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Effect of microhydration on the aromatic charge
resonance interaction: the case of the pyrrole
dimer cation†

Dashjargal Arildii,a Yoshiteru Matsumoto b and Otto Dopfer *ac

Charge resonance (CR) interactions between aromatic molecules are amongst the strongest intermolecular

forces and responsible for many phenomena in chemistry and biology. Microhydration of an aromatic radical

dimer cation allows investigation of the strong effects of stepwise solvation on the charge distribution and

strength of the CR. We characterise herein the microhydration process of the pyrrole dimer cation (Py2
+), a

prototypical aromatic homodimer with a strong CR. The NH and OH stretch vibrations (nNH/OH) of mass-

selected bare and colder Ar-tagged hydrated clusters of Py2
+, Py2

+(H2O)nArm (n r 3, m r 1), recorded by

infrared photodissociation (IRPD) spectroscopy provide detailed insight into the preferred cluster growth and

strengths of the various intermolecular interactions by comparison to dispersion-corrected density functional

theory calculations. The analysis of systematic frequency shifts, structural parameters, binding energies, and

charge distributions allows for a quantitative evaluation of the drastic effects of stepwise hydration on the

strength and symmetry of the aromatic CR, the strengths of the various hydrogen bonds (H-bonds), and the

competition between slightly noncooperative interior ion hydration and strongly cooperative formation of a

H-bonded solvent network. The most stable Py2
+H2O structure exhibits a strong NH� � �O ionic H-bond of

H2O to the antiparallel stacked Py2
+(a) core, thereby breaking the symmetry of the CR. Py2

+(H2O)2 prefers a

highly symmetric C2h structure with two equivalent NH� � �O H-bonds of Py2
+(a) and an optimised CR.

Starting from n = 3, clusters with a parallel configuration, Py2
+(p), are more stable than those with Py2

+(a),

further highlighting the strong impact of (micro-)solvation on the structural motif of the aromatic CR. The

spectral and computational data demonstrate a linear correlation of nNH of the free Py unit with its partial

charge, illustrating that IR spectroscopy is a powerful tool for probing the charge distribution in aromatic CR

cluster cations. Comparison of Py2
+(H2O)n with neutral Py2(H2O)n and Py+(H2O)n reveals the impact of the

magnitude of positive charge and the number of acidic proton donors on the structure of the

microhydration shell and strength of the various competing intermolecular bonds.

1. Introduction

Intermolecular interactions involving aromatic p electrons are
highly relevant for a large number of chemical and biological
phenomena.1–9 One of the most common interactions between
aromatic molecules is p–p stacking, a weak interaction mostly
based on London dispersion forces. Such p–p stacking is well-
known to stabilise the DNA double-strand and to contribute to
protein folding.10–12 In structural chemistry, p–p stacking often

determines the geometry of supramolecules and the properties
of solid or liquid crystals.13–15 In addition, p hydrogen bonds (p
H-bonds) such as CH–p bonds are important weak interactions
involving aromatic molecules.16–20 In contrast to these weak
interactions, the charge resonance (CR) interaction in charged
aromatic dimers is amongst the strongest intermolecular forces,
with a strength of around 100 kJ mol�1.21–23 The CR interaction
plays an important role for structure, energetics, and dynamics
of intermolecular and intramolecular hole transport in stacked
conjugated biological and organic semiconductor materials.24–31

The CR in aromatic dimer cations (AB+) is formed by sharing
the positive charge generated by removing a single p electron.
This CR gives rise to two electronic states described by

c+ = c1f(A+)f(B) + c2f(A)f(B+)

c� = c2f(A+)f(B) – c1f(A)f(B+)
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whereby c+ is the stabilised ground electronic state and c� is
the repulsive excited electronic state.32 The splitting between
the two states c� is typically of the order of B1 eV and gives rise
to a strongly allowed optical transition in the near-IR range
(B1000 nm). In general, the splitting between these two
electronic states depends strongly on the difference in the
ionisation energies (DIE) of A and B, whereby the CR becomes
stronger, the smaller DIE and thus is strongest for homodimer
cations, A2

+ (i.e., A = B and c1 = c2).23,33

CR interactions were first detected in the condensed phase by
electron spin resonance34–36 and optical absorption spectroscopy.37–40

However, these experiments suffer from environmental perturba-
tions such as solvent and counter ions. In the gas phase, the
binding energies of several isolated aromatic homo- and hetero-
dimers were measured by mass spectrometric techniques.41–43 The
spectra of the electronic CR transitions recorded for the aromatic
homodimers of benzene,44–47 naphthalene,48–50 toluene,51 pyrene,52

and several heterodimers32,51,53 have proven that the splitting
between the two electronic states c� depends on the size and
DIE of the two monomer units. The strength of the CR interaction
is controlled by the charge distribution on the respective
monomers.32,51,53 However, the electronic CR bands observed
by optical absorption in the spectral range around 1 eV are too
broad even in the gas phase due to their transitions into the
repulsive c� state, preventing a precise estimation of the partial
charge distribution on the interacting monomers. To circum-
vent this problem, we previously demonstrated an efficient
spectroscopic method to estimate the charge distribution in
isolated aromatic A2

+ and AB+ dimers by monitoring their
vibrational transitions in the ground state (c+) utilising infra-
red photodissociation spectroscopy (IRPD).23 This study con-
centrated on the pyrrole dimer cation (Py2

+), its clusters, and
related heterodimers because of its strong CR interaction and
the high sensitivity of the NH stretch frequency (nNH) of Py
(C4H5N) to its partial charge.23 Besides being a fundamental
building block of many important biomolecules such as por-
phyrins, amino acids, proteins, and DNA bases, Py has a
single isolated, uncoupled, and strongly IR-active NH stretch
oscillator, whose frequency is indeed rather sensitive to the
charge state of Pyq (e.g., nNH = 3531 and 3447 cm�1 for qPy = 0
and 1e).54,55 The latter property differs from that of bare
aromatic hydrocarbons, such as benzene and related polycyclic
aromatic hydrocarbons, whose CH stretch frequencies (nCH) are
less sensitive to charges and have weaker IR oscillator strengths
in the cation ground state. Furthermore, often strong anhar-
monic or vibronic couplings further complicate the CH stretch
range in these hydrocarbons (e.g., Fermi resonances in C6H6

and C6H4Cl2
+ or Jahn–Teller effect in C6H6

+).45,53,56–60

Because Py has an acidic NH group and aromatic p elec-
trons, neutral Py2 dimer forms a weak NH� � �p H-bond,61–63

with an interaction energy of 0.07 eV.64 Its T-shaped structure
has been confirmed by microwave,64 IR,63,65 and Raman
spectroscopy,65 as well as quantum chemical calculations.61,66

Py2
+ radical cations formed in a supersonic plasma expansion

based on electron ionisation (EI) have a stacked sandwich
structure stabilised by a strong CR interaction (1.01 eV), which

has been characterised by IRPD and quantum chemical
calculations.23 Further analysis of IRPD spectra of cold Py2

+

dimers tagged with Ar or N2 reveals that the antiparallel Py2
+(a)

isomer with C2h symmetry is significantly more stable than the
parallel Py2

+(p) local minimum with Cs symmetry (by around
10 kJ mol�1) and thus dominates the population in the plasma
expansion.67 A minor population of hot Py2

+ ions (o15%) has
been attributed to H-bonded clusters produced by intra-
molecular H-transfer and subsequent ring-opening reactions.67

The presence of these high-energy isomers has been inferred
from additional transitions observed in the IRPD spectrum of
hot Py2

+ ions, which are absent in spectra recorded for cold
Py2

+Arn clusters.67 These additional transitions have also been
observed in the IRPD spectra of Py2

+ ions generated by VUV
ionisation of neutral Pyn clusters but interpreted by isomers, in
which the two heterocyclic units are connected by a chemical
C–C or C–N bond.68,69 However, as the IR spectra computed for
these chemically-bonded isomers are not compatible with the
measured IRPD spectra of Py2

+ for both EI67 and VUV68 genera-
tion, we currently prefer an assignment to H-bonded rather than
chemically-bonded isomers.67

Py2
+(a) is an ideal prototypical model to characterise in

detail the aromatic CR interaction by IR spectroscopy of its
bound c+(2Au) ground electronic state.23 First, its small five-
membered ring causes the CR interaction to be very strong, in
particular, stronger than any ionic NH� � �N H-bond or NH� � �p
cation–p interaction.67 Moreover, the frequency of its rather
isolated and strongly IR-active nNH mode provides a rather
sensitive measure of the partial positive charge located on Py,
which thus can precisely be measured by high-resolution IR
spectroscopy.23 For example, the symmetric Py2

+(a) dimer with a
partial charge of qPy = 0.5e on each Py unit has its nNH (3480 cm�1)
midway between those of Py (3531 cm�1) and Py+ (3447 cm�1).23

Indeed, we established a linear relation between nNH and qPy

expressed as nNH(qPy)/cm�1 = �83.8 qPy/e + 3527.8.23 This linear
correlation derived from data for Py, Py+, and Py2

+ (qPy/e = 0, 1.0,
and 0.5) was shown to hold for related clusters, in which the
symmetry of Py2

+ is reduced either by solvation (e.g., Py2
+N2) or by

substitution of functional groups (e.g., by replacing one Py by N-
methyl-Py, NMPy).23 In both heterodimers (Py-PyN2, Py-NMPy),
the IE of the aromatic binding partner is lowered compared to Py,
leading to an asymmetric charge distribution in [Py-PyN2]+ and
[Py-NMPy]+ with qPy o 0.5e and thus a blueshift in the free nNH of
the remaining Py unit.23 In Py2

+N2, N2 binds via an NH� � �N H-
bond to one of the free acidic NH groups of Py2

+(a).23,67 Therefore,
stronger bases like H2O are expected to act as better H-bond
acceptors with a larger reduction in symmetry of the geometric
structure, the charge distribution, and thus the CR.

