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The role of proton-assisted charge accommodation in electron capture by a heterocyclic electron
scavenger is investigated through theoretical analysis of the vibrational spectra of cold, gas phase
[Py·(H2O)n=3−5]− clusters. These radical anions are formed when an excess electron is attached
to water clusters containing a single pyridine (Py) molecule in a supersonic jet ion source. Under
these conditions, the cluster ion distribution starts promptly at n = 3, and the photoelectron spectra,
combined with vibrational predissociation spectra of the Ar-tagged anions, establish that for n > 3,
these species are best described as hydrated hydroxide ions with the neutral pyridinium radical,
PyH(0), occupying one of the primary solvation sites of the OH−. The n = 3 cluster appears to
be a special case where charge localization on Py and hydroxide is nearly isoenergetic, and the
nature of this species is explored with ab initio molecular dynamics calculations of the trajectories
that start from metastable arrangements of the anion based on a diffuse, essentially dipole-bound
electron. These calculations indicate that the reaction proceeds via a relatively slow rearrangement
of the water network to create a favorable hydration configuration around the water molecule
that eventually donates a proton to the Py nitrogen atom to yield the product hydroxide ion. The
correlation between the degree of excess charge localization and the evolving shape of the water
network revealed by this approach thus provides a microscopic picture of the “solvent coordinate”
at the heart of a prototypical proton-coupled electron transfer reaction. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4931928]

I. INTRODUCTION

As an isolated species, the radical anion of pyridine, Py−,
exists as an unstable transient negative ion,1–9 while in aqueous
environment it is known10 to undergo rapid protonation to form
the neutral pyridinium radical PyH(0) along with hydroxide.
Consequently, the presence of water plays two essential roles
underlying the chemical behavior of Py−: one to provide a
dielectric medium that can electrostatically prevent the valence
anion from undergoing electron autodetachment, and the other
to facilitate proton transfer by stabilizing the nascent hydroxide
ion. Such a scenario provides an interesting opportunity to
explore the detailed manner by which these two processes
unfold as water molecules are sequentially added to the
ionic ensemble [Py·(H2O)n]−. This study is motivated by the
earlier cluster work of Desfrancois and coworkers,1 who made
the important observation that the [Py·(H2O)n]− distribution
begins promptly at n = 3 when formed using Rydberg electron
transfer. Estimates1,2,4–9,11 of the Py electron affinity range
from −0.48 to −0.79 eV, which means that the isolated anion
is unstable with respect to electron detachment. Desfrancois

a)Author to whom correspondence should be addressed. Electronic mail:
jordan@pitt.edu; nhammer@olemiss.edu; and mark.johnson@yale.edu

and coworkers1 attributed the onset of the distribution at
n = 3 in the hydrated clusters to the greater stabilization
of the Py− anion (relative to the neutral) with increasing
hydration, as indicated schematically in Fig. 1. This raises
the question, however, of whether such a radical ion can
be prepared and isolated as a locally stable arrangement in
the early hydration regime prior to the proton transfer event.
Indeed, the values for the vertical detachment energies of the
untagged [Py·(H2O)n≥3]− clusters measured in recent negative
ion photoelectron spectra12 have been interpreted to indicate
that both PyH(0) created by electron-induced proton transfer
and reactant hydrated Py− anions were present at n = 3, while
the spectra of the larger clusters were most consistent with the
PyH·(OH)−·(H2O)n−1 species.12 This leaves open the questions
of how these conclusions depend on the internal energies
of the ions, as well as what internal rearrangements drive
formation of the proton-transferred products. In particular,
these results point to an interesting scenario where the proton
is effectively titrated from water to Py− according to the
number and arrangement of water molecules in the spirit of our
recent study of network-mediated, intracluster proton transfer
in the conversion of nitrosonium NO+ to nitrous acid HONO.13

