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ABSTRACT. We present infrared photodissociation spectra of hydrated perylene anion clusters 

with up to four water molecules, as well as electronic structure calculations based on density 

functional theory. Water molecules form weak hydrogen bonds to the π system of the perylene 

anion. For clusters with more than one water molecule, water-water hydrogen bonds are formed, 

which generally appear to be stronger than water-π hydrogen bonds, especially for the trihydrate 

and tetrahydrate. The resulting water networks exist as water subclusters on the surface of the 

carbon frame of perylene. We observe temperature dependent dynamic effects, which highlight 

large amplitude motions of the water network and the shallowness of the potential energy surfaces 

governing the structures of these clusters. 
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Introduction 

Polyaromatic hydrocarbons (PAHs) are a very important class of chemical species. They are 

common environmental pollutants from sources such as biomass burning and vehicle emissions, 

and they have carcinogenic effects in humans.1-4 PAHs are ubiquitous in astrochemistry, where 

they are estimated to contain up to 20% of all carbon in the universe.5-10 While cationic and neutral 

PAHs are likely to be important molecular species in regions with high radiation flux,9, 10 anionic 

PAHs are thought to play an important role in dark astrochemical environments as electron sinks 

and carriers of negative charge.11, 12 The reactivity and formation mechanisms of small PAHs have 

recently gained increased interest, since high abundances of pyrene have been calculated based on 

samples from the asteroid Ryugu5 and on the detection of 1- and 2-cyanopyrene in the cold 

interstellar cloud TMC-1.13, 14   

While PAHs themselves are interesting in their own right, their interaction with water is of 

particular importance, e.g., in ice grains in interstellar clouds and comets, and in PAH 

environmental chemistry. In a technology context, interactions of water with aromatic systems are 

relevant for applications of graphene-based materials in aqueous environments.15-18 As a 

consequence, better understanding and modeling of the interactions between water and aromatic 

π-systems are highly desirable.  

In principle, these interactions are encoded in the infrared (IR) active OH stretching vibrations 

of water molecules in contact with a PAH molecule. However, the relevant vibrational signatures 

are challenging to resolve in macroscopic aqueous systems, as the spectroscopic response from 

bulk water obscures signals from interfaces with PAHs or graphene-like materials. Investigating 

the interactions of isolated PAHs with few water molecules provides computationally19-31 and 

experimentally20-30, 32, 33 accessible model system for graphene and carbon nanotubes. 
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Spectroscopy of gas-phase cluster studies conducted in vacuo offer a way to investigate molecular 

geometries and interactions of the relevant cluster constituents in the absence of complications 

from bulk effects, providing insight into intermolecular hydrogen bonding (H-bonding) motifs. 

Multiple spectroscopic approaches have been used to study the microhydration of cationic,26, 27 

neutral,20-23, 25, 28, 29, 31, 32 and anionic11, 24, 30, 33 PAH-water clusters. One approach is to combine 

mass spectrometry and IR spectroscopy for vibrational spectroscopy of microhydrated clusters, 

which  has been applied to PAH-water cluster ions previously24, 26, 27, 30 and is used in the present 

work.  

The microhydration of PAHs depends strongly on their charge. In cationic PAH-water clusters, 

the dipole moment of water orients the oxygen atom towards the CH groups on the periphery of 

the PAH, as exemplified in work by Dopfer and coworkers on naphthalene.26 A comparatively 

weak interaction between water and the positively charged aromatic π-system through the lone 

pairs on O atoms develops only in clusters with at least three water molecules in this case.27 

Experimental and computational studies on neutral PAH-water clusters revealed that water binds 

loosely to the aromatic π-system through OH···π H-bonds.20-23, 25, 28, 29, 31, 32, 34 Rotational spectra 

of phenanthrene-water complexes show signatures of tunneling of the water molecule across the 

surface of the carbon frame, highlighting the ability of water to move across the π-system.23, 28, 32 

In clusters with more than one water molecule, the water-water interactions are stronger than 

water-PAH interactions,20 and clusters with more than two water molecules seem to preferentially 

form rings.20, 21, 23, 25, 28  

The interaction between water and the aromatic π-system is significantly stronger in anionic 

