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Abstract

The near-threshold photofragmentation dynamics of state-selected H,O" cations have been

investigated using velocity map ion imaging methods. The cations were prepared in the v=0
level of the ground ()N( ’B)) electronic state, by 2+1 resonance enhanced muliphoton ionization
via selected rotational levels of the H,O, C 1B1, v=0 state. Subsequent two photon excitation of

the resulting H,O" cations to B ’B, state levels lying above the lowest dissociation limit (i.e. at
total energies in the range 46000 - 50600 cm™) results in O—H bond fission and OH" fragment
ion formation. These fragments display isotropic recoil velocity distributions, which peak at
low kinetic energy but extend to the highest speeds allowed by energy conservation. Ab initio
calculations of key sections through the potential energy surfaces (PESs) for the ground and first
few excited states of H,O" suggest two possible mechanisms for the observed rotational and

(when energetically allowed) vibrational excitation of the OH" fragments. Both require initial
non-adiabatic (vibronic coupling) from the photo-prepared B state level to high levels of the

A 2A1 state, but involve different subsequent HO'—H bond fission mechanisms. One involves
Renner-Teller coupling to the ground state PES, while the alternative requires spin-orbit induced

coupling to the repulsive 3@ *B;(*A”) state PES.

URL: http://mc.manuscri%tcentral.com/tandf/tmph
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1. Introduction

Detailed investigations of the photodissociation dynamics of gas phase molecular cations are
becoming increasingly commonplace [1-15]. Typically, these studies employ resonance
enhanced multiphoton ionisation (REMPI) to prepare the cations with a high degree of internal
(vibrational and rotational) quantum state selectively. Velocity mapped ion imaging methods
[16,17] are very well suited to such experiments, since subsequent photolysis of the cation
necessarily results in formation of a charged photo-product, the recoil velocity (speed and
angular) distributions of which are revealed in the image without the need for further
experimental influence. The literature contains numerous reports describing aspects of the
photochemistry of neutral water molecules [18-20], but quantitative photochemical data relating
to its cation is much less common — notwithstanding the importance of chemistry involving
H,O" cations in the upper atmosphere [21], in comet tails [22] and in interstellar clouds [23].

Here we describe one approach that goes some way towards rectifying this deficiency.

H,O has the electronic configuration (1a;)*(2a;)*(1b,)*(3a,)*(1b;)*. The ground, first and second
excited states of H,O" are of particular relevance in the present work. Within the framework of
molecular orbital (MO) theory, these can be described in terms of electron removal from,
respectively, the 1b;, 3a; and 1b, orbital, yielding the X’Bi, A*A; and BB, states. These
three states have very different equilibrium geometries [24]. Ground state H,O" is formed by
removing an electron from the O-centred 1b; ‘lone pair’ orbital (that lies orthogonal to the
molecular plane), giving a state of B, symmetry with a bent geometry — similar to that of
neutral HO. This bent geometry can be understood in terms of the competing forces arising
from electrons in the 3a; and 1b, orbitals. The 1b; and 3a; orbitals are degenerate at linear

geometries, but the latter is stabilised by progressive acquisition of s character upon bending.
Removal of a 3a; electron reduces this bending force, and the KZAI state has a quasi-linear
equilibrium geometry. In contrast, the BB, state (formed by removing a 1b, electron) is very

bent, with an acute equilibrium bond angle. The A A, and X 2B, states are the two halves of a
degenerate (“II) state at linear geometries and, as such, constitute a text-book example of a

Renner-Teller coupled system [25,26].
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The photoelectron spectrum of H,O is consistent with the foregoing MO description, displaying
discrete bands associated with ionization to the X °B;, A *A;and B’B, states of the cation [27-
30]. The first photoelectron band is dominated by the origin transition, but also shows weak
activity in both v; (the symmetric stretching mode) and v, (the bend) — consistent with minimal
change in equilibrium geometry upon removing a 1b; electron. The second photoelectron band

shows an extensive series of peaks, which have been assigned to progressions in v, built on 0

and 1 quanta of v, — consistent with the large increase in equilibrium bond angle in the A’A,
state (relative to the ground state neutral). High resolution photoelectron spectroscopy reveals
additional fine structure within these peaks, attributable to vibronic (Renner-Teller) coupling
with levels of the X state. The third photoelectron band (associated with formation of B’B,
state ions) displays extensive structure also. This structure is much more diffuse, however, and
has thus far defied consistent assignment — even when recorded using a rotationally cold sample
[29]. The diffuse nature of this band is attributable to predissociation of the B ’B; state [31,32].
Photoelectron-photoion coincidence studies of both H,O and D,O show that O-H/D bond
fission and formation of ground (X*%") state OH'/OD" fragments together with H/D atoms is the
sole fragmentation pathway at threshold, but identify an increasing role for the alternative
products (OH/OD(X’TT) + H'/D") as the excitation energy is increased. ‘Symmetric’
dissociation to O products is also possible within the energy range investigated in this work,
but is found to have negligible quantum yield [33-35]. These behaviours have been discussed
within the framework of the then available PESs for the electronic states of interest [32,36]. As
shown in greater detail later, the B?B, (*A’ in Cy) state potential correlates diabatically with the

high energy H + OH"(a'A) asymptote upon O—H bond extension, but is crossed by potentials

associated with the a*B;(*A”) and A ?A1(*A”) states. Spin-orbit induced predissociation by the
former, and/or vibronic coupling to the latter (mediated by vs, the asymmetric stretching mode)

and subsequent non-adiabatic coupling to the A PES, have both been proposed as routes to the

observed OH" and H' products following excitation to the B ?B; state [32,35].