Herein, we characterise the microhydration process of Py2
+

using IRPD of mass-selected Py2
+(H2O)nArm clusters (n r 3,

m r 1) in the CH, NH, and OH stretch ranges (nCH/NH/OH).
Ar-tagging is applied to generate clusters with lower internal
energy and to reduce the effective dissociation energy, leading
to higher-resolution spectra and larger photodissociation
efficiency.7 Complementary dispersion-corrected density func-
tional theory (DFT) calculations at the B3LYP-D3/aug-cc-pVTZ
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level are employed to assign the measured IRPD spectra and to
analyse the observed intermolecular interactions. The present
study is motivated by the following main reasons. First, step-
wise microhydration of Py2

+ enables the investigation of break-
ing and restoring the symmetry of the CR interaction. Because
H2O has a significantly higher proton affinity than N2 (PA =
691 vs. 494 kJ mol�1),70 it forms a much stronger NH� � �O ionic
H-bond and thus causes a larger perturbation of the CR due to
the larger difference in the IE of Py and PyH2O (computed
herein as IE = 8.09 and 7.06 eV, respectively, vide infra). In
addition, the magnitude of symmetry breaking can also be
controlled by the degree of hydration (n). For example, the linear
H-bonded (H2O)2 is an even stronger H-bond acceptor than a
single H2O ligand, because of its larger PA (808 kJ mol�1),71

causing a larger perturbation of the CR in Py2
+. Hence, we can

address for the first time in detail the correlation between the CR
in stacked p–p dimers and the strength of its H-bonds to the
(dipolar) solvent molecules. In passing, we note that also only a
few spectroscopic studies have been reported on the solvation
effects of the related s–s72,73 and s–p74 hemibonded dimer
cation systems which reveal the dependence of the stability of
the s–s and s–p hemibonds upon solvation with various
ligands. Second, microhydration of Py2

+ is expected to show
different hydration motifs than those of the neutral and cationic
Py(+) monomers, because Py2

+ offers two acidic NH groups as
H-bond donors and an intermediate charge state (0.5e for each
Py unit). Hence, we can follow the evolution of the Pyn(H2O)m

cluster network (structure and interaction strength) as a function
of (i) charge and (ii) number of available acidic proton donors in
(aromatic solute)-(dipolar solvent) systems. Previous studies
reveal that PyH2O20,55,75–79 and Py+H2O54 form conventional
s-type NH� � �O H-bonds, whereby the H-bond in the cation is
much stronger than in the neutral (65.1 vs. 17.6 kJ mol�1),
mainly due to the additional electrostatic and induction forces
of the excess charge (charge-dipole and charge-induced
dipole).54,80 Moreover, we have recently reported the hydration
motif of Py+(H2O)2, in which the linear (H2O)2 chain is directly
H-bonded to the NH group of Py+.80 Strong cooperativity of the
nonadditive induction forces make the NH� � �O and OH� � �O H-
bonds in the Py+(H2O)2 trimer much stronger than those in the
respective Py+H2O and (H2O)2 dimers. In contrast to Py+, Py2

+ has
the potential to develop at least two principally different and
competing H-bonding motifs in Py2

+(H2O)2, such that either a
(H2O)2 chain is H-bonded to one NH group (i.e., formation of a
H-bonded solvent network) or two single H2O molecules are H-
bonded to each NH group (i.e., interior ion solvation). Third, it is
possible that the hydration process may change the preferred
orientation of the two NH groups in p-stacked Py2

+ from anti-
parallel (a) to parallel (p) and thus modify the structural motif,
symmetry, and strength of the CR interaction. Our previous
B3LYP-D3 calculations suggest that the Py2

+(p) local minimum
is less stable than the Py2

+(a) global minimum by only
7.5 kJ mol�1.67 As this energy difference is much smaller than
typical monohydration energies of aromatic ions with an NH� � �O
ionic H-bond (B50 kJ mol�1),80–83 stepwise hydration may
indeed be able to induce a Py2

+(a) - Py2
+(p) transition of the

CR core ion at a critical size (nc). Because Py2
+(p) offers the

possibility of forming cyclic hydration motifs in Py2
+(p)(H2O)n

clusters with one additional H-bond as compared to Py2
+(a)

(H2O)n, such a Py2
+(a) - Py2

+(p) switch in the preferred struc-
tural CR motif may indeed occur upon progressive hydration.

2. Experimental and
computational details

IRPD spectra of mass-selected Py2
+(H2O)nArm cluster cations

(n = 1–3, m = 0–1) are measured in a tandem quadrupole mass
spectrometer coupled to an EI source and an octupole ion
guide.9,84 Cluster cations are produced in a pulsed supersonic
plasma expansion of Py (Sigma-Aldrich, 498%, heated to 50 1C)
seeded in Ar carrier gas. Hydrated cluster cations are generated
by adding distilled H2O into the gas inlet system. In general,
ionic clusters are formed by electron (and/or chemical) ionisa-
tion (EI) of Py close to the nozzle orifice and subsequent three-
body aggregation reactions. Hydrated clusters may also be
produced by EI of neutral PypZ2(H2O)qZn clusters and subse-
quent fragmentation into Py2

+(H2O)n. The cluster cations of
interest are selected by the first quadrupole mass filter and
irradiated in the adjacent octupole with a tunable IR laser pulse
(nIR) generated by an optical parametric oscillator and amplifier
(OPO/OPA) pumped by a Q-switched nanosecond Nd:YAG laser.
The IR radiation is characterised by a pulse energy of 2–5 mJ, a
bandwidth of o2 cm�1, and a repetition rate of 10 Hz. The IR
laser frequency is calibrated to better than 1 cm�1 using a
wavemeter. Resonant vibrational excitation induces the loss of
the most weakly bonded ligand, i.e., either H2O or Ar. The
generated fragment ions are selected by the second quadrupole
mass filter and monitored by a Daly detector as a function of nIR

to obtain the IRPD action spectrum of the parent cluster. The
ion source is triggered at twice the laser frequency to subtract
the metastable decay background from the total fragment ion
signal to extract the laser-induced fragmentation signal. All
IRPD spectra are normalised for frequency-dependent varia-
tions in the IR photon flux measured by a pyroelectric detector.
The peak widths of the vibrational transitions observed in the
IRPD spectra are mainly caused by unresolved rotational struc-
ture, sequence hot bands involving inter- and intramolecular
modes, and possibly contributions of several isomers. In addi-
tion to laser-induced dissociation (IRPD and LID), low-energy
collision-induced dissociation (CID) experiments are per-
formed in the octupole ion guide to confirm the composition
of the mass-selected parent clusters. For the latter mass spec-
tra, the octupole is filled with N2 gas or air (10�5 mbar)
resulting in collisions with 10 eV energy in the laboratory
frame. The respective CID and LID spectra of the mass-
selected parent clusters are shown in Fig. S1 in ESI.†

Quantum chemical calculations are carried out at the
dispersion-corrected B3LYP-D3/aug-cc-pVTZ level to determine
the structural, energetic, vibrational, and electronic properties
of the investigated cluster cations.85–89 This level of calculation
has provided reliable results in our previous studies of related
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pyrrole cluster ions.23,54,67,80 Harmonic vibrational frequencies
are scaled by factors of 0.9619 for NH and CH stretch vibrations
and 0.9631 for OH stretch vibrations to optimise the agreement
with the measured frequencies of bare Py and H2O (nNH =
3531 cm�1, n1/3 = 3657/3756 cm�1), respectively.63,80,90 Inter-
molecular interaction energies (D0) and relative energies (E0)
are corrected for zero-point vibrational energy. Relative free
energies (G0) are calculated at 298 K. The counterpoise proce-
dure for correcting energies for basis set superposition error is
not included because such corrections are expected to be 1% or
less for the large basis set employed, as has been shown
for related microhydrated aromatic cluster cations.82,91 The
natural charge distributions on each molecular component
and the donor–acceptor interaction energies (E(2)) describing
the strengths of H-bonds are obtained employing the natural
bond orbital (NBO) analysis.92 Anharmonic vibrational calcula-
tions are carried out at the lower B3LYP-D3/aug-cc-pVDZ level
to reduce computational costs and at the PBE0/aug-cc-pVDZ
level to evaluate the dependence on the DFT functional.85,93

The reliability of the results obtained at the reduced basis set
and the different DFT functional is evaluated by comparing the
harmonic frequencies of each method to the frequencies
obtained at the B3LYP-D3/aug-cc-pVTZ level. Harmonic vibra-
tional frequencies calculated at the B3LYP-D3/aug-cc-pVDZ
level are scaled by factors of 0.9628 for nCH/NH and 0.9621 for
nOH and at the PBE0/aug-cc-pVDZ level by factors of 0.9522 for
nCH/NH and 0.9474 for nOH. Vertical CR transition energies are
obtained from time-dependent DFT (TD-DFT) calculations at
the B3LYP-D385 level for the optimised ground state geometry
and compared with results from the B3PW91-D3,94 CAM-
B3LYP-D3,95 and M06-2X96 functionals using the aug-cc-pVTZ
basis set. The evaluation of the strengths of the intermolecular
H-bonds is facilitated by the noncovalent interaction (NCI)
approach.97–99 This method is based on the analysis of the
electron densities (r) and their reduced density gradients
(RDG), s(r), and therefore highlights the interactions in the
low-density region.99 The NCI analysis provides an index based
on a plot of s(r) in the area in which s(r) is close to its minima of
r. The final visualisation is then obtained by plotting RDG
against r oriented by the sign of the second eigenvalue l2 of
the Hessian matrix, r* = sign (l2)r.100,101 The plotted NCI
surfaces cover the range �0.05 o r* o 0.0 a.u., with an isosur-
face value of 0.3 a.u. The NCI color code uses blue surfaces for
attractive interactions (negative l2), green surfaces for weak van
der Waals contacts (l2 near 0), and red surfaces for repulsive
interactions (positive l2). Cartesian coordinates of all considered
isomers and their corresponding energies are provided in ESI.†

3. Results and discussion
3.1. Overview of IRPD spectra of Py2

+(H2O)n

Fig. 1 compares the IRPD spectra of Py2
+(H2O)n with n = 1–3

measured in the H2O loss channel. For comparison, the pre-
viously reported IRPD spectra of Py+Ar and Py2

+ measured in the
Ar and Py loss channels, respectively, are included as well.54,67

The positions and widths of the bands observed are listed in
Table S1 (ESI†) along with the suggested vibrational and isomer
assignments. The spectral range investigated (2600–3800 cm�1

for Py2
+(H2O)n with n = 1–2 and 3000–3800 for n = 3) covers the

free and bound OH and NH stretch bands of the H2O ligands
and the Py2

+ cation, as well as the aromatic CH stretch modes of
Py2

+. The IRPD spectra in Fig. 1 exhibit systematic shifts in the
OH and NH stretch bands as a function of cluster size and
composition, providing detailed information about the stepwise
microhydration process around Py2

+. The free OH stretch range
(3600–3800 cm�1) contains the symmetric and antisymmetric
OH stretch bands of H2O ligands acting as single/double accep-
tors (n1 and n3, B and A) and the free OH stretch bands of H2O
ligands acting as single/double acceptor and single donor (nf

OH,
C). The corresponding H-bonded OH stretch modes of H2O
involved as an H-bond donor occur near 3400 cm�1 (nb

OH, D).
The free NH stretch of Py2

+ occurs near 3500 cm�1 (nf
NH, E), while

the H-bonded NH stretch shifts strongly to the red down to
3000–3300 cm�1 upon hydration (nb

NH, F, F1). Peak G observed at
B3130 cm�1 in all spectra is assigned to the aromatic CH stretch
vibrations (nCH) of Py2

+. Bands X, Y, and Y0 cannot arise from
fundamentals of Py2

+(H2O)n clusters with p-stacked Py2
+(a/p)

cores and are attributed at this initial stage to either overtone
and/or combination bands or transitions of other minor

Fig. 1 IRPD spectra of Py2
+(H2O)n with n = 0–3 (and Py+Ar for

comparison)54 recorded in the CH, NH, and OH stretch range. The
positions, width, and assignments of the observed transitions are compiled
in Table S1 (ESI†).
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isomers.102,103 The pronounced broad peak F* in the IRPD
spectrum of Py2

+ has been assigned in our previous study to
nb

NH of a minor population of H-bonded isomers, Py2(CC/OC)+.67

Its absence in the IRPD spectra of Py2
+(H2O)n and their Ar-tagged

clusters indicates that these isomers are below the detection
limit for the hydrated clusters. In the following sections, the
structures of the microhydrated Py2

+ clusters are identified by
comparing the measured IRPD spectra with linear IR absorption
spectra computed for low-energy isomers. The IRPD spectra of
their Ar-tagged clusters are also considered because their lower
temperature yields narrower bands in the IRPD spectra, which
provide more precise vibrational assignments.