PAH water clusters, where the excess negative charge is delocalized through the π-system. In the 

case of pyrene-water clusters, one can estimate from photoelectron spectra by Lietard et al.11 that 
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the binding energy of the excess electron is stabilized by the presence of a single water molecule 

by 0.24 eV, as the excess charge in the π system leads to the formation of stronger H-bonds 

between the PAH and water molecules or water subclusters. For three and four water molecules, 

these water networks preferentially form rings,24, 30 reminiscent of the neutral water trimer35, 36 and 

tetramer,37, 38 hydrated neutral PAHs,20, 21, 23, 25, 28 and hydrated halides.39, 40 In contrast, the free 

water trimer anion prefers a chain structure,41 and both chain and ring isomers are populated in the 

tetramer anion.42 In naphthalene-water cluster anions,24 the water network is constrained by the 

size of the PAH, destabilizing ring structures and causing coexistence of chain and ring isomers 

for the trihydrate. The geometric frustration of the water network increases with water network 

size and is particularly pronounced for five and more water molecules, which form prismatic 

structures instead of rings.24 Larger, two-dimensionally extended PAHs like pyrene do not show 

similar confinement effects at these cluster sizes, making ring structures of the water subcluster 

the clearly preferred motif.30 Our previous spectroscopic investigation of argon tagged pyrene 

water clusters revealed dynamically broadened absorption features associated with OH stretching 

vibrations,30, 33 suggesting that the internal energy of the cluster causes water molecules to move 

across the pyrene surface, and we can expect similar effects in hydrated perylene (Per) anion. 

 In the present work, we report the IR spectra of hydrated perylene cluster anions with up to four 

water molecules, acquired by monitoring Ar loss from argon-tagged Per−·(H2O)1,2 and water loss 

from Per−·(H2O)n (n = 1 – 4). We assign structures of the water subclusters by comparing the 

experimental spectra with calculated spectra of different isomers from density functional theory 

(DFT), and we discuss the influence of temperature on the structures and spectra. 
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Methods 

Experimental – We prepared cluster ions of the form Per–·(H2O)n·Arm (n = 1 – 4, m = 0 – 2) using 

a pulsed supersonic entrainment source, which has been described in detail elsewhere.24, 30, 33, 43 A 

pulsed supersonic expansion of neat Ar was generated using an Even-Lavie valve. Water vapor 

was entrained into the supersonic beam via a second pulsed valve (General Valve Series 9), and 

Per vapor was entrained from an oven heated to 485±10 K. An electron beam (~800 eV kinetic 

energy) was focused into the high-density region of the supersonic expansion, generating an 

electron impact plasma. Attachment of slow, secondary electrons in the plasma created molecular 

and cluster anions. The anions were accelerated perpendicularly to the expansion using a Wiley-

McLaren accelerator and injected into a time-of-flight mass spectrometer. A mass spectrum of the 

ions formed under typical operating conditions of the ion source is shown in Supporting 

Information (Figure S1). For the mono- and dihydrate clusters (n = 1, 2), we were able to produce 

sufficient amounts of Ar-tagged ions to perform IR Ar predissociation spectroscopy. For n = 3 and 

4, this was not possible, and we used the untagged Per–·(H2O)n ions as targets. Ions with the desired 

mass-to-charge ratio were mass-selected using an interleaving comb mass gate and irradiated with 

light from a pulsed, tunable OPO/OPA system (LaserVision, pulse duration 5−7 ns, linewidth ca. 

2 cm-1, pulse energy ca. 5−10 mJ). Photon absorption and subsequent intramolecular vibrational 

redistribution led to fragmentation of the target clusters. For Ar-tagged clusters, fragmentation 

resulted in the loss of the Ar tags:  

𝑃𝑃𝑃𝑃𝑃𝑃− ∙ (𝐻𝐻2𝑂𝑂)𝑛𝑛 ∙ 𝐴𝐴𝐴𝐴𝑚𝑚  + ℎ𝜔𝜔
 
→  𝑃𝑃𝑃𝑃𝑃𝑃− ∙ (𝐻𝐻2𝑂𝑂)𝑛𝑛 + 𝑚𝑚 𝐴𝐴𝐴𝐴  (1) 

Spectra of untagged Per–·(H2O)n clusters were acquired by monitoring the loss of one water 

molecule following the reaction 

𝑃𝑃𝑃𝑃𝑃𝑃− ∙ (𝐻𝐻2𝑂𝑂)𝑛𝑛  + ℎ𝜔𝜔
 
→  𝑃𝑃𝑃𝑃𝑃𝑃− ∙ (𝐻𝐻2𝑂𝑂)𝑛𝑛−1 + 𝐻𝐻2𝑂𝑂  (2) 
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The abundance of the resulting fragment ions in each case was recorded as a function of the 

wavenumber of the tunable IR light. Where necessary, a baseline correction was applied to the 

fragment ion data because the ion fragment signal was prone to drift over the duration of a scan. 

