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This letter presents a brief overview of our recent experimental studies of state-to-state vibrational pre-
dissociation (VP) dynamics of small hydrogen bonded (H-bonded) clusters following vibrational excita-

tion. Velocity map imaging (VMI) and resonance-enhanced multiphoton ionization (REMPI) are used to
determine accurate bond dissociation energies (Do) of (H,0),, (H,0)5, HCI-H,0 and NH3-H,O0. Pair-corre-
lated product energy distributions from the VP of these complexes are also presented and compared to
theoretical models. Further insights into mechanisms are obtained from the recent quasi-classical trajec-
tory (QCT) calculations of Bowman and coworkers. The D, values for (H,0), and (H,0); are in very good
agreement with recent calculated values, and the results are used to estimate the contributions of coop-
erative interactions to the H-bonding network.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Scientists have been fascinated with the nature and dynamics of
hydrogen bonded (H-bonded) networks from the early 1920s
[1-7]. In the gas phase, emphasis has been placed on investigations
of clusters in the cold environment of molecular beams, with most
reports focused on spectroscopy [8-16]. The bond breaking mech-
anisms via vibrational predissociation (VP) of H-bonded complexes
of water, which are the focus of the present article, are at present
much less well understood [10]. Alan Pine and Roger Miller were
among the first to extend the spectroscopic work on dimers to
state-specific VP, using (HF), and HF-C;H; as benchmark cases
[10,17-23].

The prototype for H-bonded clusters is the water dimer, whose
atmospheric importance continues to be the subject of much inter-
est [24-27]. In this context, an accurate value of the bond dissoci-
ation energy (Do) of the dimer is crucial in assessing the
contributions of the water dimer to absorption and detection in
the atmosphere [24,25,28,29]. In addition, the pairwise interac-
tions of water monomers in the dimer are important in elucidating
the behavior of water in larger networks for which non-pairwise
(cooperative) interactions have significant contributions. Thus,
describing correctly the structure and dynamics of small clusters
of water has been a long-standing goal of both theory and
experiment.

It was quite surprising to us when we initiated our work to
realize that very little was known about the VP dynamics of
simple H-bonded dimers and trimers of polyatomic molecules
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[10,18-20,22]. In fact, even the bond dissociation energies of di-
mers that have become benchmarks for theory [e.g. (H;0),,
(NHs),, HCI-H;0] have not been known with sufficient accuracy.
At the same time, because of the relevance of H-bonded networks
to environments ranging from biological molecules in cells to gas-
eous species erupting from icy bodies in the solar system, theoret-
ical efforts have been intense, and today it is possible to generate
accurate potential energy surfaces (PESs) for small clusters, such
as those of water and ammonia, in order to better describe the
behavior of liquids and ices [30-49]. For example, the surface of
amorphous solid water has large contributions from pairwise
interactions [50], and solid ammonia-water interfaces are impli-
cated in the surface chemistry of icy planets [51].

While spectroscopic measurements give benchmark data on
rotational constants and vibrational frequencies that can test PESs
near equilibrium, there is only scant experimental information on
bond dissociation energies and energy flow dynamics in vibration-
ally excited clusters that probes the far reaches of the PES or its
repulsive regions. So far, quantum dynamical calculations on accu-
rate PESs that describe VP have been carried out only for the sim-
plest dimers with an atom or a diatom as a subunit [9,11,31,35,37].

It is impossible in a single review or, for that matter, in a single
book, to capture all the intriguing aspects of the behavior of water.
Water clusters alone merit a monograph. This letter is focused on
one aspect: recent experimental studies of VP dynamics of small
H-bonded clusters that include water. In the past few years we
have exploited the photofragment imaging technique to study
the VP of small H-bonded dimers in molecular beams [52-61]. Spe-
cifically, we used vibrational excitation of intramolecular modes
and velocity map imaging (VMI) to determine Dy and study VP in
dimers in which at least one of the monomers is a polyatomic
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molecule. The imaging methodology provides accurate Dy values
(10 cm™!) as well as fragment rovibrational energy distributions.
The latter give information on energy transfer pathways within the
dimer subunits and across the H-bond, as well as couplings to
intermolecular vibrational modes. Moreover, by recording images
of selected rovibrational levels of one fragment, the experiments
provide pair-correlated energy distributions, i.e., the rovibrational
energy distribution of one fragment correlated with a selected
quantum state of the other, which provides more stringent tests
of mechanisms [61].

Because of the disparity between the frequencies of inter- and
intramolecular vibrational modes, vibrational energy transfer in
small clusters is usually inefficient, giving rise to nonstatistical
VP dynamics and state-specificity in fragments’ rovibrational pop-
ulations [10]. As a starting point in interpretations, we use the
qualitative propensity rules proposed by Ewing for describing pre-
dissociation rates [62,63]. These are based on momentum (or en-
ergy) gap laws and predict a preference for fragment channels in
which the number of transferred quanta in the dissociation is min-
imized. In general, there is a preference for vibrational excitation
over rotational excitation over translational energy release. Since
a small change in the number of vibrational quanta can absorb
the greatest amount of energy, disposal of energy by vibrational
excitation is the most favorable. Referring to rotational excitation
and translational energy release, the effective quantum number
change in translational energy release is greater than in rotational
excitation, provided the moments of inertia of the fragments are
not too large. Therefore, rotational excitation is usually more favor-
able than translational energy release in our dimers studies, for
which the fragments’ moments of inertia are small. The Ewing
model describes correctly the VP rate in a large number of dimers,
and explains why VP often results in high vibrational excitation in
fragments and small translational energy (E.) release. The question
of vibrational state specificity is not addressed in this model, nor
does angular momentum conservation restrict product rotational
excitation.