3.2. Py1/2
+ and (H2O)1/2

Before considering the Py2
+(H2O)n clusters, we briefly review the

available knowledge on the Py1/2
+ and (H2O)1/2 subunits rele-

vant to the current study. The structures of Py and Py+ in their
1A1 and 2A2 electronic ground states are planar (C2v), and the N–
H bond length increases by 7 mÅ from rNH = 1.0031 to 1.0102 Å
upon ionisation from the p(a2) HOMO orbital (Fig. 2). This
geometry change results in a large calculated redshift from
3531 to 3459 cm�1 (Dnf

NH = �72 cm�1), which compares
favourably with the measured values of 3531 and 3447 cm�1

(Dnf
NH = �84 cm�1), respectively.54,63 The IRPD spectrum of

Py+Ar shown in Fig. 1 exhibits two bands E and F at 3450 and
3423 cm�1 assigned to nf

NH of p-bonded Py+Ar(p) and nb
NH of

H-bonded of Py+Ar(H), respectively.54 Because the p-bonded
local minimum with D0 = 6.6 kJ mol�1 shows a computed nf

NH

blueshift of only 3 cm�1 from that of bare Py+ (3459 vs.
3462 cm�1), an accurate experimental value can be estimated
for bare Py+ as nf

NH = 3447 cm�1.54 The formation of the NH� � �Ar
H-bond in the planar Py+Ar(H) global minimum (C2v) with D0 =

9.4 kJ mol�1 and Re = 2.470 Å causes a larger redshift measured
as Dnb

NH = �50 cm�1.
Because of the CR, the positive charge in Py2

+(a) is equally
shared between the two equivalent Py units and both N–H bond
lengths and NH stretch frequencies of Py2

+ are intermediate
between those of Py and Py+ (Fig. 2).23 Indeed, for the Py2

+(a)
global minimum, rNH = 1.0061 Å is close to the average of Py
and Py+ (rNH = 1.0031 and 1.0102 Å). As a result, the calculated
frequencies of the antisymmetric IR-active and symmetric IR-
forbidden NH stretch modes, nf

NH = 3500 and 3501 cm�1, are
midway between those of Py and Py+ computed as nf

NH = 3531
and 3459 cm�1. These computational predictions agree well
with band E observed at nf

NH = 3479 cm�1 in the IRPD spectrum
of Py2

+ (Fig. 1), which is also midway between those of Py and
Py+ observed at nf

NH = 3531 and 3447 cm�1.23,67 The slightly less
stable Py2

+(p) local minimum structure with a parallel orienta-
tion of the two NH groups (Fig. 2) has two IR-active NH stretch
modes calculated as nf

NH = 3499 and 3510 cm�1 with a splitting
of 11 cm�1 (Table S2, ESI†). As these frequencies are similar to
those of the Py2

+(a) global minimum, one cannot exclude the
contribution of Py2

+(p) to band E in the IRPD of bare Py2
+

because its width (19 cm�1) is much larger than the nf
NH shifts

and splittings for the Py2
+(a/p) rotamers.67 However, from the

energetic point of view, the Py2
+ population will be dominated

by Py2
+(a) because it is more stable than Py2

+(p) by 7.5 kJ mol�1

(B3LYP-D3). Indeed, in our recent study on the internal energy
dependence of the formation of Py2

+ in our EI source, the
higher-resolution IRPD spectra of cold Py2

+Ln clusters tagged
with L = Ar and N2 suggest that the population of Py2

+(p) is at
most 15% of the p-stacked Py2

+ dimers.67 The high rotational
barriers (Vb) for a - p and p - a isomerisation computed at
different computational levels suggest that the Py2

+(a/p) iso-
mers are kinetically trapped in their potential well rather than
isomerising between each other. Therefore, the estimated
Py2

+(p) abundance using a Boltzmann distribution based on
DE0(B3LYP-D3) = 7.5 kJ mol�1 is 17% at 298 K, which is
compatible with the experiment (r15%). In the same study,
we assigned the additional bands at 2888 (X) and 3028 (F*) cm�1

observed in the IRPD spectrum of bare Py2
+ (but not in Py2

+Ln) to
a Fermi doublet (2bNH and nb

NH) of a minor population (10%) of
H-bonded Py2(OC)+ isomers containing one open-cycle (OC) Py
unit. The latter dimers are characterized by an NH� � �N ionic H-
bond between Py+ and a neutral noncyclic Py isomer formed by
H-migration and subsequent ring opening in the EI source.67

The calculated O–H bond parameters of H2O in its 1A1

ground state (rOH = 0.9618 Å, n1 = 3657 cm�1, n3 = 3756 cm�1)
agree well with the experimental data (0.9578 Å, 3657 and
3756 cm�1).90 Our computed (H2O)2 equilibrium geometry
has the known trans-linear H-bonded structure (Fig. 2), with
an O� � �O distance (rOO = 2.909 Å) and an angle of the acceptor
H2O axis with respect to rOO (59.11) consistent with corres-
ponding experimental values (2.98 Å, 581).104 The four calcu-
lated OH stretch frequencies of the H2O acceptor (n1/3 = 3652/
3747 cm�1) and donor (nb/f

OH = 3540/3728 cm�1) are also close to
their experimental data (n1/3 = 3654/3746 cm�1, nb/f

OH = 3601/
3735 cm�1), respectively.105–107 The H-bond strength computed

Fig. 2 Structures of (a) Py(+), (b) H2O and (H2O)2, (c) Py2
+(a), and (d)

Py2
+(p) obtained at the B3LYP-D3/aug-cc-pVTZ level. Selected intra-

and intermolecular bond lengths (in Å) are given in black and red,
respectively. Values in dark red indicate NBO charges (in units of e). The
dissociation energies (D0, in parentheses) are given in kJ mol�1.
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as D0 = 13.0 kJ mol�1 compares again favourably with the
experimental determination of D0 = 13.2 � 0.1 kJ mol�1

(1105 � 10 cm�1),108 illustrating that the chosen B3LYP-D3
level reliably describes the H2O� � �H2O interaction. The IEs of
(H2O)n calculated at the B3LYP-D3 level (12.60 and 10.73 eV for
n = 1 and 2) are much higher than the IEs of both Py (8.09 eV)
and Py2 (7.22 eV), indicating that the positive charge is mostly
located on Py2 rather than on the H2O ligands, which justifies
the notation of Py2

+(H2O)n. These calculated IEs are close to
available experimental values (IE = 12.615, 11.21, 8.207 for H2O,
(H2O)2, Py, respectively).109–113

3.3. Py2
+H2O

Based on the two stacked Py2
+(a/p) minima, several low-energy

Py2
+H2O structures are obtained, and the four most stable ones,

Py2
+(a/p)H2O(I and II), are shown in Fig. 3 and Fig. S2 (ESI†).

Their computed IR spectra are compared in Fig. 4 and Fig. S3
(ESI†) to the IRPD spectra recorded for Py2

+H2O and Py2
+H2OAr. In

the most stable structure, Py2
+(a)H2O(I), H2O is attached to Py2

+(a)
via a nearly linear NH� � �O H-bond, a binding motif similar to the
NH� � �N H-bond reported previously for Py(2)

+(a)N2.54,67 The H-bond
in Py2

+(a)H2O(I) is substantially weaker than that in Py+H2O(H)54

(RNH� � �O = 1.809 vs. 1.704 Å, D0 = 46.3 vs. 65.1 kJ mol�1, E(2) = 30.0 vs.
46.4 kJ mol�1), because of the strongly reduced charge on the
proton-donor Py molecule upon attachment of the second Py unit
(from 1.0 to 0.5e). As a result of the weaker H-bond, the charge
transfer to H2O is smaller (qH2O = 0.033 vs. 0.051e). The N–H donor
bond becomes less elongated (rNH = 1.0219 vs. 1.0363 Å, DrNH = 16
vs. 26 mÅ), leading to a smaller redshift in nb

NH (Dnb
NH = �278 vs.

�455 cm�1, nb
NH = 3223 vs. 3004 cm�1). The free N–H bond of the

second Py unit contracts slightly upon monohydration (1.0057 vs.
1.0061 Å), resulting in an observed blueshift of 6 cm�1 (nf

NH = 3506
vs. 3500 cm�1). Monohydration completely decouples the two NH
stretch oscillators of Py2

+(a), and the free NH stretch is a pure local

Fig. 3 Structures of (a) and (b) Py2
+(a)H2O(I and II), (c) Py2

+(p)H2O(I), and (d) Py2
+(a)H2O(I)Ar(I) obtained at the B3LYP-D3/aug-cc-pVTZ level. Selected intra-

and intermolecular bond lengths (in Å) are given in black and red, respectively. Values in dark red indicate NBO charges (in units of e). Energies in parentheses
are the relative energy, the dissociation energy of the most weakly bonded ligand, and the relative Gibbs free energy at 298 K (E0, D0, and G0 in kJ mol�1).

Fig. 4 IRPD spectra of Py2
+H2OArn (n = 0–1) recorded in the CH, NH, and

OH stretch range are compared to linear IR absorption spectra calculated
for Py2

+(a)H2O(I and II) and Py2
+(a)H2O(I)Ar(I and II) at the B3LYP-D3/aug-

cc-pVTZ level (Tables S1 and S3, ESI†).
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mode of the free Py unit. Its partial charge is smaller than that on
the H-bonded Py molecule (qPy = 0.441 vs. 0.526e), which may be
rationalised by the lower ionisation energy of PyH2O as compared
to Py (calculated as IE = 7.60 vs. 8.09 eV). This asymmetry in the
Py2

+(a) charge distribution reduces the strength of the CR (vide
infra). According to the qPy–nf

NH relation, the lower charge is fully
consistent with the blueshift of nf

NH. As in Py2
+(a)H2O(I) the H-bond

to H2O is weaker than that in Py+H2O(H), the O–H bonds in H2O
are less elongated (rOH = 0.9632/0.9627 vs. 0.9636 Å) and the
computed OH stretch frequencies are correspondingly higher
(n1/3 = 3651/3739 vs. 3643/3729 cm�1).