MPI spectra of H,O and D,O, resonance enhanced at the energies of both three and two
absorbed photons (i.e. 3+1 and 2+1 REMPI spectra) reveal a wealth of rovibronic structure
associated with Rydberg states belonging to series that converge to the first ionization limit [37-
39]. More recent 2+1 REMPI-photoelectron spectroscopy studies served to demonstrate a

strong propensity for Franck-Condon diagonal (Av = 0) ionization from these Rydberg states

URL: http://mc.manuscri?)tcentral.com/tandf/tmph
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[40,41]. Of particular relevance to the present work, 2+1 REMPI via the C 'B,, v=0 level was

shown to yield H,O'/D,0" ions exclusively in the lowest (zero-point) vibrational level.

The A-X systems of H,O" and D,O" have been studied in absorption [42] and in emission
from electric discharges [43,44]. These spectra exhibit rich rotational structure superimposed on
a progression in v,. The ground states of H,O and H,O" have very similar equilibrium
geometries. Analogy with the first photoelectron band suggests that the H20+(K—)~()
progression exhibits peak intensity at v,° ~7-8, but H20+(K) state levels with v,” <15 (and

energies ~23300 cm'l) have been identified in the emission spectrum. The I~32B2—)~(2B1
transition is electric dipole forbidden, but allowed in two photon excitation. For future
reference, we can use (at least) two different thermodynamic cycles to establish the threshold
energies for forming H+OH (X’L") and H + OH(X’II) products from the ground state of
H,0"(X ?B)) cations. The more direct cycle starts from the appearance energy for forming OH"
fragment ions in the photoionization of H,O, AE(OH/H,0) = 146117424 cm™ [45] which,
when combined with the best available value of the ionisation potential of H,O (101766+2 cm’!
[46]), yields Do(H-OH") = 44351426 cm™. Given the ionisation potentials of the OH radical
(104989+2 cm™ [47]) and the H atom (109677 cm™ [48]), the threshold energy for proton
formation follows as Do(H—OH) = 49039426 cm™. The alternative route to these quantities
starts with the most direct measure of Do(H-OH), 411515 cm™ [49], which, when combined
with the ionization potentials of H,O, OH and H yields Do(H-OH") = 4437449 cm™ and Do(H'—
OH) = 4906249 cm™".

The present imaging study employs 2+1 REMPI at selected wavelengths A; (and wavenumbers
V1) chosen to be resonant with different rotational levels of the C'B 1, v=0 state to prepare

H20+(}~( ’By, v=0) cations. The H20+(I~3 —)N() transition is electric dipole forbidden. Thus we

employ a two-photon scheme, exciting these cations at wavelength A, (wavenumber V ,),
selected to be resonant at the one photon energy with one or more rovibronic levels of the A

state. This results in population of the BB, state at total (two photon) wavenumbers in the
range 46000 <2V, <50600 cm’', above the first dissociation threshold — thereby allowing
exploration of the fragmentation dynamics of these excited cations to H + OH" products. This

experimental program is complemented by new ab initio calculations of key sections of the

URL: http://mc.manuscri?)tcentral.com/tandf/tmph
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potential energy surfaces (PESs) of the ground and first five excited electronic states of H,O",
which also serve to aid our understanding of this fragmentation process. Finally, we report the
observation of an additional velocity component evident within the OH" images recorded at
certain specific V,’ wavenumbers (where the requisite V,’ is produced by frequency doubling
radiation of wavenumber V). This additional component is attributed to unintended three

photon ionisation of highly rotationally excited OH(X) fragments. These are deduced to be

formed by predissociation from the C 'By, v=0 state, with the subsequent ionisation process

resonance enhanced at the two photon energy by an, as yet unidentified, Rydberg state of OH.
2. Experimental

