
Vibrationally Induced Interconversion of H-Bonded NO2
- ·H2O Isomers within

NO2
- ·H2O ·Arm Clusters Using IR-IR Pump-Probe through the OH and NO Stretching

Vibrations

Rachael A. Relph, Ben M. Elliott, Gary H. Weddle,† and Mark A. Johnson*
Sterling Chemistry Laboratory, Yale UniVersity, P.O. Box 208107, New HaVen, Connecticut 06520

Jing Ding and Kenneth D. Jordan*
Department of Chemistry, UniVersity of Pittsburgh, Pittsburgh, PennsylVania 15260

ReceiVed: September 17, 2008; ReVised Manuscript ReceiVed: December 1, 2008

We introduce a method based on sequential application of vibrational predissociation spectroscopy to explore
the high-amplitude rearrangements available in a small H-bonded complex that is vibrationally excited within
a larger Ar cluster. The weakly bound Ar atoms play the role of a solvent in mediating the energy content of
the embedded system, ultimately quenching it into local minima through evaporation. We demonstrate the
approach on the NO2

- ·H2O binary hydrate, which is known to occur in two nearly isoenergetic isomeric
forms. The scheme involves three stages of mass separation to select a particular NO2

- ·H2O ·Arm parent ion
cluster prior to vibrational excitation and then isolate the NO2

- ·H2O ·Ar fragment ions for interrogation using
resonant vibrational predissociation with a second infrared laser. The initial vibrational excitation selectively
energizes one of the isomers through one of its characteristic resonances while the predissociation spectrum
of the NO2

- ·H2O ·Ar fragment encodes the distribution of isomers present after Ar evaporation. Isomerization
from the front- to backside form is found to occur upon excitation of the NO stretch near 1200 cm-1; although
the reverse reaction is not observed upon excitation of the NO stretch, it is observed upon excitation of the
higher-energy OH stretching fundamental near 3000 cm-1. We discuss these observations in the context of
the calculated isomerization energetics, which focus on the minimum energy structures for the isomers as
well as the transition states for their interconversion.

I. Introduction

Vibrational predissociation spectroscopy of mass-selected ion
clusters is emerging as the method of choice for the structural
characterization of ion-solvent complexes, where weakly bound
messenger species such as Ar atoms are used to record
absorption in an action mode via mass loss.1 This has been
particularly useful in elucidating the structures of the hydration
shells around simple ions, with the halide ions representing a
classic case in which all six of the fundamentals associated with
X- ·H2O have been observed experimentally.2-7 In many cases,
however, the strength and directionality of the H-bond leads to
many isomeric structures in the ionic hydrates, A-/+ · (H2O)n.8-11

This circumstance has presented a complication in spectroscopic
studies attempting to characterize minimum energy structures
because one is routinely faced with sorting out extra bands that
arise from anharmonic effects (Fermi resonances, combination
bands, etc.) of a particular isomer from the heterogeneous
contributions of distinct species. To address this complexity,
we have recently developed a general method for obtaining
isomer-specific spectra within the context of a mass-selective,
predissociation-based variant of two-dimensional IR spectros-
copy.12 With the vibrational signatures of the various isomers
in hand, we are now in an excellent position to exploit this
knowledge to explore significant features on the extended

potential energy landscape, such as barriers to isomer intercon-
version. In this context, the occurrence of the isomers becomes
an advantage because they provide benchmarks that reveal the
range of the excursions available from various starting points
on the surface. We report here an extension of our IR-IR hole
burning method12 to monitor vibrationally induced isomerization
within a size-selected Ar cluster. In essence, the attached Ar
atoms play the role of solvent in that they mediate the energy
content of a tightly bound core ion complex through intra- and
intermolecular vibrational relaxation IVR and ultimately quench
the clusters into local minima by evaporative cooling. This
scheme can be viewed as an Ar-cluster variation on the
collisionally mediated photoisomerization method developed for
neutral complexes by Zwier and co-workers13 over the past
several years. The significant differences in its application to
ionic clusters are that in the clusters, quenching occurs by Ar
evaporation rather than through bimolecular collisions, and
predissociation is used instead of resonant multiple photon
ionization to carry out the spectroscopic characterization of the
isomers present after excitation. We demonstrate the method
on the NO2

