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Abstract

Interactions between water and polycyclic aromatic hydrocarbons are essential in many aspects of
chemistry, from interstellar and atmospheric processes to interfacial hydrophobicity and wetting
phenomena. Despite their growing importance, the intermolecular potentials of the water-
hydrocarbon interactions are underdeveloped compared to water-water potentials, and there are
similarly few experimental probes that are sensitive to the details of the water-hydrocarbon
potential. We present a combined experimental and computational study of anionic pyrene
monohydrate, one of the simplest water/hydrocarbon clusters. The action spectrum in the OH
region of the mass-selected cluster ion provides a rigorous benchmark for intermolecular potentials
and computational methodologies. We identify missing intermolecular interactions and
shortcomings in conventional dynamics calculations by comparing experimental data to density
functional theory and classical molecular dynamics calculations. Kinetic trapping is prevalent,
even for one water molecule and one pyrene molecule, leading to slow equilibration in
conventional molecular dynamics calculations, even on nanosecond timescales and at low
temperatures (50 K). At constant energy, temperature fluctuations for the pair of molecules are
substantial. Immersing the system in a bath of soft spheres and employing parallel tempering

alleviates kinetic trapping and dampens temperature fluctuations, bringing the system closer to the



thermodynamic limit. With such augmented sampling, a simple, flexible water model reproduces
the linewidth and the asymmetric broadening of the symmetric OH stretching mode, which we
assign to spectral diffusion. In the OH stretching region, dynamics calculations predict a more
intense antisymmetric peak than experiments observe but do not predict the bimodal split
symmetric peak that the experiments show. Our work suggests that electronic polarization, missing
in the empirical force field, is responsible for the first discrepancy and that quantum nuclear
effects, captured neither in density functional theory nor in classical dynamics, may be responsible

for the second.



Introduction

Water-carbon interactions are fundamentally important in various chemical contexts, from the
solution phase to the atmospheric. In particular, the interaction of water with polyaromatics appears
in studies of pollution,"? the astrochemistry of dust and ice grains,* and the use of graphene in
aqueous environments,’ including applications to water desalination.®” Often, models of the water-
hydrocarbon interactions use either electronic density functional theory (DFT) or classical
potential energy functions. Both have empirical parameterizations that can lead to inaccuracies in
the intermolecular interactions, leading to poor predictions for many basic phenomena, from
interfacial wetting to vibrational spectroscopy. Many of these phenomena are emergent, governed
by a combination of collective effects, like density and polarization fluctuations of the liquid, and
molecular effects, like the formation of specific hydrogen bonds. It is, therefore, difficult to
establish causal relationships between inaccurate predictions and choices in the parameterization
of a potential energy function.

In the gas and liquid phases, vibrational spectroscopy offers highly sensitive probes of the
molecular-level details of water interactions with other molecules since intra- and intermolecular
forces® —particularly electric fields—shift the anharmonic OH stretching vibrations of the water
molecules.® Indeed, a host of studies in liquid water have used measurements of the vibrational
spectrum in the OH stretching region—using both Raman and IR’ '3>—to benchmark the
accuracies of various potential energy parameterizations and molecular dynamics (MD) methods,
including the treatment of quantum nuclear effects. Unfortunately, the sensitivity of the OH
stretching vibrations to their chemical environment results in highly congested vibrational spectra
of liquid water, making the extraction of detailed, molecular-level information challenging. In

addition, a more obvious and practical problem of studying water-carbon interactions in the



condensed phase is that many carbon-based molecules that are important in atmospheric and
interstellar chemistry are insoluble in water. The use of molecular clusters circumvents the
insolubility problem, and the spectra of clusters are decongested with respect to their solution
phase counterparts, simplifying interpretation. From a computational point of view, clusters are
small enough that they are accessible with accurate electronic structure methods. They also might
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allow an explicit treatment of anharmonic effects, multibody interactions, and quantum

141920 without recourse to methods that make uncontrolled approximations, like

nuclear effects
path-integral molecular dynamics.

Mass spectrometry-based techniques, where suitably chosen model systems are prepared as
molecular clusters, have been highly successful in investigations of microhydration
environments.?!2® Vibrational spectroscopy is typically implemented through photodissociation
action spectra of the target cluster. This avenue affords precise experimental control over the
composition of the target and eliminates the spectral congestion from bulk water. In addition, the
low temperatures afforded by molecular beam techniques suppress vibrational hot bands, leading
to the observation of well-resolved vibrational transitions, whose frequencies, intensities, and line
shapes can encode information on the chemical environment of individual OH oscillators as well
as the conformational dynamics of water molecules interacting with other molecules.

