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ABSTRACT

We present infrared spectra and density functional theory calculations of hydrated pyrene anion
clusters with up to four water molecules. The experimental spectra were acquired using infrared
Ar messenger photodissociation spectroscopy. Water molecules form clusters on the surface of the
pyrene, forming hydrogen bonds with the m-system. The structures of the water clusters and their
interaction with the m-system are encoded in the OH stretching vibrational modes. We find that
the interactions between water molecules are stronger than they are between water molecules and
the m-system. While all clusters show multiple conformers, three- and four-membered rings are

the lowest energy structures in the larger hydrates.



I. Introduction
Interactions of water with polyaromatic forms of carbon are of interest in various chemical
contexts. Polyaromatic hydrocarbons (PAHs) act as pollutants in brown carbon haze'" and other
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atmospheric aerosols,*’ and they are thought to occur in astrochemical dust and ices.® '3

Moreover, the use of graphene in future applications in aqueous environments requires a detailed
understanding of the interactions between water and m aromatic systems.'#!>

Studying such interactions in condensed phase aqueous environments faces various problems.
The interactions of water molecules with aromatic systems is encoded mainly in the infrared (IR)
OH stretching vibrations of interfacial water, whose signatures are buried in the broad
spectroscopic response of bulk water. Spectroscopic investigations of bulk aqueous solutions of
PAHs suffer from their low solubility, and observation of clean spectroscopic signatures for water
interactions with crystalline PAH surfaces is plagued by surface heterogeneity. Experiments on
single layer graphene deposited on substrates are hindered by the wetting transparency of
graphene,'® and the preparation of free-standing single layer graphene is very challenging due to
the formation of defects, the adsorption of hydrocarbons, and the fragility of extended single layer
graphene sheets.

The theoretical treatment of this problem has challenges of its own. Bulk aqueous systems are
too large to be treated by high-level quantum chemical methods, and computationally affordable
descriptions of bulk aqueous systems rely on sufficiently accurate parametrization of the water-
water and water-carbon interactions, which are difficult to benchmark since experimental results
are hard to obtain. In particular, the subtle balance between collective phenomena (e.g., the
polarization of the liquid) and molecular-level effects (e.g., hydrogen bonding) complicates the

systematic improvement of theoretical models for water-PAH interactions.



IR spectroscopy of hydrated clusters, combined with mass spectrometric preparation and
detection, has been a molecularly specific and effective approach!”?* to circumvent many of the
intrinsic problems in the condensed phase. In particular, the use of mass-selected cluster ions as
spectroscopic targets removes uncertainties due to speciation and heterogeneity of condensed
phase environments, as both the nature of the PAH and the number of water molecules present are
under rigorous experimental control. Computationally, this approach affords treatment with
quantum chemical methods, and it allows to explore molecular level details of the structure and

dynamics governed by intramolecular interactions between water molecules and solute ions,
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including anharmonic and quantum nuclear effects. This approach allows to focus on
molecular-level details of water-PAH and water-water interactions since the small size of the
clusters minimizes collective effects, such as density and polarization fluctuation of the bulk.

The interaction between PAHs and water depends strongly on the charge state of the PAH. Water
molecules bind to cationic PAHs (both radical ions and protonated species) through the interaction
of the lone pairs on the O atoms with the CH groups on the periphery of the PAH.?!-* These cluster

systems inform on the interaction between water molecules and H-terminated edges along the

periphery of the m-conjugated systems. In contrast, water makes primary contacts directly with the
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n-system of PAHs for neutra and anionic clusters. In all cases, water molecules form
hydrogen bonds (H-bonds) with each other, generating water clusters that bind to the PAH frame.
In simple terms, the molecular structure and spectrum of the hydrated cluster results from the
competition between water-water H-bonds and water-n bonds. For small water-PAH clusters, the

relative strength of water-water H-bonds compared to water-n bonds are difficult to measure

directly, but the assignment of the IR features to the normal modes of the water network together



with the analysis of the frequencies and the amplitude contributions of each OH oscillator allows
such an evaluation.*