Our approach involves an integrated analysis of the photo-
electron angular distribution, vibrational predissociation, and
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FIG. 1. Schematic representation of the potential energy curves for con-
verting Py·(H2O)n to the lowest valence anion state of [Py·(H2O)n]− with
n = 2 and 3 water molecules. While in the bottom case (n = 3) the charged
species is energetically favored, removal of a single water molecule to give
n = 2 (top trace) leads to autodetachment of the excess electron. This charge-
stabilization by a critical number of solvent molecules has been used to
rationalize the observed prompt onset of the [Py·(H2O)n]− distribution at
n = 3 in Rydberg electron transfer.1

photo-induced vibrational autodetachment spectroscopies of
the Ar-tagged products from the reaction between neutral Py
and the negatively charged water clusters,

Py + (H2O)n− → Py·(H2O)n− → PyH·(OH−)·(H2O)n−1 (1)

and thus extends the recent photoelectron work of Wang
et al.12 We then explore the mechanism by which an excess
electron, initially delocalized in a diffuse orbital of the sys-
tem,14,15 becomes localized into a valence molecular orbital
through the cooperative interplay between the water network
and the key proton transfer reaction coordinate: N · · ·H · · ·OH.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

A. Vibrational photodissociation, photo-induced
vibrational autodetachment, and photoelectron
spectroscopy

Anionic clusters of H2O with Py were synthesized in
an electron-impact ionized supersonic jet expansion of Ar
carrier gas (60 psi) seeded with trace water and Py vapors,
which were co-expanded through a single pulsed valve (Parker
Hannifin General Valve Series 9, 0.030 in. aperture). A
1 keV electron beam counterpropagating along the axis of
the supersonic expansion generated negatively charged cluster
ions in the resulting neutral plasma. Conditions were optimized
for attachment of weakly bound Ar atom “tags” to the cluster
anions, thus enabling vibrational predissociation spectroscopy

by photoevaporation of the Ar atoms,

[Py·(H2O)n]−·Arp + hν → [Py·(H2O)n]−·Arp−q + q Ar (2)

using the Yale double focusing, tandem time-of-flight
photofragmentation mass spectrometer described previously.16

The parent [Py·(H2O)n]−·Arp ion and the
[Py·(H2O)n]−·Arp−q photofragment were separated by a sec-
ondary (reflectron) mass spectrometer. The [Py·(H2O)3]−·Arp
cluster also exhibited vibrational autodetachment above
3000 cm−1,

[Py·(H2O)3]−·Arp + hν → [Py·(H2O)3] + p Ar + e−. (3)

The action spectrum for electron ejection through Eq. (3) was
recorded as a function of photon energy by monitoring the
electron signal on microchannel plates positioned below the
laser interaction region.

All vibrational predissociation and photo-induced vibra-
tional autodetachment spectra between 2250 and 3800 cm−1

were obtained using a LaserVision optical parametric oscilla-
tor/amplifier mid-infrared system pumped by a Nd:YAG laser
(10 Hz, 8 ns pulse width). Radiation in the 600-2500 cm−1

region was produced by generating the difference frequency
between the ∼1.5 and ∼3 µm beams from the OPO/OPA in a
AgGaSe2 crystal. The spectra of the low and high frequency
regions (600-2500 cm−1 vs. 2250-3800 cm−1) were combined
by normalizing the intensities of transitions that occur in the
overlap region from 2250 to 2500 cm−1 that can be reached
with both configurations. In addition, the photofragment signal
was divided by the laser pulse energy to account for changes
over the course of a scan. Experimental spectra represent the
summation of 15-20 individual scans.

Photoelectron spectra were acquired by velocity map
imaging at an excitation energy of 2.33 eV using an instrument
described in detail elsewhere.17–21 Images were converted to
photoelectron spectra using the BASEX transformation.19 The
vibrational structure of the NO− spectrum was used to calibrate
the spectrometer.