Anchor points were manually set to define a baseline in the OriginPro Peak Analyzer tool,44 

connected by straight lines. A comparison of the baseline-corrected data with the uncorrected data 

is shown in Figure S2. The frequency of the light source was calibrated by comparison with a 

photoacoustic spectrum of water vapor.45 To obtain an IR photodissociation spectrum from the 

observed fragment ion intensity, the fragment ion signal was normalized by the number of photons. 

Multiple spectra collected on different days were averaged to improve the signal-to-noise ratio and 

ensure reproducibility.  

 

Computational – For each cluster size, several structures were used as starting points for geometry 

optimization, using DFT as implemented in Gaussian 16,46 employing the ωB97X-D functional47 

and 6-311G+(d,p)48, 49 basis sets for all atoms. Exploratory calculations using the B3LYP 

functional50 resulted in qualitatively similar results (see Supporting Information). Similar to the 

case of hydrated pyrene cluster anions, the potential energy surface of Per–·(H2O)n clusters is 

characterized by very flat basins.30 To obtain well-converged structures, we employed a strict 

convergence criterion with a root-mean-square force of 10-6 H/Å (using the “very-tight” keyword 

in Gaussian 16). In cases where this geometry optimization strategy still failed, a quadratic 

convergence criterion was applied. Harmonic frequencies were scaled by 0.9375 to account for 

anharmonicity, with the scaling factor determined based on the average of the symmetric and anti-

symmetric OH stretch of a free water molecule, treated with the same computational methods 

(3657 cm-1 and 3756 cm-1, respectively). To determine partial charges, we used the Merz-Singh-
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Kollman electrostatic potential (ESP) method.51, 52 as in our previous work on anionic hydrated 

pyrene clusters.30, 33 Molecular interaction energies were determined from calculations of the 

counterpoise corrected binding energies of water molecules or water cluster fragments to the 

perylene anion (see Supporting Information for more details). 

 

Results and Discussion 

The IR photodissociation spectra of Per–·(H2O)n·Arm (n = 1 – 4; m = 0 – 2) in the OH stretching 

region are shown in Figure 1 (see Supporting Information for a brief discussion of the CH 

stretching region).  

  

Figure 1. Overview of Per– microhydration, with the number of water molecules (n) indicated in 

each panel. The blue traces represent spectra acquired by Ar predissociation (with two Ar tags for 

n = 1 and one Ar tag for n = 2), while the red traces show photodissociation spectra taken by the 

loss of a single water molecule from the parent cluster. For n = 1 and 2, the spectra of cold and 

warm clusters are scaled to represent equal integrated peak areas.   
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Different from the CH stretching absorption features, which are largely unaffected by Ar tagging 

(see Supporting Information), the OH stretching modes show significant spectral differences 

between tagged and untagged clusters. The spectra of tagged clusters have significantly narrower 

lines and as a result exhibit better resolved features than the spectra of the warm clusters. The main 

difference between tagged and untagged species is their internal energy content. Assessing the 

internal energy of clusters formed in a supersonic expansion plasma without well-characterized 

temperature dependent spectroscopic signatures is challenging, and we can only give a qualitative 

characterization of the tagged clusters as “cold” and the untagged clusters as “warm”, with 

estimated microcanonical temperature equivalents of < 110 K for tagged and < 180 K for untagged 

clusters (see Supporting Information for details). The difference in internal energy results in a 

difference in the dynamics of the clusters. As will be discussed in more detail below, the 

configurational and potential energy landscape for the motion of water molecules and clusters 

across the surface of a PAH π system is characterized by shallow, broad minima, leading to 

pronounced dynamic effects, and ultimately result in broadening effects best described by spectral 

diffusion.33   

We note that similar to pyrene, Per has a positive adiabatic electron affinity (EA), measured at 

0.9730±0.005 eV by Schiedt and Weinkauf.53  We therefore do not expect photodetachment to 

play any role in the spectral region relevant for the present work, in contrast to the case of hydrated 

naphthalene.24  

The interpretation of the OH stretching region is organized in the following sections from 

monohydrate to tetrahydrate as the spectral complexity grows with increasing hydration level.   
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Monohydrate (n = 1) 

The photodissociation spectrum of Per–·H2O·Arm (m = 0, 2) in the OH stretching region (Figure 

2) is dominated by the signature of the symmetric OH stretching mode (ωs), which peaks at 3585 

cm-1 for the Ar tagged cluster and at 3594 cm-1 for the untagged cluster. A much weaker feature at 