The complementary angular momentum model proposed by
McCaffery and coworkers is centered on linear-to-angular momen-
tum interconversion [57,64,65]. It has been used successfully to
describe rotational state distributions in inelastic collisions and,
more recently, in the VP of weakly bound dimers [54,57]. Realizing
that there is insufficient anisotropy in the long-range part of the
PES of weakly bound complexes to explain the observed high
fragment rotational excitation, the involvement of the repulsive,
hard-shaped part of the PES is invoked. The model identifies the
principal geometries and impact parameters from which dissocia-
tion occurs by fitting to experimental results.

However, exit-channel energy transfer may modify the initial
distributions, especially when energy differences between rota-
tional levels are small. This can lead to Boltzmann-like rotational
distributions, though they usually deviate from statistical predic-
tions by exhibiting enhanced populations of high rotational levels.
These propensities are most clearly revealed in pair-correlated
rotational distributions [10,57].

For statistical-like systems, the most useful model is phase
space theory (PST). PST applies conservation of energy and angular
momentum and, most importantly, assumes that all allowed states
are equally populated [66-68]. Throughout this letter, we present
examples of the applicability for these models to different clusters.
We also make comparisons with the results of recent quasi-classi-
cal trajectory (QCT) calculations.

Referring to fragment vibrational excitation in VP of polyatomic
dimers, we find that the existing propensity rules cannot explain
the exquisite state specificity observed even among those vibra-
tions that are associated with small E; release. It appears that de-
spite the flexibility of the monomers, energy transfer is

restricted. Full dynamical calculations on accurate PESs are there-
fore essential to explain the observed product state distributions.
This is still a challenging task in spite of the availability of accurate
PESs for simple dimers such as the water dimer. The reasons are
the anharmonicity of the intermolecular vibrations, the small cou-
pling matrix elements between the excited intramolecular stretch
vibration to the intermolecular vibrations that lead to VP, the long
lifetimes of the dimers (up to several nanoseconds), and the need
to include both the long range and the repulsive parts of the PES.
Clearly, synergistic efforts by theory and experiment are needed
to refine our understanding of the VP of H-bonded dimers and lar-
ger clusters, and below we describe the very recent efforts by Bow-
man and coworkers on the VP of the water dimer and trimer.

There are several issues to resolve regarding energy disposal in
VP: (i) How does vibrational energy flow from the excited
H-bonded stretch of the donor to the reaction coordinate? (ii)
What determines rotational and vibrational excitation in the frag-
ments? and (iii) How is energy shared between the donor and the
acceptor?

In discussing bond dissociation energies, a distinction is made
between the binding energy, Do, which is the ground state mini-
mum, and Dy, which includes zero point energy (ZPE). The former
is obtained in electronic structure calculations but cannot be mea-
sured experimentally. The latter can be determined experimentally
but calculating ZPE of clusters poses theoretical challenges because
of the need to include anharmonicity of intermolecular modes and
the flexibility of the monomers.

The article is organized as follows. In Section 2 we describe the
experimental method and illustrate it with the determination of Dy
for the HCI-H,0 dimer. In Section 3 we summarize our joint exper-
imental and theoretical studies of the VP of the water dimer and
trimer, and in Section 4 we examine the VP of the heterodimers
HCI-H,0 and NH3-H,O0. Finally, in Section 5 we present conclu-
sions and perspective.

2. Experimental approach

The experimental approach is best illustrated with the VP of
HCI-H,0 in which water fragments are probed state selectively
[58]. For our experiments to be successful, several requirements
must be met: (i) The desired cluster IR spectrum must be separated
from the monomer and from other clusters; (ii) A reliable reso-
nance enhanced multiphoton ionization (REMPI) detection scheme
must exist for at least one of the monomer fragments and display
isolated rovibrational levels suitable for imaging; (iii) The images
should have distinct structures and/or clear energy cutoffs that
can be used to determine Dq accurately; (iv) The clusters must be
generated at sufficient concentrations in the expansion. Of these
requirements, (ii) turned out to be the most challenging.

The experimental arrangement is shown schematically in Fig-
ure 1. A molecular beam containing HCI and H,0 seeded in He car-
rier gas is expanded into the vacuum chamber. The HCI stretch
vibration of the dimer is excited by an IR laser tuned to the peak
of the absorption band of the dimer (~2723 cm™!). Since the vibra-
tional energy exceeds the dimer’s Dy, the dimer dissociates produc-
ing HCl and H,0 fragments in a distribution of rotational states (in
this case the available energy is insufficient to excite the vibration
of either fragment.). A tunable UV laser ionizes H,O fragments in
selected rotational Ji,. levels, and the selected fragments are de-
tected by a position-sensitive detector, creating a 2-dimensional
projection of the 3-dimensional velocity (speed) distribution. The
recorded images are reconstructed to generate the 3-dimentional
velocity distributions from which the center-of-mass (c.m.) trans-
lational energy release is determined [69].
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Figure 1. Schematics of the experimental arrangement.

Three separate experiments are carried out: (1) By selecting a
specific Jy,. of H,O and scanning the wavelength of the IR laser,
an action spectrum of the dimer is obtained (i.e. a partial absorp-
tion spectrum correlated with the monitored product level, as
shown in Figure 2); (2) By fixing the IR laser wavelength to coin-
cide with the peak of the absorption spectrum and scanning the
UV laser in the region of 2-photon absorption to the C!B; state of
H,0 (or D,0), a 2 + 1 REMPI via the C!B; (000) — X!A; (000) tran-
sition is obtained from which rotational states of the H,O fragment
are identified (Figure 3); (3) By selecting both Ji,. of H,O and the
peak infrared absorption of the dimer, an image is recorded from
which the velocity (speed) or E; distribution of the fragments is de-
rived (Figure 4).