- ·H2O binary cluster, which occurs in two low-
energy isomeric forms that were spectroscopically characterized
in our earlier report.12

The strategy of our approach is illustrated schematically in Figure
1, which depicts the situation at play in NO2

- ·H2O. The two
isomers have the calculated structures (B3LYP14-17/aug-cc-pVDZ18,19)
indicated at the bottom of the figure. Isomer A is the “backside”
form in which the water molecule docks primarily to one oxygen
atom on NO2

- in a single ionic H-bonding arrangement such that
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the “free” H atom is oriented toward the N atom. Isomer B is the so-called “frontside” form, in which the water molecule attaches each
of its hydrogen atoms to the oxygen atoms on the NO2

- ion in a double H-bonded configuration.
In this photoisomerization scheme, a particular isomer is selectively excited through one of its characteristic vibrational transitions

within a mass-selected NO2
- ·H2O ·Arm cluster. This energized cluster then undergoes IVR, ultimately leading to photoevaporation

of one or more weakly bound Ar atoms (nevap ≈ hν/∆Hevap (Ar)), which is the essential feature of the popular “tagging” approach
for obtaining mass-selective vibrational spectra of ions.1,20 Here we are interested in the case in which the vibrationally excited core
ion can undergo isomerization before the energy is lost to evaporation, a process described by the following kinetic scheme:

where the superscripts I and II denote the two NO2
- ·H2O isomeric cores, hνI

pump indicates that the pump laser is tuned to a
resonance associated exclusively with isomer I, and (m - n(I)), (m - n(II)) denote the number of Ar atoms lost upon formation
of the quenched isomers I and II, respectively. The initial NO2

- ·H2O ·Arm cluster is chosen to contain a sufficiently large
number (m) of attached Ar atoms such that at least one Ar atom remains attached after the photofragmentation induced by the
pump laser. This is important because one can then monitor the predissociation spectra of the primary photofragments,

I,II[NO2
- · H2O] · Arn(I, II)+hνprobef

I,II[NO2
- · H2O]+ n(I, II)Ar (2)

as a means of establishing the isomer distribution present in the fragment ion ensemble. Although not illustrated above, it is clearly
also possible that isomerization can occur during the course of Ar evaporation.

A key requirement of this approach is that kisom is sufficiently fast to compete with evaporative energy loss, kevap. Although one
anticipates that IVR within a strongly H-bonded complex will be fast compared to the rate of Ar evaporation, these rates are not
generally known in ion clusters.21,22 As such, one of our primary goals in this study is to clarify whether isomerization can be
observed in this intracluster regime. We will demonstrate that efficient interconversion does, indeed, occur between the NO2

- ·H2O
isomers; moreover, this transformation occurs in a fashion that depends strongly on the vibrational mode excited and, thus, the
energy delivered to the cluster. This dependence is considered in the context of the calculated transition states for migration of the
water molecule around the NO2

- anion.

II. Experimental Details

Figure 2 outlines the protocol of the pump-probe approach. Two tunable infrared lasers intersect a pulsed ion beam at two of the
three mass-selective, transient foci of the mass spectrometer, which are created using two pulsed fields and a reflectron. To implement
this capability, the Yale double-focusing, tandem TOF photofragmentation spectrometer23 was lengthened by about 1.5 m to
accommodate a coaxial, pulsed acceleration region (located about 50 cm beyond the pump laser intersection at the first transient
focus (F1)), followed by a second reflectron, R2. These features enable mass separation of the species created by the first laser at