3657 cm-1 corresponds to the anti-symmetric OH stretching mode (ωa) for the cold complex, and 

the observed splitting between ωs and ωa (72 cm-1) is in reasonable agreement with the scaled 

harmonic calculation (64 cm-1). The bottom panel of Figure 2 displays the calculated spectrum of 

the lowest energy conformer of Per–·H2O, which we used to identify the absorption features. The 

spectra calculated for higher energy conformers show no significant differences to that for the 

lowest energy structure (see Figures S4 and S5 in Supporting Information). The overall pattern of 

the spectrum is consistent with those previously observed for the monohydrated anions of 

naphthalene24 and pyrene.33 The symmetric OH stretching signature of the cold, Ar-tagged clusters 

has an asymmetric line shape with a high frequency tail and a full width at half-maximum (FWHM) 

of 8 cm-1, about 2 cm-1 wider than the narrowest features in the CH stretching region. In contrast, 

the same feature of the warm, untagged Per–·H2O clusters is significantly broader and slightly 

blue-shifted compared to the cold spectrum, with a FWHM of 19 cm-1.  The absorption feature of 

the warm clusters is wider and more symmetric in line shape, while the splitting between ωs and 

ωa is smaller in comparison to the splitting observed for the cold clusters. Both OH groups interact 

with the π-system of the PAH, resulting in a red shift of both ωs and ωa from their values in free 

water, where the symmetric and antisymmetric OH stretching modes are 3657 cm-1 and 3756 cm-

1. The overall calculated binding energy of the water molecule in Per–·H2O is 3508 cm-1. Table 1 

shows the calculated water-π interaction energies for each cluster size.  
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Table 1. Calculated Interaction Energiesa 

n π [cm-1] water-water [cm-1] 

1 3508 - 

2b 3111(D), 3118 (A) 1492 

3c 2599 1796 

4c 2451 2629 

a see Supporting Information for details. 
b D = H-bond donor, A = H-bond acceptor. 

c π interaction energy per water molecule, water-water interaction energy per H-bond, assuming 
ring conformer. 

 

Figure 2. Top: Calculated structure of the lowest energy conformer of Per–·H2O (red: O; C: gray; 

H: white; the Per frame has been deemphasized to highlight the water structure). Center: 

Experimental IR spectra of the OH stretching region for warm Per–·H2O (red) and cold Per–

·H2O·Ar2 (blue). The spectra of cold and warm clusters are scaled to represent equal integrated 

peak areas. Bottom: Calculated spectrum of the lowest energy conformer, broadened to 6 cm-1 

FWHM using a Lorentzian function (individual transitions are shown as vertical lines). See text 

for labels. 
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Similar to the case of pyrene monohydrate, the configurational landscape is characterized by 

shallow, broad minima, leading to pronounced dynamic effects.33 One of these effects is that the 

water molecule can likely move across the perylene frame even at low temperature.33 Another 

consequence is that thermal motion in the cluster also leads to  significant fluctuations regarding 

the angle between the surface normal and the H-bonded OH group.33 This fluctuation weakens the 

H-bond to the π-system compared to its zero K structure, thereby strengthening the bond of the 

OH group closer to the PAH, and resulting in an asymmetric line shape with a tail on the higher 

frequency side of the symmetric stretching feature.33 While the dynamic effects observed here are 

similar in character to the broadening of the symmetric stretching feature found in monohydrated 

anionic pyrene, they are less pronounced here, as the FWHM in Ar-tagged hydrated pyrene was 

about double compared to that observed for perylene monohydrate under similar conditions.33 We 

hypothesize that this narrowing effect may be due to the unusual structure of the lowest energy 

monohydrate conformer, which does not access the π system across the carbon frame, but is 

straddling the gap between the two naphthalene subunits, and may be less mobile, resulting in less 

dynamic broadening at low temperature. We note that an alternative explanation would be 

combination bands involving soft intermolecular vibrational modes. These modes have calculated 

frequencies of the order of 20-30 cm-1, which is too high to explain the observed effects. Other 

possibilities would be saturation broadening or broadening effects from multiphoton dissociation. 

While small saturation effects are possible, we estimate from earlier work on pyrene and its water 

clusters that the suppression of peak intensities would be no more than 10%. In addition, saturation 

broadening would impact the width of both tagged and untagged species. We can rule out 
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significant contributions from multiphoton broadening based on the fragment ion yield and photon 

fluence in our experiment. 

