
all of which are in good agreement with the literature val-
ues of Blease et al.13,14 Experimental spectra over a greater
energy range - between 36600 and 41000 cm−1 (273 and
244 nm) - are also shown in ESI Figure 3 with assignments
given in ESI Table 2. A comparison of the origin transitions

of the three isomers shows shifts of +219 and +359 cm−1

as the methyl position changes from para to meta to ortho.
These shifts are a result of inductive effects from the methyl
groups on the π electron system. In the case of o-xylene,
the two methyl groups sit in such proximity to each other
that there is a combination of attractive and repulsive inter-
actions ESI Figure 4) which may also have an effect on the
overall vibronic structure of the species.

For each of the neutral xylene monomers, a series of well-
defined vibronic bands in Figure 2 indicates a minimal ge-
ometry change between the ground and excited states.30

When comparing the PGOPHER simulated and experimen-
tal spectra, the band pattern is well reproduced and the
blue shift observed in some of the simulated features (com-
pared to the experimental spectra) is most likely due to the
use of the harmonic potential approximation in our calcu-
lations, a phenomenon often corrected using a scaling fac-
tor. Looking more closely at the low energy features of the
m-xylene neutral monomer (Figure 1), a distinct set of pro-
gression bands can be seen for the 0-0, ν4 and ν19 bands.
These sub-structure bands have similar separations of ap-
proximately +34 and +39 cm−1. Hence it is suggested that
these are low frequency modes coupling to the more in-
tense vibrations, as previously reported by Blease et. al.13,14

It can be seen by comparing the vibrational modes of the
monomer species, that it is the same in-plane ring breathing
and methyl torsion modes that are active for all three iso-
mers. This suggests that the three isomers share a similar
vibronic structure, which is tuned by inductive effects of the
methyl groups.

The vibronic spectra of the xylene monomers can also be
compared to those of toluene and benzene, which contain
one and zero methyl groups respectively. The 0-0 transition
of toluene sits at 37476 cm−1 (ESI Figure 3 ), only 168 cm−1

higher than that for o-xylene.31 Toluene and o-xylene both
have electron density sitting on the methyl group(s) that
are on one side of the aromatic ring system, and therefore
have the highest dipole moments of all of the test species.
In contrast to this, benzene has a 0-0 transition of 38086
cm−1,32 which is 1356 cm−1 higher than that of p-xylene,
despite both being apolar. This is to be expected however,
as the lack of methyl groups on benzene means that there
are no inductive effects on the π electron cloud which would
lower the energy of the 0-0 transition.

3.2 Spectral broadening of p-xylene-water
clusters

The experimental and simulated spectra for the p-xylene-
water clusters are shown in the first column of Figure 2
and ESI Figure 5, with assignments in Table 1. The spectra
of both p-xylene·H2O and p-xylene·(H2O)2 show significant
broadening of the two features between 36400 and 37800
cm−1.

Band widening in this type of experiment can have var-
ious explanations which can act independently, or in com-
bination, to give rise to broad features, like those observed
here. A common source of broadening is that the experi-
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Figure 2 Experimental (coloured) and simulated (black) spectra for the neutral monomers and aggregate species. From left to right:
p-xylene (red), m-xylene (green) and o-xylene (blue). From top to bottom: neutral monomers, 1:1 clusters, 1:2 clusters. It should be
noted that the intensity scale is not the same in each panel.

mental observations are of vertical transitions rather than
adiabatic transitions. Simultaneous excitation of a number
of vibronic transitions then gives rise to a single, broad,
structureless feature for a given electronic excited state.
Lifetime broadening can also occur due to ultra-fast excited
state processes. Finally, water molecules from the aggre-
gates may also evaporate during the experiment, leading to
spectral bands for higher order clusters being observed at
masses corresponding to lower order clusters. This phe-

nomenon has previously been reported in other systems,
like pyrimidine–water clusters.33 As a result of there being
multiple possible broadening mechanisms, it is often diffi-
cult to determine exactly why the broad spectral features
are observed.