B. Structure optimizations and harmonic
frequency calculations

To aid in assigning the vibrational spectra, the geometries
of various possible structures of the [Py·(H2O)n]−, n = 2-5
clusters were optimized using M06-2X22 density functional
method with the 6-31++G(d,p)23–25 basis set. This approach
was chosen because it has recently been shown to accurately
reproduce experimental photodetachment energies of hydrated
azabenzene anions.12 The X-H (X=N,O,C) stretching funda-
mentals were scaled by 0.980 for this level of theory, while
the lower energy, non-stretching modes were not scaled. These
calculations were performed using the Gaussian09 program.26

C. Born-Oppenheimer molecular dynamics
(BOMD) simulations

In order to gain insight into the rearrangement dynamics,
we also carried out BOMD simulations of [Py·(H2O)3]−
starting from the structure corresponding to the dipole-
bound anion. The simulations were carried out in the NVE
ensemble with an excess energy corresponding to T = 270 K,
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randomized over all atoms. This temperature corresponds to
∼180 cm−1 per degree of freedom, whereas excitation of an
OH stretch would deposit ∼120 cm−1 into each intermolecular
degree of freedom (assuming validity of the equipartition
theorem and that no energy is deposited into the high-
frequency intramolecular modes after randomization). Thus,
the simulations were carried out at an energy content in excess
of that in play under the experimental conditions, which leads
to accelerated dynamics. The BOMD simulations were carried
out using the CP2K27 code and were conducted using the
BLYP density functional method,28,29 including the D2 long-
range interaction correction of Grimme30 and employing the
Goedecker-Teter-Hutter pseudopotentials,31 aug-DZVP-GTH
basis sets,31,32 and a plane wave cutoff of 280 Ry. The Martyna
Tuckerman Poisson solver33 was employed in the calculation
of the electrostatic interactions. A cubic box of 18 Å sides was
employed, and a time step of 1.0 fs was used.

III. RESULTS AND DISCUSSION

A. The Py·(H2O)n− cluster distribution: An abrupt
onset at n = 3

The mass spectrum obtained from the ionized free jet,
as described above, is displayed in Fig. 2, which shows the
distribution of [Py·(H2O)n]− clusters (red) and their complexes
with an argon atom (blue). Bare hydrated electron clusters with
n = 6 and 7 (colored gray) and their Ar adducts (bronze) are
also generated in abundance. The abrupt onset of [Py·(H2O)n]−
anions at n = 3 is in accordance with the earlier observations by
Desfrancois and co-workers,1 as discussed in the Introduction.
While not our focus in this work, we note in passing that
we were able to generate the smaller n = 2 species using Ar-
mediated condensation,

FIG. 2. Mass spectrum of electron-impact ionized species generated by
coexpanding trace water and pyridine vapor in a supersonic jet with Ar carrier
gas. The peaks due to the [Py·(H2O)n]− clusters are colored red, while the
blue peaks designate the Ar-tagged species, [Py·(H2O)n]−·Ar. The hydrated
electron clusters (H2O)n− as well as their Ar-tagged derivatives, (H2O)n−·Ar,
are also present in the mass spectrum (gray and bronze, respectively). The
dotted vertical red line points out that the [Py·(H2O)2]− species is not present
under these source conditions.

Py + (H2O)n−·Arm → [Py·(H2O)n]−·Arm∗

→ [Py·(H2O)n]−·Arp + (m − p) Ar (4)

in a different source scheme where the Py vapor is introduced
with a second pulsed valve and entrained into the electron-
beam ionized expansion. That approach was used earlier to
form very low adiabatic electron affinity (AEA) anions [e.g.,
(H2O)4−] as well as metastable anions with diffuse excess
electrons.34–37

It is useful to consider the origin of the onset of the
cluster distribution at n = 3 in the context of the behavior
of related systems. For example, the (H2O)n− distribution, at
high water partial pressures,38,39 displays an abrupt onset at
n = 15, which has been traced to a condition where the AEA
becomes roughly equal to the water binding energy at this
cluster size. In that case, the onset occurs because the smaller
cluster anions are neutralized due to electron ejection when
the condensation energy released upon attachment of a water
monomer is larger than the AEA (i.e., a type of associative
detachment reaction).40 The onset of the [Py·(H2O)n]− cluster
distribution at n = 3 therefore indicates that the AEA increases
much more rapidly with increasing cluster size than for neat
water clusters.