 

Dihydrate (n = 2) 

The addition of a second water molecule to Per–·H2O leads to water-water interactions. The 

spectrum of Per–·(H2O)2·Ar (Figure 3) shows several well-resolved bands, which are similar to the 

overall patterns observed in the dihydrate clusters of anionic naphthalene24 and pyrene.30 We will 

use the spectrum of the cold, Ar-tagged cluster to assign the observed vibrational features based 

on the comparison with relevant isomers of the cluster (Figure 4), since it is significantly better 

resolved than the analogous spectrum of the warmer Per–·(H2O)2 cluster. Most of the spectral 

features can be assigned (bottom panel of Figure 3) to a structure that exhibits a water dimer 

subcluster, with a H-bond donor and a H-bond acceptor (Figure 4). There are several low-energy 

structures characterized by such a water dimer subcluster (see Figure S6 in Supporting 

Information). 
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Figure 3. Top panel: IR spectra of Per–·(H2O)2 (warm, red) and Per–·(H2O)2·Ar2 (cold, blue) in 

the OH stretching region. The spectra of cold and warm clusters are scaled to represent equal 

integrated peak areas.  Bottom panel: Calculated harmonic frequencies of the lowest-energy dimer 

structure (black) and of a structure with two independent water molecules (grey). The calculated 

spectra are broadened with a Lorentzian function to 6 cm-1 FWHM. The dotted lines visualize the 

assignment. See text for labels.  

 

The spectrum can be roughly grouped into features that originate from linear combinations of 

local symmetric (ωs) and antisymmetric (ωa) OH stretching motions of the individual water 

molecules, with the symmetric stretching motions found at lower frequencies (see Table 2). The 

lowest frequency band at 3546 cm-1 corresponds to a normal mode characterized by the in-phase 

linear combination of the local symmetric stretching modes of the two water molecules, mostly 

due to the motions of the H-bond donor molecule. We tentatively assign weaker bands at 3572 cm-
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1 and at 3591 cm-1 to the out-of-phase linear combination of these two local modes, where the H-

bond acceptor carries most of the amplitude, and the two different bands come from two different 

isomers that are both characterized by a similar water dimer subcluster (see Supporting 

Information) . We note that an alternative interpretation of the two different bands could involve 

a combination band of the in-phase linear combination of the symmetric stretching band with a 

low frequency soft mode of the cluster (there are several candidates of such bands). The intense 

band at 3644 cm-1 has the character of an antisymmetric stretching motion on the H-bond donor 

molecule combined with a small amplitude in the local symmetric stretching motion on the 

acceptor molecule. Finally, a weak feature at 3666 cm-1 is characterized by antisymmetric OH 

stretching motions on the acceptor molecule. The two most intense features have significant 

amplitude in the motion of the OH group involved in the water-water H-bond.  

 

Figure 4. Selected calculated conformations of Per–·(H2O)2, with relative energies given with each 

structure. Red: O; C: gray; H: white; the Per frame has been deemphasized to highlight the water 

substructure. 



 16 

 

Table 2. Peak Assignment in the OH Stretching Region of Cold Perylene Dihydrate.  

experimental 
[cm-1] 

character calculated 
[cm-1] 

3546 ωs in phase 
(H-bond donor) 

3503 

3572, 3591 ωs out of phase  
(H-bond acceptor)a 

3584-3596 

3627 ωs (monomers) 3609 

3644 ωa (H-bond donor) 3648 

3666 ωa H-bond acceptor 3663 

a belonging to different conformers with water dimer subclusters. 

 

The water dimer is generally challenging to treat computationally.54-56 In the present case, this 

difficulty is reflected in a significant discrepancy between the calculated and observed splittings 

of the out-of-phase and in-phase linear combinations of the local symmetric stretching modes; in 

the experimental spectrum the in-phase and out of phase absorption features are separated by 26 

cm-1 and 45 cm-1 for the bands tentatively attributed to the two different isomers, while the 

calculated vibrational modes are separated by ca. 90 cm-1.54-56 The overestimation of the frequency 

splitting between the symmetric stretching modes in Per–·(H2O)2 is similar to that in the free water 

dimer for our own level of theory as well as some higher level calculations from the literature55 

(see Supporting Information Table S3).  Despite this discrepancy, we can assign this out-of-phase 

combination of ωs based on the overall intensity pattern of the calculated spectra and through the 

similarity with the spectra of the dihydrate clusters of pyrene30 and naphthalene.24 We found this 

pattern to be robust among various different calculations which showed some frequency 

dependence on the functional and basis set (see Figure S8 in Supporting Information).  
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The presence of the Per– anion results in a significant change in the structure and spectrum of 

the water dimer subcluster compared to the free, neutral water dimer. The OH groups not engaged 

in H-bonding in the free water dimer point in opposite directions to optimize dipole-dipole 

interactions between the two water molecules. In Per–·(H2O)2, these OH groups now interact with 

the π system and therefore point in the same overall direction, straining the water-water interaction 

in the dimer. At the same time, the frequencies for the different OH oscillators are significantly 

reordered (see Supporting Information Table S3), since the interaction with the π system weakens 

the (formerly) free OH bonds. As a result, the spectra of the free and PAH bound water dimer are 

not directly comparable.  