Most of the available data on hydrated anionic PAHs describes hydrated naphthalene*’* (Np)
anions. Experiments yielding structural information on larger hydrated PAHs address the question
on how the size and shape of the PAH, which provides a structural template for the water network,
influences the size and shape of the water subcluster. Small PAHs, such as Np, can induce
geometric frustration of the water network. Pyrene (Py, Ci6H1o) is a prototypical, planar PAH with
four fused six-membered aromatic rings, and we use it as a model for the interaction of water with
a more extended aromatic m-system than Np. Previous photoelectron spectroscopy work by Verlet
and coworkers** showed how the electronic states of the anion are stabilized by hydration. In the
present work, we study water-n interactions using IR messenger tagging spectroscopy of mass-
selected hydrated pyrene radical anion clusters with up to four water molecules, Py -(H20), (n =1
—4). We compare the experimental spectra with calculated spectra from static, density functional

theory (DFT).

I1. Methods
A. Experimental

Cluster ions of the form Py -(H2O), Ar, were prepared in a supersonic entrainment source
described previously.** 4% We entrained Py vapor from a copper oven (T = 400 + 10 K) and
water vapor (at room temperature) from a pulsed valve (General Valve Series 9) into a pulsed
supersonic expansion of argon (Even Lavie valve, stagnation pressure 1.5 bar). An electron beam
(800 eV kinetic energy) injected into the high-density region of the expansion created a plasma,

where attachment of low-energy secondary electrons to molecules and clusters created negative



ions. These anions were accelerated perpendicular to the expansion in a home-built Wiley-

McLaren time-of-flight mass spectrometer, where the target ions for a given experiment were

mass-selected employing a pulsed mass gate.*’ In the present work, we focus on clusters Py

‘(H2O)u-Ar2 (n = 0 — 4). The target ions were irradiated with the output of a pulsed, tunable

OPO/OPA system (LaserVision, pulse duration 5 — 7 ns, bandwidth ca. 2 cm!, pulse energy ca. 5-

10 mJ). Photon absorption by target ions Py-(H20), Ar; resulted in fragmentation according to
Py (H20), Ar2 + o — Py -(H20), + 2 Ar

We used two Ar atoms as messenger tags throughout the present work to suppress background
signals from loss of a single Ar atom by unimolecular decay. Fragment ions Py (H20), were
selectively monitored after using a two-stage reflectron as a second mass spectrometry step, and
they were detected on a dual microchannel plate.

The fragment ion intensity was monitored as a function of the IR wavenumber, and was
normalized by the photon fluence to generate IR photodissociation spectra. Several spectra taken
on different days were averaged for each target ion species to ensure reproducibility and the
improve signal-to-noise ratio. The spectra were calibrated using a photoacoustic spectrum of water

vapor*® acquired in a home-built, 3D printed photoacoustic spectrometer.

B. Computational

Geometry optimized structures of possible conformers were calculated using DFT,* utilizing
©B97X-D functional®® and def2-TZVPP basis sets’! for all atoms as implemented in Gaussian
16.52 We found the potential energy surface of Py -water interactions to contain multiple extended
basins with very low-frequency vibrational modes. To improve the quality of the structures, “very-

tight” convergence criteria (root-mean-square force 10°° H/A) and a pruned integration grid with



175,974 points for first-row atoms and 250,974 for atoms in the second and later rows
(“SuperFine” grid in Gaussian 16) were chosen. In cases of failed geometry optimization steps, a
quadratic convergence®® was used. The harmonic calculations were scaled by 0.9431 to match the
lowest energy OH stretching feature in the experimental pyrene dihydrate anion spectrum.
Consistent with prior work which examined the accuracy of various charge assignment methods, *
partial charges were determined using the Merz-Singh-Kollman (electrostatic potential, ESP)

method.>*>>

II1. Results and Discussion
A. Overview

Figure 1 shows the IR photodissociation spectra of Py -(H2O), Ar> (n = 0 — 4), recorded by
monitoring the loss of both Ar atoms. There are two regions of interest: the OH stretching region
(ca. 3300 — 3750 cm™") and the CH stretching region (2900 — 3100 cm™"). The OH stretching region
shows spectra of increasing complexity with growing level of hydration, while the CH stretching
region only exhibits small changes. We will discuss the two different regions in detail in the
following sections.

Different from Np and phenanthrene, Py is sufficiently large to have a robust, positive adiabatic
electron affinity (AEA) of 0.406 £+ 0.010 eV.** As a result, the CH stretching transitions shown in
Figure 1 are below the threshold for photodetachment, even for » = 0. Since the addition of each
water molecule adds ca. 0.24 eV to the AEA,* all vibrational excitations in the fundamental OH
stretching region of Py -(H20), clusters are also below the threshold for photodetachment. We

therefore exclude processes involving the detachment continuum from our discussion.