Figure 1. Schematic illustration of the Ar cluster-mediated approach to vibrationally induced intracluster photoisomerization. Isomer-selective
vibrational excitation is carried out by a fixed frequency pump laser (hνpump), which is sufficiently energetic to photoeject several Ar atoms. When
the parent cluster is chosen such that at least one Ar atom remains on the daughter ions, the isomeric composition of these fragments can be
established by obtaining their vibrational predissociation spectra (after mass selection) with a second infrared laser. Photoisomerization in this
regime thus requires that the isomerization rate (kisom) is sufficiently fast to compete with the evaporation rate of the weakly bound Ar atoms.
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a second transient focus (F2), where a second tunable IR laser
interrogates photofragments created by the pump laser. Frag-
ments produced by the probe laser are then isolated using
reflectron R2, which has an MCP ion detector (D2) located at
the resulting third focal point. The overall assembly is equivalent
to an MS3 fragmentation experiment in the parlance of analytical
mass spectrometry.

When carrying out the measurement, the pump laser is tuned
to an isolated band assigned to one of the NO2

- ·H2O isomers,
and the efficiency of the excitation is maximized by monitoring
the resulting photofragments on detector D1 with reflectron R1.

R1 is then switched off, sending the remaining parent and
photofragment ions together down the drift tube. This mixed-
mass ion packet is then separated by a pulsed, coaxial field,
labeled PA in Figure 2, which is switched on just after the ion
packet enters the region between the grids (7 cm separation).
The grid closest to the ion source is typically pulsed from ground
to -1.5 kV, with the remaining electrode held at ground. As
such, the kinetic energies of all ions in the packet are increased
by ∼1.5 keV. Parent and daughter ions from the pump laser
are thus separated in this second TOF step, and the probe laser
is timed to selectively intercept the daughter fragment created
in the first predissociation event that retains one Ar atom (eq
2). Scanning the probe laser recovers the predissociation
spectrum of these fragments, and the resulting bands reveal its
isomeric composition.

The NO2
- ·H2O ·Arm clusters were generated by entraining24

NO2 and H2O on the low-pressure side of a pulsed supersonic
expansion of Ar that was ionized with a 1 keV counter-
propagating electron beam. The laser pulse energies used in this
work were ∼10 mJ in the 2800-3800 cm-1 range, and 0.3-0.6
mJ in the 1000-2000 cm-1 range, where the latter region was

obtained by secondary conversion in AgGaSe2.25,26 The reported
spectra result from the accumulation of 10-30 scans.

III. Results and Discussion

We illustrate the method through its application to the
NO2

- ·H2O cluster ion, which is fortuitously prepared with
comparable yields of the back- and frontside isomers (A and B
in Figure 1, respectively) in the ionized free-jet cluster source.12

The vibrational predissociation spectrum of the NO2
- ·H2O ·Ar

cluster, presented in Figure 3a, thus consists of two overlapping
patterns. In discussing the assignments of the various bands,
we make use of the results of reference 12 where ion-dip
spectroscopy was used to separate the contributions of the two
isomers. The contributions from each isomer are indicated in
color, with blue representing the backside isomer and red
indicating bands from the frontside isomer. The bands above
2500 cm-1 are derived from the OH stretching vibrations. The
backside species contributes the strong ionic hydrogen-bonded
(IHB) OH stretch (νOH

IHB(back)) at 2975 cm-1 along with a weaker
nonbonded OH stretch (νOH

free(back)) near 3700 cm-1. The
backside isomer also contributes a broad feature near 3200 cm-1

,

which may be a combination band involving the 2975 cm-1

fundamental and an ion-water molecule stretching vibration
(calculated at the B3LYP/aug-cc-pVDZ level to occur at 242
cm-1). The OH stretching pattern of the frontside species
consists of a long progression of peaks evolving to higher energy
relative to a band origin at 3250 cm-1, with a characteristic
spacing of about 90 cm-1. We have previously discussed8,27 the
origin of this pattern in the context of combination band structure
involving the OH stretching fundamentals with the rocking
motion of the water molecule between the two oxygen atoms
of NO2