B. Velocity map imaging photoelectron
spectroscopy of the [Py·(H2O)3]− cluster: Evidence
for a valence anion

To assess the nature of the excess electron orbital
in the [Py·(H2O)n]− clusters, the angular distributions of
photoelectrons were obtained by velocity map imaging using
an excitation wavelength of 532 nm (2.33 eV). These results
for n = 3 are given in Fig. 3, where the raw image and photo-
electron energy distributions (after BASEX transformation)19

are given in traces (a) and (b), respectively. The spectrum is
very broad, consistent with that reported by Wang et al.,12

displaying a full width at half maximum (FWHM) of 0.85 eV,

FIG. 3. Velocity map image (a) and resulting photoelectron spectrum (b) of
[Py·(H2O)3]− after the BASEX transform procedure.19 This spectrum was
obtained using an excitation energy of 2.33 eV and plotted as a function of the
electron binding energy. The white arrow in the image indicates the direction
of the electric field vector (E) of the laser. Arrows above the spectrum
indicate the VDE values for Py−·(H2O)3 and PyH·(OH−)·(H2O)2 assigned
by Wang et al.12
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indicating that the vertical electron detachment energy (VDE)
is much greater than the AEA. The peak photoelectron yield of
the distribution occurs at 1.53 eV, corresponding to the VDE,
which is in close agreement with the VDE of 1.56 eV reported
by Wang et al.12 Most importantly, the image in Fig. 3(a)
exhibits a significantly negative anisotropy parameter41 of
about −0.5, indicating that photoelectrons are preferentially
ejected perpendicular to the direction of the electric field
vector (double-headed white arrow in Fig. 3(a)). This behavior
is opposite to that displayed by the hydrated electron clusters,
(H2O)n−, for which β values are observed close to +2,42,43 the
limiting value expected for a s→ p electron ejection scenario.
Furthermore, anionic water clusters in the size range around
n = 5 have much lower VDEs (<0.5 eV)34,44–46 with narrow
photoelectron distributions closer resembling that displayed
by diffuse, dipole-bound electrons.47 These results indicate
that the excess electron in the [Py·(H2O)3]− cluster occupies a
valence molecular orbital. Photoelectron spectra of the n = 4
and n = 5 clusters are also given in the supplementary material
(Fig. S1).48 As reported earlier,12 the binding energy increases
with hydration such that the band becomes distorted due to
threshold effects49–51 when the VDE approaches the photon
energy.

C. Calculated structures

The calculated [M06-2X/6-31++(d,p)] minimum energy
structures for the n = 3-5 clusters identified earlier by Wang
et al.12 are reproduced in Fig. 4. Interestingly, the n = 3 cluster
has two nearly isoenergetic isomers: one that exhibits proton-
transfer from a water molecule to the pyridine leaving a
solvated hydroxide ion (Fig. 4(a)) and another that contains
a hydrated Py− ion (Fig. 4(b)). Thus, the n = 3 cluster appears
to represent a tipping point in the electron-driven intracluster
proton transfer reaction and indeed introduces the interesting
possibility that vibrational excitation of the cold cluster can
promote large amplitude rearrangements associated with this
process.

FIG. 4. Calculated low energy M06-2X/6-31++G(d,p) structures. (a) and
(b) are two low lying isomers of n = 3, where correction for the vibrational
zero-point energy brings the intracluster proton transfer structure (a) lower
in energy. The formation of the PyH radical is a robust feature of the larger
clusters (c) n = 4 and (d) n = 5.

D. Vibrational predissociation and photo-induced
vibrational autodetachment spectroscopies: Evidence
for strong ionic H-bonding

1. Infrared photophysics of the Ar-tagged
and bare clusters

The broad photoelectron spectra do not allow structural
determination of the molecular nature of the species that bear
the negative charge. To help clarify this situation, we obtained
the vibrational predissociation spectra of the [Py·(H2O)n]−
clusters tagged with Ar, with the results presented in Fig. 5.
The average number of Ar atoms lost is found to be linearly
dependent on the photon energy (see the supplementary
material, Fig. S3),48 establishing that each tag has a similar
binding energy on the order of 750 cm−1/Ar. In the case of
the smallest persistent cluster at n = 3, it was only possible
to observe fragment anions corresponding to Ar loss below
3300 cm−1, while strong features were observed in the higher
energy range for the n = 4 and 5 species. This type of behavior
has been observed in (H2O)n−·Arm clusters,52 for which the