The ion imaging apparatus was used without significant modification from previous studies
[11,50]. Deionised water was placed in a gas bulb and thoroughly degassed by exposure to
vacuum. The bulb was then filled with 200-400 mbar argon gas, and allowed to equilibrate with
the room temperature vapour pressure of the water. This in turn was passed through an in-line
filter containing glass wool soaked in further degassed, deionised water and resistively heated to
~60°C, increasing the partial pressure of water vapour. The gas mixture was expanded through
a pulsed valve, forming a molecular beam, which was directed through a skimmer into the
source region of a differentially pumped imaging spectrometer. The outputs of two Nd:YAG
pumped dye lasers (often after frequency doubling) were counter-propagated through the
interaction region, at 90° to the molecular beam axis, and focussed (f = 20 ¢cm lens) so as to
overlap the latter spatially (in the interaction region) but with a temporal separation &t ~30 ns —
thereby ensuring multiphoton excitation and ionization of the neutral H,O molecules prior to
photolysis of the resulting cations. Typical pulse energies were: E; <2.5 mJ pulse” after
frequency doubling the fundamental dye laser output to generate A; ~248 nm; E; <15 mJ pulse™
when A, was a fundamental dye laser wavelength (i.e. A, >400 nm), but <2 mJ pulse™ in the case
of frequency doubled radiation (A,’ <300 nm). The polarisation vectors of both laser beams, &;
and &, were arranged to be vertical in the lab. frame (i.e. to be aligned parallel to the front face
of the detector). Ions formed in the interaction region were accelerated under velocity mapping
conditions towards a time and position sensitive detector — a pair of microchannel plates (MCPs)
coupled to a fast phosphor screen positioned 860 mm beyond the interaction region. ~10% of
the resulting emission was separated using a quartz beamsplitter and directed to a

photomultiplier to obtain time-of-flight (TOF) spectra of the ions formed in the interaction

URL: http://mc.manuscrigtcentral.com/tandf/tmph
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volume. The remainder was read by a CCD camera (Photonic Science) equipped with a fast
intensifier gated to the TOF of the OH" fragments of interest. The image resulting from each
laser shot was processed with an event counting, centroiding algorithm provided with the
commercial software DaVis (LaVision) and the resulting counts summed for, typically, 2x10*
laser shots. Analysis of the accumulated ion images involved reconstruction of the 3-D recoil
velocity distribution as described previously [50] using an algorithm based on the filtered back-
projection method of Sato et al [51]. 2-D slices through these reconstructed images were

converted to total kinetic energy release (TKER) data using eq. (1)
_1 Mon- 2
TKER = E mOH+ (1 + m—]VOH+ , (1)
H

and the resulting intensities scaled with the appropriate Jacobian. Photofragment excitation
(PHOFEX) spectra for forming OH' ions following preparation of the state-selected parent
cation were recorded also, by measuring the intensity of the m/z 17 peak in the TOF spectrum as
a function of V, wavenumber — which was calibrated by directing a portion of the dye laser

output into a wavemeter (Coherent Wavemaster).
3. Electronic structure calculations

Multi-reference Configuration Interaction with Davidson correction (MRCI+Q) calculations
were performed in MOLPRO2006 [52], using a 7/9 CI space, freezing only the 1S oxygen orbital.
To achieve the correct Rydberg mixing, the basis set was an admixture of Dunning’s basis
functions; for oxygen, d-aug-cc-pVTZ was used and supplemented with extra S and p
functionals and d and f functionals from aug-cc-pVTZ; for hydrogen, only the cc-pVTZ basis
was required. The minimum energy geometry of the ground state was found to be ZHOH =
102.5° and Ro_yy = 1.03 A. For dissociation in C; symmetries, Z~HOH was fixed to 102.5° and
one Ro_y varied. For the bending potentials, ZHOH was varied and both Ro_y fixed to 1.03 A;

calculations were also performed varying #HOH and fixing both Ro_j; at 1.5 A.

4. Results

4.1 Imaging the process H,O" + 2hv, - H + OH"

URL: http://mc.manuscri%tcentral.com/tandf/tmph
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TOF mass spectra obtained following excitation at V; wavenumbers that match with
documented 2+1 REMPI transitions of H,O show a large peak at m/z 18 (associated with parent
H,O" ions) and a small OH" signal. Introducing suitably delayed V , photons of appropriate

wavenumber results in a significant increase in the m/z 17 peak intensity.

Figure 1 shows PHOFEX spectra obtained by monitoring the OH" ion yield as a function of V 5,
following parent ion preparation by 2+1 REMPI via (a) the 250—1¢; line (2V | = 80725.2 cm™),
(b) the blended 3,303 and 33-2; lines (2v; = 80674.1 cm'l) and (c) the 1;—1;0 line Qv =
80616.5 cm™) of the C-X (0,0) transition. Each shows fine structure that, on energetic

grounds, we associate with transitions within the A-X (0,14,0-0,0,0) band, and an underlying

background signal (from unintended but unavoidable fragment ion formation by A; photons).
Given the limited available spectroscopic data for this A -X band, and uncertainties regarding

the particular rotational levels of H,0'(X) populated at the different REMPI wavelengths, we
have not attempted detailed assignment of the structure in these spectra. The dashed line at Vv ,
= 22187 cm™ indicates the energetic threshold for forming H + OH" fragments by two photon
photolysis of H,0'(X, v=0, N=0) parent ions; reassuringly, most of the structured OH" yield
appears at higher wavenumber. These are some of the most intense two colour PHOFEX
spectra obtained, reflecting the strength of the respective 2+1 REMPI transitions, and the extent
of resonance enhancement provided by H20+(K -X ) transitions at wavenumber V , to energies

above the dissociation threshold. Two colour PHOFEX spectra recorded at higher V , showed

poorer signal to noise ratios on account of the decreasing A-X and/or B-A Franck-Condon

factors.