Experiment (1) confirms that the detected fragments are corre-
lated only with dimer absorption, without contributions from lar-
ger clusters. Experiment (2) serves to locate isolated rovibrational
levels of the monomer fragment that are suitable for imaging. For
experiment (3) we use VMI to obtain the speed distribution of the
detected fragment. The VMI arrangement consists of a four-elec-
trode ion acceleration assembly, a 60-cm field-free drift tube, and
a microchannel plate (MCP) detector coupled to a phosphor screen
that is monitored by a CCD camera (Figure 1) [70,71]. Speed distri-
butions are obtained by summing over the angular distribution for
each radius in the reconstructed image, and are converted to c.m. E;
distributions using momentum conservation, the appropriate Jaco-
bian, (x E;'/?), and calibration constants obtained from other
experiments. The c.m. E, distributions are analyzed to determine
the internal energy distributions of the HCl co-fragments as well
as Dg of HCI-H,0. The large spike in the image with near zero ki-
netic energy is due to the monomer in the molecular beam, and
is ignored in the fittings.

Rotational state populations of pair-correlated HCl fragments
are best derived from velocity (speed) distributions (Figure 4); this
approach makes it easier to resolve structures at low E; and iden-
tify the maximum observed E,. Fitting is accomplished by assigning
a GAUSSIAN-shaped curve to each rotational state of HCl with a
width characteristic of the experimental resolution. The positions
of the GAUSSIANS are determined by varying Do until the best fit
is obtained. The separation between adjacent GAUSSIANS is deter-
mined from the known rotational constants of HCI. The heights of
the GAUSSIANS are first described by an exponentially decaying
smooth function of E;, e 5t where D is a fitting parameter and E;
is the c.m. translational energy. Whenever possible, after fitting
using a smooth exponential function, the GAUSSIANS heights are
individually adjusted to obtain the final best fits.

Since in this case the vibrational modes of neither monomer
fragment are energetically accessible, E,,(HCl) and E,;,(H,0)
are set to zero in the energy conservation equation, resulting
in:

Total IROff
Total IROn

Intensity (arb.)

2712 2716 2720 2724 2728 2732 2736
IR Energy (cm™)

Figure 2. Fragment yield IR spectrum of the HCI-H,0 dimer obtained by monitor-
ing the H,0(000) photofragment. The black line shows the background signal from
H,0 monomer in the molecular beam under the same conditions.
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Figure 3. H,O photofragment 2 +1 REMPI enhancement spectrum obtained by
exciting the HCl stretch of HCl-H,0 at 2723 cm™' and scanning the UV laser
through the region of the C'B; (000) — X'A; (000) transition of H,0. The simulated
spectrum at T = 250 K obtained using PGOPHER [76] is shown in red. The gap in the
data corresponds to the region of low J transitions for which the background
intensity is too large to measure enhancement. [Adapted with permission from Ref.
[58] (Copyright 2011 American Chemical Society)].

Eint(HCl — H,0) + hv = Dg + E; + Eror (HCI) + Eror(H2 05 i )

where E;,(HCI-H,0) is the internal energy of the dimer prior to
excitation, hv is the photon energy used for vibrational excitation
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Figure 4. Velocity distribution obtained by monitoring H,0(000) Jy. = 423. The
red line corresponds to the total fit, where each peak corresponds to a specific HCI(J)
level of the HCI cofragment, calculated by using energy conservation and the known
rotational constants of HCl. [Adapted with permission from Ref. [58] (Copyright
2011 American Chemical Society)].

of the dimer (2723 cm™ 1), E; is the (measured) c.m. translational en-
ergy, Ero(H20; Jiuk) is the rotational energy of the monitored H,0
fragment, and E,,(HCl) is the rotational energy of HCl, which is re-
lated to E; by energy conservation. The internal energy of the dimer,
Eind(HCI-H,0), is estimated to be 1+1cm™' from T=5K in the
molecular beam. State selection in the REMPI detection defines
Erot(H20; Jiok) and E; is determined from the images. This proce-

1

dure, when followed for several Ji,, levels of the water fragments,

establishes Dy accurately, D= 1334 + 10 cm™".

3. Vibrational predissociation of the water dimer and trimer

There is no need to expand on the importance of H-bonding in
water in our solar system, but water is important not only as a bulk
solvent and ice; it is also a player in constrained environments
such as clusters, nanoparticles, molecular wires and bridges, inside
nanotubes and proteins, to name but a few. The pioneering work of
Saykally and coworkers [26,27,72-75] on the vibrational-rota-
tional-tunneling (VRT) levels of ground state water dimers
[(H20), and (D,0),] and larger clusters has been seminal to our
understanding of ground state motions in small water clusters,
and has served as benchmarks for testing and refining PESs of
clusters and condensed phases. Absent from the joint theoreti-
cal-experimental effort until very recently was an accurate exper-
imental determination of Dy of the water dimer and trimer. These
values were available from recent high level calculations but they
needed experimental verification.

3.1. The water dimer: breaking the hydrogen bond

Our imaging experiments were the first to determine Dy of the
water dimer with spectroscopic accuracy [59]. With Bowman and
coworkers we also published the first detailed theoretical and
experimental investigation of the H-bond breaking dynamics in
H,0 and D,0 dimers [60]. Upon vibrational excitation of the H-
bonded OH(D) stretch fundamental of the dimers, two channels
are energetically open for (H,0), and (D,0),: (000)+(000) and
(000)+(010), where (000) and (010) are the ground and first
bending level of the water fragment, respectively.