FIG. 5. Vibrational action spectra of the [Py·(H2O)n]− clusters. The full
infrared spectrum for the [Py·(H2O)3]−·Ar species was recorded by combin-
ing the photo-induced vibrational autodetachment channel above 3000 cm−1

(a) with the Ar-predissociation spectrum measuring formation of bare
[Py·(H2O)3]− photofragment ions (b). The spectra of [Py·(H2O)4]− (d) and
[Py·(H2O)5]− (f) were obtained by Ar-predissociation between 800 and
3800 cm−1. Calculated harmonic spectra [M06-2X/6-31++G(d,p) level] of
the low energy proton transfer structures for n = 3, 4, and 5 are shown in
the inverted grey traces of (d), (f), and (h), respectively, while the harmonic
spectrum of the Py−·(H2O)3 is shown in trace (c). Key features are indicated
by the dotted guidelines, including free OH stretching (νfree

OH ) and CH stretch-
ing (νCH) and other distinct bands (να, vβ, and vγ) that are addressed in the
discussion.
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nascent anionic fragment, (H2O)n−∗, is unstable with respect
to electron autodetachment,20

(H2O)n−·Arm + hν → (H2O)n−∗ + m Ar → (H2O)n + e−, (5)

unless it is sufficiently cooled by Ar evaporation. We, therefore,
also monitored the electron photodetachment channel

Py·(H2O)n−·Ar + hν → [Py·(H2O)n]−∗ + Ar
→ Py·(H2O)n + e− (6)

with the results displayed in the inset in Fig. 5(a) for
the Ar-tagged n = 3 cluster. The “missing” bands are
indeed recovered in the electron loss channel, and these
transitions can also be observed in the photofragmentation
spectrum of [Py·(H2O)3]− tagged with 4 Ar atoms (see
the supplementary material, Fig. S2).48 This observation of
vibrational autodetachment is significant in that it emphasizes
the close proximity of the adiabatic electron continuum and
the significant rearrangement that is required to access the
intersection between the anionic and neutral potential surfaces.

2. Comparison with the vibrational spectrum
of the OH−(H2O)n anion

A striking qualitative aspect of the vibrational spectra is
that they are extremely broad. For n = 3 and 4, for example,
diffuse absorptions span most of the 900-3300 cm−1 range
in contrast to the sharp features displayed by the water
cluster anions in this size regime.53,54 This behavior is also
unusual for the microhydration of small molecular anions
(e.g., CO2

−·(H2O)n)35 of similar size. Even the intramolecular
HOH bending mode is obscured in the n = 3 spectrum, and
the only features that can be assigned by inspection are the
relatively sharp bands near 3700 cm−1 due to the free OH
stretching modes and those near 3000 cm−1 arising from the
ring CH stretching fundamentals. Interestingly, the transitions
in the lower energy range are much better defined in the larger
(n = 5) cluster spectrum, with the onset of the diffuse band
shifted toward higher energy, beginning at 2400 cm−1.

The calculated harmonic spectra for the minimum energy
structures displayed in Fig. 4 are included in Fig. 5 as
inverted traces. Perhaps the most important conclusion from
this comparison is that the spectra are so dominated by strong
anharmonicities that even the most cursory assignments are
not obvious. Rather than engage a very difficult exercise in
simulating the anharmonic spectra of floppy systems clearly
at play here, we find it more useful to empirically evaluate
the chemical compositions of the [Py·(H2O)n]− clusters by
comparing their vibrational spectra to that of the OH−·(H2O)4
cluster reported earlier,55 and included at the top of Fig. 6.
Interestingly, a similarly diffuse band is also found in this
species, where three water molecules are directly attached to
the hydroxide ion and a fourth lies in the second solvation shell
as illustrated in the inset structure. This diffuse band has been
attributed to excitation of the OH groups engaged in H-bonds
to the ion, while the sharp pattern highest in energy arises
mostly from non-bonded OH groups or OH groups of the water
molecule in the second solvation shell in a double H-bond
donor (DD) configuration (να). Note that the intensity of the
hydroxide OH fundamental has been found to be dramatically