OH" ion images were recorded following excitation on various of the stronger resonances in the
range spanned by fig. 1 and at many higher v, wavenumbers. Figure 2 shows a representative
set of images, and H + OH" TKER distributions derived there from using eq. (1). Parent ion
preparation in each case employed the C-X, (0,0), 220—1¢; line (which typically gave the
largest parent H,O" ion signal), but the measured images were not obviously sensitive to the
particular choice of REMPI transition. The o value required for converting the radii of the
measured images into the corresponding OH' fragment speeds, and thence the TKER, was

obtained by measuring *>CI" fragment ion images from the well characterised photodissociation

URL: http://mc.manuscri%tcentral.com/tandf/tmph
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of DCI" parent ions [7] using the same velocity mapping conditions. The combs festooned
above the intensity versus TKER plots show TKER values predicted for the different H + OH"

product channels assuming dissociation via

H,0" (X, v=0, Nkarc=220) + 2hv> — H + OH'(X, v, N), )
and use of the energy conserving relation eq. (3):

TKER = 2hv, + Ej(H,0") — Do(H-OH") — E;ni(OH (X, v, N)). (3)

Ei(OH'(X, v, N)), the rovibrational term values of the possible OH" product states, were
calculated using the spectral simulation package PGOPHER [53] and spectroscopic constants
for the OH'(X’Z") cation taken from the literature [54]. As discussed earlier, we take Do(H—

OH") = 44374 cm™ and, in the absence of better information, take the mean internal energy of

the parent cation to be equal to that of the 2, level of the C 1B1, v=0 state that provides the

resonance enhancement when preparing the parent ions for these imaging studies (i.e. Ei(H,O")

~124 cm'l). In reality, one photon ionization from the C , v=0, Jkakc=220 level is likely to result
in population of several Nkakc rotational levels of the cation, with different Eim(HzO+) values and
different two photon dissociation probabilities at any given V, wavenumber. This constitutes
one factor limiting the energy resolution of the present experiments but, as in most cation
fragmentation experiments, space charge effects will generally be the most important factor
limiting the achievable energy resolution. Such Coulombic interactions will be particularly
burdensome in the present case, since we not only create comparatively high densities of parent
H,O" cations in a localised volume, but then choose to monitor the comparatively heavy, and

thus slowly recoiling, fragment ion (OH").

OH" ion images recorded at 2V , wavenumbers close above the dissociation (e.g. at v, = 22405
cm™, fig. 2(a)) show a small, unresolved central feature attributable to the dissociation process
(2). Energy conservation dictates that the OH (X) fragments are formed in their v=0 state and in
low N rotational levels. A second ring associated with faster OH" products is clearly evident in
all of these images, and in the corresponding intensity versus TKER plots. The radius of this
feature is too large to be associated with the intended dissociation (2), and appears unchanged
when the A, photons are blocked. This is the signature of unwanted OH" fragments formed by

A1 photons only; the one colour image shows this ‘fast’ ring, and variable amounts of signal at

very low TKER. The energy of a single v photon is insufficient to excite H20+()~(, v=0)

URL: http://mc.manuscri%tcentral.com/tandf/tmph
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cations above the threshold for dissociation process (2). Thus the most likely explanation for
the broad distribution of H + OH" fragments arising via one (V ;) colour excitation, centred at
TKER ~4000 cm™, is dissociative ionization following absorption of four ¥ | photons by neutral
H,0 molecules. Note that the maximum possible TKER for H+ OH" products arising via such
a three body dissociative ionization process (i.€. in the case that the departing photoelectron

takes none of the excess energy) would be ~15000 cm™.

As fig. 2 shows, the distribution of OH" internal energies expands and shows a clear preference
for populating higher N rotational levels upon tuning to higher Vv, wavenumbers. Peaks
associated with population of individual high N levels are discernable at the low energy end of
the intensity versus TKER plots shown in figs. 2(c) and 2(d), but the images show no recoil
anisotropy. The relative importance of the low TKER feature grows as Vv ; is increased further.
This feature could be associated with population of yet higher N levels of OH'(X, v=0), but the
energy spacing between such high rotational levels should be resolvable with the present
imaging apparatus. Population of OH"(X, v=1) product states is thus a more likely assignment
for this slow feature — as illustrated in figs. 2(e) and 2(f). Unfortunately, it is not possible to
deconvolute the relative contributions that OH" v=0 and v=1 products make to this feature. The
measured OH" signal intensities decrease with increasing V , (as reflected by the poorer quality

of the images displayed in figs. 2(e) and (f)), to the point that we were unable to acquire images
at vV, >25333 cm” — presumably because of declining Franck-Condon factors for the A-X

and/or B—A excitation steps.