-. Qualitatively, the progression can be viewed in a

Figure 2. Outline of the experimental sequence of events used to carry out Ar-mediated, intracluster photoisomerization. An ion packet containing
a mixed ensemble of isomers is mass-selected in the first stage of a time-of-flight (TOF) mass spectrometer, where a fixed frequency pump laser
(P1) is tuned to a transition of one of the isomers and injects this species with vibrational energy, hνpump. This interaction is optimized by monitoring
the fragments on reflectron R1 with detector D1. After optimization, R1 is turned off, allowing the parent and daughter ion packets to pass without
discrimination. If isomerization occurs, argon evaporation quenches the excited cluster into minima corresponding to the different isomeric forms.
To characterize the isomer composition in the fragment ions, they are isolated from the parents remaining after pump excitation in a second
(coaxial) TOF stage of mass selection using a pulsed acceleration (PA) region. A second tunable IR laser (the probe laser, P2) intersects the
fragment ion packet at the transient focus of the second TOF stage. The predissociation spectrum arising from the scanned probe laser is recovered
by detecting the resulting Ar loss detector D2 after a third stage of TOF mass selection using reflectron R2.
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Franck-Condon picture, where the shapes of the vibrationally
adiabatic potentials for the rocking motion are strongly depend-
ent on the number of quanta in the OH stretching vibration.
This leads to displaced potentials for the rocking mode levels
in going from vOH ) 0 to vOH ) 1 (in a local mode description),
which in turn gives rise to overlap of the ground vibrational
state with many vrock levels upon excitation of the OH stretching
fundamental.

The lower energy region of the predissociation spectrum is
dominated by sharp bands arising from the NO stretches, where
each isomer contributes two such bands. Most convenient for
this study are the two very close bands near 1200 cm-1, where
the lower-energy 1203 cm-1 band is due to the backside isomer
and the higher energy 1230 cm-1 band arises from the frontside
isomer. This leads to a favorable situation in which one can
manipulate the isomer populations by tuning the pump laser
between these two closely spaced transitions.

IIIA. Theoretical Details and Expectations. To aid in the
assignment of the spectra and in interpreting the isomerization
dynamics, we have carried out an exhaustive search for
stationary points on the NO2

- ·H2O potential energy surface at
the MP228/aug-cc-pVDZ level of theory. The QST3 procedure29

was employed to locate the transition state structures. For each
stationary point identified, the vibrational frequencies were
calculated in the harmonic approximation, again using the MP2/
aug-cc-pVDZ method, to confirm the nature of the stationary
points. The geometries of the minima were also optimized, and
the harmonic vibrational frequencies were calculated at the
B3LYP/aug-cc-pVDZ level of theory. Although the frequencies
from the two sets of calculations are quite similar, the two
theoretical methods give very different IR intensities, particularly
for the NO stretch bands, with the results from the B3LYP
calculations being in closer agreement with experiment. B3LYP
calculations on the isolated NO2

- ion reveal that the symmetric
NO stretch lies higher in frequency than the asymmetric NO
stretch, in agreement with experiment.30 The opposite ordering
of these two vibrations is found with the MP2 method,

presumably due to the inadequacy of the Hartree-Fock refer-
ence configuration for describing the diradical character of
NO2

-. For this reason, the B3LYP results have been used in
analyzing the spectra. Figures 3b and c report the calculated
(B3LYP/aug-cc-pVDZ, scaled, harmonic) vibrational spectra for
the frontside and backside isomers, respectively. Overall, the
measured fundamentals are recovered quite well at the harmonic
level for this method, with the most significant difference being
the greater number of lines in the experimental spectra resulting
from anharmonic couplings.