FIG. 6. Vibrational predissociation spectrum of the OH−·(H2O)4·Ar cluster
(a) with the minimum energy structure consistent with the spectrum depicted
in the inset. Reprinted with permission from Robertson et al., Science 299,
1367 (2003). Copyright 2003 AAAS. Vibrational predissociation spectra of
the Ar-tagged [Py·(H2O)n]− clusters with n = 4 (b) and 5 (c) are shown
for comparison. Bands are assigned according to their number of H-bond
acceptor (A) and donor (D) interactions of specific water molecules in the
network.

suppressed upon completion of its hydration shell.56 The fact
that the spectral signatures of all three classes of OH environ-
ments (primary shell, secondary shell, and free) in hydrated hy-
droxide clusters are present in [Py·(H2O)4,5]− strongly suggests
that these clusters adopt PyH·(OH−)·(H2O)n−1 arrangements
that would be consistent with an intracluster variation of the
proton transfer process observed in solution (Eq. (1)).

3. Identification of the CH bending fundamentals
of PyH(0)

The reduction in complexity of the n = 5 spectrum in
the fingerprint region warrants an effort to identify key
well-defined peaks in the context of the hydroxide product,
specifically the sharp features labeled νβ and νγ in Fig. 5. This
region of the spectrum is expanded in Fig. 7. The bands in
question are quite close in frequency to those predicted for the
ring CH bending modes of PyH(0), denoted ν

Py
23 and ν

Py
21 and

colored green and orange, respectively, in Fig. 7. Here, the
mode numbering is that for isolated PyH(0) with C2v symmetry
(numbered in order of highest to lowest symmetry and highest
to lowest energy).

In light of the difficulties with the harmonic predictions
discussed above, it is again useful to compare the observed
spectra with empirical data to further assess the viability
of the PyH·(OH−)·(H2O)n−1 motif. Figure 7 compares the
vibrational predissociation spectrum of [Py·(H2O)5]− to the IR
absorption spectrum of the PyH(0) radical isolated in a matrix
of frozen para-hydrogen57 and to the gas phase vibrational
spectrum of neutral Py.58 PyH(0) in the para-hydrogen matrix
was synthesized by Lee et al. by electron bombardment and
photolysis of Cl2/Py/p-H2. For a simplified comparison to our
data, we have simulated their spectrum using the tabulated
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FIG. 7. A comparison between the Ar-predissociation spectrum
[Py·(H2O)5]− (a), the infrared spectrum of PyH(0) taken in solid p-hydrogen
(b),57 and the infrared spectrum of neutral pyridine vapor58 in the OH and
CH bending regions (c). The spectrum in trace (b) is a convolution of the
tabulated frequencies and intensities in Ref. 57 with a Lorentzian (4 cm−1

FWHM). (c) is a convolution of tabulated peaks in Ref. 58, with 20 cm−1 half-
width Lorentzians. The normal mode displacement vectors of the Py/PyH(0)
moiety in each of these species are illustrated next to the corresponding
transitions. The green and orange dotted guidelines highlight the proximity
of transitions in the two model compounds to those observed in the spectrum
of [Py·(H2O)5]−.

wavenumbers and intensities that were assigned to the PyH(0)
species (convoluted using a Lorentzian with a FWHM of
4 cm−1). Both ν23 and ν21 of the PyH(0) species are very close
to the observed sharp bands in the [Py·(H2O)5]− vibrational
predissociation spectrum (Fig. 7(a)) with similar relative
intensities, albeit with a small red shift (14 and 30 cm−1 for
ν23 and ν21, respectively) in the solid p-hydrogen matrix. Most
importantly, these bands are quite different from the pattern
displayed by the neutral Py molecule, which has been obtained
from vapor-phase measurements and is included in Fig. 7(c).