OH" ion images were also measured using single UV photons, at a number of V ,” wavenumbers
that were roughly twice those used when imaging the two photon dissociation products shown in
fig. 2. The UV (V3’) pulse energies were ~10% those available from the dye laser fundamental

output (at wavenumber V), and any ‘two colour’” OH" signal was hard to discern over the
unintended one (V 1) colour signal. Such a finding is consistent with the fact that the HyO'( B-

}NC) transition should be one photon forbidden, by symmetry. OH' ion images recorded at v ,’
= 48014 cm’', however, showed an additional feature: a narrow, anisotropic ring centred at

TKER ~17100 cm™. Discussion of this feature is reserved until section 4.3.

In summary, two photon dissociation of H20+()N(, v=0) cations at energies close above the
threshold for process (2) results in formation of OH'(X) fragments with substantial rotational
10
|
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(and, when energetically possible, vibrational) excitation — a finding that broadly parallels the
conclusions reached in earlier dissociative photoionization studies of D,0"(B”B,) cations and
which encouraged the suggestion that complex non-adiabatic dynamics were involved in the

dissociation process [35].

4.2 Potential energy surfaces for the ground and first few excited states of H,O"

Dynamical interpretation is aided by the selected cuts through the PESs for the X, A, B and
a *B; states of HyO" shown in fig. 3. The right hand panel illustrates how the potential energies
of these states varies with extension of one O—H bond, while maintaining the other OH bond
length and the inter-bond angle at their ground state equilibrium values (calculated as Ro.y =
1.03 A and ZHOH =102.5° (cf experimental values of 1.00 A and ZHOH = 109.3° [55], and
previous computional values of 0.96 A and 102.5° [56])). The ground ()N(zBl) and repulsive
(3 “B)) states — both of A” symmetry once the cation is distorted away from C,, geometries —
correlate to the HFOH'(X’2") limit, while the potentials of the first excited A%A, state (A’ in
C,) and of a dissociative “B state (*A” in C) correlate to the limit H" +OH(XIT). The left hand
panel displays two sets of cuts through the various PESs. The solid curves show how the PE
varies with ZHOH while maintaining C,, symmetry and the two OH bond lengths Ro g1y and
Ro-n() fixed at the ground state equilibrium value. The dashed curves show the corresponding
potentials when Ro y1) = 1.03 A but Ro ) = 1.50 A (i.e. en route to H+OH" (or H + OH").

products). These calculations succeed in reproducing the ground state equilibrium bond angle,
capture the degeneracy of the X and A states at linear geometries, and highlight the small

equilibrium bond angle of the B?B, state (/HOH ~54°) and the CI between the B and A state
PESs — which have the same (A’) symmetry upon extending one O—H bond. They also show
that the minimum energy geometry of the @ *B; state (*A” in C,) is linear and that, in contrast to
the three bound states, its PE decreases upon extension of one O-H bond. The angular

anisotropy of the @ “B; state PES also decreases upon extending Ro-1).

Armed with these PESs, we see that the present two photon absorption by H20+()~(, v=0)
cations involves double resonant excitation, via high v, bending levels of the A %A, state, to the

B’B, state. The topology of the B state PES will encourage a reduction in ZHOH (and some

(symmetric) increase in Ro_piy and Ro_n) [56]), steering the excited cations towards the CI

URL: http://mc.manuscrllpltcentral.com/tandf/tmph
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linking the B and A state PESs and promoting non-adiabatic transfer to the latter PES. As fig.
3 shows, the topology of the A state PES will encourage increasing ZHOH and large amplitude
bending motion. As noted previously, the A state PES correlates with H'+OH(X) products, and
the earlier dissociative photoionization studies showed this channel increasing in relative
importance with increasing photon energy [35]. This fragmentation pathway is not accessible at
the excitation energies used in the present study however. As fig. 3 also shows, there are two
non-adiabatic routes by which H20+(K) molecules can dissociate to ground state H+ OH"
products, both of which are favoured by linear (or near-linear) geometries. One involves spin-
orbit coupling to the a *Bi(*A”) PES. The other recognises that the A and X states are a
Renner-Teller pair and degenerate at linear geometries, and that a-axis rotation (Coriolis
coupling) will facilitate A ~>X transfer when Z/HOH ~180°. Both mechanisms might be

expected to give rise to qualitatively similar energy disposals in the eventual OH'(X) products:
rotation by virtue of the large amplitude bending vibration activated by B« A« X excitation
and the subsequent B~~>A ~~>X /7 non-adiabatic transfers; and vibration, either as a result
of parent stretching motion initiated on the B state PES or, feasibly, by coupling with large
amplitude bending motion on the A and/or X PESs. Unfortunately the present data, taken with
a higher level of initial state preparation and with higher product kinetic energy resolution than

any reported hitherto, is still unable to provide a definitive distinction between these two

possible non-adiabatic pathways.
4.3 Imaging the process H,O + 2hv; - H + OH(X)