In this paper we prepare size-selected clusters of a single water molecule and a negatively charged
polyaromatic hydrocarbon (PAH), the pyrene anion (Py’). This system is complementary to other
studies of water PAH clusters.?’”*? Water molecules bind to cations predominantly through CH:--O
interactions,*>* forming water networks along the rim of the PAH frame. In contrast, they prefer

positions above the carbon frame in complexes with neutral**!>-4¢ and anionic®>*' PAHs, where

they form H-bonds to the m-system. By comparing measurements of the IR spectrum of the pyrene



monohydrate (Py-H20), acquired using action spectroscopy to computational results, we identify
critical missing pieces of the intermolecular potential energy functions and make suggestions for

rationally improving water-hydrocarbon potentials and dynamics simulation methodologies.

Methods

Experimental. We measured the photodissociation action spectrum of pyrene monohydrate

t*7 in a variant of

solvated with argon atoms. Target ions were generated by supersonic entrainmen
a setup described previously (see also Supporting Information).>'** Pyrene vapor from a copper
oven at T = (400 = 10) K and water vapor at room temperature from a pulsed valve (General Valve
Series 9) were entrained into a pulsed supersonic expansion of argon (Even Lavie valve, stagnation
pressure 1.5 bar), where ions were formed in an electron impact plasma. Anions from the plasma
plume were injected into the acceleration stack of a home-built Wiley-McLaren time-of-flight
mass spectrometer, where ions of the form Py -H2O- Ar2 were mass-selected using an interleaving
comb mass gate.*>>* The mass-selected ions were then irradiated with the output of a pulsed,
tunable OPO/OPA system (LaserVision, pulse duration 5 — 7 ns, bandwidth 2-5 cm™!, pulse energy
ca. 5-10 mJ), and single photon absorption led to the loss of both Ar atoms according to
Py H20-Ar: + ho - Py--H20 + 2 Ar.

Fragment ions of the form Py -H2O were separated from undissociated target ions in a two-stage
reflectron and were detected on a dual microchannel plate.

The fragment ion intensity was monitored as a function of the IR wavenumber. The ion signal was

normalized by the photon fluence to generate IR photodissociation spectra. Several spectra taken

on different days were averaged to ensure reproducibility and the improve signal-to-noise ratio.



The spectra were calibrated using a photoacoustic spectrum of water vapor’! taken in a home-built
3D printed photoacoustic spectrometer tube.

Computational. Spectra were calculated using time correlation function theory. The starting point
of the theory is the Hamiltonian for the light-matter interaction in the dipole approximation, H =
Hpatter — H(t) - E(t), where E(t) is the time-dependent electric field, p(t) is the system dipole,
and H,, 4oy is the many-body Hamiltonian for the system in the absence of the field*?. By
computing the polarization to linear order in the electric field, one arrives at an expression for the
absorption spectrum that would be exact if a quantum time correlation function of the dipole
moment operator could be evaluated.’> However, such a calculation is infeasible, and
approximations are necessary. With a specific relationship between the quantum and classical

correlation functions, shown to work well for water, linear response theory yields>
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Where a(w) is the absorptivity, n(w) is the index of refraction, and (gt (0) - ft(T)); is the

classical time correlation function for the dipole velocity,>*
(6= ) zmi(®) @

The sum goes over all atoms in the system with velocity v and charge z;. The average <...> is
over molecular dynamics (MD) trajectories computed in the absence of an electric field, with a
model for the potential and dynamics.’* Following convention, we assume the index of refraction
is constant> so that the spectrum is proportional to the Fourier transform in Eq.1.

Because Eq.1 employs a high-temperature approximation, one expects it to be accurate when

. . . kpT .
comparing frequencies whose differences are small compared to %. Eq.1 will be more accurate



for describing the linewidth of a transition than for describing intensity differences for different
transitions, as our calculation of the IR spectrum of liquid water at ambient conditions shows (Fig.

1).>° Linewidths and lineshapes of individual transitions should be reasonably accurate, even if the
. . .. . kpT
relative intensities for transitions separated by frequencies that are large compared to % are not.>®

One advantage of using Eq.l to simulate the spectrum is that it avoids the pitfalls one
encounters by using harmonic analysis for vibrations near the minimum of the potential energy.
Because we are not separately fitting a spectroscopic Hamiltonian, our approach also offers an
unbiased measure of the accuracy of the potential energy functions, at least within the
approximations introduced above to the quantum time correlation function.

Electronic structure methods are commonplace in cluster spectroscopy, and a natural way
to extend them to include both finite temperature effects and anharmonicities is to compute Eq.1
using Born-Oppenheimer molecular dynamics (BOMD). Our exploratory BOMD calculations (see
Supporting Information), however, did not produce converged results for the spectrum because of
their high computational cost. We, therefore, developed an empirical, flexible water model and a
PAH model that is physics-based, rational, and transferrable. The model we present balances
accuracy in its description of inter- and intra-molecular interactions against the computational costs
that Eq.1 demands. Even for one water and one Py, results for the dipole correlation function and
IR spectrum required long dynamics runs—on the order of nanoseconds (ns). Trajectories that long

are not within the scope of our computational resources.
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Figure 1. Absorption spectrum computed for our model of liquid water at ambient conditions
using the time correlation function theory in Eq. 1. The librational peak is at = 550 cm™ (675 cm’
!experimental), the water bending resonance peaks at #1560 cm™ (1650 cm™ experimental), and
the OH stretching feature peaks at ~ 3400 cm™' (3400 cm™! experimental).’” The experimental
spectrum was adapted from Bertie and Lan (1996).””