Both the B3LYP/aug-cc-pVDZ and MP2/aug-cc-pVDZ cal-
culations predict the frontside isomer to be about 240 cm-1 more
stable than the backside isomer after correction for vibrational
zero-point energies. We also carried out single-point MP2/aug-
cc-pVTZ, CCSD(T)31-35/aug-cc-pVDZ, and multireference MP2
(MRMP2)36/aug-cc-pVDZ calculations on the two low-energy
minima, employing the MP2/aug-cc-pVDZ geometries. (The
MRMP2 calculations employed the two references needed to
account for the diradical nature of NO2

-.) The B3LYP and MP2
calculations were carried out with the Gaussian 03 program,37

and the CCSD(T) and MRMP2 calculations were carried out
using MOLPRO.38 The adoption of the more flexible basis set
proves to have a negligible effect on the relative energies of
the front and backside isomers. On the other hand, the CCSD(T)
and CASMP2 calculations favor the frontside isomer by 417
cm-1, as compared to by 240 cm-1 in the MP2 or B3LYP
calculations. It is clear from these results that the frontside and
backside isomers of NO2

- ·H2O are close in energy.
If the energy ordering of the two isomers from the calculations

described above is indeed correct, then the energy threshold
for backside-to-frontside isomerization would be lower than that
for the reverse reaction. It is therefore of interest that the
experimental results presented below are consistent with a lower
threshold for the frontside-to-backside process, raising the
possibility that the observed rates reflect the detailed dynamics
underlying the relative kisom and kevap rates.

The potential energy surface describing even a simple
situation, such as the NO2

- ·H2O interaction, is surprisingly
complex, but the calculations suggest that the key reaction
pathway is that shown in Figure 4. This path is essentially
passage of the water molecule around one of the oxygen atoms
in NO2

- with concomitant rotation of one of the hydrogen atoms.

Figure 3. Vibrational predissociation and calculated (harmonic,
B3LYP/aug-cc-pVDZ) spectra of NO2

- ·H2O ·Ar in the NO stretching
and OH stretching regions (from ref 12): (a) nonisomer selective
predissociation spectrum with those peaks belonging to the frontside
isomer in red and those for the backside isomer in blue, (b) calculated
spectrum of the frontside isomer, and (c) calculated spectrum of the
backside isomer. Structures indicate the calculated minimum energy
geometries.

Figure 4. Reaction path for isomerization of NO2
- ·H2O. The TS was

located using the QST3 method, as described in the text, and the reaction
paths from the transition state to the two minima were established using
the reaction path following method. The calculations are at the MP2/
aug-cc-pVDZ level of theory.
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The transition state structure is calculated to lie 1163 and 919
cm-1 above the frontside and backside isomers, respectively.
(These numbers are based on MP2 calculations.)

IIIB. Isomer Conversion through the NO Stretching
Modes. We begin by investigating whether the isomers can
undergo interconversion upon excitation of the ∼1200 cm-1 NO
stretching vibrations, which should provide internal energy just
above the calculated barrier for the path in Figure 4. Previous
studies have established that photofragmentation of Ar-tagged
clusters at this energy is dominated by the loss of two Ar
atoms.24,39,40 We therefore focus on the NO2

- ·H2O ·Ar3 parent
ion, which should preferentially yield the NO2

- ·H2O ·Ar
fragment ion upon excitation of the NO stretching vibrations
of either isomer in the absence of isomerization. Experimentally,
we observe NO2

- ·H2O ·Ar to be the dominant fragment upon
excitation of either isomer. The presence of the Ar tag allows
us to determine the isomeric composition of this photofragment
by predissociation spectroscopy. To maximize the signal in the
isomer analysis step, we probed the fragment ions in the OH
stretching region where high laser power is available in the
3000-4000 cm-1 range.