Figures 4(a) — 4(c) show further two colour OH" ion images. These were recorded using v | =
40249.7 cm'l, 40362.6 cm™ and 40337.3 cm’, respectively, with, in each case, v,” = 48014
ecm™ and delayed by 8t ~30 ns. Two photon excitation at these vV, wavenumbers excites,

respectively, the 0gp—2; line, the 250—1¢; line and the blended 3,3-2;, and 3,33 lines of the

C-X (0,0) band. The cores of these two colour images, and of those recorded when exciting
several other neighbouring two photon resonances, are very similar to those of the one colour
images recorded at the corresponding Vv, wavenumbers. The feature of particular interest in
these images is the anisotropic annular ring at much larger radius, however. As the partner
intensity versus TKER plot (fig. 4(d)) shows, this feature has an associated <TKER> ~17100
cm™. This is a sharp resonance, the observation of which requires v ,’ to be set at this precise
I12
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wavenumber; tuning v’ by +1 cm™ suffices to cause the fast ring to disappear. Figures 4(e) —
4(g) show the way in which the fast OH ion signal varies as a function of @ (defined relative to
€1 and &, which are both vertical in the plane of the displayed image). These clearly vary with

V1, i.e. with the particular choice of C-X (0,0) resonance. The smooth curve through each

data set is the line of best fit using eq. (4)

P(0) =4L{1+ > BnPa (cosé’)}, 4)

T n=2,4

where the £, are anisotropy parameters and P, are N order Legendre polynomials. The best-fit
[Sa values returned by fitting the angular distributions in figs. 4(e)—4(g) vary markedly. The first
and last are dominated by the P, term (£ = —0.43+£0.01, £ = —0.01%=0.01, and £ = —0.28+0.01,
L= 0.09£0.01, respectively), whereas the angular anisotropy of the image shown in fig. 4(b) is
dominated by the P4 term (£ = —0.06+0.01, £, = —0.32+0.02).

Figure 5 summarises the energetics of OH' cation formation from resonance enhanced two
photon dissociation of H,O" cations with V , photons, as described in sections 4.1 and 4.2. Such
a process, labelled (1) in fig. 5, is incapable of generating H + OH" fragments with sufficient
TKER to account for the observed fast two colour signal, or of displaying such sensitivity to the
precise value of V,. Similar arguments lead us to discount H20+(]~3 <—)~() excitation by

absorption of a single V.’ photon as a possible source of the fast OH' fragments; such a

scenario is rendered even less likely by the dipole forbidden nature of the H20+(]§ <—)~()
transition. Figure 5 also indicates an alternative route to OH" cation formation, however, that is
consistent with the present observations. This alternative route, process (2), is enabled by
predissociation of H20((~3) molecules following absorption of two V | photons. Yuan et al. [57]
have reported H (Rydberg) atom photofragment translational spectroscopy studies of
rovibrationally state-selected HzO(a) state molecules following one (vacuum UV) photon
excitation; the resulting OH fragments are formed in both their X°IT and A’S" states, and in a
broad spread of internal energy states. Given Do(H-OH) = 4115145 cm™ [49], the determined
TKER ~17100 cm™ implies that the radical fragment is formed with E;, ~22470 cm'l, which
matches well with the term value of the OH(X, v=0, N=37) level [58]. Such highly rotationally

excited, vibrationally cold OH(X) fragments are characteristic of photo-excited H20(6)

molecules that dissociate by Coriolis coupling to the B'A, state and subsequent non-adiabatic
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coupling via the CI linking the B and X state PESs [49,59]. Ionisation of an OH(X) fragment
requires the absorption of a minimum of three v, photons, and the extreme sensitivity to the
choice of V,’ suggests that this three photon ionisation is strongly resonance enhanced. Given
that there are no real excited states of OH at the one photon energy [60], we conclude that the
resonance enhancing state lies at the energy of two V,’ photons (i.e. at ~96028 cm™). This is
higher in energy than any currently documented 2+1 REMPI transition of the OH radical [61].
It is not possible at this time to establish either the symmetry of the resonance enhancing state,
or the rotational branch by which it is being reached, but it is likely to be a Rydberg state with
vibrational and rotational constants comparable to (but somewhat smaller than) those of the
ground electronic state. As such, we can anticipate that the 2+1 REMPI spectrum will exhibit
open rotational structure, especially at high N — consistent with the present identification of just

one (high N) transition in the narrow v’ wavenumber range investigated.