We used simple point charge models for the water potential because they capture many features of
the liquid phase accurately, including the intermolecular perturbations to the OH stretching
frequency. To maintain the integrity of the water-water interactions in our model, we took the
geometry, partial charges, and Lennard-Jones (LJ) parameters of the TIP4P/2005 model.>® Work
by Reimers and Watts>® on the gas phase vibrational spectrum of water inspired the choice of the
intramolecular potential. We employed a pair of local-mode Morse-oscillators for the OH

stretching coordinates and a harmonic potential for the OH bending coordinate. The intramolecular

potential was

k
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r=1,2
where S, is the displacement of OH stretching coordinate r relative to an equilibrium distance of
0.9572 A. The bend angle is 6, and the equilibrium bend angle is 6, = 104.52°. The values of D,
a, equilibrium bond distances, and equilibrium bending angle are the same that Reimers and Watts

report”, but we found their parameterization of the bend too soft and parameterized it as a



kcal
mol rad?

harmonic oscillator with stiffness k = 99.0912 to better match the spectrum of the liquid

phase (Fig. 1). Another difference between our intermolecular potential and Ref. 53 is that our
internal coordinates do not couple the OH stretches to the bend. The values for the equilibrium
bond distances and angles are the same as those in the TIP4P/2005 model®®, so the water-water
potential should be accurate in both the gas and liquid phases.

To model the water-pyrene interaction, we employed the DREIDING potential for the PAH
molecule that includes intermolecular LJ interactions as well as bond and angle deformations.*
The LJ parameters between the oxygen on the water and the atoms in the PAH follow from standard
Lorentz-Berthelot combining rules. In all the simulations, the partial charges on the atoms in the
Py ion come from DFT calculations done in Gaussian16°! using the ®B97-XD%/def2-TZVPP®
functional and basis set with the Merz-Singh-Kollman (electrostatic potential, ESP) scheme %+
The OH stretching spectrum is sensitive to the method one chooses for assigning the partial
charges. Partial charges from Natural Population Analysis (NPA)®, at the same level of theory as
ESP, have substantially different values. Additionally, the NPA charges do not follow the nodal
structures of the orbitals. The resulting IR spectra of the OH stretching region using the NPA
charges are qualitatively different than experimental results, so we used ESP and not NPA to assign

charges. In all simulations reported here, the partial charges are fixed, and the electronic

polarizability is zero.
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Figure 2. Top view (left column) and side view (right column) of zero K structural conformers of
Py -H20 (®B97XD/def2-TZVPP level of theory). Carbon atoms are shown in dark grey, hydrogen
in white, and oxygen in red. The Py frame in the top view (left column) is shown in lighter colors
to emphasize the water molecule. The numbers in the molecular frame of conformer A are labels
of the rings. Conformer A shows the lowest energy structure and conformer B shows the structure
2 meV higher in energy.

To compare the results from MD to more conventional static calculations, we also performed
calculations of frequencies using DFT with the ®B97XD and B3LYP functionals®**7 and using
either def2-TZ VPP or def2-TZVP basis sets®* for all atoms as implemented in Gaussian 16°'. Since
the potential energy surface is shallow, we used “very tight” convergence so that the root-mean-
square force criterion was set to 10 H/A. Using ®B97XD/def2-TZVPP, we found two static
conformers of Py-H20, conformer A and B (Fig. 2). Vibrational spectra of these conformers were
calculated with the harmonic approximation, with frequencies scaled by 0.9353 to match the
calculated and experimental values of the symmetric stretching mode (Fig. 3). Calculations using
the B3LYP functional only found conformer A as a minimum energy structure.

Exploratory calculations using second-order vibrational perturbation theory (VPT2) as
implemented in Gaussian®! were carried out on conformer A at the B3LYP/def2-TZVP level of

electronic structure theory to investigate effects of anharmonic coupling of the OH stretching



modes with two low-frequency water rocking modes and locate the Fermi resonance between the
symmetric OH stretching mode and the v = 2 state of the water bending mode. All other modes
were treated harmonically. Analogous calculations using either ®B97XD or B3LYP functionals
with def2-TZVPP basis sets were too costly.®?