In the case of p-xylene·H2O and p-xylene·(H2O)2 (Figure
2, Table 1 and ESI Figure 5), the PGOPHER simulations pro-
vide compelling evidence for the broad features occurring
as a result of low frequency modes coupling strongly to the
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Table 1 Position and assignments of both the experimental and simulated vibronic bands for the p-xylene monomer, p-xylene·H2O and
p-xylene·(H2O)2. Width of broadened bands is given in parentheses. All values are in cm−1.

Experiment Simulation Mode Assignment Literature14,16

p-xylene monomer

36730 0 0-0 Origin band 36727

+54 43 ν1 or ν2 Methyl torsion +55

+371 381 ν4 Methyl torsion +370

+553 429 ν1 + ν4 Methyl torsion +425

+799 830 ν17 In-plane ring breathing +802

p-xylene 1:1

36767 (466) 0 (440) 0-0 + ν2 + ν6 + ν8 Broadened origin band -

+810 (409) +828 (443) ν2 + ν6 + ν8 + ν23 Broadened in-plane ring breathing -

p-xylene 1:2

36800 (263) 0 (238) 0-0 + ν1 + ν2 Broadened origin band -

+ 802 (221) 824 (255) ν1 + ν2 + ν29 Broadened in-plane ring breathing -

most intense vibrations that were observed in the monomer
case. For the p-xylene·H2O cluster, the ν2, ν6 and ν8 modes
couple to the 0-0 and ν23 mode to give the observed fea-
tures. This is also seen for the p-xylene·(H2O)2 species, but
with the ν1 and ν2 modes in combination with the 0-0 and
ν29 mode. The agreement of these simulations with the ex-
perimental spectra allow vertical transitions to be ruled out
as a source of spectral broadening. Evaporation of the p-
xylene·(H2O)2 into the p-xylene·H2O spectrum may also be
present, but due to the overlap of the broad features, it is
difficult to be certain. In both of the p-xylene-water cluster
cases, the broad features are therefore attributed to the low
frequency modes being excited during the S1←S0 transition.
These modes are shown in Figure 3.

3.3 Structural differences in m-xylene-water
clusters

The experimental and simulated spectra for the m-xylene-
water clusters are presented in the second column of Fig-
ure 2 and ESI Figure 6, with assignments in Table 2. For
the m-xylene·H2O species, three features between 36700
and 38600 cm−1 are observed, all three of which are sub-
ject to similar broadening effects as previously described for
the p-xylene clusters. The PGOPHER simulation confirms
that the low frequency modes responsible for this broaden-
ing are ν2 and ν4, these modes facilitate both the rotation
of the methyl groups and the re-positioning of the water
molecule above the aromatic ring. However, while the m-
xylene·(H2O)2 cluster shows three broad features just above
the baseline, the spectrum is dominated by an intense, nar-
row band at 37064 cm−1 as well as a less intense narrow
feature at 38028 cm−1. This suggests that while the S1 ←
S0 transition of the 1:1 cluster involves the low frequency

modes, the 1:2 cluster has a minimal geometry change be-
tween the ground and excited state. There is also some
evidence for evaporation of the 1:2 cluster into the 1:1
species, as the peaks at 37064 and 38028 cm−1 in the m-
xylene·(H2O)2 spectrum also appear in the m-xylene·H2O
spectrum.

3.4 Do o-xylene-water clusters have multiple
geometries?

The o-xylene clusters behave somewhat differently to the
p- and m- species, with no significant broadening observed
for either the 1:1 or 1:2 aggregates (column three of Figure
2 and ESI Figure 7, with assignments in Table 3). PGO-
PHER simulations reproduce the intense features in the ex-
perimental spectra for both clusters without the inclusion of
any low frequency modes. This suggests that in both cases,
there is a minimal geometry change between the ground
and excited state. However, both the o-xylene·(H2O)2 and
o-xylene·H2O experimental spectra show a slightly broad,
intense band at 37374 cm−1 (marked with an asterisk in
Figure 2) which does not appear in the monomer spec-
trum and cannot be reproduced by the PGOPHER simula-
tion. When exploring the o-xylene·H2O structure in the S1
state, two minima were calculated with a ZPE corrected dif-
ference of 0.02 eV (∼2 kJ/mol), within the accuracy limit
of the method. These two structures (shown in Figure 4
as S1a and S1b) differ in that the H2O molecule rotates by
90°. One hypothesis could thus be that the broad band rep-
resents a transition involving this S1b geometry. PGOPHER
simulations of the S1b ← S0 transition gave broad peaks at
frequencies consistent with the observed peak, but that were
26 orders of magnitude lower in intensity than those simu-
lated for the S1a ← S0 transition, ruling out the possibility
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Figure 3 The change in geometry between the p-xylene·(H2O)2 S0 and S1 states and the ν1 and ν2 vibrations that allow the vibronic
transition between these states. The structures and vibrations were calculated at the CAM-B3LYP/aug-cc-pVDZ level of theory.