Qualitatively, at least, the recoil anisotropy of these fast OH" fragments is also consistent with

the above mechanism. As discussed elsewhere (in the context of one photon induced

dissociation of H,O( C ) molecules [57]), there is a clear distinction between the (relatively long)
rotational timescale of the quasi-bound excited state molecule and the eventual (fast) O—H bond
fission. The observed recoil anisotropy of the H and OH fragments can then be represented as a
mapping of the distribution of recoil paths in the body-fixed frame (¢,f) onto the anisotropic
distribution of the quasi-bound excited molecules in the space fixed frame (6,¢). The latter
varies between the rotational levels and excitation branches [62]. Of particular relevance to the

present data:

B,(H,OH) = ZAmeazm m=-2,0,2 (52)
,(H,OH) = z A, X Ay, m=-4,-2,0,2,4 (5b)

The spatial alignment factors, Anm, can be calculated using rotational angular momentum
expectation values, whereas the anm are moments in an associated Legendre basis P," (a,b’ ) of the

recoil in the body-fixed axis system. If the REMPI transition used to detect the OH(X, v=0,
N=37) fragments was saturated, then the recoil anisotropy of the OH" product would relate
directly to that given by eq. (5). In general, however, the REMPI detection step will also have
an intrinsic anisotropy [63], and the observed OH' product recoil anisotropy will be the

convolution of these two separate steps.
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We have evaluated the Ay factors for the relevant transitions, and sought a set of any values

with which to reconcile the observed £ and f; values, but without success. We note in this

respect that excitation through the C, v=0, 0g level (fig. 4(a)) — which must result in an
isotropic ensemble of OH radicals — nonetheless leads to an anisotropic OH" product recoil.
This must stem from the REMPI detection step and, by inference, apply to the distributions
measured when exciting the other parent levels. Unfortunately there are too many unknowns
regarding the body-fixed dissociation moments and the states involved in the REMPI detection
step for us to be able to provide a consistent and unambiguous interpretation of the limited
experimental data. That said, it is clear that the variation of the observed OH" recoil anisotropy
must derive from the varying magnitudes and signs of the A, factors from one transition to

another.

5. Discussion

The primary focus of this study is to provide improved insight into the near threshold
fragmentation dynamics of H,O" cations, and the summary discussion that follows centres on
this topic. First, it is instructive to compare and contrast the present findings with those of the
heavier homologue, H,S". The PESs for the ground and first few excited states of these two
cations show many qualitative similarities, but one key difference is the relative energetic
ordering of the various dissociation thresholds. The lowest energy dissociation limit in H,S" is
the symmetric elimination channel forming S'(*S) fragment ions along with H, molecules —
which is observed to be open at, or just above, the energetic threshold (V,~23769 cm™, A, ~
421 nm). One photon excitation to energies just above this threshold promotes H,S™ cations to
high bending vibrational levels of the A’A, state, which are deduced to evolve (via Renner-
Teller coupling) to high vibrational levels of the ground (X)) state, at near linear configurations,
and thence (by spin-orbit coupling) to the dissociative *A; PES and eventual S* + H, products.
Imaging studies succeeded in demonstrating the rigorous mapping of the nuclear spin (ortho-
/para-) parity of the initial H,S molecule through to the eventual H; products [11,12]. Studies
of the rotational energy disposal within the H, products as a function of A, identified the onset of
an alternative route to these same products at wavelengths below ~335 nm, wherein the photo-

excited H28+(A) cations access the dissociative “A, PES by non-adiabatic coupling through the

alternative B’B; state. The alternative fragmentation process, yielding H+ SH'(X’%)
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products, is only open, energetically, once A, <325 nm [64]. Imaging studies of the resulting
SH" products imply a propensity for channelling excess energy over and above that required for

bond fission into product rotation [12]. Again, it is possible to visualise (at least) two routes to
forming these products following initial excitation of high vibrational levels of the A %A state:
vibronic mixing with levels of the BB, state, followed by spin-orbit induced transfer to the

lowest *A” PES [65-67] and/or non-adiabatic (Renner-Teller) coupling to the ground state PES
[12] — both of which lead, asymptotically, to HS™—H bond fission.

In contrast to H,S", the lowest energy fragmentation pathway in H,O" involves O—H bond
fission rather than H elimination. The latter channel reportedly has negligible quantum yield in
the wavelength range of present interest [33-35]. Since Do(HO'—H) is almost twice the
magnitude of Do(HS™—H), studies of the near threshold photofragmentation of H,O" cations

require use of substantially larger (UV) photon energies or, as here, the use of two visible (V ;)
photons. The lowest dissociation threshold corresponds to energies within the B state
manifold. B 2B2—)~( 2B1 excitation involves an electronic transition moment of A, symmetry
and, as such, is electric dipole forbidden but allowed in two photon excitation. The resulting
near threshold dissociation, which shows clear evidence of resonance enhancement at the energy
of one absorbed photon by high vibrational levels of the A’A, state, yields H + OH'(X’%")
fragments with increasing amounts of rotational and (when energetically possible) vibrational

excitation in the radical product as A, is reduced.