All MD simulations used LAMMPS as the MD engine®®. Accelerated multiple timestep methods
like RESPA® were not available in LAMMPS for our potential, so the largest timestep was limited
by the high oscillation frequency of the hydrogen atoms in water. A small timestep of 0.1 fs for all
motions kept the energy fluctuations to within 10 kcal/mol in constant number of particles,
volume, and energy (NVE) simulations. The total equilibration time for the simulations was 70 ps.
For each trajectory, the equilibration protocol was as follows: the first 10 ps ran dynamics using a
Nosé-Hoover (NVT) thermostat, the next 10 ps employed velocity rescaling in the NVE ensemble,
followed by 50 ps of NVE dynamics without velocity rescaling. Following equilibration, we
computed the time-correlation function in Eq.1 using 200-300 independent trajectories, each 1.2
ns long in the NVE ensemble without velocity rescaling. All calculations of the Py -H2O cluster
spectra are shifted to the red by 143 cm™.

The small number of atoms in the simulations resulted in large temperature fluctuations at constant
energy, as one would expect from equilibrium statistical mechanics outside the thermodynamic
limit. We addressed this problem by embedding the Py -H2O cluster in an atomistic bath of soft
spheres’®, which is a technique borrowed from nanoscale simulations of pressure-induced phase
transitions.”! In the simulations reported here, the bath of soft spheres dampens temperature
fluctuations dramatically because it brings the system closer to the thermodynamic limit.
Simulations in the soft sphere bath also allow for parallel tempering simulations to overcome

kinetic traps and slow equilibration at the lowest temperatures. The simulations with soft spheres



and with parallel tempering achieve convergence much more rapidly than simulations done

without them, though we subjected all simulations to the same exhaustive averaging. For the soft-
. . g 12
sphere potential between soft sphere particles, v(r) = € (;) , we choose € = 0.233894 kcal/mol

and o = 3.504 A to mimic the values for argon. Interactions between the soft spheres and the
oxygen on the water molecule and the atoms in the PAH follow the same r~1? law, but with
coefficients determined by the Lorentz-Berthelot law. Because it is a purely repulsive potential,
the phase diagram of soft spheres depends on one intensive variable, not two. Thus, by setting the
density, the temperature is fixed. We used 2047 soft sphere atoms and adjusted the density to the
target temperature. All simulations with soft spheres were at fixed volume and employed periodic
period boundary conditions. Simulations without soft spheres used open boundary conditions. The
equilibration protocol differed for soft spheres, where there is an additional step to solvate the
cluster in the soft sphere bath at the target density. Parallel tempering in soft sphere simulations
requires that the density can fluctuate, so parallel tempering runs use constant pressure, constant
temperature (NPT) dynamics. We used 16 replicas in the parallel tempering simulations with
temperatures ranging from 50 K to 120 K, with denser sampling at lower temperatures than at

higher temperatures.
Results and Discussion

Experimental results and the static picture. We will first present and discuss experimental
results and insights from static DFT calculations where nuclei are fixed. These calculations are
standard in the field and their accuracy relies on two main approximations. The first is that the

intermolecular conformers found by minimizing the potential energy—structural minima at zero



Kelvin—are separated by barriers large compared to thermal energy. The second is that vibrational
motion is approximately harmonic. This approximation is easier to relax, and we have computed
spectra using both the harmonic approximation and VPT2. As mentioned in the Methods Section,
the optimizations' results depend on the choice of the functional used. Calculations at the
®B97XD/def2-TZVPP level yielded two minimum energy conformers (Fig. 2) that were nearly
isoenergetic, within 2 meV of one another. In contrast, calculations using the B3LYP functional,

which does not employ dispersion corrections, only found conformer A.

T T T T T
experimental Og
—_ t t t t
[2]
.E A O)S
=]
3 O

=
S, o,
- ogtog
:‘5)’
c
2 o,
[
— 1 T |

T T T

B
0‘)3

L h AN

3400 3500 3600 3700 3800

wavenumber [cm™']

Figure 3. Top trace: Experimental IR spectrum of Py -H20-Ar: in the OH stretching region; the
insert shows the region of the antisymmetric OH stretching mode magnified by a factor of 10, with
the grey dots raw data, and the black line a 5-point gliding average to guide the eye. Center and
bottom traces show the calculated IR harmonic approximation spectra of conformer A and B
(0B97XD/def2-TZVPP), respectively (see Figure 2), with the vertical bars showing the calculated
frequencies, while the full lines are Lorentzian functions with 22 cm™ full width at half-maximum
to roughly capture the experimental width of the ws feature. The dashed line and vertical bars in
the center panel show VPT2 calculations for conformer A (B3LYP/def2-TZVP).