Py2
+(a)H2O(II) is the second most stable isomer with a

Py2
+(a) core. Its C2 symmetric structure has a bifurcated CH� � �O

H-bond of H2O to two CH groups of the two Py units, with
RCH� � �O = 2.467 Å and D0 = 28.5 kJ mol�1. It is substantially less
stable than the global minimum by 17.8 kJ mol�1, because the
two CH� � �O H-bonds are much weaker than the single NH� � �O
H-bond, resulting in a smaller charge transfer to H2O (qH2O =
0.010 vs. 0.033e). The remaining charge on Py2

+ is shared
symmetrically (leading to an optimised and fully developed
CR) but somewhat lower than in bare Py2

+ (qPy = 0.495 vs.
0.500e) due to the minor charge transfer to H2O. In line with the
qPy–nf

NH relation, the N–H bonds are slightly shorter (1.0057 vs.
1.0061 Å), leading to a calculated blueshift of 5 cm�1 for the two
nf

NH frequencies (Table S3, ESI†).
The most stable isomer with a Py2

+(p) core, Py2
+(p)H2O(I),

shown in Fig. 3 features an asymmetric bifurcated nonlinear
H-bond of H2O (double acceptor) to both available NH donor
groups (RNH� � �O = 1.988 and 2.292 Å) and thus the highest H2O
dissociation energy (D0 = 50.1 kJ mol�1), although the indivi-
dual NH� � �O H-bonds are much weaker than in Py2

+(a)H2O(I).
Hence, its energy gap to the Py2

+(a)H2O(I) global minimum is
reduced to only 3.7 kJ mol�1. The two Py units are not
equivalent, and the relatively free Py unit carries less positive
charge than the more strongly H-bonded bottom one (qPy =
0.456 vs. 0.517e). The weaker H-bond is strongly nonlinear and
gives rise to an almost free nNH (E(2) = 4.4 kJ mol�1), while the
stronger H-bond is more linear (E(2) = 17.6 kJ mol�1). As both
NH groups are involved in H-bonding, we cannot readily apply
the qPy–nf

NH relation. The weaker H-bonded N–H bond is less
elongated than the more strongly H-bonded one (rNH = 1.0082
and 1.0147 Å), which results in two redshifted and strongly IR-
active nb

NH modes at 3339 and 3466 cm�1, respectively (Table S4,
ESI†). To enable bifurcated H-bonding, the H2O plane has to
rotate by 901 providing direct access to both lone pairs of the O
atom. In this way, H2O attachment strongly reduces the dis-
tance between the two Py rings (RN� � �N = 3.026 vs. 4.217 Å). Due
to the charge transfer to H2O (qH2O = 0.027e), the O–H bonds
become longer (rOH = 0.9646 Å) and the OH stretch frequencies
are redshifted compared to H2O (n1/3 = 3632/3713 vs. 3657/
3756 cm�1). In contrast to Py2

+(p)H2O(I), Py2
+(p)H2O(II) has a

single NH� � �O H-bond to the top Py unit. The geometric,
energetic, and vibrational parameters of this NH� � �O H-bond
are quite similar to those in Py2

+(a)H2O(I), indicating that
internal rotation of the free Py unit by 1801 has only a small
impact on the remote monohydration motif and interaction

strength. As a result, the IR spectra predicted for Py2
+(a)H2O(I)

and Py2
+(p)H2O(II) are very similar, too. The largest difference

in both structures refers to the free N–H bond, which is shorter
in Py2

+(p)H2O(II) leading to a higher nf
NH (rNH = 1.0048 vs.

1.0057 Å, nf
NH = 3517 vs. 3506 cm�1), consistent with the

modified CR, which is less asymmetric (0.485/0.483 vs. 0.526/
0.441e).

Next, we briefly consider the predicted effects of Ar tagging
on the properties of Py2

+H2O by taking the example of the most
stable Py2

+(a)H2O(I) isomer (Fig. 3 and Fig. S4, ESI†). All consid-
ered Ar-tagged clusters have similar dissociation energies of D0 =
4.2–6.8 kJ mol�1, which are consistent with the experimentally
determined Ar binding energy.67 Because the Ar binding energy is
very low compared to B100 and B50 kJ mol�1 for the much
stronger Py+� � �Py and Py2

+� � �H2O interactions, respectively, the
effects of Ar tagging are minor and thus we discuss only the two
most stable Ar isomers, Py2

+(a)H2O(I)Ar(I and II). They have
slightly different N–H and O–H bond lengths because Ar affects
their H-bonds in a different fashion. The NH� � �Ar H-bond of Ar to
the free Py unit in Py2

+(a)H2O(I)Ar(I) induces an N–H bond
elongation by 0.8 mÅ to 1.0065 Å, resulting in a slight redshift
of nf

NH from 3506 to 3494 cm�1 (Table S1, ESI†). In Py2
+(a)-

H2O(I)Ar(II), Ar forms an OH� � �Ar H-bond to the H2O ligand
and interacts weakly with two adjacent CH groups. Its proton
donor N–H bond is longer by 0.8 mÅ than in Py2

+(a)H2O(I)Ar(I)
(1.0225 vs. 1.0217 Å), as H2OAr has a larger PA than H2O, which
leads to a slight redshift in nb

NH from 3226 to 3212 cm�1 (Table S3,
ESI†). For the structures, binding energies, and IR spectra of the
Py2

+(a)H2O(I)Ar(III–V) and Py2
+(p)H2O(I)Ar(I) isomers, the reader is

referred to Fig. S2–S4 and Tables S3 and S4 (ESI†).
The IRPD spectra of Py2

+H2O and Py2
+H2OAr are compared

in Fig. 4 to the IR spectra computed for the Py2
+(a)H2O(I and II)

and Py2
+(a)H2O(I)Ar(I and II) isomers. The positions and widths

of the transitions observed are listed in Table S1 (ESI†) along
with vibrational and isomer assignments. The IRPD spectrum
of Py2

+H2O exhibits ten main transitions A, A0, B, B0, E, F, F0, G,
Y, and Y0 at 3725, 3705, 3639, 3605, 3492, 3228, 3282, 3134,
3006, and 3175 cm�1 with widths of 13–58 cm�1. The IRPD
spectrum of Py2

+H2OAr shows corresponding, but better
resolved, transitions at 3727, 3706, 3642, 3607, 3488, 3210,
3274, 3133, 3010, and 3175 cm�1, respectively, with similar
intensity ratios but much smaller widths (4–28 cm�1), because
the lower binding energy leads to colder clusters. The small
shifts of r10 cm�1 imply that Ar tagging has indeed little
impact on the Py2

+H2O structure and resulting IR spectrum
apart from the substantially improved spectral resolution. An
even colder IRPD spectrum of Py2

+H2OAr measured in the
range of 3100–3800 cm�1 exhibits only six main transitions
(A, B, E, F, G, and Y0 at 3727, 3642, 3489, 3213, 3141, and 3178
cm�1) with even narrower widths and the absence of the minor
peaks A0, B0, and F0 present in the IRPD spectra of Py2

+H2O and
Py2

+H2OAr recorded under warmer conditions. This difference
suggests a minor contribution of less stable isomers that are
responsible for A0, B0, and F0. The colder IRPD spectrum of
Py2

+H2OAr also shows that the most abundant and thus most
stable isomer can be probed by tagging under the coldest
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conditions. The major transitions in the IRPD spectra of
Py2

+H2O(Ar) can be explained by the most stable Py2
+(a)H2O(I)

isomer. Indeed, good agreement is observed between measured
and computed IR spectra concerning both the positions and
relative intensities of the vibrational transitions. Bands A and B
of Py2

+H2O at 3725 and 3639 cm�1 correspond well with the
predicted transitions of n3 = 3739 and n1 = 3651 cm�1. Band E at
3492 cm�1 can be assigned to nf

NH predicted at 3506 cm�1. Its
modest blueshift of 13 cm�1 upon monohydration from 3479 to
3492 cm�1 is well reproduced by the calculations (from 3500 to
3506 cm�1). The intense band F at 3228 cm�1 is readily
assigned to nb

NH predicted at 3223 cm�1. Its blue-shaded
band contour confirms the assignment to a proton-donor
stretch vibration, consistent with the strong NH� � �O ionic
H-bond.54,80,81,114 This band shows again drastic narrowing
and a small redshift (�18 cm�1) as a result of cooling by Ar
tagging.54,80–82 Band G observed at 3134 cm�1 is attributed to
the eight unresolved and nearly degenerate nCH modes with a
predicted spread of only 24 cm�1. The colder IRPD spectrum of
Py2

+H2OAr exhibits only the major peaks A, B, E, F, G, and Y0

assigned to Py2
+H2O(I)Ar(I). Therefore, the absent minor peaks

A0, B0, and F0 observed in the IRPD spectrum of Py2
+H2O and

warmer Py2
+H2OAr must come from a higher-energy isomer.

Although the substantially less stable Py2
+(a)H2O(II) can at first

glance be excluded as a major carrier of the spectrum because
of its high relative energy (E0 = 17.8 kJ mol�1) and the lack of
the intense nb

NH transition (band F), it can be still considered as
a candidate for the minor contribution from its predicted
(scaled) harmonic frequencies (vide infra). Next, Py2

+(p)H2O(I)
can be excluded as the predominant carrier (Fig. S3a, ESI†)
because of the lack of its intense nb

NH band predicted at 3339 cm�1

in the observed IRPD spectrum although its relative energy is
higher by only 3.7 kJ mol�1 compared to Py2

+(a)H2O(I). How-
ever, the predicted harmonic n1/3 of Py2

+(p)H2O(I) are lower
than those of Py2

+(a)H2O(I) (3651/3713 vs. 3651/3739) and nb
NH is

higher (3339 vs. 3223 cm�1), indicating that Py2
+(p)H2O(I) may

contribute to the minor peaks A0, B0, and F0. The slightly less
stable Py2

+(p)H2O(II) isomer will not be considered any further
because of the close similarity of its predicted spectrum to that
of the assigned Py2

+(a)H2O(I) global minimum. Although the
scaled harmonic spectra of Py2

+(a/p)H2O(I) explain most of the
peaks (A–G), none of the structures can explain peaks
Y and Y0. Therefore, we consider anharmonic calculations for
Py2

+(a)(H2O)(I) conducted at the reduced B3LYP-D3/aug-cc-pVDZ
level (Fig. S3b, ESI†). These calculations suggest an assignment
of band Y to the NH bend overtone (2bNH) of the N–H� � �O H-
bonded Py unit, which gains intensity via Fermi resonance with
the nearby and strongly IR-active nb

NH fundamental.82,102,103,115

Shoulder Y0 may be assigned to the OH bend overtone (2bOH) of
H2O.116–119 Although the B3LYP-D3/aug-cc-pVDZ level explains
the anharmonicity of Py2

+(a) well, it overestimates the anharmo-
nicity of n1/3 of NH� � �O H-bonded H2O. Therefore, we also
consider the PBE0/aug-cc-pVDZ level to support our anharmonic
predictions. Fig. S3b (ESI†) shows the reliability of the PBE0/aug-
cc-pVDZ level by comparison to the harmonic and anharmonic
spectra calculated at the B3LYP-D3/aug-cc-pV(D/T)Z levels. The

anharmonic frequencies of Py2
+(a/p)H2O(I) calculated at the PBE0/

aug-cc-pVDZ level are again in good agreement with our
assignment.

The higher-resolved IRPD spectra of the colder Ar-tagged
ions reveal small additional bands under certain experimental
conditions, indicating the minor presence of higher-energy
isomers. These may arise from different Py2

+H2O isomers or
different Ar tagging sites of the major assigned Py2

+(a)H2O(I)
core. Band E observed at 3489 cm�1 and assigned to nf

NH of
Py2

+H2OAr in the cold spectrum is redshifted by 3 cm�1 from
that of Py2

+H2O (3492 cm�1), suggesting that Ar is attached to
the free NH group of Py2

+(a)H2O(I) in the major Py2
+H2OAr

isomer, with a computed redshift of 13 cm�1. The other four
Py2

+(a)H2O(I)Ar(II–V) isomers, in which Ar does not bind to the
NH group, do not reproduce this nf

NH redshift (Fig. S4 and Table
S3, ESI†). The somewhat warmer Py2

+H2OAr spectrum in Fig. 4
shows additional small bands A0, B0, and F0 at 3706, 3607, and
3274 cm�1, which are similar to those of the bare Py2

+H2O
spectrum at 3705, 3605, and 3282 cm�1, indicating a small
contribution of Py2

+(p)H2O(I)Ar. The observed redshift in F0

from 3282 to 3274 cm�1 suggests that the Ar may bind to the
NH group of Py2

+(p)H2O(I) as shown in Fig. S2 and S3 (ESI†).
The abundance of Py2

+(p)H2O(I)Ar(I) is estimated to be below
25% when considering its computed nb

NH intensity (Fig. S3e,
ESI†). The IRPD spectrum of colder Py2

+H2OAr exhibits sharp
bands with no splitting in the range of n1/3, revealing the sole
presence of Py2

+(a)H2O(I), while the other high-energy isomers
are below the detection limit of 5% by considering the signal-to-
noise ratio of peak F (nb

NH).