of observing the S1b ← S0 transition. The intensities and po-
sitions of the observed o-xylene·H2O vibronic progression
thus indicates that we are experimentally observing the S1a
← S0 transition only. The peak at 37374 cm−1 could also be-
long to a transition between the S1b structure and a second
ground state minimum that was not found in our theoreti-
cal study. Re-optimisation of the S1b geometry in the ground
state reveals that this geometry is a transition state at the
level of theory used in this study. The peak at 37374 cm−1

in both of the o-xylene clusters is therefore most likely at-
tributed to evaporation from higher order o-xylene·(H2O)n
clusters.

3.5 Energetics and geometries for simulated
clusters

The differences, both subtle and significant, between each of
the xylene isomers’ electronic spectra highlights the impor-
tance of the position of functional groups in the stabilisation
of aromatic-water cluster structures. Further investigation
of the ground and excited state structures derived compu-
tationally can be used to probe the energy of the S1 ← S0
transitions.

The ground and excited state structures derived computa-
tionally for the monomers and aggregate species were used
to probe the energy of the S1 ← S0 transitions. These are
shown in Table 4. The results indicate that for all three iso-
mers, the addition of one water molecule has only a small
impact on the S1 ← S0 transition energy. According to the
data shown in Table 4, the largest shift in the S1← S0 tran-

Figure 4 Schematic potential energy diagram for the different o-
xylene·H2O structures. S0a, S1a and S1b were calculated as minima
in the theoretical study, while the transition state was found rather
than the expected S0b.

sition is 0.06 eV in the hydrated clusters when compared to
the monomers.

Changes in the equilibrium geometries of the complexes
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Table 2 Position and assignments of both the experimental and simulated vibronic bands for the m-xylene monomer, m-xylene·H2O and
m-xylene·(H2O)2. Width of broadened bands is given in parentheses. All values are in cm−1.

Experiment Simulation Mode Assignment Literature14,16

m-xylene monomer

36949 0 0-0 Origin band 36950

+33 170 ν1 Methyl torsion +32

+71 208 ν2 Methyl torsion +73

+470 528 ν4 Methyl torsion -

+670 714 ν14 In-plane ring breathing -

+964 994 ν19 In-plane ring breathing -

+1146 1288 ν26 In-plane ring breathing -

+1432 1709 ν14 + ν19 In-plane ring breathing -

m-xylene 1:1

37097 (284) 0 (347) 0-0 +ν2 + ν4 Broadened origin band -

+480 (144), +928 (114) 463 (295), 928 (253) ν2 + ν4 + ν15 Broadened ring deformation -

m-xylene 1:2

37064 0 0-0 Origin band -

+33 20 ν1 Water rocking -

+467 392 ν17 Ring deformation -

+964 989 ν31 In-plane ring breathing -

suggest that the shifts in excitation energy are most likely in-
duced by O-H· · ·π interactions between the water molecule
and the π aromatic cloud in the ring. Through the use of
the NCI-Plot program, these interactions can be visualised,
as observed in Figure 5. In the case of m-xylene·H2O and
o-xylene·H2O complexes, there is an additional interaction
between the oxygen atom of the water and the hydrogens
from the methyl groups of xylene. This small interaction is
more important for o-xylene because of the proximity of the
methyl groups in the ring, which optimises a three-center in-
teraction. Note that NCI calculations such as these only offer
a qualitative picture of the interactions that are present, and
are not indicative of their strength.