Fig. 3 shows the experimental spectrum of Py *H20-Ar2 in the OH stretching region, in addition
to the harmonic frequencies of the two static conformers found in the DFT calculations (Fig. 2).
The normal mode vibrations of the conformers show how the water molecule’s gas phase
symmetric and antisymmetric OH stretching vibrations change when complexed with Py". Based
on the calculated IR spectra of the two conformers, which are very similar to each other, we assign
the intense, dominant peak at 3573 cm’! to the symmetric OH stretching mode (@), while the weak
feature at 3679 cm™! correlates to the antisymmetric OH stretching mode (@4). In both conformers,
one OH group is closer to the PAH, breaking the symmetry of the water molecule so that the OH
groups are chemically inequivalent. In conformer A, the water molecule is closer to the rim of the
PAH frame, protruding over ring 2, while it is located completely over ring 1 in conformer B. Due
to the symmetry breaking, the OH group H-bonded to the m system dominates the symmetric
stretching mode while the antisymmetric stretching mode largely resides on the nominally free OH
group. Both features are red shifted from their positions in free water (3657 cm™ for @y and 3765
cm’! for ma, respectively®!), suggesting that both OH groups interact with the 7 system, reminiscent
of the redshift that accompanies hydrogen bond (H-bond) formation in liquid water. Despite the
fact that the nominally free OH group is far away from the Py frame, the position of @« is consistent
with a weak but noticeable interaction with the m system, since it is red shifted not only compared
to wa in free water, but also with respect to the frequency of a free OH group in other hydrated
anion clusters, which is typically found above 3700 cm.?! Experimentally, the presence or
absence of Ar atoms does not change the spectrum significantly, including the appearance of the
low-energy shoulder on the symmetric stretching signature.

The CH stretching region of the Py  moiety is strongly congested, and its interpretation is

complicated by Fermi interactions between the CH stretching fundamentals and overtones of HCH



bending modes. This spectral region is outside the focus of the current work, and we merely show
it in Supporting Information for completeness. We note that a weak Fermi resonance between s
and the overtone of the water bending mode is observed at 3225 cm™. While VPT2 calculations
capture this feature qualitatively, they do not describe the OH stretching region quantitatively.
They overestimate the intensities of ma and the combination band of ws with the water rocking
vibration wr (Fig. 3). Importantly, the linewidths of the OH stretching features (ca. 22 cm’!
FWHM) do not reflect limitations of the experimental method, as evidenced by a linewidth of ca.
6 cm™' (FWHM) for the narrowest features in the CH stretching region. Instead, the relatively large
and asymmetric lineshapes reflect the dynamics of the molecules.

The experimental spectrum in Fig. 3 shares many similarities with the analogous hydrated complex
with naphthalene (Np),*! where the symmetric stretching mode was observed at 3540 cm™'. The
higher value in Py-H20 suggests a weaker interaction with the charge in the PAH frame than for
NpH20. In a very simple approximation, the charge in the PAH frame is roughly distributed
equally over the carbon atoms, the average charge per carbon atom results in a smaller electron
density for the water molecule to interact with, yielding a weaker interaction. This picture is not
entirely correct since the charge distribution and with it the potential energy landscape over the
Py surface is not uniform. Additionally, the presence of the water molecule will polarize the charge
within Py” n-system. However, the overall difference in frequencies between the monohydrates of
Np~ and Py are consistent with our expectations.

The shoulder on the low-frequency side splits the symmetric stretching peak and is not represented
by any of the calculations and is therefore difficult to assign. One possible reason could be that the
low-frequency shoulder and the main peak arise from two different structural conformers whose

s frequencies are split by 28 cm™ and are thermally populated. In this case, the areas under the



two features would represent the populations of the corresponding structures. The lower-frequency

feature would represent s of the higher energy conformer, whose relative energy would be given

by AE = kgT - In %, where ks is the Boltzmann factor, 7' is the temperature of the cluster, and 4o
1

and 41 are the areas under the dominant and the weaker feature, respectively. The current
calculations are not consistent with this assignment, since the lower frequency in our DFT
calculations belongs to the lower energy structure, which is inconsistent with the expected
energetic ordering. In addition, the calculated differences of @s are too small (ca. 5 cm™), and the
relative energies of conformers A and B would suggest a temperature of ca. 10 K which is likely
too low. Assuming that the clusters are formed in an evaporative ensemble’?, where Ar evaporation
is the mode of stabilizing the clusters after their formation, the internal energy of the clusters should
be of the order of the binding energy of an Ar atom. The internal energy of the cluster is given by
hw;
A )
J eksT —1

where the sum is running over all frequencies, and ks is the Boltzmann constant. We calculated the
Ar binding energy in Py -H20-Ar: to be ca. 400 cm™ (zero-point corrected), consistent with Ar
binding energies in other Ar solvated anions.” Using this value for Ui, the calculated IR spectrum
for conformer A yields a temperature estimate of ca. 80 K. Such a temperature would require the
two conformers to be apart by ca. 15-20 meV. While our calculations do not support the assignment
of the split peak in the symmetric stretching feature to two structural conformers, they cannot
invalidate this hypothesis either. But, the range of energies and vibrational frequencies necessary
for such an assignment is so small that they fall outside the accuracy of even the most accurate

DFT methods.”