3.4. Py2
+(H2O)2

Our B3LYP-D3 calculations yield seven dihydrated isomers with a
Py2

+(a) core, Py2
+(a)(H2O)2(I–VII) (Fig. 5 and Fig. S5, ESI†). These

can be divided into two groups depending on whether two
individual H2O ligands or an H-bonded (H2O)2 dimer are attached
to Py2

+(a). In the highly-symmetric global minimum (C2h),
Py2

+(a)(H2O)2(I), which belongs to the first group, two individual
H2O ligands form equivalent NH� � �O H-bonds to the two available
acidic NH groups of Py2

+(a). The next two isomers II and III belong
to the second group, in which a (H2O)2 dimer chain is attached to
one of the NH groups either with or without a second CH� � �O
contact, respectively, while the other NH group remains free. The
latter structure is similar to that of Py+(H2O)2 reported previously.80

The relative energies calculated for isomers I–III are E0 = 0.0, 5.0,
and 5.5 kJ mol�1, and their relative free energies amount to G0 =
0.0, 11.1, and 8.2 kJ mol�1, respectively. The energy gap between I
and both II and III increases significantly with temperature due to
the reduced entropy contribution for the less flexible isomers II
and III resulting from the structural constraints of the (H2O)2 unit.
From the energetics, I–III are expected to dominate the Py2

+(H2O)2

population in the molecular beam. The other isomers IV–VII,
which also feature NH� � �O and CH� � �O H-bonds, are substantially
higher in energy (E0 = 8.5–37.2 and G0 = 15.4–40.6 kJ mol�1) and
thus not considered in detail further.

The NH� � �O H-bonds in the dihydrated Py2
+(a)(H2O)2(I)

global mininum are slightly weaker than that of the related
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monohydrated Py2
+(a)H2O(I) isomer (RNH� � �O = 1.826 vs. 1.809 Å,

D0 = 44.2 vs. 46.3 kJ mol�1, E(2) = 37.7 vs. 30.0 kJ mol�1), with a
smaller perturbation of the N–H proton donor bond (rNH =
1.0202 vs. 1.0219 Å, nb

NH = 3247 vs. 3223 cm�1). This is the result
of the slightly noncooperative three-body induction forces for
interior ion solvation with individual ligands due to extended
delocalisation of the positive charge. The asymmetric CR in
Py2

+(a)H2O(I) becomes symmetric again in Py2
+(a)(H2O)2(I)

(qPy = 0.526/0.441 vs. 0.461/0.461e). Although the individual

H-bonds are weaker, the charge transfer to the H2O ligands is
increased in Py2

+(a)(H2O)2(I) (qH2O = 0.039 vs. 0.033e) because of
the restored symmetry and optimised CR interaction.

Both Py2
+(a)(H2O)2(II and III) local minima have a similar

solvent configuration with one free NH group and one NH group
solvated by (H2O)2, resulting in a similar charge distribution.
Their major difference is that the terminal H2O in II has an
additional weak CH� � �O contact with Py2

+(a), forming a four-
membered cyclic ring. This additional H-bond causes, however,

Fig. 5 Structures of Py2
+(a)(H2O)n with n = 2 (a)–(c) and n = 3 (d)–(g) obtained at the B3LYP-D3/aug-cc-pVTZ level. Selected intra- and intermolecular

bond lengths (in Å) are given in black and red, respectively. Values in dark red indicate NBO charges (in units of e). Energies in parentheses indicate the
relative energy, the dissociation energy of the most weakly bonded ligand, and the relative Gibbs free energy at 298 K (E0, D0, and G0 in kJ mol�1).

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 8

/4
/2

02
5 

12
:3

5:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00067j


10218 |  Phys. Chem. Chem. Phys., 2025, 27, 10209–10226 This journal is © the Owner Societies 2025

strain on the other H-bonds which become weaker in II com-
pared to III, so that the net energy gain by increasing the size of
the H-bonded network is only 0.5 kJ mol�1. The intermolecular
Py� � �H2O and H2O� � �H2O distances in isomer II are longer than
in III, and the N–H proton donor bond elongates less (rNH =
1.0283 vs. 1.0308 Å, nb

NH = 3107 vs. 3068 cm�1) due to the
weakened NH� � �O H-bond. As (H2O)2 is attached to Py2

+ in II
and III, the resulting NH� � �O H-bond is much stronger than in I
(R = 1.742 and 1.720 vs. 1.826 Å), because of the higher PA of
(H2O)2 compared to H2O and the enhanced charge transfer to
the solvent (qH2O = 0.050 and 0.059 vs. 0.039e). As a result, the
elongation of the N–H proton donor bond is larger (rNH = 1.0283
and 1.308 vs. 1.0202 Å), causing larger NH stretch redshifts
(nb

NH = 3107 and 3068 vs. 3247 cm�1). The same PA argument
explains the stronger NH� � �O H-bond in dihydrated
Py2

+(a)(H2O)2(III) compared to that in monohydrated
Py2

+(a)H2O(I). The high cooperativity of three-body induction
forces typical for H-bonded solvent networks also strongly
strengthens the H-bond of (H2O)2 (Fig. 2) by the presence of
the positive charge of the nearby Py2

+ ion (R = 1.773 vs. 1.946 Å,
D0 = 38.8 vs. 13.0 kJ mol�1). Nonetheless, these H-bonds are in
Py2

+(a)(H2O)2(III) with a Py2
+(a) core substantially weaker than

those in Py+(H2O)2(I) with a Py+ core (RNH� � �O = 1.720 vs. 1.609 Å,
ROH� � �O = 1.773 vs. 1.732 Å) due to the increased charge delocalisa-
tion arising from the CR (qPy = 0.528 vs. 0.926e). The free NH
group of Py2

+(a) becomes progressively less acidic with mono- and
dihydration (rNH = 1.0061, 1.0057, 1.0054 Å for n = 0–2), resulting
in small incremental blueshifts of nf

NH as n increases from 0 to 2
(3500, 3506, and 3510 cm�1).

Before comparing the computed IR spectra to the IRPD
spectra, we briefly discuss the effects of Ar tagging on the
structure and energy of Py2

+(a)(H2O)2 (Fig. S6, ESI†), with parti-
cular focus on the Py2

+(a)(H2O)2(I) global minimum with C2h

symmetry. The three most stable Py2
+(a)(H2O)2(I)Ar(I–III) isomers

have Ar binding energies of D0 = 6.7, 4.3, and 3.2 kJ mol�1. In the
most stable Ar(I) isomer, Ar binds to the OH group of H2O and
one CH group of Py. In the Ar(II) isomer, Ar interacts with the p
electron ring of Py and thus has the least perturbation on the
structure and IR spectrum of Py2

+(a)(H2O)2. In Ar(III), Ar forms a
linear OH� � �Ar H-bond to one of the H2O ligands, which causes
redshifts of 7 and 5 cm�1 in n3 and n1 of Py2

+(a)(H2O)2(I),
respectively. In Ar complexes of the higher-energy isomer
Py2

+(a)(H2O)2(II), Ar preferentially binds to the free NH group,
resulting in its slight elongation of 0.2 mÅ. Nevertheless, nf

NH red-
shifts by only 2 cm�1 (3508 vs. 3510 cm�1). In Py2

+(a)(H2O)2(III)Ar(I),
Ar is part of a four-membered ring with OH� � �Ar� � �HC bonds,
whereas in isoenergetic Py2

+(a)(H2O)2(III)Ar(II), Ar binds to the free
NH group of Py and elongates its N–H bond by 0.7 mÅ, resulting in a
slight redshift of nf

NH by 8 cm�1 (from 3508 to 3500 cm�1). At higher
temperature, Py2

+(a)(H2O)2(III)Ar(II) is more favourable than
Py2

+(a)(H2O)2(III)Ar(I) due to entropy (G0 = 2.4 vs. 10.3 kJ mol�1).
For the structures, binding energies, and IR spectra of the less stable
Py2

+(a)(H2O)2(IV-VI)Ar isomers, the reader is referred to Fig. S6 and
Table S5 (ESI†). As expected from the weak Ar interaction energies
(D0 r 7 kJ mol�1), the overall impact of Ar tagging on the computed
IR spectra (o10 cm�1) and energetic order is very minor for all
considered Py2

+(a)(H2O)2 isomers and thus not considered in detail
further.

Fig. 6 IRPD spectra of (a) Py2
+(H2O)2Arn (n = 0–1) and (b) Py2

+(H2O)3 recorded in the CH, NH, and OH stretch range are compared to the linear IR
absorption spectra calculated for Py2

+(a)(H2O)n(I–III) (n = 2–3) at the B3LYP-D3/aug-cc-pVTZ level (Tables S1, S5, and S7, ESI†).
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The IRPD spectra of Py2
+(H2O)2 and Py2

+(H2O)2Ar are com-
pared in Fig. 6 to the IR spectra computed for the three most
stable isomers Py2

+(a)(H2O)2(I–III) with a Py2
+(a) core. The

positions and widths of the transitions observed are listed in
Table S1 (ESI†), along with vibrational and isomer assignments.
The IRPD spectrum of Py2

+(H2O)2 exhibits 13 major transitions
at 3726 (A), 3639 (B), 3703 (C0), 3684 (C00), 3430 (D0), 3388 (D00),
3493 (E), 3260 (F), 3093 (F0), 3014 (F00), 3136 (G), 2852 (X), and
2967 (Y) cm�1, with widths of 12–64 cm�1. The IRPD spectrum
of Py2

+(H2O)2Ar recorded in a smaller spectral range has
corresponding transitions at 3730 (A), 3643 (B), 3706 (C0),
3700 (C00), 3424 (D0), 3376 (D00), 3493 (E), 3242 (F), and 3135
(G) cm�1, respectively, with similar intensity ratios but much
smaller widths (3–19 cm�1). Ar tagging shifts of those peaks are
less than 18 cm�1 and on average only 7 cm�1. Thus, Ar tagging
has essentially no impact on the intermolecular structure and
vibrational signatures of the observed Py2

+(H2O)2 isomers. As
Py2

+(a)(H2O)2 has only six NH/OH stretch oscillators (2nNH,
4nOH), a single isomer cannot explain all observed features
detected in this spectral range. Therefore, several isomers need
to be considered. The major three bands A, B, and F observed
for Py2

+(H2O)2 and Py2
+(H2O)2Ar are fully reproduced by the

most stable isomer of Py2
+(a)(H2O)2(I) concerning both band

positions and relative intensities. The most intense and
strongly blueshaded band F is readily assigned to nb

NH, while
the weak bands A and B are assigned to n3 and n1, respectively.
Because of C2h symmetry of Py2

+(a)(H2O)2(I), only three out of
the six OH/NH stretch fundamentals are IR-active, namely the
out-of-phase linear combinations of nb

NH, n1, and n3. Band G at
3136 cm�1 assigned to nCH is not sensitive to isomeric struc-
ture. Band E at 3493 cm�1 is close to nf

NH of Py2
+ and well

reproduced by Py2
+(a)(H2O)2(II and III), both of which exhibit a

free NH group. In addition, the (H2O)2 unit of isomers II and III
give rise to nb

OH and nf
OH bands of the H2O donor, which are

predicted to be close to the D0/D00 and C0/C00 pairs. Their
corresponding nb

NH bands may be attributed to bands F0/F00.
The interpretation of the weak bands Y and X is less certain, as
no fundamentals are predicted in this range for any of the
considered isomers. Similar to the n = 1 cluster, they may arise
from Fermi resonance of 2bNH/nb

NH.54,67 In summary,
Py2

+(a)(H2O)2(I) is concluded as the major carrier of the IRPD
spectrum of Py2

+(H2O)2, while Py2
+(a)(H2O)2(II and III) account

for all remaining weaker transitions. When comparing the
computed and measured intensities of the assigned nb

NH bands
(Fig. 6a), the relative abundances of isomers I–III can roughly
be estimated as 65, 10, and 25%, consistent with their relative
free energies of G0 = 0.0, 11.1, and 8.2 kJ mol�1, respectively.