The presence of two Ar atoms in the target clusters not only allows the use of messenger
predissociation spectroscopy but also ensures that the clusters are cold. Assuming that the species
in the cluster ion beam are formed in an evaporative ensemble,>® the energy in each cluster is of
the order of the binding energy of the last particle that was evaporated during cluster formation.

This results in cluster temperature analogues estimated to be in the range of 50-100 K.
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Figure 1. Infrared photodissociation action spectra of Py-(H20),*Ar, with n indicated in each

panel. Data for n = 1 have been taken from Ref. %°.



B. OH Stretching Region
1. Monohydrate (n=1)

The spectrum of the Py monohydrate anion has been described in detail in recent work,*® and
we will only provide a brief discussion here. The OH stretching region of the photodissociation
spectrum Py-H>O-Ar; is reproduced in Figure 2. It is dominated by the signature of the symmetric
OH stretching mode () of the water molecule at 3573 ¢cm™!, while the feature encoding the
antisymmetric stretching mode (@) at ca. 3679 cm™' is weak. Another very weak peak at 3225
cm’! (see Figure 1) is in a spectral region where the first overtone of the water bending mode is
found in the spectra of other singly hydrated anion clusters.’’” The overtone borrows intensity
through a Fermi resonance with the symmetric OH stretching mode, although in the present case,
the substantial energy difference between the bending overtone and s leads to a very low intensity
for the overtone.

Static DFT calculations at the level reported here return two low-energy, shallow minima in the
potential energy surface, which correspond to two different configurations of the water molecule
with respect to the Py anion (see Figure 3). Their calculated energies are within 2 meV, making
the two structures isoenergetic. In both, the water molecule is engaged in a H-bond to the m-system
of the Py anion through one of its OH groups, while the second OH group is more weakly
interacting with the PAH, but is not considered free. The signature of @, is observed at significantly

lower wavenumbers than what is typical for a free OH (ca. 3710 cm™),!* %

corroborating this
characterization. The calculated spectra of both minima are compatible with the experimental
spectrum,*® but it is unclear which of these structures exist or are populated. The experimental

spectrum merely allows the qualitative identification of the water-Py interactions, not the position

of the water molecule on the Py™ frame.



intensity [arb. units]

1

L 1
3400 3500 3600 3700
wavenumber [cm™]

Figure 2. Infrared photodissociation spectrum of Py -H>O-Ar, (data taken from Ref. #°). The labels
@y and @, are attached to the features of the symmetric and antisymmetric OH stretching vibrations
of the water molecule, respectively. The region of the latter is magnified by a factor of 10 as an

inset, with grey dots being data points and the line a 5-point gliding average to guide the eye.
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Figure 3. Low-lying minimum energy structures of Py-H,O (structures taken from ref. *¢). The
calculated energy of structure 1A is lower by 2 meV than for structure 1B. Color scheme: C =
grey, H = white, O =red. The Py frame has been de-emphasized to more clearly show the water

positions.

10



The origin of the shoulder on the low energy side of @y and a similar structure on the high energy
side of w. is unclear. It could be caused by two thermally populated, spectroscopically
distinguishable structures whose individual s signatures are split by 28 cm™. An alternative
explanation involves coupling between @y and a low-frequency water rocking mode with a
calculated frequency near 30 cm’, giving rise to a Franck-Condon-like progression. Finally,
dynamic effects could lead to the observed line shape of the @y signature. Both classical and Born-

39,46 ghow that the water molecule

Oppenheimer molecular dynamics on PAH water complexes
will explore a large part of the very shallow potential energy landscape, and the large linewidth of
s can in fact be attributed to dynamical broadening through spectral diffusion.* Unfortunately,
none of these approaches explains the low energy shoulder of wy sufficiently well in the present

calculations.*® The origin of the substructure of the @, signature remains therefore an open

question, highlighting the difficulty of theoretically treating this seemingly simple complex.*®