Dynamics. The spectrum of the liquid phase calculated from our water model, from terahertz to
the mid-IR, appears in Fig. 1. The positions and widths of the spectral resonances are reasonably
accurate, but the intensities are not, as one might expect from a theory based on the classical time
correlation function®’. Even so, the positions and widths for the resonances in the spectrum
compare favorably with others presented in the literature>>’>.

As in the liquid phase, the spectrum of the OH stretch is quite sensitive to the intermolecular
potential'®, We tested how sensitive the OH stretch is to the form of the intramolecular potential
by computing the spectrum using a harmonic function for the OH stretching modes. Separately,
we assigned charges to the Py anion using an NPA method®. Both types of simulations produced
results that qualitatively deviated from experimental spectra.

One of the most fundamental challenges in computing the dynamics for a cluster is that
there are a small number of atoms, i.e., the system is not in the thermodynamic limit. Secondly, in
finite computational time, no trajectory can sample all of phase space. If there are ‘kinetically
trapped’ structures separated by free energy barriers large compared to ks7, the system can be
nonergodic and there is no guarantee that a trajectory average is equivalent to an ensemble average.
These are distinct phenomena, but they produce similar artifacts in MD simulations.

Simulations performed at constant energy (NVE) have temperature fluctuations that decrease
monotonically with increasing number of particles, and in MD simulations of dense liquids with
periodic boundary conditions, the temperature fluctuations can be negligible when the number of
particles is in the hundreds’®. In the liquid phase, periodic boundary conditions mimic the effect
of large length-scale fluctuations of a fluid’®. The boundary conditions can bring a system
arbitrarily close to the thermodynamic limit. Taking inspiration from the condensed phase’!, we

solvate the water-PAH cluster with a weakly interacting fluid of soft spheres in periodic boundary



conditions and compare the results to Py-water clusters with open boundary conditions.
Temperature fluctuations for simulations of one water and one Py  molecule in open boundary
conditions were + 36 K with a rigid pyrene model and = 11 K with a flexible pyrene model
according to the standard deviation. Once solvated in a bath of soft spheres, temperature
fluctuations decreased substantially to = 0.17 K.

Assessing ergodicity is more difficult, but the relative simplicity of our system makes at
least one test possible. To test for kinetic traps, we launched all simulations with the water molecule
near one ring (ring 1, Fig. 4a) on the Py molecule. Launching trajectories with momenta selected
from a Boltzmann distribution and configurations selected from a few low-energy structures is
commonplace. From these trajectories, we estimated the free energy as a function of the water
molecule’s center of mass x — and y — coordinates projected onto the PAH frame (Fig. 4). This
was calculated for each trajectory frame by fitting a plane to the Py  using single value

decomposition (SVD) and rotating the cluster into the xy-plane (see Supporting Information). The

free energy is related to the probability density by P(x, y) < exp(— %), where we estimate the
B

probability density P(x,y) = (§(x — x(t))d(y — y(t))) by computing a histogram, where the
brackets denote a time-average.
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Figure 4. A) Pyrene molecule with labeled rings and axes. The water molecule starts in the red
ring (ring 1) in each simulation. (B, C) Free energy surface at 50 K and its depiction as a contour
diagram with a wireframe of the pyrene molecule superimposed on the contour diagrams. Colors
and contours are separated by 1 kgzT. By symmetry, the free energy should be symmetric about
reflection across x = 0 and y = 0. Without parallel tempering (B) kinetic trapping makes the
computed free energy asymmetric. Parallel tempering (C) overcomes kinetic trapping in the
simulations, making the free energy more symmetric.

The free energy must reflect the symmetry of the Py” molecule, and in particular, the free
energy must be symmetric with respect to reflection across the x = 0 and y = 0 lines that coincide
with the high symmetry axes of Py” (Fig. 4a). In our labeling scheme, the free energy about ring 1
must be similar to the free energy about ring 1’ (Fig. 4), and the free energy about ring 2 must be
similar to the free energy about ring 2’. Free energies that do not share this symmetry indicate a
poor estimate of P(x,y) by trajectory averaging and, therefore, a breakdown in ergodicity on
computationally accessible timescales. As Fig. 4 and 5 show, at the lowest temperatures (50 K),
the free energy is notably asymmetric, with a deep well around the ring corresponding to the water
molecule’s initial condition. The simulations are sensitive to initial conditions and are
nonergodic—the free energy about ring 1 is significantly different than the free energy about ring
1’. Spectra computed from these trajectories are therefore unreliable.