The main experimental difficulty in these studies is that no good
REMPI scheme exists for state-specific detection of water frag-
ments. In our work we used 2 + 1 REMPI spectroscopy of H,O and
D,0 fragments via the C'B; (000) — X'A; (000 and 010) transi-
tions, but this optical detection system is far from ideal. The C!B;

excited state of H,O is more predissociative than that of D,O but
the D,0 spectrum is more congested [76]. Thus, each system pre-
sents different experimental challenges. Background from ambient
water is another problem, especially when monitoring water in the
ground vibrational state, but the problem is much diminished when
probing fragments in the (010) level. In spite of the fast predissoci-
ation in the H,0 C'B; state, several isolated transitions of (000) and
(010) fragments suitable for imaging do exist, and images obtained
from selected rotational levels of H,O (000), H,O (010), and D,0
(010) fragments were used for an accurate determination of Dy.
Representative velocity distributions obtained for selected rovibra-
tional transitions of H,O and D,0 are shown in Figure 5.

Although a large number of water cofragment rotational levels
are energetically correlated with each probed water level, distinct
structures are present in all the images, as evident in Figure 5. The
structures in all the images must be fit with a single Dy value. This
constrains the fits to a unique value, and we obtain Dg=1105 + 10
and 1244 + 10 cm ™! for H,0 and D0, respectively. The fits have er-
ror bars of only a few cm™! but additional uncertainties in the
internal energy of the dimer and excitation wavelength calibration
increase the error bars to #10 cm™ .

High-level electronic structure models are capable today of cal-
culating D. accurately, and there is quite good agreement among
D, values obtained by different groups [26,43,77-82]. These values
are clustered around a value of D.=1700cm™! with a range of
about #100 cm~'. To obtain D, the difference between the ZPEs
of the dimer and the monomer fragments needs to be evaluated.
The recent high level calculations of Bowman and coworkers give
Do =1103 and 1244 cm~! for (H,0), and (D,0),, respectively, in
excellent agreement with the experimental results [81,83]. They
were carried out at the CCSDT(T)/aug-ccpVTZ level of theory/basis
set with the addition of several modifications to the PES. The ZPE is
determined by a Diffusion Monte Carlo (DMC) calculation, which
appears to capture the anharmonicity in the potential and the large
amplitude zero point motions in the flexible monomers. Very re-
cently, Leforestier et al. used a new 12-dimensional PES with flex-
ible monomers (called CCpol-8sf) and reported Dy =1108.2 cm™!
[84], again in excellent agreement with our experimental value.
A corresponding value obtained with the rigid PES CCpol-8s,
Do =1094 cm™!, has a greater deviation, demonstrating that a flex-
ible monomer PES improves the agreement.

A much more challenging task is elucidating energy transfer
pathways leading to H-bond breaking and the detailed mechanism
of VP. As noted above, fully quantal calculations are still beyond
reach for polyatomic dimers with many coupled exit channels.
The good fits for fragment rotational distributions obtained by
using a classical model with hard-shaped potentials show that
the repulsive part of the PES is involved but the model is not usu-
ally predictive [57]. An important step toward the goal of describ-
ing the VP dynamics are the QCT calculations of Czaké and
Bowman, carried out recently on their high level HBB2 PESs for
(H20), and (D,0), [83].

In the QCT calculations, standard normal mode sampling was
applied to prepare the initial states by giving harmonic ZPE to each
mode and an extra quantum of excitation to the bound OH(D)
stretch fundamental, i.e., almost a local mode of the donor. The
correlated rovibrational distributions were computed by the
GAUSSIAN binning procedure (1 GB). 1 GB means one GAUSSIAN
weight for each fragment based on its total vibrational energy. It
also assigns small weights for trajectories in which either fragment
violates ZPE, thereby effectively addressing the ZPE issue of the
QCT method.

The experimental and theoretical results on product state distri-
butions are complementary. Imaging experiments provide pair-
correlated product state distributions, whereas QCT calculations
give the total rotational distributions in each fragment. Both
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individually to obtain the final best fits. [Adapted with permission from Ref. [60]
(Copyright 2012 American Chemical Society)].

experiment and theory show that dissociation generates products
in rotational states encompassing all the energetically allowed lev-
els. The overall calculated rotational distributions peak at fairly
low rotational levels. Figure 6 shows a comparison of the pair cor-
related velocity distribution obtained by monitoring H,O (010)
ake = 3241 and the simulation generated by PST calculation. Their
clear disagreement indicates a non-statistical behavior of the
experimental rotational distribution. There is a preference for pop-
ulating high rotational levels that minimize E, release, in agree-

ment with the Ewing model. What the experiments cannot
establish, but which is revealed in calculations, is that the rota-
tional distributions in the original donor and acceptor fragments
are similar for both the (000)+(010) and (000) + (000) dissocia-
tion channels of (H,0), and (D,0),.

In addition, the QCT calculations predict, in agreement with
experiment, that the predominant VP channel in (H,0), and
(D20), is (000) +(010), though the experiments reveal a some-
what larger contribution from the (000)+(000) channel. For
(D;0), large contributions from high rotational levels in the
(000) fragments are observed that have similar energies to the
(010) bending level.

The experimental and theoretical results suggest the following
scenario for the VP dynamics of the water dimer. Following excita-
tion of the H-bonded OH(D) stretch of the donor, vibrational en-
ergy is shared between the donor and acceptor vibrational levels
before dissociation takes place. The major dissociation channel is
(000) +(010) with equal probability of the bending excitation to
reside in the donor and acceptor fragments. The donor and accep-
tor have similar and broad rotational state distributions. The
pair-correlated distributions are also broad, with a nonstatistical
rotational energy distribution in the cofragment biased in favor
of high rotational levels that minimize E, release.