2. Dihydrate (n = 2)

Figure 4 presents the IR photodissociation spectrum of Py -(H20),-Ar> in the OH stretching
region. The overall spectral envelope has some similarities to that of Np-(H20)2,* but the presence
of five distinct spectral features for a species with four OH groups suggests the presence of more
than one conformer. The lowest energy geometries for the dihydrate are characterized by a water
dimer interacting with the Py™ anion (see Figure 5). In the two lowest energy structures, one water
molecule is located above one of the central rings of Py~, while the other is located over one of the
outer rings. The main difference between the two structures is that the H-bond connecting the two
water molecules is pointing in the opposite direction. The donor water molecule in the lowest

energy structure (2A) is located over an outer ring, while the acceptor molecule is over one of the
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inner rings. In structure 2B, calculated just 16 meV higher in energy, the role of the two water
molecules is reversed. An additional structure (2C) with the water dimer mostly straddling an outer
carbon ring is found 38 meV above the lowest energy structure. We note that the structure of the
water subcluster in each of these geometries is very similar, and while the calculated relative
energies imply a specific energetic ordering, the accuracy of the calculations and the small energy
differences do not allow an unambiguous determination of the minimum energy structure. In each
case, three OH groups interact with the m-system of the Py~ ion, and one OH group of the acceptor
water molecule is interacting more strongly with the n-system of the Py™ ion than the other. As a
result, the computed spectra of all three structures are very similar as well (see Figure 4). Of course,
the D>, symmetry of the Py nuclear frame implies that there are eight equivalent, indistinguishable
minima on the potential energy surface for each of the two structural conformers shown in Figure
5, four on each face of the PAH. While there are structures consisting of two independent water
molecules (see Supporting Information), either on the same face of the PAH or on opposite faces,
these structures are significantly higher in energy (> 100 meV above structure 2A), and their

spectra are not consistent with the experimental spectrum.
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Figure 4. Infrared photodissociation spectrum of Py -(H20)2-Ar2 (top trace) in comparison with
calculated IR spectra of the two lowest energy conformers (conformer label given for each curve,
see Figure 5). The vertical sticks denote calculated frequency positions and intensities, the full

lines show simulated spectra with 8 cm™ full width at half-maximum (FWHM).

If only a single conformer were to give rise to the observed experimental spectrum, we would
expect only four OH stretching feature peaks. The calculated energy differences are sufficiently
small to assume that structures 2A and 2B are isoenergetic for all practical purposes, and the energy
of structure 2C is so close to the other two that we assume it to be thermally populated, even at the
low temperatures of the ions in the present experiment. Since we observe five features with
unresolved substructures, we assume that all three low-lying structures are populated in the

experiment.
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0 meV

Figure 5. Low-lying minimum energy structures of Py -(H20)2, with relative energies given below
each structure. Color scheme: C = grey, H = white, O =red. The Py™ frame has been de-emphasized

to more clearly show the water positions.

While the OH stretching modes are normal modes of the cluster, their amplitudes are often
localized in specific OH groups. At the same time, the frequency of each mode encodes the strength
of the H-bonds that the corresponding OH oscillators are engaged in. The amplitude pattern of
each vibrational mode together with its frequency of the mode can therefore allow us to draw
conclusions about the interaction strength in a given H-bond. In the dihydrate spectrum, the lowest
frequency mode is due to the in-phase linear combination of the two local symmetric OH stretching

motions, and the OH group engaged in the water-water H-bond has the largest amplitude for all
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geometries considered here (2A—2C). This implies that the water-water interaction is the strongest
intermolecular interaction in this cluster, which is at first glance surprising, given that the ion-
water interaction is generally stronger than water-water interactions in many small hydrated anion
clusters.!®- 8 However, a similar hierarchy of interaction strength has previously been observed in
analogous Np - (H20), clusters.** The next higher energy mode is associated with the out-of-phase
linear combination and is carried predominantly by the H-bond acceptor molecule. For each
geometry, the feature with the second highest intensity (and the second highest frequency) is the
signature of a mode mostly associated with the antisymmetric stretching motion of the H-bond
donor molecule, while the weakest and highest frequency feature is mainly due to the
antisymmetric stretching motion of the acceptor molecule.