While the weak feature at 3591 cm-1 is likely due to another isomer with a dimeric subcluster, 

the broad peak around 3627 cm-1 may have a different origin. We tentatively assign it to isomers 

with two independent water molecules (bottom panel of Figure 3). Such isomers are significantly 

higher in energy, (ca. 120 – 130 meV), but could be kinetically trapped in the cold clusters, having 

either two water molecules on opposing sites or distributed over the two naphthalene-like subunits 

on the same side of Per– (see Figure 4 and Supporting Information Figures S6 and S7). The linear 

combinations of the local symmetric OH stretching modes of the two water molecules would 

appear close to each other, and the calculations predict a splitting of ca 10 cm-1 between them, 

consistent with the existence of a broad feature containing both signatures. Our interpretation is 

consistent with the temperature dependence of this feature (see below). We note that we do not 

observe the signatures of the antisymmetric stretching modes of the independent monomers, and 

we assume that they are too weak to be noticeable in our experimental data. 

The spectrum of the warm cluster appears to mostly represent a broadened version of the 

spectrum of the cold cluster, which is to be expected, given the dynamic effects that are likely to 
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appear as a broadening of the individual spectral features of the cluster. Since the signatures of 

water-water H-bonds persist in the warm clusters, they offer additional insight into the temperature 

of the cluster, since the internal energy is insufficient to break the H-bond and “melt” the cluster. 

In experiments on iodide dihydrate clusters by Johnson, Asmis, and coworkers, the water-water 

H-bond was observed to break at temperatures above 150 K and was largely absent above 180 K.39 

In this context, it is reasonable to assume that the untagged Per–·(H2O)n clusters have 

microcanonical temperature equivalents below 180 K. 

The weak feature observed at 3591 cm-1 increases in intensity in the spectrum of the warm 

cluster, which is consistent with an increased thermal population of slightly higher-lying isomers. 

Interestingly, the broad peak that we assigned above to the signature of two independent monomers 

disappears in the spectrum of the warm cluster. Since higher internal energy in the cluster would 

result in more dynamic exploration of the conformational landscape by two independent water 

molecules, it seems likely that they would encounter each other and undergo H-bond formation. 

Assuming an upper limit for the temperature in the cold dihydrate cluster similar to that estimated 

for the monohydrate (see above), the free energy barrier for this reaction would be of the order of 

kBT at 109 K, corresponding to ca. 9 meV, which is not unrealistic. We hypothesize that the barrier 

could be due to crossing from one side of the PAH frame to the other across the single ring 

connecting the two naphthalene-like subunits. The disappearance of the feature at 3620 – 3630 cm-

1 in the spectrum of the warm dihydrate cluster is consistent with our tentative assignment above.  

Different from the present work, no spectroscopic evidence of kinetically frozen independent 

water molecules has been found in anionic pyrene and naphthalene water clusters,24, 30 and 

previous work on monohydrated, Ar-tagged anionic pyrene, using molecular dynamics, suggested 

that the water molecule freely explores the entire surface of pyrene.33 The observation of this 
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feature in cold perylene dihydrate anion clusters may be due to the narrowness of the bridge 

between the two naphthalene subunits of perylene, reducing the effective space for roaming of a 

water molecule across the surface of the PAH. Molecular dynamics simulations of hydrated 

perylene anions would be highly desirable to investigate this effect. 

The calculated interaction energies for the dihydrate (see Table 1) show that the interaction 

energies of the two water molecules with the π system are very similar, although the H-bond donor 

molecule of the dimeric subcluster forms one π-H-bond, while the acceptor forms two π-H-bonds. 

It is important to note that the water-π interaction energies contain contributions from dispersion 

and polarization interactions (e.g., from the OH group in the water-water H-bond) in addition to 

contributions from π-H-bond formation. As a result, the water-π interaction energies can be 

significantly higher than the underlying H-bond interaction energies. The calculated water-water 

interaction energy at 1492 cm-1 is slightly lower than typical calculated binding energies of the 

neutral water dimer57 (ca. 21 kJ/mol ≈ 1750 cm-1). 

 

Trihydrate (n = 3) 

 As mentioned above, the larger clusters in this study were only formed without Ar tagging in 

amounts sufficient for spectroscopic investigation, in contrast to earlier work on naphthalene24 and 

pyrene.30 We attribute these challenges to the higher melting temperature58 of Per (551 K) 

compared to naphthalene (353 K) and pyrene (424 K), which is reflected in the need for higher 

oven temperatures to create sufficient vapor pressure in the ion source. As a consequence, the 

internal energy of the clusters is sufficiently high to suppress the formation of Ar tagged species. 