The initial pathways of energy transfer out of the excited OH(D)
stretch are not yet elucidated. In the first step, the excited bonded
OH stretch vibration possibly couples to two quanta of intramolec-
ular bend and one or more intermolecular vibrations, since there
are near-resonant pathways for such coupling for both (D,0),
and (H,0),. This energy must then transfer to the intermolecular
modes, including the dissociation coordinate, a process which most
often leaves one quantum of bending excitation in a fragment. One
can envision scenarios where the initial bending excitation resides
in one water molecule or is shared between the two water mole-
cules (i.e. formation of (020) or (010)+(010)).

More insight is obtained by examining the time evolution of
trajectories that lead to dissociation, and (H,0), and (D,0), trajec-
tories can be seen as animations in Ref. [60]. In addition, snapshots
of a representative (H,0), trajectory are shown in Figure 7. The tra-
jectories show that the identity of the donor and acceptor switches
several times before dissociation occurs several picoseconds later.

The required couplings of at least one bending quantum to the
intermolecular modes are likely to give rise to some intramolecular
vibrational redistribution among the intermolecular modes,
including the exchange of donor and acceptor, which can explain
their final broad and similar rotational state distributions. As is
common to most small dimers, the coupling to the dissociation
coordinate is inefficient, with dimer lifetimes > 10 ps. However,

Experiment
PST Simulation
Jkaxc(H,0)=3,

Counts

\&'V 0N

LA

0 200 400 600 800 1000 1200
Velocity (m/s)

I

Figure 6. Velocity distribution from reconstructed image obtained by monitoring
H,0 X(010) Jioe =321 fragments from (H,0), (red curve). The blue curve
corresponds to a statistical velocity distribution, calculated by using PST, which
does not fit the experimental distributions.
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even though there is ample time for the energy to redistribute
among the available vibrational states, only restricted paths lead
eventually to dissociation. Inspection of several trajectories leading
to VP shows that exchanges of donor and acceptor occur several
times during the trajectory, which explains the similar rotational
distributions as noted above. The minor (000)+(000) channel
may result in part from processes in which the excited dimer sam-
ples the repulsive part of the PES in an impulsive interaction, con-
verting both bending quanta into fragment rotation and
translation, thereby accessing the high rotational levels observed
in the VP of (D,0),.

3.2. The water trimer: contributions from cooperative interactions

The water trimer constitutes the smallest network of water
molecules, but in spite of the fundamental interest in the nature
of the cooperative interactions in H-bonded networks and their
influence on the H-bond strength, no experimental measurements
of Dy of the trimer have been reported. Likewise, H-bond breaking
pathways have not been elucidated. Below, we present results of
our first joint experimental and theoretical study, carried out in
collaboration with Wang and Bowman [85].

The structures, vibrational frequencies, PES, three-body effects,
binding energies and tunneling motions of the water trimer have
been studied extensively by theory and experiment. Work up to
2003 is summarized in a comprehensive review [74], and addi-
tional work can be found in Refs. [86-92]. The high-resolution
spectroscopic studies of Saykally and coworkers mapped in detail
VRT levels of the trimer and estimated the barriers between differ-
ent conformations. In addition, the intra- and intermolecular vibra-
tional modes were characterized in molecular beams, He droplets
and matrix isolation experiments [73,93-98].

Upon excitation of the H-bonded OH stretch vibration
(3536 cm™!), the energy imparted to the trimer is sufficient only
for dissociation to H,O +(H,0), [99]. We have examined the
pair-correlated fragment state distributions by monitoring the
H,0 monomer fragment, which can be formed only in the ground
(000) vibrational state. In contrast, all the intermolecular vibra-
tional modes of the (H,0), fragment can be populated (but not
the intramolecular modes). The experimental excitation and detec-
tion scheme is shown in Figure 8.

The water trimer adopts six low-lying stationary points [99].
Among these, the global minimum (Figure 9) consists of three
H-bonds, and the cyclic structure is conventionally denoted as
‘up-up-down’ depending on the orientations of the free OH-bonds
relative to the plane defined by the three oxygen atoms. (H,0)s has
one weaker H-bond due to repulsion of the two ‘up’ OH-bonds,
giving two different H-bonded OH-stretch fundamentals that differ
in energy by 12-15cm™!, but these are not distinguished in our
experiments. The fundamental transition of the H-bonded OH-
stretch of (H,0); has been previously characterized, and in their
gas phase molecular beam experiments, Huisken et al. assigned
the transitions of (H,0),, (H,0)s, and (H,0), at 3601, 3533, and
3416 cm™!, respectively.

The REMPI spectrum of H,O fragments in the C'B; (000) —
X'A; (000) band produced by VP of (H,0); at 3536 cm™! was
simulated fairly well with a rotational temperature of 230 £ 70 K,

lonization — 800
Contlnuum |
— 600
REMPI I
; - 0
L [
L 400 <
EExcess B g
v=0-X - =
A -
—200

Figure 8. Experimental scheme for vibrational predissociation of the water trimer.
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v

Figure 9. Minimum energy structure of the water trimer denoted as ‘up-up-down’.
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Figure 10. Velocity distributions from reconstructed images obtained by monitor-
ing H,0(000) fragments in i, = (a) 221 and (b) 32,1 from VP of (H,0)s. Black curves
show experimental measurements and red curves correspond to best fits obtained
by using statistical distributions calculated by PST with D, as an adjustable
parameter (see the text for details). [Adapted with permission from Ref. [85]
(Copyright 2013 American Chemical Society)].

corresponding to 160 + 50 cm ™. Figure 10 shows two speed distri-
butions obtained by VMI by monitoring isolated rotational levels of
the H,0 fragments. In contrast to the speed distributions measured
in the VP of H,0 and D,0 dimers (as well as water dimers with
other small molecules), which show distinct structures in the
speed distributions, there are no reproducible structural features
in Figure 10. Therefore, our estimated D, value for the cyclic trimer
is less precise (see below).