We assign the feature at 3530 cm™ to the in-phase linear combination of the symmetric stretching
motions of the two water molecules. The calculated frequency positions for the three conformers
are very close together, and we assume that all three conformers contribute to this feature. Based
on the sequence of the calculated bands and their relative intensities, we tentatively assign the
feature at 3551 cm™ to the out-of-phase linear combination of the symmetric stretching motions
for structure 2C, while the peak at 3574 cm™! is likely the signature of this mode for conformers
2A and 2 B. The peak at 3631 cm™! and the unresolved shoulder on its lower frequency side are
the lower frequency combinations of the antisymmetric stretching motions for the three
conformers, and the weak peak at 3654 cm™! contains the analogous higher frequency components.

A close look at the overview spectrum shown in Figure 1 reveals two weak peaks at 3217 cm™!
and at 3258 cm™!. Similar to the monohydrate, these peaks are in the region of the water bending
mode overtone, and we therefore assign the two peaks qualitatively to these overtones. Three

structures that we characterize as belonging to conformer family 2A differ very slightly in their
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geometries (see Supporting Information). “The energies of these conformers are within 8 meV of
each other and the three structures reside in the same shallow potential energy basin of the lowest
energy conformer.” All of them have very low-lying vibrational modes (< 50 cm™), which
represent changes in the orientation of the water-water H-bond above the PAH frame, and a sliding
of the water dimer along the direction of the water-water H-bond (see Supporting Information for
an example of these soft modes). While our structural search revealed only one geometry each for
conformers 2B and 2C, they possess similar low energy vibrational modes. The exploration of
these shallow basins on the potential energy surface very likely leads to a dynamic line broadening,
which we attribute to the relatively large linewidth in the OH stretching region, similar to the

monohydrate.*

3. Trihydrate (n = 3)

The IR photodissociation spectrum of Py -(H20O)3-Ar; in the OH stretching region is given in
Figure 6. It shows a complex set of features, which are clearly too numerous to be caused by a
single conformer. The three lowest energy structures of Py -(H20)3 are shown in Figure 7. Very
different from the mono- and dihydrate, the energy difference between the lowest energy
conformers is significant, with a three-membered, homodromic ring (3A) clearly emerging as the
lowest energy conformer, highlighting the cooperativity effects of partial delocalization of the
proton wave functions in a H-bonded ring.?* The next higher structure, a bent chain geometry (3B),
is higher by 117 meV, and a second chainlike conformer (3C) is found at 160 meV above the ring

structure.
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Figure 6. Infrared photodissociation spectrum of Py -(H20);-Ar2 (top trace) in comparison with
calculated IR spectra of the three lowest energy conformers (conformer label given for each curve,
see Figure 7). The vertical sticks denote calculated frequency positions and intensities, the full
lines show simulated spectra with 8 cm™ full width at half-maximum (FWHM). The labels “w

and “nt” refer to signatures of water-water H-bonds and n-H-bonds, respectively.

The overall spectral pattern of the trihydrate spectrum is dominated by two prominent peaks at
3496 cm™! and 3596 cm™!. These two peaks are qualitatively consistent with the dominant features
in the calculated spectrum of the ring conformer (3A). We attribute the weaker features to either
of the chain conformers 3B and 3C, but will refrain from a more detailed assignment, given that
the agreement between computed and experimental spectra is only qualitative. The energy
difference between the ring and chain conformers cannot be bridged by thermal population of
conformers, so we assume that different higher energy conformers are kinetically trapped during

the cluster formation process in the supersonic expansion.
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Figure 7. Low-lying minimum energy structures of Py -(H20)3, with relative energies given below
each structure (see Supporting Information for additional structures). Color scheme: C = grey, H

= white, O =red. The Py frame has been de-emphasized to more clearly show the water positions.

The intense lower frequency feature of the ring conformer contains two unresolved transitions,
which are two linear combinations of OH stretching modes that are largely carried by OH groups
involved in water-water H-bonds (labeled w in the experimental spectrum, Figure 6), but have
different relative phases for the motion of each OH oscillator. A third, all in-phase linear
combination (labeled w) is predicted to be lower in intensity and ca. 65 cm™ lower than the more
prominent feature. All three lower frequency OH stretching modes are linear combinations of the
local symmetric OH stretching modes.