Figure 5 presents the predissociation spectra of the
NO2

- ·H2O ·Ar fragment ions, where the top trace corresponds
to excitation of the frontside isomer at 1230 cm-1 (indicated
by the arrow in the Figure 5a inset), and the bottom trace results
from excitation of the backside isomer through its 1203 cm-1

band (arrow in Figure 5b inset). The main qualitative message
from this experiment is that the isomeric parentage is largely
maintained upon excitation in this energy range. In fact, the
lower trace, corresponding to selective excitation of the backside

isomer, contains no bands attributable to contamination from
the frontside isomer. The scan in Figure 5b is thus the most
definitive spectrum of this species yet recorded, with all features
previously assigned to the backside isomer using double
resonance being present. Although photoisomerization starting
from the backside species is not observed through the NO
stretches, this observation illustrates a powerful (if unanticipated)
use for the double resonance method as a means with which to
isolate the linear action spectrum of a particular isomer. That
is, once the fragment ion is created in a pure isomeric form
with an Ar tag, its spectrum can be obtained using predisso-
ciation in a low laser power regime, as opposed to the saturated
conditions that are intrinsic to the hole-burning approach.

We next turn to the photoexcited frontside isomer through
its NO stretching transition at 1230 cm-1 (arrow in Figure 5a
inset). This is a more interesting result than that obtained for
the backside isomer in that, although the characteristic progres-
sion is evident as expected for the frontside pattern, there are
two additional peaks toward the low-energy side, labeled R and
� in Figure 5b, that were very weak (R) or absent (�) in the
NO2

- ·H2O ·Ar spectrum (top trace in Figure 3) when this ion
was extracted as a parent directly from the ion source. In
addition, there is a small feature at 2975 cm-1, the location of
the strong band associated with the backside isomer, suggesting
that isomer interconversion can be induced in this direction.

Interestingly, the spacing between the enhanced peaks (R and
�) as well as between R and OH stretching fundamental at 3250
cm-1 is about 65 cm-1, which is even lower in energy than that
(∼90 cm-1) displayed by the main progression associated with
the rocking mode of the water molecule. Recall that the
Franck-Condon mechanism for the (0 f V′rock) progression
involves large displacements of the vibrationally adiabatic
potentials describing the water-rocking motion upon OH-
stretching excitation.27 In this context, a natural explanation for
the new bands is that they are due to (V′′ rock f 0) hot bands in
this mode, which gain oscillator strength through the same
Franck-Condon mechanism.27 Activity in the ≈65 cm-1

quantum is plausible, because photoexcitation of NO2
- ·H2O ·Ar3

at 1200 cm-1 does induce a small branching into the three Ar
atom loss channel, and thus, the NO2

- ·H2O ·Ar fragment likely
retains internal excitation on the order of the Ar binding energy,
which is roughly 400 cm-1. It is worth noting that such a
convenient internal energy monitor is rare in cluster work.41,42

Of course, we expect the internal energies of both isomers
created as photofragments to be similar, since they are both
governed by the evaporative ensemble ansatz.43 The spectrum
of the backside isomer (Figure 5b), on the other hand, is similar
to that displayed by the backside NO2

- ·H2O ·Ar isomer
extracted from the source (Figure 3a, bands presented in blue).
These seemingly disparate observations are seen to be internally
consistent, however, when one considers the fact that the
backside isomer does not exhibit the strong anharmonic coupling
needed to yield significant oscillator strengths for the transitions
with large changes in soft mode quanta, as is the case for the
frontside complex.