Parallel tempering is a powerful method for overcoming kinetic traps in condensed phase
simulations that is mostly free from user bias. Parallel tempering simulations run multiple
trajectories of a simulation, each at a different temperature. At various points in the simulations,
Monte Carlo swaps allow trajectories to jump between different temperatures so that a simulation
in a kinetic trap at low temperatures can surmount barriers by moving to higher temperatures.
Parallel tempering simulations show a marked improvement in the symmetry of the free energy
(Fig. 4 and 5), particularly at low temperatures. At 50 K, parallel tempering simulations show two

minima in the free energy on rings 2 and 2’ of the Py” molecule that simulations without parallel



tempering completely miss. Fig. 5 compares the free energies computed with and without parallel
tempering, at low (50 K) and intermediate (125 K) temperatures, indicating that our range of
temperature sampling is sufficient to lower barriers between the rings. At elevated temperatures,
the configurational entropy of the water molecule destroys barriers between stable structures and
turns the 4 minima at low temperatures into a wide basin. At 125 K, the water molecule is nearly
equally likely to be found anywhere around the rim of the PAH molecule, but very unlikely to be
near the center of it. In our fixed charge model of Py, there is a node in the wavefunction and in
the charge density in the middle of the Py frame, so there is no Coulombic stabilization for water

molecules in the center of the Py".
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Figure 5. Contour diagrams of the free energy surface as calculated from the probability density
of the water location over 10 simulations of 2 ns length. Data at 50 K are contour plots of the
free energy surfaces in Fig. 4. Each contour line is a step of 1 ksT at the respective temperature.
The top row plots are at 50 K, and the bottom row plots are at 125 K. The left column shows
simulations with soft spheres but no parallel tempering, and the right column has parallel
tempering.

There are notable differences between some of the zero-temperature results from DFT and
the free energy surfaces displayed in Fig. 4 and 5. First, some of the DFT calculations found two

dominant conformers, but the free energy surfaces around ring 1 and 1’ only show one minimum,



indicating that these putative conformers are short-lived even at 50 K. Second, DFT simulations
did not find minima on the potential energy surface for the water molecule around ring 2 and 2°,
where the free energy at 50 K did (Fig. 4, 5). In our MD potential, there are energetic minima at 2
and 2’, but trajectories initiated from those structures are metastable, rapidly collapsing into either
ring 1 or 1°, even at very low temperatures (10K). Plots of trajectories confirm that the minima at
2 and 2’ do not correspond to long-lived structures (SI) and are not easily separable from a
transition state surface that divides the free energy between basins at 1 and 1°. Lastly, the minima
at 2 and 2’ on the free energy surface deepened with increasing temperature. These observations
suggest that minima in the free energy near rings 2 and 2’ are stabilized by the configurational
entropy of the water molecule—phenomena that are difficult or impossible to capture with static
DFT methods.

Simulations of the IR spectrum considered three different dynamical scenarios: two in open
boundary conditions, one where the PAH molecule was rigid and another where the PAH was
flexible; and one in periodic boundary conditions with a flexible PAH, a soft sphere bath, and

equilibration using parallel tempering. The results appear in Fig. 6.
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Figure 6. Calculated IR spectra of PAH monohydrate in the OH stretching region compared to
experimental data (black). The amber line shows the spectrum computed with a rigid pyrene
molecule, which is much too narrow and symmetric. Allowing the pyrene to be flexible (teal)



increases the width of the symmetric stretch resonance and increases the asymmetry of the
lineshape, improving the agreement between experiment and calculation. The spectrum from
simulations that employ parallel tempering and a soft sphere bath (red) show similar results to
the flexible pyrene simulations, but they converge much faster.

Because m — conjugated bonds are strong, it is common practice to save computational time in
MD simulations by keeping carbon atoms in molecules like PAHs fixed in space’’’. Spectra
computed from simulations of rigid Py’, however, are much too narrow when compared to
experiment. Allowing the atoms to bend in the Py  molecule according to the DREIDING®
potential significantly improves the agreement between experiment and calculations. Not only
does the linewidth increase, but it also becomes asymmetric towards the blue side. Low-frequency
motions of Py allow vibrational motion from the water molecule to mix with the intramolecular
motions of the ring—some of them low-frequency—suggesting that intermolecular vibration-
vibration coupling is an important part of the vibrational dynamics. In other words, the vibrational
polarizability in the low-frequency motions of the PAH molecule have pronounced effects for the
lineshape—this is a dynamic effect. The simulations with the soft sphere bath, equilibrated through
parallel tempering, show the best agreement with the experiment, though the improvement
compared to the flexible PAH is modest. The parallel-tempered simulations in the soft sphere bath,
however, average much more quickly. There is a substantial computational advantage to using the
soft-sphere bath with parallel tempering even though there are many more particles in the
simulations.