In analogy to the set of lower energy transitions, the higher energy feature at 3596 cm™' (labeled

7 in Figure 6) contains three unresolved vibrational modes that are characterized mainly by the
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motion of the OH groups interacting with the n-system of the Py~ anion. The most intense of these
modes corresponds to the all-in-phase linear combination of these oscillators, which have the local
character of antisymmetric OH stretching modes. Similar to the dihydrate, the lower frequency
modes have a stronger red shift than the higher frequency modes and therefore are characteristic
of the OH oscillators involved in stronger H-bonds. The energetic ordering of the two groups of
ring modes make a very clear case for the notion we made above that water-water interaction is
significantly stronger than water-m interactions, despite the fact that the n-system is charged.

The water bending mode overtone region of the trihydrate is characterized by a broad feature
around 3233 cm!. It has an overall greater relative intensity, which is consistent with the fact that
the symmetric stretching modes are now closer to the bending overtone frequencies, allowing more

intensity borrowing.

4. Tetrahydrate (n = 4)

The IR photodissociation spectrum of Py -(H20)4-Ar> (Figure 8) exhibits three strong peaks at
3382 cm’!, 3577 cm’!, and 3609 cm™', as well as a few weaker features. The basic structural motif
of the calculated low energy structures (Figure 9) is the formation of rings, where a homodromic,
four-membered ring represents the lowest energy structure (4A). Next higher in energy (212 meV
above conformer 4A) is a conformer with a three-membered ring similar to the trihydrate
conformer 3A, with one additional water molecule that donates one H-bond to one of the water
molecules in the ring, and one to the w-system (4B). Again slightly higher in energy (272-280
meV above conformer 4A) is a family of structures consisting of a three-membered ring with an
additional water molecule forming two H-bonds to two water molecules in the ring (4C). There

are three different possible positions, two in which the additional water molecule is over the Py
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edge, and one where it is over a carbon ring (see Supporting Information). The calculated energies
of these structures are all within 10 meV of each other, and their calculated spectra are very similar.
Next higher in energy (>280 meV above conformer 4A) is a class of geometries with a three-
membered ring on one face of the PAH frame, and a single water molecule on the other,
representing a combination of structure 3A with a monohydrate (Supporting Information). The
structures based on three-membered rings are more than 250 meV higher in energy than the four-
membered ring. Other structures, such as a prism or a pair of water dimers on different faces of
the Py frame are significantly higher in energy (Supporting Information).

The calculated spectrum of the four-membered ring conformer (4A) qualitatively captures the
three intense features of the spectrum. The lower energy range with a strong peak at 3382 cm™!
(labeled w) contains linear combinations of the symmetric stretching motions of the water
molecules, although the amplitude patterns show motion mainly in the OH groups engaged in
water-water H-bonds. The patterns of motion of the four linear combinations in this group are
given in Supporting Information. Only two of the transitions are intense, and they are unresolved

within the intense low-energy feature.
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Figure 8. Infrared photodissociation spectrum of Py -(H20)4:Ar2 (top trace) in comparison with
calculated IR spectra of the three lowest energy conformers (conformer label given for each curve,
see Figure 9). The vertical sticks denote calculated frequency positions and intensities, the full
lines show simulated spectra with 8 cm™ full width at half-maximum (FWHM). The label “2B”

refers to the region of the water bending mode overtones, “w”, and “n” to water-water H-bonds

and m-H-bonds, respectively.

The high-energy modes of the conformer 4A consist of two peaks, each of which contains a pair
of unresolved transitions, one of which is strong, while the other is weak. The strongest transition,
which is responsible for the peak at 3609 cm™ (labeled m2) involves the all-in-phase linear
combination of the OH oscillators forming -H-bonds, while the peak at 3577 cm™! (labeled 1) is
due to a mode where the two OH groups over the central rings of the Py~ frame oscillate in phase

with a large amplitude, while the two OH groups over the outer rings both oscillate with a smaller
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amplitude and the opposite phase. Both of the higher energy features are due to linear combinations

of the antisymmetric stretching vibrations of the water molecules.
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Figure 9. Low-lying minimum energy structures of Py -(H20)4, with relative energies given below
each structure. The two structures shown in the center and bottom rows both belong to conformer
4B and 4C, respectively (left: top view, right: side view). Color scheme: C = grey, H = white, O =

red. The Py™ frame has been de-emphasized to more clearly show the water positions.