We expected the product energy distributions in VP of (H,0)s to
be more statistical than in small dimers due to the large density of
states of the dimer fragment intermolecular vibrational modes, and
therefore we compared the observed distributions to predictions of
the statistical PST, as well as to QCT calculations. In the PST calcu-
lations Dy was the only parameter used in the fit, and we selected a
value that best fit both the shapes of the distributions and their
cutoff values. The E, distributions calculated by PST have no unique
structural features. They were converted to speed distributions and
compared with the experimental results in Figure 10.

A best fit Dy and uncertainty were obtained for each image, and
we arrive at a final value of Dy = 2650 + 150 cm™!, which is in good
agreement with the calculated value of 2726 +30 cm™' [99]. By
comparing this value with that of twice the Dq value of the water
dimer, i.e. ~1105 x 2 cm~!, we estimate that the cooperative (non-
additive) interaction contributes 450-500 cm~!. We can now com-
pare this value with the ab initio calculations of D, for breaking all
three hydrogen bonds of (H,0)s;, which is 385520 cm~'. This
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Figure 11. Comparison of the translational energy distribution calculated by QCT,
where the H,O0 fragments are in J,. = 2-4, with (a) the distribution determined by
VMI by detecting H,O fragments in Ji,. =321, and (b) statistical distribution
obtained by PST. [Adapted with permission from Ref. [85] (Copyright 2013
American Chemical Society)].

value is 1129 cm™! higher than the calculated value for breaking
two H-bonds; a difference that is similar to the value of breaking
a single hydrogen bond of (H,0),. We conclude, therefore,
that the cooperative effect is revealed by observing the (H,0); —
H,0 + (H,0), dissociation channel, which breaks the cyclic
structure.

We have confirmed the statistical nature of the observed distri-
butions by comparing them to QCT calculations. The translational
energy distributions were calculated by QCT using several estab-
lished methods to account for the ZPE constraint in the fragments.
Figure 11a shows a comparison between the measured c. m. E; dis-
tribution obtained in VMI by detecting H,O fragments in [y, = 321
level and the distributions obtained by QCT calculations where the
H,O fragments are in J” = 2-4. These rotational levels have maxi-
mum population, and thus a fairly large number of trajectories
are associated with them. The agreement between theory and
experiment is encouraging. The QCT calculation also agrees well
with PST predictions (Figure 11b).

The PST and QCT distributions for the other degrees of freedom
also agree fairly well, confirming the statistical nature of the en-
ergy distributions. The more statistical outcome is easily rational-
ized by the large vibrational density of states in the (H,0),
fragment. The harmonic intermolecular vibrational energies of
the dimer range from 90 to ~600 cm~!, with 4 of the 6 intermolec-
ular modes being below 300 cm™!. The density of vibrational states
can reach >8/cm~! for (H,0), fragments with low rotational and
translational energies. In future experiments, it will be interesting
to examine and compare the energy distributions of the
(H,0)3 — 3H,0 dissociation channel as well.

The QCT calculations show, as expected, much internal isomer-
ization of the trimer prior to dissociation. The ring opens early on
in the trajectory, indicating the breaking of one H-bond. It then
reforms and breaks and reforms and breaks (often with different
H-bonds breaking) until finally the second H-bond breaks and frag-
mentation is seen. This evolution is similar to what was inferred
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from spectroscopic studies of trimers of HF, DF and HCI [100-102].
In these studies it was concluded that the first step in the dissoci-
ation is opening of the ring, followed by further intramolecular
vibrational redistribution and finally elimination of a monomer
fragment. The timescales, however, differ from case to case.

Finally, to obtain an estimate of the average QCT lifetime of dis-
sociation to dimer + monomer, the distribution of lifetimes for
nearly 20000 trajectories (with no constraints) that dissociated
was determined. About 84% of the trajectories that dissociated
did so within 10.5 ps. The fairly long lifetimes allow ample time
for intramolecular vibrational energy redistribution among close
lying rovibrational levels, and complex vibrational motions are in-
deed observed in the trajectories.

4. Dimers of H,O with HCl and NH3

4.1. HCI-H,0 dimer: nonstatistical rotational distributions

The HCI-H,O dimer is a prototype of H-bonded mixed clusters
with an acid. The mechanism of HCl solvation in water is of funda-
mental importance in physical chemistry, because of the efficient
dissociative ionization of HCl [103-116]. HCl interactions with
small ice particles are relevant to the chemistry of the upper atmo-
sphere, as is its inelastic scattering from and adsorption onto thin
films of water and other solvents [117]. It is thus no wonder that
much theoretical and experimental effort has been devoted to
understanding the interactions of HCl in diverse environments.
However, many questions remain open regarding the dissociation,
ionization and energy transfer pathways involving HCl and water.

The HCI-H,O minimum energy structure has a nearly-linear
hydrogen bond (<OHCI ~ 178°), with the HCI acting as donor to
the oxygen of water [113,118-120]. Despite the ongoing interest
in the dimer, there has been no experimental determination of
the strength of its hydrogen bond. There exist, however, a number
of abinitio calculations of Dy. A fairly recent calculation at the
CCSD/aug-cc-pVDZ+ level of theory/basis set, for example, gave
Do=1189 cm~![103]. Other calculated values ranged between
1100 and 1570 cm~'[112,115].