Summarizing the results in the NO stretching region, we find
the backside isomer to survive photoexcitation and remain intact
in the fragment ions, which yields a novel and useful method
for obtaining isomer-selective spectra. The frontside isomer also
largely survives excitation through the NO stretching transition
but yields new bands in the photoproduct that likely arise from
internal excitation in the NO2

- ·H2O ·Ar fragments. There is,
in addition, a small feature in the fragment spectrum that occurs
in the band location expected for the backside structure,

Figure 5. Argon predissociation spectra of the primary photofragment,
NO2

- ·H2O ·Ar, produced from photoexcitation of NO2
- ·H2O ·Ar3 with

hνpump at (a) 1230 cm-1, a frontside isomer transition, and (b) 1203
cm-1, a backside isomer transition, as indicated in the insets. For the
frontside isomer in part a, features assigned to hot bands are labeled R
and � and represent transitions to V′rock ) 0 from excited Vrock levels in
the OH (V ) 0) level. See the vibrationally adiabatic potential discussion
in the text. The presence of the backside νOH

IHB transition at 2975 cm-1

in part a indicates a small amount of conversion from frontside to
backside, whereas the lack of any frontside features in part b indicates
that excitation of the NO stretch does not induce conversion from the
backside form to the frontside.
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indicating that front-to-backside isomerization can be induced
by excitation in the 1200 cm-1 range.

IIIC. Isomer Interconversion through the OH Stretching
Modes. The absence of interconversion from back- to frontside
isomers upon NO stretch excitation would seem to imply that
the barrier for this process is >1200 cm-1. However, on the
basis of the calculations, we believe it to be more likely that
the rate of Ar evaporation is faster than that for isomerization
in this direction, which presents an intrinsic limitation to this
method. It is also the case that the evidence for conversion from
the front- to backside isomer rests on a rather weak band near
3000 cm-1, and it would be useful to identify a regime where
the isomerization reaction is both efficient and unambiguously
established through the spectroscopic diagnostics. Since the
relative rates should depend on the internal energy content, we
extended the study to explore excitation through the higher-
energy OH stretching modes. The nature of our approach
dictates that we must also work with a larger number of attached
Ar atoms in the NO2

- ·H2O ·Arm parent ion, however, because
we expect an average of five Ar atoms to be lost upon excitation
of the cluster in the vicinity of the OH stretching transitions.
We therefore focused this aspect of the study on the
NO2

- ·H2O ·Ar6 cluster because the dominant photofragment ion
should retain a single Ar atom, which is required for spectro-
scopic interrogation of the product. Interestingly, there is a
noticeable change in the relative contributions of the isomers
to the NO stretching bands with increasing Ar solvation.
Specifically, the 1230 cm-1 frontside transition, which is slightly
larger than the backside 1203 cm-1 line in the spectrum of the
m ) 1 parent, is reduced by about a factor of 2 in the m ) 6
spectrum. We have often encountered situations in which the
isomer distribution is strongly dependent on the extent of Ar
solvation9,11,44 and have even used this to our advantage in
several systems as a means with which to obtain isomer-selective
spectra. For the present application, however, the diminishing
population of the frontside isomer in the larger cluster is a
disadvantage, and the situation is further complicated by
significant broadening of its OH stretching pattern, which makes
it difficult to exclusively excite this species. As a result, we
were able to carry out an isomerization study only starting from
the more abundant backside isomer.

In the case of OH stretching excitation, the higher power
available for the pump laser led to a favorable situation in which
we were able to interrogate its isomeric composition by probing
the two nearby bands in the NO stretching region (i.e., the
backside band at 1203 cm-1 and the frontside band at 1230
cm-1). Figure 6 displays the low-energy spectrum of the
NO2

- ·H2O ·Ar fragment ion from the process,

NO2
- ·H2O ·Ar6 + hνfNO2

- ·H2O ·Ar+ 5 Ar (3)

with the pump laser tuned to excite the backside isomer at its
strong 2975 cm-1 resonance corresponding to the fundamental
of the ion-bound OH stretch [νOH

IHB(back) in Figure 3a]. The
predissociation spectrum of the fragment ion does, indeed,
display significant population in both isomers, with the higher
energy band from the frontside isomer appearing with about
one-third of the intensity as the band due to the backside species.
With this observation, we have thus succeeded in driving the
isomerization reaction in both directions.