Interestingly, microhydration reduces the energy gap DE0(a–p)
between Py2

+(a) and Py2
+(p) due to the more favourable formation

of H-bonded solvent networks with two NH� � �O ionic H-bonds.
For example, DE0(a–p) = 7.5 and 3.7 kJ mol�1 for n = 0 and 1,
respectively. Indeed, for n = 2 the most stable Py2

+(p)(H2O)2(I)
isomer with a Py2

+(p) core is computed to be even more stable
than Py2

+(a)(H2O)2(I) by DE0(a–p) = �1.0 kJ mol�1 (Fig. S7, ESI†).
However, from an entropic point of view, DG0(a–p) = +6.0 kJ mol�1

for n = 2 due to the strain imposed by the H-bonded network.

The two most stable Py2
+(p)(H2O)2(I and II) isomers form tetra-

and tricyclic rings involving Py2
+(p) and (H2O)2, with DE0 = �1.0

and +3.4 kJ mol�1, respectively. In Py2
+(p)(H2O)2(I), (H2O)2 acts as

a dual H-bond acceptor with two individual NH� � �O H-bonds,
while in Py2

+(p)(H2O)2(II) both NH groups attack the donor of
(H2O)2 via a bifurcated O� � �(HN)2 configuration, similar to mono-
hydrated Py2

+(p)H2O(I). The larger PA of (H2O)2 results in a
larger cooperative effect, thereby reducing DE0(a–p). Although
Py2

+(p)(H2O)2(I) is predicted as the most stable Py2
+(H2O)2 struc-

ture at T = 0 K and the OH stretches (n3, nf
OH, n1, nb

OH) seem to be
consistent with the observed bands A, B, and E, the predicted nb

NH

bands disagree with the IRPD spectrum (Fig. S8 and Table S6,
ESI†). The same conclusion applies also to the next stable
Py2

+(p)H2O(II) isomer with a Py2
+(p) core. Therefore, the popula-

tion of Py2
+(p)(H2O)2 isomers is concluded to be below the

detection limit of 15%, considering the achieved signal-to-noise
ratio of band F and the computed IR oscillator strengths of nb

NH

bands of Py2
+(a/p)(H2O)2(I).

3.5. Py2
+(H2O)3

The optimised geometries of Py2
+(a)(H2O)3(I–III) based on the

most abundant structure of Py2
+(a)(H2O)2(I) are shown in

Fig. 5d–f. All isomers are constructed through two NH� � �O
H-bonds, in which one NH group is solvated by (H2O)2 and
the other one by a single H2O. They differ only by the orienta-
tion of the linear (H2O)2, which is close to that in isomers II–IV
of Py2

+(a)(H2O)2, and their energies increase as E0 = 0.0, 0.4, and
3.2 kJ mol�1, respectively. Similar to Py2

+(a)(H2O)2(II and III),
Py2

+(a)(H2O)3(II) with the free dangling (H2O)2 is more
stable than Py2

+(a)(H2O)3(I) at higher temperature (G0 = 0.0 vs.
3.5 kJ mol�1). In general, the intermolecular distances in
Py2

+(a)(H2O)3(I–III) are longer compared to those of
Py2

+(H2O)2(II–IV) due to the weaker H-bonds, resulting in slight
blueshifts of nb

NH/OH. The weaker H-bonds in n = 3 are due to
increased delocalisation of the excess positive charges on the Py
units compared to n = 2, resulting again from an increased
perturbation of the CR by the third H2O ligand.

The IRPD spectrum of Py2
+(H2O)3 is compared in Fig. 6 to

the linear IR spectra computed for Py2
+(a)(H2O)3(I–III). The

positions and widths of the transitions observed are listed in
Tables S1 and Fig. S7 (ESI†) along with vibrational and isomer
assignments. The isomers based on the Py2

+(p) core are shown
in Fig. S9 (ESI†) and their IR spectra are compared in Fig. S10
(ESI†). Compared to the n = 1–2 clusters, the IRPD spectrum of
n = 3 is significantly more congested with broader bands
(9–85 cm�1), thus complicating the assignment. It exhibits nine
transitions at 3732 (A), 3642 (B), 3702 (C0), 3683 (C), 3293 (F),
3139 (F0), 3459 (D), 3388 (D0), and 3139 (G) cm�1. The trend in
the IRPD spectra of mono- and dihydrated Py2

+(a) in Fig. 1
provides hints about potential Py2

+(H2O)3 structures. First, the
absence of a sharp peak E (nf

NH) indicates that both NH groups
of Py2

+ are hydrated. Second, bands C/C0 and D/D0, which
are typical for nf

OH and nb
OH modes of single-donor H2O ligands

are enhanced compared to those in the IRPD spectrum of
Py2

+(H2O)2. This observation suggests an increased abundance
of structures with an NH� � �O H-bond of the NH groups to a
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(H2O)2 chain. Band F (nb
NH) at 3293 cm�1 appears similarly to

nb
NH of n = 1–2, indicating the presence of a NH group which is

H-bonded to a single H2O ligand. The intense and broad
feature attributed to F1/G at 3139 cm�1 covers nCH and has a
comparable intensity to band F assigned to the more strongly
H-bonded nb

NH of an NH group binding to (H2O)2. Band F of the
n = 3 cluster is blueshifted compared to those of n = 1–2,
indicating that the H-bond strength weakens with increasing
number of H2O ligands around Py2

+. This observation is typical
for noncooperative effects of progressive interior ion solvation
and indicates that the partial positive charge on the Py units of
Py2

+ decreases with increasing n, thereby weakening the charge-
dipole interaction of the NH� � �O H-bonds. Overall, the IRPD
spectrum of Py2

+(H2O)3 is consistent with the computed
Py2

+(a)(H2O)3(I–III) isomers, although only I and II are required
to explain all observed transitions, in particular in the nb

OH range.
Because I and II are nearly isoenergetic, both isomers should

be considered. Py2
+(a)(H2O)3(I) has three intense bands (nb

NH,
nb

OH) predicted below 3500 cm�1 and five weak bands (n1, nf
OH,

n3) above 3600 cm�1. The lowest nb
NH band arising from the H-

bond to (H2O)2 is strongly coupled with the aromatic nCH

modes (local mode mixing). This coupled nb
NH and the second

nb
NH at 3268 cm�1, which comes from the H-bond to H2O, are

consistent with the observed bands at 3139 and 3293 cm�1

(F1 and F), respectively. The nb
OH mode of the OH� � �O H-bond of

(H2O)2 reproduces the observed band at 3459 cm�1 (D). The
free OH stretches n3, nf

OH, and n1 correspond to the observed
bands A and B. However, the bands C and C0 at 3683 and
3702 cm�1, which are more intense and sharper than A and B
and correspond to nf

OH of a single-donor H2O, are not predicted
well by isomer I. On the other hand, isomer II offers the same
assignment as Py2

+(a)(H2O)3(I), except that nb
OH corresponds to

the observed band D0. However, again bands C and C0 cannot
be fully explained by II in terms of both their intensities and
positions.

In an effort to assign bands C and C0, isomers based on
Py2

+(p) are considered because the most stable structure found
for n = 3, Py2

+(p)(H2O)3(I), is indeed more stable than
Py2

+(a)(H2O)3(I), D0 = 43.3 vs. 36.6 kJ mol�1 (Fig. S9, ESI†). In
this structure, the third H2O expands the H-bonded solvent
network of the four-membered Py2

+(p)(H2O)2(I) ring at its sur-
face, resulting in two ionic NH� � �O and two neutral OH� � �O H-
bonds. Compared to Py2

+(a)(H2O)2(I), all H-bonds become
stronger because of cooperativity. Due to the same cooperative
effect, Py2

+(p)(H2O)3(I) is more stable than Py2
+(a)(H2O)3(I) by

DE0 = 7.7 kJ mol�1. However, due to the strain of its cyclic H-
bond network, DG0 is still in favour of Py2

+(a)(H2O)3(I) by
1.4 kJ mol�1. Its predicted IR spectrum differs slightly in the
nOH range, exhibiting two nf

OH and two nb
OH at 3720/3706 and

3458/3363 cm�1, and n3/1 = 3727/3641 cm�1, respectively.
Comparing this predicted IR spectrum with the measured IRPD
spectrum, peaks A and B may also be assigned to n3 and n1, C/C0

to nf
OH, and D/D0 to nb

OH, while F/F0 match with nb
NH (Fig. S10 and

Table S8, ESI†). A further local minimum, Py2
+(p)(H2O)3(II), in

which the third H2O is attached at another binding site in the
(H2O)3 network is also predicted to be more stable than

Py2
+(a)(H2O)3(I) by DE0 = 5.0 kJ mol�1 (Fig. S9, ESI†). Its

predicted IR spectrum is, however, not compatible with the
IRPD spectrum in the nb

NH range. Hence, the two most stable
antiparallel Py2

+(a)(H2O)3(I and II) isomers and the most stable
parallel Py2

+(p)(H2O)3(I) isomer can fully account for the
measured IRPD spectrum. Due to the broad widths of the
bands observed in the IRPD spectrum, a more definitive
determination of their individual contributions is not feasible
at the current spectral resolution. Unfortunately, the achieved
Py2

+(H2O)3Ar ion yield has been insufficient to record a cold
spectrum with better resolution for the n = 3 cluster.