Figure 7 shows how sensitive the lineshape and spectrum are to temperature and provides
some insight into the broadening mechanisms for the symmetric OH stretching feature. At higher
temperatures, the water molecule binds more loosely to the Py". It spends more time in

configurations where its OH stretching frequencies blue-shift with respect to the low-energy



structures where water molecules orient their hydrogens towards the rings of the PAH. The blue
side of the line likely reflects the spectral diffusion that accompanies the larger configurational

entropy at higher temperatures observed in the free energy surfaces.
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Figure 7. Calculated spectra as a function of temperature show how sensitive the OH stretching
spectrum is to temperature. The asymmetry on the blue side of the symmetric stretch is more
pronounced with increasing temperature.

All of our computational results for the IR spectrum using MD indicate a narrow and intense
antisymmetric OH peak near 3700 cm!, and this is not observed in experiments. We suspect that
this is due to the fixed charge model employed for the Py". While the oscillator strength for the
antisymmetric stretching transition is larger than for the symmetric stretching mode in the gas
phase where we parameterized our intramolecular water model, the experiment shows the opposite
trend. The water-n interaction thus enhances the transition dipole moment of the symmetric OH
stretching transition relative to the antisymmetric one. To test if the relative intensity of the
antisymmetric stretching feature in the MD simulations stems from the intermolecular potential
instead of a quantum effect, we performed simulations with a chloride anion forming a single H-
bond to a water molecule. In these simulations, the symmetric stretching intensity was dominant,

while the antisymmetric stretching feature was barely visible (Supporting Information). Because



the electronic polarization of the Py is missing in the current model, electronic dipole-induced-
dipole effects that would strengthen the water - Py™ attraction and enhance the symmetric stretching
feature are also missing. Because Py is m-conjugated, the electronic polarizability of the molecule
should have substantial effects. Unfortunately, partly because it is charged, developing a
polarizable force field for the anionic pyrene-water cluster is complicated. Previous work in bulk
water has shown that various parameterizations for a polarizable force field can produce
dramatically different IR spectra in the OH stretching region'®. Future work will include electronic
polarizability systematically and examine the effect on the suppression of the antisymmetric
resonance.

None of our simulations reproduce the second peak in the symmetric stretching region at
~ 3550 cm™!. Indeed, in all our models, the symmetric stretching feature is not bimodal, as it is in
the experiment. We suspect this feature arises from a quantum nuclear effect not captured in the
classical dynamics. Vibrational mode analysis using DFT shows a water rocking mode with a
frequency near 30 cm™'. Because the timescales for the OH stretching motion are fast compared to
intermolecular motions, one can make an adiabatic separation between them. In such a picture, a
Franck-Condon progression would split the symmetric OH stretching feature. Unfortunately,
computing the energy scales in such a picture strain the accuracy of even the best electronic
structure methods. Water-PAH clusters have many important interactions on small energy scales
that are difficult to calculate accurately. The sensitivity of the DFT results to the functional used
in the calculations underscores how challenging the treatment of these systems is. We were unable
to capture the double peak in the symmetric OH stretching region using a vibrational adiabatic
model with potential energy surfaces computed from DFT, even qualitatively (see Supporting

Information). Of course, one cannot rule out a failing of the DFT potential for this feature as well.



It is possible that the current potential underestimates the free energy barrier between the structures
like conformer A and B, both stable at zero temperature, that have slightly different spectra. In this
case, the double-peak structure would reflect the component spectra of the two conformers.

In conclusion, we have presented calculations and experimental measurements of the IR spectrum
of anionic pyrene monohydrate clusters using a time correlation function theory with trajectories
computed from molecular dynamics simulations of a transferrable physically-motivated force
field. As in the liquid phase, the OH stretching frequency is remarkably sensitive to details of that
force field.” !> Compared to zero-temperature DFT calculations, our results show the importance
of anharmonic and finite temperature effects in aqueous hydrocarbon cluster spectroscopy and
offer important lessons for calculations of cluster spectra in other systems. Even the Py
monohydrate—a relatively simple system with few degrees of freedom—can be nonergodic and
exhibit kinetic trapping on computationally-accessible timescales. Immersing the system in a soft
sphere bath and employing parallel tempering improves convergence of the time correlation
function, overcomes kinetic traps, and brings the system closer to the thermodynamic limit. Those
fundamental results do not depend on the accuracy of the force field. Spectra from BOMD
simulations were too slow to converge, but it may be possible to implement the soft sphere bath in
those codes which could make BOMD simulations for computing spectra feasible. While the width
and shape of the symmetric stretch frequency matches experimental data reasonably well, two
features stand out as being consistently inaccurate: the simulations fail to predict the double-peak
in the symmetric stretch region, and they substantially overestimate the intensity of the
antisymmetric stretching transition. Future work will include quantum nuclear effects to address

the former and electronic polarizability in the intermolecular potential to address the latter.



Supporting Information. Additional details for experimental and computational methods

including experimental set up, vibrational coupling calculations, and additional MD calculations.
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