Complexes with two water molecules were optimised
starting from the addition of a water molecule to the 1:1
complex geometries previously obtained. Additional start-
ing geometries were also explored. In all cases, the low-
est energy structures were found to be those presenting a
strong hydrogen bond formed in the water dimer and an
O-H· · ·π interaction. The geometries in the ground and S1
excited state in the case of the 1:2 complex of the ortho iso-
mer are very similar. The important stabilisation of these
two states is explained by the fact that the second water
molecule allows an optimal configuration for all of the pos-
sible interactions in these systems. This second molecule

Figure 5 NCI calculated surfaces in the ground state for; top left - p-
xylene·H2O, top middle - m-xylene·H2O, top right - o-xylene·H2O,
bottom left - p-xylene·(H2O)2, bottom middle - m-xylene·(H2O)2,
bottom right - o-xylene·(H2O)2. Repulsive interactions are shown
in orange and attractive interactions in blue. Green regions describe
both attractive and repulsive interactions.

increases the strength of the O-H· · ·π interaction present in
the 1:1 cluster, while adding an extra inter-water hydrogen
bond. Furthermore, the 1:1 complex of this isomer is al-
ready the most stable, which is probably due to the attrac-
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Table 3 Position and assignments of both the experimental and simulated vibronic bands for the o-xylene monomer, o-xylene·H2O and
o-xylene·H2O. All values are in cm−1.

Experiment Simulation Mode Assignment Literature14,16

o-xylene monomer

37308 0 0-0 Origin band 37308

+109 126 ν3 Methyl torsion

+689 729 ν15 In-plane ring breathing +693

+942 1001 ν20 In-plane ring breathing +940

+1192 1253 ν26 In-plane ring breathing +1196

o-xylene 1:1

37262 0 0-0 Origin band -

+114 - - Unknown -

+696 726 ν21 In-plane ring breathing -

+947 999 ν26 In-plane ring breathing -

+1195 1250 ν32 In-plane ring breathing -

o-xylene 1:2

37238 0 0-0 Origin band -

+134 - - Unknown -

+660 731, 1467 ν25 In-plane ring breathing -

Table 4 Excitation energies for the first excited state of the xylene
monomers, 1:1 and 1:2 clusters. All calculated using TD-DFT at
the CAM-B3LYP/aug-cc-pVDZ level of theory in the adiabatic case.
Vertical energies are presented in parentheses.

Excitation Energy / eV

Monomer 1:1 1:2

para 4.942 (5.243) 4.913 (5.218) 4.876 (5.291)

meta 4.991 (5.285) 4.975 (5.288) 4.991 (5.300)

ortho 5.059 (5.343) 5.056 (5.410) 4.977 (5.294)

tive interaction between water and the hydrogens from both
methylic groups. This is not observed for the other isomers.
It should be noted that the experimental trends observed for
the 0-0 excitation energies are not precisely reproduced at
the theoretical level used in this work (see Table 4). This
is particularly true when comparing excitation energy val-
ues for different clusters of the same isomer. However, the
maximum energy difference in these trends (∼ 0.02 eV) are
within the error range expected for these methods.

3.6 Comparison with other aromatic-water
clusters

Several other studies have investigated the electronic effects
of water on aromatics in clusters. Theoretical studies by Si-
mon et al. found that the geometry of interaction of an aro-
matic molecule with water can have a considerable impact
on the VIP of the aromatic.34,35 An initial DFTB study by the
authors determined that the VIP of an aromatic adsorbed
on a water cluster could increase or decrease, depending on
whether the PAH interacts with the water via the π cloud of
the aromatic ring system or via the hydrogens at the edge
of the molecule, respectively.34 A more recent, higher level
TD-DFT and MS-CASPT2 study concluded that a side-on at-
tachment of a water molecule (from a hexagonal ice struc-
ture) to a benzene monomer had the effect of lowering the
VIP by as much as -0.33 eV, while a water molecule bound
through the π cloud of the aromatic ring increased the VIP
by +0.32 eV.35 These shifts are consistent with those calcu-
lated in this work, supporting the conclusion that the water
binds through the π cloud of the xylene monomer.