3.6. Impact of stepwise hydration on the CR

Inspection of Fig. 1 reveals that the free NH stretch band nf
NH

(band E) of the free Py units shows small but systematic shifts
as a function of solvation. Our previous study demonstrates a
linear correlation between nf

NH of the free Py unit in Pyn
+ with

n = 0–2 and its partial charge qPy, nf
NH(qPy)/cm�1 = �83.8 qPy/e +

3527.8 as indicated by the dashed line in Fig. 7.23 Using this
correlation, nf

NH measured for Py2
+N2 has been successfully

used to determine small changes in the charge distribution of
Py2

+(a) upon N2 complexation due to symmetry breaking and
charge delocalisation.23 H2O solvation induces a stronger per-
turbation of Py2

+(a) because of its large dipole moment,54,102

leading to a stronger H-bond and larger charge delocalisation.
As a result, nf

NH measured for Py2
+H2O is slightly more blue-

shifted than nf
NH of Py2

+N2 (3492 vs. 3490 cm�1), corresponding
to a lower partial charge on free Py (qPy = 0.427 vs. 0.451e). This
experimentally determined charge, qPy = 0.427e, agrees reason-
ably well with the NBO charge computed for Py2

+(a)H2O(I), qPy =
0.441e. For Py2

+(H2O)2, nf
NH observed at 3493 cm�1 is assigned

to the minor Py2
+(a)(H2O)2(III) isomer. The partial charge of its

free Py unit estimated as qPy = 0.415e from the correlation is
well reproduced by its NBO charge of 0.413e. Its NH� � �O H-
bond is stronger than in Py2

+(a)H2O(I) because the PA of (H2O)2

is higher than the PA of H2O (808 vs. 691 kJ mol�1).70,71,80

Because the IE of the Py(H2O)2 unit in Py2
+(a)(H2O)2(III) is lower

than the IE of PyH2O in Py2
+(a)H2O(I), the partial charge on free

Py is lowered in Py2
+(a)(H2O)2(III) compared to Py2

+(a)H2O(I).
Interestingly, a comparison between the higher-energy isomers
III and IV of Py2

+(a)(H2O)2, which differ by the way the (H2O)2

dimer binds to Py2
+(a) (linear or cyclic) reveals that subtle

differences in the solvation network also have an impact on
the charge of the free Py unit (qPy = 0.413 vs. 0.425e, Fig. S5,
ESI†). The smaller charge transfer to (H2O)2 in IV compared to
III (qH2O = 0.046 vs. 0.059e) may be an indication of the weaker
H-bonds in the solvent network. Therefore, the charge distribu-
tion and CR in Py2

+(a) can be affected by the H-bond strength
even for similar hydration motifs. As can be seen from Fig. 7,
the two available experimental nf

NH data points for isomer I
of n = 1 and isomer III of n = 2 are compatible with the initially
derived linear qPy–nf

NH dependence.
To systematically analyse the impact of stepwise hydration

on the CR, we consider the related Py2
+(a)(H2O)n isomers for

n = 1–3, in which a linear (H2O)n chain is attached to one Py
unit via a linear NH� � �O ionic H-bond. These are isomers I
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(n = 1), III (n = 2), and linear (n = 3) shown in Fig. 3 and 5,
respectively. As the PA of (H2O)n clusters increases with n
(691 o 808 o 862 kJ mol�1 for n = 1–3)70,71,120,121 the NH� � �O
H-bond becomes stronger and shorter (1.809 4 1.720 4
1.685 Å). The gradually increasing negative r* values with
increasing n (�0.034, �0.043, �0.047 a.u.) from the NCI
analysis (Fig. S11, ESI†) and E(2) donor–acceptor interaction
energies (30.0 o 54.6 E 50.5 kJ mol�1) support the increased
H-bond strengths, which are well reproduced by the strongly
redshifted nb

NH available from the experiment (3228 4 3014 cm�1

for n = 1–2) and the calculation (3223 4 3068 4 2937 cm�1 for n =
1–3, Table S9, ESI†). The increased H-bond strengths of the NH� � �O
and OH� � �O H-bonds as a function of n are also visible in the
increased cooperativity calculated from the difference between the
total interaction energy and the sum of the individual interactions
(13% for n = 2 and 20% for n = 3, Table S10, ESI†). This result is
in line with the increasing charge transfer to the solvent (0.033,
0.059, 0.056e). As a result of the stronger H-bond, the N–H bond of
the free Py units contracts slightly (1.0057 4 1.0054 4 1.0053 Å),
leading to increasing computed nf

NH (3506 o 3510 o 3512 cm�1 for
n = 1–3), which are in good agreement with available experimental
values (3492 o 3493 for n = 1–2). As nf

NH increases with n, the
computed NBO charges on the free Py unit decrease accordingly
(0.441 4 0.413 4 0.402e). These values agree well with those
derived from the qPy–n

f
NH relation using the experimental nf

NH

values (0.427 4 0.415 4 0.403e). Interestingly, the total charge
transfer to (H2O)3 of 0.056e is close to that of (H2O)2, 0.059e, due to
the similar IEs of Py(H2O)2 and Py(H2O)3 computed as 7.46 and
7.47 eV, which relates to the similar IEs of (H2O)2 and (H2O)3

reported as 10.73 and 10.06 eV.122 Therefore, the critical hydration
number for the partial charge transfer from Py2

+(a) to the H2O
solvent cluster may be determined as n = 2.

Next, we discuss the impact of the CR interaction on the
H-bond motifs. Due to its C2h symmetry, the two N–H bonds in
Py2

+(a) have the same acidity and strength (rNH = 1.0061 Å). In
Py2

+(a)H2O(I), H2O forms an NH� � �O H-bond (RNH� � �O = 1.809 Å,
D0 = 46.3 kJ mol�1) to one of the two NH groups and elongates it
to rNH = 1.0219 Å. Symmetry reduction upon monohydration
causes an unequal charge distribution on the two Py units, qPy =
0.526 and 0.441e. Due to the decreased positive partial charge
on the free Py unit, its N–H bond contracts to rNH = 1.0057 Å. In
Py2

+(a)(H2O)2(I), the second H2O ligand prefers to solvate the
remaining free NH group and restores C2h symmetry and
consequently the maximal CR in Py2

+(a) (qPy = 0.461e), rather
than forming a (H2O)2 solvent network. This preference for
interior ion solvation over the formation of the H-bonded
network is observed because the additional strong charge-
dipole interaction, although slightly noncooperative, is still
more favourable than the significantly cooperative dipole–
dipole interaction in the (H2O)2 chain. As a result of restored
C2h symmetry, the two H-bonds in Py2

+(a)(H2O)2(I) have
equal strength with RNH� � �O = 1.826 Å, rNH = 1.0202 Å, and
D0 = 44.2 kJ mol�1, although slightly weaker than the single one
in monohydrated Py2

+(a)H2O(I). These relative H-bond
strengths are also obtained from the NCI analysis (r* =
�0.034 4 �0.033 a.u. for n = 1 and 2, Fig. S11, ESI†). The
weaker H-bond in dihydrated Py2

+(a)(H2O)2(I) is rationalised by
the reduced charge on the H-bond donor Py units (0.461 vs.
0.526e, Fig. 3 and 5), resulting in weaker local charge-dipole
interactions between Py and H2O.

As a next step, we analyse the impact of hydration on the CR
of Py2

+(a), Py2
+(a)H2O(I), and Py2

+(a)(H2O)2(I) by comparing the
vertical excitation energies for the CR transition (DE) using
the TD-DFT approach. First, the reliability of the considered
dispersion-corrected DFT functionals for predicting the CR
transition, namely B3LYP, CAM-B3LYP, B3PW91, and M06-2X
with the aug-cc-pVTZ basis set is evaluated by comparing the
TD-DFT transition energies of the cations of benzene dimer
(Bz2

+), benzene-naphthalene (BzNp+), and benzene-toluene
(BzTol+) in their optimised ground state geometries to their
experimentally reported values (Table S11, ESI†).32,44,45,51,53

The CAM-B3LYP-D3 and M06-2X functionals yield results clo-
sest to the experimental values. Therefore, the DE values,
obtained for the optimised ground state geometries of Py2

+(a),
Py2

+(a)H2O(I), and Py2
+(a)(H2O)2(I) at the B3LYP-D3 level, are

supported by those obtained with the CAM-B3LYP-D3 and
M06-2X functionals (Fig. S12 and Table S12, ESI†). To this end,
DE values increase slightly with n (1.7917 o 1.7982 o 1.8015 eV,
Fig. S12, ESI†). The CR transition energy of the dimer cation is
roughly given by the difference in the ionisation energies of the
two units and its binding energy, DE E DIE + 2D0.51 Within this

Fig. 7 (a) Observed nf
NH values for Py, Py+, and Py2

+ (open circles) and
Py2

+N2 and Py2
+(H2O)1,2 (filled circles) as a function of the calculated NBO

charge on the free Py unit (qPy). The dashed line is a linear fit obtained by
using nf

NH of Py, Py+, and Py2
+. (b) Expanded view in the vicinity of Py2

+ and
its solvated clusters.
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approximation, D0 corresponds to the orbital coupling term
(2D0 = 2V). For the Py2

+(a) homodimer (i.e., DIE = 0), the coupling
is maximised and given by D0 (107.4 kJ mol�1 or 1.11 eV), in line
with roughly half of the computed excitation energy (DE =
1.79 eV). For monohydrated Py2

+(a), the nonvanishing DIE value
of 0.49 eV for PyH2O and Py (7.60 and 8.09 eV) reduces the orbital
overlap and lowers D0 of Py2

+H2O - Py+H2O + Py compared to
that of Py2

+(a) from 107.4 to 88.2 kJ mol�1 (1.11 o 0.91 eV).
However, the contribution of DIE to DE roughly compensates for
the reduced D0 value caused by poorer coupling arising from
symmetry reduction, leading to an DE value comparable to that
of Py2

+(a). Because DIE = 0 for the symmetrically dihydrated
Py2

+(a)(H2O)2(I) cluster, the CR interaction becomes stronger
again due to optimised overlap of the two HOMOs. The DE of
Py2

+(a)(H2O)2(I) and D0 for dissociating the core according to
Py2

+(a)(H2O)2 - Py+H2O + PyH2O are predicted to be slightly
higher than that of Py2

+(a) (1.8015 vs. 1.7917 eV and 114.4 vs.
107.4 kJ mol�1, 1.19 vs. 1.11 eV, respectively), suggesting that
charge delocalisation into the H2O molecules (0.922 vs. 1.0e)
might strengthen the CR interaction in the core.

Interestingly, the energy gap DE0(a–p) of Py2
+(H2O)n with

n = 0–3 decreases with increasing degree of hydration as 7.5 4
3.7 4 �1.0 4 �7.7 kJ mol�1 for the most stable isomers
(Fig. 8). Hence, stepwise hydration is predicted to reverse the
energetic order of the Py2

+(a) and Py2
+(p) cores between n = 2

and 3, suggesting a hydration-induced switch in the structural
CR motif. A similar result has been reported for the formation
of the most stable Py3

+ trimer cation, in which Py solvates a
Py2

+(p) core whereas Py2
+(a) is most stable for Py2

+.68

For Py2
+(H2O)n with n = 2, the Py2

+(p) core isomer becomes
more stable because of cooperative NH� � �O and OH� � �O H-
bonds and increased H-bond strengths as compared to n = 1
while at the same time the Py2

+(a) core isomer suffers from

slight noncooperativity arising from internal ion solvation and
slightly reduced H-bond strengths (Fig. S13, ESI†). Both effects
are further enhanced for n = 3 (Table S10, ESI†), thereby
changing the DE0(a–p) gap even more in favour of the Py2

+(p)
core. While the measured IRPD spectra are consistent with this
computational prediction, better-resolved IRPD spectra are
required to provide definitive experimental proof for this drastic
impact of solvation on the structure motif of the aromatic CR.