The experimental and calculated spectrum of Per–·(H2O)3 and the lowest energy isomer are 

shown in Figure 5. Similar to trihydrates of naphthalene24 and pyrene,30 the most stable structural 
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motif is a homodromic ring, where each water molecule acts as both H-bond donor and acceptor, 

reminiscent of the structure of the neutral water trimer35-37 and the structures of neutral PAH 

trihydrates.20, 21, 23, 25, 28 Different from these neutral species, all OH groups that are not involved 

in H-bonding within the water network form H-bonds to the negatively charged π-system of the 

PAH, consistent with the stronger OH-π interaction expected for the anionic systems. The features 

in the OH stretching region match the simulated spectrum of such a ring motif. Similar to the 

dihydrate, the lower frequency group of features are derived from linear combinations of the 

symmetric stretching modes of the local water molecules, while the higher frequency group 

belongs to linear combinations of the local antisymmetric modes. While this overall characteristic 

of the local modes persists, we note that the oscillation amplitudes of the OH groups in each water 

molecule are significantly different due to the breaking of the local symmetry of each water 

molecule, leading to a partial localization of the oscillation in the OH groups within the ring or to 

the π system, respectively. 
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Figure 5. Top panel: Experimental IR spectrum of Per–·(H2O)3. Bottom panel: Calculated IR 

spectrum and structure of the lowest energy structure of Per–·(H2O)3. The calculated spectrum is 

broadened to 6 cm-1 using a Lorentzian function. Red: O; C: gray; H: white; the Per frame has been 

deemphasized to highlight the water substructure. 

 

The broad absorption feature with a peak at 3506 cm-1 contains the unresolved signatures of two 

normal modes where the oscillation amplitudes are primarily localized within the water ring, and 

two of the three OH groups oscillate out of phase with the third. A weaker feature, generated by 

the analogous all-in-phase linear combination, is part of the low-frequency side of this feature. In 

contrast, the absorption features at 3612 cm-1 and 3633 cm-1 are attributed to OH oscillations that 

predominantly involve the OH groups in H-bonds to the π-system. Table 3 summarizes the peak 

assignments for the trihydrate. 
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Table 3. Peak Assignment in the OH Stretching Region of Cold Perylene Trihydrate.  

experimental 
[cm-1] 

character calculated 
[cm-1] 

3506 ωs (water-water H-bonds) 3460, 3466  

3612 ωa (π-H-bonds) 3615 

3633 ωa (π-H-bonds) 3633 

 

 

Our assignment indicates that the OH stretching modes associated with water-water H-bonds 

occur at lower frequencies than those linked to water-ion interactions, implying that the H-bonds 

within the water network are stronger than ionic H-bonds. This ordering of H-bond strength is 

similar to other anionic hydrated PAHs,24, 30 but contrasts with findings in many other anionic 

water complexes, such as halide-water interactions.40, 59 The different energetic ordering in 

hydrated PAH anion clusters is due to their comparatively large size and the concomitant 

delocalization and low density of the excess charge in the π-system.24, 30  We note that the 

calculated interaction energies for the trihydrate (see Table 1) seem to contradict the energetic 

ordering of H-bonding interactions inferred from the spectrum, since each water molecule is 

forming one π-H-bond, and is calculated to have 2599 cm-1 average water-π interaction energy, 

greater than the calculated average water-water interaction energy at 1796 cm-1. However, as 

mentioned above, the contributions from H-bonding are only a part of the water-π interaction 

energy. The calculated water-water interaction energy for the trihydrate is higher than that for the 

dihydrate, pointing towards significant cooperative effects known to exist in the underlying water 

ring motifs.54 
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There is no spectroscopic evidence to suggest that other structural motifs, such as chains (Figure 

S10 in Supporting Information) are significantly populated. However, minor contributions that are 

masked by the large width of the ring signatures cannot be entirely ruled out.  

 

Tetrahydrate (n=4) 

The OH stretching spectrum of untagged Per–·(H2O)4 exhibits a pattern similar to that of Per–

·(H2O)3, as discussed above. Dominating the spectrum represented in Figure 6 are two broad, 

prominent features, whose line shapes indicate that they contain several unresolved transitions. 

One of these features forms a plateau ranging from 3380 cm-1 to 3445 cm-1, while the other shows 

a peak at 3623 cm-1 and partially resolved substructures. The calculated frequencies of a 

homodromic four-membered ring structure match the spectral patterns of these two dominant 

absorption bands, indicating that four-membered rings are the predominant binding motif in Per–

·(H2O)4  clusters. 
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Figure 6. Experimental spectrum (top panel) and calculated structure and frequencies of lowest 

energy structure of Per–·(H2O)4 (bottom). The calculated spectrum is broadened by a Lorentzian 

function with a FWHM of 6 cm-1. Red: O; C: gray; H: white; the Per frame has been deemphasized 

to highlight the water substructure. 