Toluene·(H2O)n clusters were investigated by Li et al.
through one-color mass resolved excitation spectroscopy.36

In this study, it was found that the origin band was blue
shifted by 15 cm−1 as the toluene·(H2O)n cluster size in-
creased from n=1 to 3 due to the inductive effects of the
water molecules. This is a similar shift in energy to that ob-
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served for the o-xylene clusters in this work, with the 0-0
transition blue shifting by 24 cm−1 between n=1→2. Al-
though similar shifts may be present for the p- and m-xylene
clusters, the broadening of the bands in the 1:1 (para- and
meta) and 1:2 (para-) cluster spectra make it difficult to be
certain if the origin peak has shifted in energy or broadened
to appear at a different wavenumber.

Spectroscopic studies of water clusters with phenol and
p-cresol have previously shown that broad vibronic bands in
the aromatic·(H2O)2 spectra are a result of the cluster ge-
ometry changing during the S1← S0 transition from a cyclic
hydrogen bonded ground state to a linear hydrogen bonded
excited state.37,38 In the case of phenol and cresol, the wa-
ter molecules bind directly to the OH group on the aromatic
ring, as opposed to the π system of the xylenes, but the role
of the low frequency, inter-molecular vibrational modes is
still the most likely cause of the broadening observed in the
xylene cluster spectra of this work.

4 Conclusions and Perspectives
These experiments and accompanying theoretical calcula-
tions have provided fundamental molecular physics data on
the S1 electronic energy levels and their vibrational sub-
structure for xylene-water clusters, providing insights into
the growth and reactivity of these clusters. The experi-
mental spectra for the p-xylene·H2O, p-xylene·(H2O)2 and
m-xylene·H2O aggregates show broadening of the vibronic
features. These broad bands have been simulated using
PGOPHER to assign the combination bands and begin to
attribute the broadening phenomena to a combination of
three physical effects:

• Low frequency modes involving the water molecule
rocking motions coupling to the intense vibronic pro-
gressions of the origin band and the aromatic ring de-
formation.

• More than one minimal energy geometry in either the
S0 or S1 or both, giving rise to multiple sets of vibronic
progressions.

• Evaporation of a water molecule from the clusters,
therefore observing spectral features from larger clus-
ters in the spectra of the 1:2 and 1:1 aggregates.

Theoretical studies provide an explanation for this be-
haviour, with the electron density remaining on the methyl
groups during the excitation of the o-xylene-water clusters
instead of shifting to the aromatic ring system to interact
with the water molecule – as is the case for the m- and p-
xylene-water clusters. By describing the changes in elec-
tronic behaviour between the three xylene isomers, this
study of xylene-water complexes shows that the position of
the methyl functional groups significantly impacts the sol-
vation of aromatics in water.

These findings are important in the context of atmo-
spheric chemistry, as the lifetime of pollutants in the meso-
sphere is dependant on the water solvation of these species

in the gas phase. By understanding the fundamental
physics which dictates the binding of this solvation, theoret-
ical models can better describe how atmospheric chemistry
evolves over time as a function of pollutant density.

The work described here is also a first step towards
a wider study of the thermodynamic/electronic properties
and spectroscopy of xylene isomers adsorbed on and in wa-
ter ices, these ice systems are important in astrochemical
studies as it is thought that PAHs and smaller hydrocarbons
such as benzene, toluene and xylene could be present in
water-dominated icy mantles on dust grains in dense molec-
ular clouds.39 In astrochemical environments, UV irradia-
tion is thought to play an important role in the chemical
evolution of molecular ices adsorbed onto dust grain sur-
faces. In these low temperature and pressure environments,
the rules of reactive chemistry completely change and subtle
changes in the electronic structure of gas phase species and
surface adsorbed molecules can be the difference between
the formation of new species and the desorption of unre-
acted ices. As shown, the aggregation of water molecules to
the xylene monomers has the effect of lowering the excita-
tion energy by as much as 0.08 eV. This reduction in energy
may seem negligible in most contexts, but when considering
the extremely low energy environments of the interstellar
medium, this shift could allow for previously inaccessible
reaction pathways to open. The results reported here will
form the basis for a study of the UV-Visible spectroscopy of
solid xylene-water ices using a newly developed, ultra-high
vacuum compatible, optical spectrometer.40,41
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