We first completed the ‘easy’ experiment: we excited the intra-
molecular HCl fundamental vibration at 2723 cm™! and obtained
the REMPI spectrum of HCl fragments. We then recorded images
of several HCI(J) states to determine Dy. By fitting the broad but
distinct structures in multiple images and their energy cutoffs
we determined Dy = 1334 + 10 cm™'. This value can now serve as
a benchmark for high level calculations. In fact, Mancini and Bow-
man just reported a new ab initio PES and performed Diffusion
Monte Carlo calculations to obtain Dg=1348 +3 cm~![121], in
good agreement with the experimental results.

We proceeded to detect H,O directly by 2 +1 REMPI, as de-
scribed in Section 2. From each image we extracted the c.m. veloc-
ity (speed) distribution, which showed several well-resolved
structures assigned unambiguously to specific rotational levels of
the HCI cofragment (See Figure 4) We could fit the structures
and the cutoffs in the velocity distribution with the same Dg value
obtained by monitoring HCl, thereby validating the water detec-
tion scheme.

The available energy was sufficient to excite only rotational
levels of the fragments, and we carried out comparisons of the
pair-correlated energy distributions with PST. The rotational state
distributions of both the water and HCl cofragments were broad,
encompassing all allowed levels, but they deviated significantly
from the predictions of PST, with overpopulation in high rotational
levels (see Figure 12). This has turned out to be a general trend and
is in agreement with the Ewing model. The available energy is

distributed more evenly among the water cofragment rotational
levels than in HCl apparently because there are >50 Ji . levels of
water, many of which are closely spaced, whereas a maximum of
only 12 HCl rotational levels are energetically allowed. The closer
spacing of energy levels of H,O facilitates energy transfer in the
exit channel, which leads to spreading the rotational energy more
evenly.

4.2. NH3-H,0 dimer: fragment vibrational state specificity

We have described above the vibrational state specificity in the
VP of the water dimer, in which bending excitation in one fragment
was the preferred channel. An even clearer example of vibrational
state specificity is provided by the NH3-H,0 dimer and other dimers
of ammonia with polyatomic molecules. In the VP of these dimers, a
larger number of vibrational levels can be populated, and in this sec-
tion we briefly discuss the observed vibrational state specificity.

Ammonia is of fundamental interest as a Lewis base, a solvent,
and a constituent in solar icy bodies [122]. Mixtures of ammonia
and water are important as components of the surfaces of Neptune
and Uranus [51], in atmospheric chemistry [123], and in astro-
chemistry in gas eruptions in icy bodies detected by the Gemini
telescope and the Cassini mission [124-128]. Aggregates of water
and ammonia are more stable than the corresponding homo-clus-
ters and this is important in mixed ammonia-water ices [45-
48,128]. NH3-H,0 has been the subject of numerous theoretical
studies [45-48], but very little was known experimentally about
the dimer and its VP dynamics. It has a typical, near-linear, H-bond
with the water moiety being the donor.

Upon excitation of NH3-H,O in the H-bonded OH stretch
(3485 cm™!) [55], a small fraction of NH; fragments are generated
in the ground state, but mostly they are excited with one or two
quanta in the v, bending (umbrella) mode. The rotational energy
in each vibrational level is approximated between 250-350 cm™',
with high rotational levels over- populated. The pair correlated E;
distributions determined from images of selected NH5(z» =1, 2,
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Figure 12. Velocity distributions (black curves) from reconstructed images
obtained by monitoring: (a) HCl and (b) H,0 fragments from VP of HCI-H,0. The
red curves correspond to best fits to the data and the blue curves depict statistical
distributions obtained by PST. For the fitting, the intensities of the individual
gaussians were first generated using an exponential smooth function, and then the
gaussian heights were adjusted individually to achieve best fits. The PST calcula-
tions, which were done using the same D,, clearly show that the experimental
velocity distributions are non-statistical.
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J.K) levels are well simulated with water fragement (J, K,, K.) levels
whose populations increase for channels with low E,. From fitting
about 20 images of NH3(z»=1, 2, J, K) fragments,
Do=1538 £ 10 cm~! was determined [55].

Although the rotational energy distributions show the same
propensity for excess population in high rotational levels as do
the other dimers discussed above, the vibrational distributions
show a yet unexplained state specificity. For example, the asym-
metric bend, v4 ~ 1400 cm™!, is not populated, even though there
is sufficient energy for its generation (see Figure 13) and this path-
way would minimize E; release.

For NH; fragments generated in the ground vibrational state,
Ewing rules would favor formation of water co-fragments with
one quantum in the bending mode (~1600 cm™!), which would
leave E. < 300 cm™~! (Figure 13). Nevertheless, as the E; distribution
in Figure 14 shows, most if not all water products are formed in the
ground vibrational state, accompanied by E; release of up to
~1900 cm ™. This is quite surprising because the ammonia frag-
ment v,=2" level, which has a similar energy, is populated.
Although it is possible to speculate on the reasons for this vibra-
tional state specificity, no theoretical model is yet available.