3.7. Impact of partial charge of Py on strength of H-bonds

The current study offers the unique opportunity to evaluate the
strengths of the NH� � �O H-bonds between H2O and Py as a
function of the Py charge in PyH2O, Py2

+(a)H2O(I), and Py+H2O
because in all three charge states (qPy = 0.0, 0.5, 1.0e) a similar
linear H-bond motif is observed.54,55,80 Indeed, with increasing
charge, the experimental nb

NH values shift progressively to the
red (3448 4 3228 4 2945 cm�1)54,55 due to the increasing
strength of the NH� � �O H-bond. This trend is well supported by
the computations, according to which the H-bonds become
shorter and stronger with increasing charge (RNH� � �O = 1.991 4
1.809 4 1.704 Å, D0 = 17.6 o 46.3 o 65.1 kJ mol�1, r* =�0.023 4
�0.034 4 �0.045 a.u., Fig. S14, ESI†), mostly due to the addi-
tional charge-dipole forces. The H-bond in Py2

+(a)H2O is quite a
bit stronger than the average of PyH2O and Py+H2O (by 5.0 kJ
mol�1) mainly due to the reorganisation of the charge resonance
in Py2

+(a) upon monohydration, causing the charge of the proton
donor Py (0.526e) to be slightly higher than 0.5e.

Next, we consider the preferred dihydration motifs of Py,
Py+, and Py2

+ to discuss the evolution of the H-bonded solvent
network as a function of charge and the number of available
NH proton donor groups. Neutral Py(H2O)2 has a cyclic (s–p
bridge) structure, in which a linear OH� � �O H-bonded (H2O)2

dimer binds to Py by NH� � �O and OH� � �p H-bonds.55

Fig. 8 Relative energy differences (DE0 in kJ mol�1) of the most stable structures of Py2
+(a)(H2O)n and Py2

+(p)(H2O)n (n = 0–3) depending on the
hydration number (n) calculated at the B3LYP-D3/aug-cc-pVTZ level.
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In contrast, Py+(H2O)2 has a linear chain structure with adja-
cent NH� � �O and OH� � �O H-bonds because of the strongly
anisotropic charge-dipole interaction and the repulsive inter-
action between Py+ and the p-bonded OH hydrogen.80 On the
other hand, Py2

+(a) with its two NH groups offers two strongly
acidic H-bond attractors for individual H2O ligands so that in
the Py2

+(a)(H2O)2(I) global minimum both positive partial
charges are solvated, thereby restoring the CR. Nonetheless,
the Py2

+(a)(H2O)2(II and III) local minima with an NH� � �O H-
bond of one NH group to a linear (H2O)2 are energetically
competitive with Py2

+(a)(H2O)2(I). Isomer III is more stable than
II at higher temperatures due to entropy and exhibits a similar
binding motif as Py+(H2O)2. Because of the CR interaction and
the strongly reduced positive charge, the NH� � �O and OH� � �O
H-bonds in Py2

+(a)(H2O)2(III) are weaker than those in
Py+(H2O)2 (RNH� � �O = 1.720 vs. 1.609 Å, ROH� � �O = 1.773 vs.
1.732 Å, D0 = 38.8 vs. 46.1 kJ mol�1 for loss of H2O, r*NH� � �O =
�0.043 vs. �0.050 a.u., r*OH� � �O = �0.037 vs. �0.041 a.u., Fig.
S14, ESI†) which is well supported by the measured nb

OH values
(3306 vs. 3388 cm�1 for qPy = 1.0 and 0.5e).80 The H-bond
cooperativity is drastically reduced from 30% to 13% (Table
S10, ESI†), which is nearly the same as that of the neutral
cluster (12%),80 although the H-bonds are much stronger in
Py2

+(H2O)2(III) (Fig. S14, ESI†). Therefore, although the excess
charge of 0.5e substantially increases the H-bond strength due
to the additional charge-dipole interaction, it does not increase
the degree of cooperativity in the H-bonded network.

In the following, we compare the mono- and dihydration
motifs of neutral and cationic Py2

(+) by considering Py2(H2O)n

and Py2
+(H2O)n with n = 1–2. Neutral Py2 has a T-shaped

structure with an NH� � �p H-bond.61,63,66 In Py2H2O(I), H2O
forms a cyclic structure with T-shaped Py2 via NH� � �OH� � �p
bonds (Fig. S15, ESI†).55,123 Upon ionisation, the cyclic Py2H2O
structure opens toward linear Py2

+(a)H2O(I) due to the repulsive
interaction between Py2

+ and the p-bonded H2O ligand arising
from the excess positive charge.80 Interestingly, due to the
stable cyclic structure with two neutral H-bonds, D0 of Py2H2O
is almost comparable to that of Py2

+H2O featuring a single ionic
H-bond (38.3 vs. 46.3 kJ mol�1). All minima calculated for
neutral Py2(H2O)2 have cyclic structures and differ depending
on whether one or two H2O molecules are present in the cycle
(Fig. S15, ESI†). The global minimum, Py2(H2O)2(I), has a
similar structure as Py2H2O(I) with a (H2O)2 dimer replacing
H2O. In Py2(H2O)2(II), higher in energy by only 3.3 kJ mol�1,
both H2O molecules form individual NH� � �O and OH� � �p
H-bonds to the two Py units. Upon p electron emission,
Py2(H2O)2(I) likely converts to Py2

+(a)(H2O)2(II and III), while
Py2(H2O)2(II) probably generates Py2

+(a)(H2O)2(I) due to the
repulsive interactions between the positive excess charge and
the p-bonded OH hydrogens, thus breaking the OH� � �p H-
bonds. In the cationic clusters, Py2

+(a)(H2O)2(I) becomes more
stable because it forms a stronger CR than Py2

+(a)(H2O)2(II and
III). Hence, ionisation changes the order of the isomeric
structures of dihydrated Py2.

Py2
+(a) offers two spatially separated acidic functional NH

groups. Their hydration motifs, interior ion solvation or

formation of a single H-bonded solvent network, become
competitive starting from two H2O molecules, as demonstrated
for Py2

+(a)(H2O)2(I) and Py2
+(a)(H2O)2(II and III). Similar com-

peting hydration motifs are observed for the previously studied
microsolvation of the 5-hydroxyindole cation (5HI+), a bicyclic
aromatic ion offering an NH group in the pyrrole ring and an
OH group at the phenyl ring.83 5HI+(H2O)2(OH/NH), in which
both acidic functional groups are solvated by a single H2O
ligand, corresponding to interior ion solvation, is found as the
dominant isomer, whereas 5HI+(H2O)2(OH/H2O or NH/H2O)
isomers with the (H2O)2 dimer chain attached to either the
NH or OH group provide only a minor contribution to the
population. The high abundance of 5HI+(H2O)2(OH/NH) with
slightly noncooperative H-bonds originates from two strongly
acidic functional groups.83 Similarly, the presence of two acidic
NH groups is mainly responsible for the high abundance of
Py2

+(a)(H2O)2(I) with interior ion solvation, in addition to its
favourable CR interaction.

4. Concluding remarks

Herein, we investigate the effects of stepwise microhydration
on the CR-stabilised Py2

+ homodimer cation by IRPD spectro-
scopy of mass-selected bare and Ar-tagged Py2

+(H2O)n clusters
and complementary quantum chemical calculations at the
B3LYP-D3/aug-cc-pVTZ level including NCI, NBO, and TD-DFT
analysis. Systematic shifts observed for the nNH and nOH stretch
bands provide detailed information about the structure and
bonding of the observed cluster isomers and the preferred
cluster growth, including charge distributions, cooperativity,
and the strengths of the CR and H-bonds as a function of the
degree and site of hydration. Significantly, the results provide
for the first time information about the solvation effects on
the fundamental aromatic CR interaction in isolated clusters.
The salient results may be summarised as follows.

(1) The preferred cluster growth of Py2
+(a) begins with

hydrating the two available acidic NH protons (n = 1–2) fol-
lowed by the formation of a H-bonded solvent network (n Z 3).
In general, interior ion hydration is slightly noncooperative,
leading to slightly weaker NH� � �O H-bonds for n = 2 compared
to n = 1. On the other hand, formation of the H-bonded solvent
network via OH� � �O H-bonds is strongly cooperative due to
nonadditive induction forces. To this end, for n = 2 the local
minina with a (H2O)2 attached to a single NH group become
energetically competitive with the most stable symmetrically
hydrated global minimum, with an observed population ratio
of around 1 : 2 in our plasma expansion. When considering the
n = 1–3 isomers in which one of the Py units of Py2

+(a) is
solvated by a linear (H2O)n chain, the NH� � �O ionic H-bond to
the solvent cluster becomes progressively stronger due to
increasing proton affinity of (H2O)n, resulting in larger charge
transfer to solvent and stronger nb

NH redshifts, an effect that
seems to converge around n = 2–3.

(2) The new experimental and computational data for the
various Py2

+(H2O)n clusters allow us to further confirm the
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roughly linear qPy–nf
NH correlation between the free NH stretch

frequency of the Py unit and its partial positive charge devel-
oped earlier from data of Py(+) and Py2

+.23 The experimental qPy

values obtained for Py2
+(H2O)n with n = 1–3 from this qPy–nf

NH

correlation are in good agreement with the computed NBO
charges, once again validating our approach of characterising
the CR interaction in aromatic dimers utilising the IRPD
technique in the ground electronic state (c+).

(3) Our characterisation of the Py2
+(H2O)n clusters offers the

unique opportunity to determine the effects of sequential hydra-
tion on the CR interaction as a function of isomeric structure
and cluster size n. According to a rough approximation, two
competing factors have to be considered, namely the difference
in the ionisation energies (DIE) and the coupling constant (V)
approximated by the binding energy D0. Monohydration of
Py2

+(a) reduces the symmetry of the cluster and thus the CR
interaction for n = 1. Symmetric dihydration for n = 2 restores the
symmetry and increases the CR again. However, when taking DIE
into account, the splitting between c+ and c� (DE) giving rise to
the CR transition is only weakly affected upon mono- and
dihydration, as confirmed by TD-DFT calculations.

(4) Moreover, our experimental IRPD spectra, along with the
computational results, provide the first evidence that stepwise
hydration induces a change in the preferred CR core ion from
the symmetric Py2

+(a) structure (n r 2) to the parallel Py2
+(p)

core (n Z 3) due to the strong cooperativity favouring the
formation of single-sided H-bonded hydration networks. How-
ever, IR spectra at higher resolution are required for a definitive
proof of this scenario. To this end, IR spectra for clusters with
n 4 3 may shed further light on this preliminary conclusion,
while at the same time further expanding the correlation
between the CR interaction and the H-bond motifs.

(5) Comparison of microhydration of Py, Py+, and Py2
+ offers

the valuable opportunity to quantitatively characterise the
H-bond strength of the aromatic solute to the (dipolar) solvent
network as a function of its positive partial charge. Due to the
increasing charge-dipole interaction, the NH� � �O H-bond
becomes progressively stronger the larger the charge on the
Py unit.

As an outlook, we are currently expanding these studies on
the CR interaction in several directions using the same com-
bined experimental and computational approach, including
(i) Py2

+ dimers solvated by molecules with different proton
affinities (e.g., CH3OH), (ii) larger Pyn

+ clusters, and (iii)
clusters of [PyA]+ heterodimers with aromatic molecules A with
different IEs.
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