 

We also explored higher-energy binding motifs, such as a three-membered water ring with a 

water adduct, and we report these structures and their calculated spectra in Figures S11 and S12 in 

Supporting Information. Similar to the case of Per–·(H2O)3, there is no spectroscopic evidence of 

populations in these higher-energy conformations, but we cannot rule out the possibility of minor 

contributions that are not spectroscopically resolved. 

The lower frequency feature corresponds to modes where the main contributions to the overall 

amplitude are derived from linear combinations of the local symmetric stretching modes, with OH 

stretching motions primarily located within the water ring. Different from the trihydrate case, some 
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of the transitions in this group of features have small amplitude contributions from local 

antisymmetric modes. The set of features at 3623 cm-1 is attributed to OH oscillations associated 

with the ionic H-bonds with the π-system, mostly originating from linear combinations of the 

analogous local antisymmetric stretching modes.  

Both absorption features contain multiple unresolved transitions. The main discrepancy between 

calculated frequencies and the observed spectrum are the OH stretching modes primarily located 

in the water ring, which are predicted as a single intense feature at 3385 cm-1 but appear 

significantly broader feature in the experimental spectrum spanning from 3380 cm-1 to 3445. At 

high internal energies, fluctuations in the structure of the ring will dynamically modify the H-

bonding interaction. As a consequence of the greater strength of the water-water H-bonds 

compared to the π-H-bonds, the frequency positions of the corresponding modes are more sensitive 

to thermal deformation of the water ring than the modes encoding the water-π interactions, 

resulting in an overall wider feature. 

Below the OH stretching vibrations is a broad absorption feature spanning from 3240 cm-1 to 

3270 cm-1 which is not recovered in harmonic frequency calculations. We assign this feature to 

overlapping overtones and combination bands of the four water bending modes (calculated at 1594 

cm-1, 1598 cm-1, 1602 cm-1, 1612 cm-1), whose intensities are enhanced through Fermi resonances 

with the fundamental transitions of the symmetric OH stretching modes. While the absorption 

features belonging to the water bending overtones and combination bands are in the same spectral 

region for smaller cluster sizes, they are much weaker in intensity, since the symmetric stretching 

modes of the water molecules are at much higher frequencies than for the tetrahydrate, resulting 

in much less intensity borrowing. We have observed similar absorption features belonging to the 
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overtone of the water bending modes in anionic pyrene water clusters.30 Table 4 summarizes the 

assignments for the tetrahydrate. 

The calculated interaction energies (Table 1) show a strong increase in the water-water 

interaction energy for the tetrahydrate, probably reflecting a lower geometric strain of the H-

bonding network in the ring, and an increase in cooperativity through proton delocalization.54 

 

Table 4. Peak Assignment in the OH Stretching Region of Cold Perylene Tetrahydrate.  

experimental 
[cm-1] 

character calculated 
[cm-1] 

3240 – 3270  2 quanta in water  
bending modes 

3559 – 3466  

3380 – 3445  ωs (water-water H-bonds) 3385 

3623 ωa (π-H-bonds) 3633 

 

 

Conclusion 

 We have investigated the hydration of anionic Per with clusters Per–·(H2O)n·Arm (n = 1 – 

4, m = 0 – 2) using infrared photodissociation spectroscopy in the OH stretching region. The OH 

stretching pattern encodes structural information about H-bonding between the water molecules 

as well as between water molecules and the π-system of Per–, revealing evidence of H-bonds 

between water molecules for n = 2, as well as the formation of water rings for n = 3 and 4. Water–

water H-bonds are stronger than the ionic H-bonds between the water molecules and the 

delocalized charge on the Per-π system, especially for n = 3 and 4. The potential energy surface of 

the mono- and dihydrate is shallow, allowing for the existence of multiple energetically accessible 

conformers. For n = 1 and 2, the lowest-energy structures are closely spaced in energy and differ 
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primarily in the location of the ionic H-bonds on the perylene surface. In the argon-tagged n = 2 

cluster, spectroscopic evidence suggests the presence of a higher-energy isomer that is kinetically 

frozen. For larger water networks (n = 3 and 4), homodromic water rings emerge as the dominant 

binding motif, which undergo significant thermal deformations, leading to broad spectroscopic 

features. Comparing the current results on hydrated Per anion with previous work on other PAHs, 

it becomes clear that the size and the shape of the PAH has a subtle influence on the spectra of the 

hydrated clusters, showing differences in dynamic effects as well as the presence or absence of 

kinetically frozen water network isomers. 
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