We assign the broad feature around 3266 cm™ (labeled 2B) to overtones and combination bands
of the water bending modes. They are more intense than for the smaller clusters, since the
symmetric OH stretching features for the tetrahydrate are lower in energy, increasing Fermi
resonance coupling with the bending mode levels (see Figure 1). The remaining features in the
tetrahydrate spectrum are likely caused by higher energy conformers. We tentatively assign the

broad features around 3442 cm™ and 3547 cm™! to the weaker features of conformer 4B, while the
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sharp peak at 3497 cm™ is compatible with the intense feature predicted for conformer 4C in the
same region of the spectrum.

Curiously, the linewidth of the narrowest resonance decreases monotonically with increasing
cluster size, from ca. 24 cm™ (n=1) to ca. 10 cm™ (n = 4). At first glance, this result is surprising,
because a decrease of the linewidth concomitant with an increase in the vibrational density of states
seems counterintuitive. However, reinforced by water-water H-bonds, the water networks become
more geometrically constrained as the number of water molecules in the cluster increases, resulting
in sharpening of the lines. Water molecules in these more rigid structures experience smaller OH

frequency fluctuations, reducing spectral diffusion and the resulting line broadening.

B. CH Stretching Modes

Figure 10 shows a zoom into the CH-stretching region of the spectra. This region is strongly
congested, since it not only contains the CH stretching fundamentals, but also Fermi resonances
with Av = 2 combination bands of HCH bending modes, similar to the analogous bands for neutral
Py.%%%2 We refrain from detailed assignments in this region, which are discussed elsewhere.%® The
overall envelope of the CH-stretching bands is similar for all levels of hydration, and it is
insensitive to the structural details of the water sub-cluster. The most intense peak at 3022 cm™! is
red-shifted compared to its position in neutral Py>°? at ca. 3050 cm™!. The reason for this red-shift
is that while the excess charge is mostly localized in the w-system on the carbon frame, some of it
also enters the o* orbitals associated with the CH groups, weakening these bonds and slightly
shifting the vibrational frequencies to the red. With the addition of water molecules, there is a
noticeable blueshift of all bands by ca. 3 cm™ per water molecule. This blue shift is most likely

caused by the polarization and partial localization of the excess charge induced by the presence of
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the water molecules. As the charge is pulled into the m-system and the water subcluster (and
therefore out of the o* orbitals) by the presence of the water molecules, the CH bonds re-
strengthen, shifting the CH stretching modes to the blue. A similar effect has been observed for
Np -(H20), cluster ions, where this effect is stronger, with blue shifts of up to 10 cm™ per water
molecule. The smaller blue shift in hydrated Py~ anion clusters is consistent with the overall lower
charge density compared to Np~. Figure 11 shows the calculated ESP charges in the CH groups
and on the water subcluster as a function of the number of water molecules for the lowest energy
conformers of each cluster size. The cumulative charge on the CH groups, which reflects the
charge in their o* orbitals, becomes less negative with increasing cluster size, while the charge in
the water subclusters becomes more negative, corroborating the charge localizing effect of the

presence of the water subclusters.
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Figure 10. CH stretching region of the IR photodissociation spectra of Py -(H20), Arz (n =0 — 4,

indicated above each trace). Data for n = 0 taken from Ref. ©,
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Figure 11. ESP charges in the CH groups (black squares, left axis) and on the water subcluster

(red circles, right axis) as a function of the number of water molecules on Py - (H20)s.

25



IV. Conclusions

We have studied clusters of the form Py (H20),"Arz (n = 0 — 4) by infrared photodissociation
spectroscopy. The OH stretching region is rich in infrared bands that encode the interaction of the
water molecules with each other and with the m-system of the PAH anion. Water molecules
condense into water networks on the PAH surface, whose water-water H-bonds are generally
stronger than the H-bonds to the n-system. At each cluster size, multiple conformers are populated.
The relative energies of the lowest lying structures are very close for n» = 1 and 2, while the
minimum energy structures are well separated from higher energy geometries for » = 3 and 4,
indicating that the higher lying conformers are populated during cluster growth and kinetically
trapped. All OH groups are engaged in H-bonds with other water molecules or with the m-system.
Three- and four-membered rings form robust structural subunits for » = 3 and 4. The CH stretching
region shows a weak blue shift of the very congested vibrational features with increasing cluster
size. This is consistent with a partial localization of the excess charge in the n-system by water

molecules, which polarize the charge distribution and form H-bonds to the m-system.
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