E. Theoretical exploration of the rearrangement
pathways in [Py·(H2O)3]−
1. Potential surface for intracluster proton transfer

The empirical evidence points to a situation where the
system explores both Py−·(H2O)n and PyH·(OH−)·(H2O)n−1
components with the latter dominating but with the relative
weights of the two terms depending on the degree of solvation
of the OH−. Qualitatively, as the hydroxide-based clusters

FIG. 8. One-dimensional potential energy curves for proton transfer in
[Py·(H2O)3]− (solid blue line) and Py·(H2O)3 (dashed blue line). The min-
imum energy structure of the anion used in generating these potentials is
shown in the inset on the left, while the minimum energy structure of the
neutral is shown on the right. The potentials are calculated by varying the
NH distance, keeping all other degrees of freedom frozen. On the left-hand
side of the anion potential, the structure is dominated by PyH·(OH−)·(H2O)2,
while on the right-hand side, it is dominated by Py−·(H2O)3. Estimates of the
energies of the v = 0 and 1 levels of the anion are illustrated by red horizontal
lines.

accommodate additional water molecules on the emergent
network, the configuration with the excess charge on the OH
is stabilized, while that with the charge on the Py becomes less
important. Thus, in the n = 3 case, the proton is more strongly
shared in the N · · ·H · · ·O motif, giving rise to very broad
spectral features typical for shared protons.59 At smaller n,
excitation of the nominal NH stretch samples the Py−·(H2O)n
configuration, in essence driving the proton transfer reaction
with concomitant excess charge displacement. Such a scenario
has been demonstrated to be at play in the binary complex
F−·HOH,60 where excitation of the bridging proton stretch
samples a region in the potential surface corresponding
to HF · · ·OH−. When this occurs in a system where the
associated water network responds to the change in the charge
distribution, it is expected that vibrational excitation will
induce substantial heavy particle rearrangements, thus ratio-
nalizing the nearly continuous nature of the spectrum for n = 3.

To better quantify the nature of the potential surfaces gov-
erning the heavy particles and excess electron, we calculated
one-dimensional potential energy curves for proton transfer in
[Py·(H2O)3]− and Py·(H2O)3. The potentials were calculated
starting from the M06-2X optimized structure shown in
Fig. 4(a) with a PyH·(OH−)·(H2O)2 configuration, and then
carrying out a series of single-point calculations for the anion
and neutral for different values of the NH distance, assuming
linear motion between the N atom and the O of the hydroxyl,
and keeping all other degrees of freedom frozen. The resulting
anion potential energy curve, shown in Fig. 8, is exceedingly
anharmonic, such that even the zero-point level samples the
Py−·(H2O)3 structure. The vibrational zero-point level of the
neutral potential along this slice lies above the v = 1 level of
the anion; however, relaxation of the geometry of the neutral
causes its zero-point level to fall below the v = 1 level of the
anion (as evidenced by the experimentally observed opening
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of the electron autodetachment channel). We note that the
actual energy gap between the proton-transfer and non-proton
transfer structures may be somewhat larger than predicted by
the M06-2X method. In particular, preliminary results using
the restricted open-shell MP2 method61,62 predict the non-
proton transfer structure to be about 477 meV less stable
than the proton-transfer structure, rather than being nearly
isoenergetic as predicted by the M06-2X method. In either
case, however, it is still anticipated that excitation of the v = 1
OH manifold will induce significant large amplitude motions
that mediate interconversion between these two structures.

As the charge becomes more stabilized on the OH−,
the spectra become simpler as excitation of one quanta of
OH stretch no longer leads to sampling of the Py−·(H2O)n
class of structures. A primitive manifestation of this type
of blue-shifting by differential solvation of charge-localized,
asymptotic partners (in this case Py−·H2O vs. PyH·OH−) has,
in fact, been routinely invoked to understand the rare gas tag
effects in binary complexes.63–65 The case of solvation by water
can thus be viewed as an extreme example of a generic solvent
response by an anionic, proton bound complex.