It is instructive to compare the fragment vibrational distribu-
tions to those obtained in other ammonia containing dimers that
were studied in detail, i.e. (NH3), and NH3-C,H; [53 129]. Each di-
mer exhibits vibrational state specificity, but each one has a differ-
ent vibrational distribution. In the ammonia-acetylene dimer,
acetylene acts as the Lewis acid whose hydrogen is weakly bonded
to the nitrogen of ammonia (Dg=900+ 10 cm™') [53]. Following
asym-CH stretch excitation at 3213.6 cm™!, the predominant dis-
sociation channel has NH3; with one quantum in the umbrella
mode v,, with bending levels (v4 and/or vs) of C;H, always excited
as well to minimize E; release. The predominant predissociation
channel is NH3(1v;) + C;Hp(2v4 or 1v4 + 1vs), though a minor chan-
nel, NH3(2v;) + C;Hy(1vy), is also observed. No NH; fragment in the
ground vibrational state has been identified. Other combinations of
fragment states that give rise to low E; release are not populated,
most notably the acetylene C=C stretch and the ammonia asym-
metric bend. It is interesting to note that all the observed channels
involve energy transfer across the H-bond. In all cases, rotational
excitation in NH3 fragments is modest, and translational energy re-
lease is minimized.

In a recent study, using the same experimental approach, Case
et al. determined Dy and dissociation pathways for the ammonia
dimer [129]. This dimer is much more weakly bound than
NH3-H,0 (Do =660+20cm™!) and is very floppy, but the same
propensity of populating the umbrella mode is exhibited, with
population up to the highest allowed bending (umbrella) state,
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Figure 13. Accessible vibrational levels in the monomer fragments following
vibrational predissociation of the NH3;-H,O dimer via excitation of the H-bonded
OH stretch. [Adapted with permission from Ref. [55] (Copyright 2009 American
Chemical Society)].
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Figure 14. Translational energy distribution (red) obtained by monitoring NHj
fragment [v; = 0%, 2KAJx(J) = "So(5)] via the B — X transition in the VP of NH3-H,0.
The dotted black line corresponds to the best fit to the data. The maximum available
translational energy with and without one quantum of bending excitation in the
water cofragment are indicated by blue and black arrows, respectively. [Adapted
with permission from Ref. [55] (Copyright 2009 American Chemical Society)].

v, = 3. However, in all cases there are at least 2 quanta of bending
excitation in the fragments, in accordance with the momentum
gap law. As in the other cases, the asymmetric bend v, is not pop-
ulated, and the rotational excitations are nonstatistical.

5. Conclusions and perspective

We have described above new studies of H-bond breaking in
small clusters that include water. In addition to measuring bond
dissociation energies with spectroscopic accuracy, we were intri-
gued by the state specificity exhibited in the predissociation
dynamics and the intramolecular vibrational redistribution in the
fragments. Although dynamical calculations are difficult (for the
reasons stated above), the synergy between experiment and theory
can lead to fast progress by testing approximations and enabling
extensions to larger systems. The pioneering quasi-classical trajec-
tory calculations of Czaké, Wang, and Bowman have described as-
pects of VP that are complementary to the experiments, and thus
provided a more complete picture of the mechanisms. These stud-
ies can be extended to other small mixed dimers for which accu-
rate PESs exist.

Several common motifs are apparent in the VP of dimers, some
of which recognized in the past. The inefficiency of energy trans-
fer from high-frequency intramolecular stretch vibrations to
intermolecular modes is well understood in terms of the momen-
tum gap law, as is the propensity to minimize translational en-
ergy release.

The floppiness of the dissociating dimers is demonstrated by
the J, K rotational distributions of the fragments. When we tried
to model the pair-correlated velocity distributions with distribu-
tions that included constraints on K states (or K,/K, states in water),
we obtained a much more structured distribution than observed
experimentally. Likewise, modeling the REMPI spectra of frag-
ments with distributions that include a preference for K=0 or
K =] did not match the experimental measurements. Thus, no spe-
cific orientations of the K vectors relative to J of the fragments are
favored. This is borne out by trajectory calculations of the VP of the
water dimer, which show unrestricted tumbling before dissocia-
tion. The calculated vector correlations, however, do show a ten-
dency for | to be perpendicular to the velocity vector v [60],
reflecting the planar orientation in the dimer at long inter-mono-
mer separations, as expected for electrostatic attraction. Note that
the classical trajectories do not include K.
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What is not explained yet is the state specificity in vibrational
energy flow in dimers, which persists in spite of the slowness of
the H-bond breaking. Clearly, only specific pathways lead to disso-
ciation, and those differ from case to case. In some cases this might
be rationalized by classical arguments of force and torque com-
bined with the need to form products with vibrational and rota-
tional excitations that minimize translational energy release [57],
but evidently this is not the whole story. For example, consider
the fragment vibrational distribution in the VP of (H,0), and
NH5-H,0. In both dimers the H-bonded OH-stretch vibration is ex-
cited, but in the former the water fragment bend is predominantly
excited, whereas in the latter case it is only the umbrella mode of
the ammonia fragment that is excited. Fragments in which the
water bend is excited are at best a minor channel, even though this
is the channel for which the Ewing propensity rules are satisfied
the best. It appears that the coupling strengths with the intermo-
lecular bonds play an important role in determining the fragment
vibrational distributions.

From an experimental perspective, the studies described here
are challenging because of the need to excite selectively a specific
cluster and have an efficient REMPI detection system for the prod-
ucts. HCl and NH; can be detected straightforwardly (though their
excited states are predissociative), but the detection of water must
be improved if this method is to be extended to higher clusters of
water. Also, while it is fairly easy to find experimental conditions
that optimize formation of dimers in the expansion, extensions
to trimers and other clusters are more challenging. We believe,
however, that it is feasible to detect higher clusters of water and
also trimers that include ammonia and HCl. Such experiments
would enable us to interrogate H-bond networks that have bent
or distorted H-bonds, situations similar to those that exist in liquid
water, as well as assess the contributions of cooperative interac-
tions. We hope that these studies will inspire further theoretical ef-
forts as well, as demonstrated by the recent success of QCT
calculations on the VP of the water dimer and trimer.
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