The ability to drive isomerization in both directions is key
to extracting the relative stability of the isomers as well as the
magnitude of the barrier separating them, as discussed at length
by Zwier and co-workers.45-51 The observation of isomerization
at 1200 cm-1 is consistent with our calculated barrier of ∼1076

cm-1 from the reaction path displayed in Figure 4. Unfortu-
nately, the large energy gap between the NO and OH stretching
quanta allows for only a crude bracketing of the energetics, and
the likely suppression of isomerization by Ar evaporation further
complicates quantitative determination of these quantities. There
is, on the other hand, an alternative available in the Ar-mediated
scheme that can be used to establish the relative energies of
the isomers, even when the isomerization rate is suppressed in
one direction, as appears to be the case here. Specifically, the
relative energetics are encoded in the number of Ar atoms
evaporated when isomerization does or does not occur [(m -
n(I)) and (m - n(II)) in eqs 1a and 1b, respectively], where the
differences in Ar loss can be considered in the context of
microcalorimetry.52,53 Thus, the chemical energy from isomer-
ization, ∆E (see Figure 1), should effectively add to the photon
energy, hν, in determining the number of evaporation events,
nevap ≈ (∆E + hν)/∆Hevap (Ar). In the case of NO2

- ·H2O ·Ar6,
we note that, despite the observed ∼30% conversion, the number
of Ar atoms evaporated is as expected for the typical Ar binding
energy of about 400 cm-1. This observation indicates that the
difference in energy between the two isomers is at most on the
order of the argon binding energy and supports the interpretation
that the failure to drive the back-to-frontside reaction at 1200
cm-1 excitation results from the kinetics rather than a large error
in the calculated relative energies.

Our goal in the present study was to explore whether the
relative rates of the intracluster processes described in eqs 1a
and 1b allow an isomerization reaction to occur in a system
that is unstable with respect to evaporation of a weakly bound
solvent. The high efficiency of the isomerization reaction in the
strongly bound NO2

- ·H2O complex upon excitation at 3000
cm-1 establishes the viability of this approach. In fact, the
detailed energetics of this system indicate that reaction can be
observed even when the isomerization barrier is more than twice
the Ar atom evaporation energy. This hierarchy of timescales
is interesting because it enables a microscopic view of the
exchange of energy between a reactive subsystem and sur-
rounding solvent in a microcanonical regime. Moreover, this
occurs in a sufficiently small system that the solvent bath states
can be explicitly treated from a quantum perspective.

Figure 6. Argon predissociation spectrum of the NO2
- ·H2O ·Ar

photofragment produced by photoexcitation of NO2
- ·H2O ·Ar6 (OH

stretch spectrum shown in inset) with hνpump at 3000 cm-1, which is
the ion-bound OH stretch of the backside isomer. Approximately 30%
conversion to the frontside isomer is evidenced by the presence of the
NO2

- asymmetric stretch at 1230 cm-1, which is a characteristic feature
of the frontside complex.
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IV. Summary

We have introduced an Ar-cluster-mediated, pump-probe
photoexcitation method involving three stages of mass selection
to monitor isomerization reactions in size-selected cluster ions.
This capability is demonstrated by carrying out vibrationally
induced isomerization of a water molecule between two binding
sites on the NO2

- anion upon photoexcitation of the NO2
- ·H2O

complex within the Ar clusters NO2
- ·H2O ·Ar3 and

NO2
- ·H2O ·Ar6. This is significant because it establishes that

embedded systems can cross reaction barriers that are larger
than the Ar binding energy. Specifically, photoexcitation in the
NO stretch region near 1200 cm-1 gives a small amount of
frontside-to-backside isomerization but no backside to frontside
isomerization. The front-to-backside reaction can be driven,
however, upon excitation in the OH stretch region near 3000
cm-1. These observations are consistent with our calculations
of the isomerization path, which place the barrier around 1100
cm-1.
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