The measured product energy disposal is consistent with a dissociation mechanism whereby the
initially prepared H,O'(B)) cations decay by non-adiabatic (vibronic) coupling to high levels of
the A A, state and subsequent HO'—H bond fission following (Renner-Teller) coupling to the
ground state PES and/or (spin-orbit induced) coupling to the a*A” state PES. The latter
possibility is of particular note. The dominant electronic configuration associated with the
repulsive @ *A” state is derived by promoting an electron from the doubly occupied 3a; MO to
the lowest unoccupied (4a;) MO. As fig. 3(a) shows, the minimum energy geometry of this
state is linear, at all Ro_.y. The 4a; orbital involves substantial 3s Rydberg character in the
vertical Franck-Condon region, but progressively acquires o* anti-bonding character (localised

on the dissociating bond) as Rp y is increased. In this regard, the a 4A” state of the H,O" cation

has some parallels with the (better studied) B 'A; state of neutral H,O. The two states share a
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common set of occupied bonding and anti-bonding valence electrons, differing only in the
number of non-bonding 1b; electrons. Thus the forces acting on the nuclei as they evolve on
both PESs are likely to encourage similar motions — i.e. simultaneous opening of ZHOH and
extension of Ro_py — and rotationally excited diatomic fragments should be expected (and are
indeed observed). The literature contains many examples of photo-excited neutral molecules
that dissociate by bond fission on excited nc* (or no*) PESs [68]. One signature of such
dissociations is a markedly non-statistical energy disposal in the products (e.g. predominant

channelling of the excess energy into product translation, or product rotation). The presence of

low lying excited valence states in most open shell species (e.g. the A and B states in the case
of H,O") ensures that there are, as yet, few recognised examples of the involvement of such
repulsive excited states in the fragmentation of molecular cations, but the eventual dissociation

of H,O" cations on the @ *A” state PES appears to constitute one such example.
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Figure Captions

Figure 1

PHOFEX spectra obtained by monitoring the OH" ion yield in the range 22150 < vV , < 22500
cm™ following preparation of H,O" parent ions by 2+1 REMPI via (a) the 2,0-1¢; line 2V | =
80725.2 cm™), (b) the blended 32,303 and 3;3-2, lines (2V | = 80674.1 cm™) and (c) the 1,—
110 line (2 | = 80616.5 cm™) of the C—X (0,0) two photon transition. The dashed line at ¥ ,=

22187 cm™ indicates the energetic threshold for forming OH" ions by two photon excitation of

H,O' (X, v=0, N=0) parent ions.

Figure 2

OH" ion images, and the associated H + OH" TKER distributions derived there from, obtained
following preparation of H20+()~( , v=0) cations by 2+1 REMPI via the C , V=0, Jkakc= 220 level
(V1 =40362.6 cm™) and subsequent two photon dissociation at vV , = (a) 22405 cm™, (b) 23159
cm™, (c) 23351 cm™, (d) 23360 cm™, (e) 24302 cm™ and (f) 25333 cm™. The polarisation

vectors of both laser beams, €1 and g, were aligned vertically in the plane of the page.

Figure 3

Cuts through the PESs for the X 2B1, A 2A1, B 2B2 and a 4B1 states of H,O", and for a higher
repulsive *B; state correlating to the H+OH limit, calculated at the MRCI+Q/(7/9)/ aug-cc-
pVTZ level, freezing only the 1S oxygen orbital as described in the text: (a) bending potentials,
varying ZHOH while (i) maintaining the O—H bond lengths at Ro 11y = Ro n@) = 1.03 A (solid
curves), and (ii) extending Ro n() to 1.5 A while holding Ro 1) = 1.03 A (dashed curves); (b)
dissociation coordinate varying Ro_p2) while maintaining ZHOH and Ro-j) at the calculated

ground state equilibrium values (102.5° and 1.03 A, respectively).

Figure 4

OH" ion images recorded following excitation at V| = (a) 40249.7 cm’, (b) 40362.6 cm™ and
(c) 40337.3 cm™, with V,’ = 48014 cm™, a time delay 8t ~30 ns and both &; and ¢, aligned
vertically in the plane of the page. (d) Intensity versus TKER plot derived from image (b).
Panels (e) — (g) show plots of signal intensity versus angle & derived from images (a) — (c). The

smooth curve through each of these data sets is the line of best fit using eq. (4) with (e) 5 =
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~0.43+0.01, B, = —0.01%0.01, () A = —0.06+0.01, B = —0.32+0.02, (g) B> = —0.28+0.01, B =
0.09+0.01.
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Figure 5
11 Summary overview of the mechanisms and energetics of OH' cation formation by (1) resonance
enhanced two (V ) photon photolysis of HO" cations as described in sections 4.1 and 4.2 and

14 (2) 2+1 REMPI (at wavenumber V,’) of OH fragments resulting from predissociation of

16 H,O( C 'B)) molecules as described in section 4.3.
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