2. Calculation of the reaction path for water-mediated
electron capture by Py

The preceding discussion emphasized the close ener-
getic proximity of the PyH·(OH−)·(H2O)n−1 and Py−·(H2O)n
valence-bond arrangements. There is actually a third low-
lying valence-bond structure that corresponds to a dipole-
bound Py·(H2O)n− anion with a diffuse excess electron,
which is expected to be involved in early stages of (H2O)n−
+ Py condensation. Our calculations indicate that excitation of
one quanta into the NH or OH stretch vibrations of the most
stable PyH·(OH−)·(H2O)2 species would deposit sufficient
energy for the system to sample such dipole-bound structures
as exit channel configurations leading to electron autodetach-
ment. To further evaluate the dynamics of the interconversion
between the Py·(H2O)3− and PyH·(OH−)·(H2O)2 structures, we
performed BOMD simulations on the [Py·(H2O)3]− cluster (see
Section II C for details). Ten trajectories, four between 1 and
5.5 ps and six for between 14.7 and 19.3 ps, were run. Of these
only two gave rise to the solvated OH− ion, one near 16 ps and
the other near 1.6 ps. In these simulations, the Py·(H2O)3− iso-
mer was heated to 270 K and changes to the geometry and elec-
tronic structure were recorded in 1 fs increments. An example
video of one of these trajectories is given in the supplementary
material.48 Figure 9 plots the electron binding energy along
one of the trajectories together with the differences in the
charge densities of the anion and neutral, calculated at the
MP2/aug-cc-pVDZ66,67 level, augmented with a 7s7p set of
diffuse functions centered at the middle of the ring for the final,
key intermediate, and product structures (MP2-level charge
densities are employed rather than BLYP28,29 charge densities
as the MP2 method is expected to give more reliable charge
distributions). For the indicated trajectory, the electron remains
dipole bound to the (H2O)3 water network for about 1.65 ps,
before evolving into an intermediate structure of the form
Py− · · ·H+ · · ·OH−(H2O)2. This is followed by rapid formation
of the pyridinium radical PyH·(OH−)·(H2O)2. In the product

FIG. 9. VDE of [Py·(H2O)n]− along a BOMD trajectory with an initial
kinetic energy consistent with T = 270 K. The MP2 level charge differences
(anion – neutral) for the reactant, intermediate, and product are displayed.

structure, both an electron and a proton have transferred to the
Py, with the former occupying the π∗ LUMO of the neutral Py
molecule. Evolution to the product PyH·(OH−)·(H2O)2 struc-
ture requires the two H2O monomers to adopt an arrangement
that effectively solvates the OH−. For the indicated trajectory,
the system rapidly evolves from the intermediate to the prod-
uct, although for other trajectories (not shown) there are fluctu-
ations between the intermediate and reactant-like Py·(H2O)3−
structures before the product is accessed. As seen in Fig. 9, the
electron binding energy increases as the PyH·(OH−)·(H2O)2
product is formed, approaching a VDE similar to that observed
from the photoelectron spectrum (1.53 eV).

IV. CONCLUSIONS

Gas phase cluster chemistry, together with analyses of
the predissociation and photoelectron spectroscopies with
electronic structure calculations, has been used to clarify
the chemical rearrangements that occur when Py combines
with hydrated electron clusters (H2O)n− for n = 3-5. The
photoelectron spectrum of the resulting [Py·(H2O)n]− species
supports the presence of a valence anion, in which the VDE is
much greater than its AEA. Analysis of the vibrational patterns
then confirms the formation of neutral pyridinium radical
PyH(0) and hydrated hydroxide, where the neutral radical
occupies one of the sites in the primary solvation shell around
the hydroxide anion: PyH·(OH−)·(H2O)n−1. Synthetic access
to this arrangement now presents an attractive opportunity
to follow the reaction chemistry of the PyH(0) radical in the
microhydration regime. A particularly timely choice in this
regard is the activation of CO2 by proton coupled electron
transfer, which has been proposed for the catalytic activity of
Py by Musgrave68 and Bocarsly.69
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