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Imaging Photoelectron Photoion Coincidence (iPEPICO) spectroscopy on isolated water molecules and

water dimers establishes a new route to determining the water proton affinity (PA) with unprecedented
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accuracy. A floating thermochemical cycle constructed from the OH" and H;O" appearance energies and
three other spectroscopic values establish the water PA as 683.2, + 0.25 kJ mol™' at 0 K, which converts to
688.8; = 0.25 kJ mol™' at room temperature. The experimental results are corroborated by a hierarchy of

coupled-cluster calculations up to pentuple excitations and septuple-{ basis set. Combined with diagonal

www.rsc.org/

Born—-Oppenheimer and Dirac—Coulomb—Gaunt relativistic corrections, they provide the best theoretical

estimate for both the hydronium ion's geometry and a water PA of 683.5 = 0.4 kJ mol™' and 689.1 = 0.4 kJ
mol ' at 0 K and 298.15 K, respectively.

Introduction

The proton or, from a chemist’s point of view, the hydrogen ion
is omnipresent in chemistry and biochemistry. Proton-transfer
reactions, typically coupled with electron transfer, are among
the most fundamental processes in biological and chemical
systems. Protonated species play a pivotal role in radiation
chemistry, catalysis, surface chemistry, astrochemistry, and, to
name a field close to our heart, mass spectrometry. In one of the
experimental methods fueling the boom in proteomics, protein
mass spectrometry, the gas-phase basicity of the different
protonation sites on the peptide chain determines the structural
information that can be deduced from the protein’s
fragmentation pattern. It is of little surprise, therefore, that
much effort has been dedicated to determining proton affinities
(PA, the enthalpy change upon protonation) or gas-phase
basicities (GB, the Gibbs free-energy change upon protonation)
in the past five decades.'”

Water is a singularly important molecule in chemistry and in
life sciences. Its protonation is one of the key chemical
processes and the resulting hydronium ion is familiar to
everyone who has ever taken a chemistry course. Hydronium,
as an isolated ion, present in and enriching the chemistry of
interstellar clouds and comet tails,'® is an intriguing species in
its own right. The plume ionosphere of Saturn’s moon
Enceladus is dominated by H;O", and the absence of H,O"
indicates active proton-transfer chemistry.'" 1> Transient water
vapor has also been recently observed at more than an order of
magnitude higher flux (7000 kg s™') at the south pole of Europa,
one of Jupiter’s moons. °~ However, most of the observed water
vapor is expected to fall back to Europa thanks to its larger
escape velocity, whereas Enceladus’ emissions may feed
Saturn’s ring and allow for ion chemistry to take place.
Hydronium ions are also abundant much closer to us: the ion
chemistry of the stratosphere is governed by the hydronium ion
and its water clusters.'* Even closer, in the laboratory, chemical
ionization techniques employ hydronium ions as the source of
ionization; proton-transfer-reaction mass spectrometry (PTR-
MS) is currently the standard reference technique to monitor
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the concentration of volatile organic compounds in the
environment.”> It is of little surprise, therefore, that the
energetics of water protonation, i.e. the proton affinity of water,
has been the subject of countless studies. In fact, the first ever
published PA was that of water, by Tal’roze and Frankevich, in
1956.!

Most PA measurements nevertheless yield relative rather than
absolute values. Absolute PAs can be established only for a few
species if the enthalpy of formation of both M(g) and MH(g)
are known. The proton affinities around and below the PA of
water, and especially that of water, have always been
problematic to determine.” The current standard compilation of
PA values by Hunter and Lias lists water as an absolute PA
anchor,’ yet the recommended value is in fact taken from a
relative PA measurement alone.'® This mistake is then
propagated into other publications, further exasperated by unit
conversion errors.” Since the latest edition of the Hunter and
Lias compilation,” at least two comprehensive studies were
published to correct some of the inconsistencies.” ° In these
works, the original water PA (or GB) value was revised by
about the same amount, 2—3 kJ mol™', but in opposite directions
and without reducing the error bars. Even if one of these values
may be right, it is impossible to say which, and it only appears
sensible to assign a 3 kJ mol™' uncertainty the water proton
affinity, 691 + 3 kJ mol™', as reported by Hunter and Lias.’ This
value agrees both in magnitude and in uncertainty with the
proton affinity derived from literature photoionization data,
based on the thermochemical cycle proposed herein. Together
with newly measured and accurate dissociative photoionization
thresholds of H-loss from water and, more importantly, OH-
loss from the water dimer, it becomes possible to determine the
water PA with less than tenth of this uncertainty.

Results

Imaging Photoelectron Photoion Coincidence Spectroscopy

Absolute proton affinities can be obtained if the heats of
formation of both the precursor molecule and the protonated
species are known from an internally consistent
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thermochemical compilation. By using Imaging Photoelectron
Photoion Coincidence (iPEPICO) spectroscopy, it is possible to
take a novel route: the proton affinity can be obtained directly
from a floating thermochemical cycle, using two new iPEPICO
results on water and the water dimer along with two well-
known ionization energies, of the H and OH radicals (1312.050
kJ mol™, and 1255.947 = 0.024 kJ mol™", respectively).'” '® The
fifth quantity that this new water PA determination relies on, as
shown in the floating thermochemical cycle in Figure 1, is the
recently published water dimer dissociation energy by the
Reisler group.'® This water—water interaction energy of 13.22 +
0.12 kJ mol™' represented a significant leap in the accuracy of
this quantity and since its publication, it has been corroborated
by high-level quantum-chemical calculations,?® and the Active
Thermochemical Tables.?! These three literature values
together with the 0 K appearance energy of OH' from the
dissociative photoionization of water and that of H;O" from the
water dimer, (H,0),, yield the water proton affinity as:

PA[H,0] = IE[H] — IE[OH] + D,[(H,0),] + E,[OH'] —
— Eo[H;07] (D

H,O + H*+ OH
H,0 + H + OH* e
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Fig. 1. Floating thermochemical cycle, not anchored to the standard
scale of enthalpies of formation, used to derive the proton affinity of
water. PA: proton affinity, IE: ionization energy, Do,: 0 K neutral
dissociation energy, Eo: 0 K dissociative photoionization energy.

Water and water dimer were measured using the iPEPICO
experiment at the Swiss Light Source. Details of the
technique,22 the instrument,” and the VUV beamline®* are
given later. The following reactions occur in the dissociative
photoionization of the two precursors:

H,O+hv —>H,0"+e - OH +H+¢e" )
(H20)2 +hv — (1‘120)24r +e — 1‘1304r +OH+ e (3)

The fractional abundance of the parent and daughter ions
plotted as function of photon energy, the breakdown curves, are
shown in Figures 2 and 3. Three different measurements were
carried out to provide definitive threshold energies with close to
1 meV (0.1 kJ mol™) accuracy. Figure 2a shows the room-
temperature breakdown curve of water, while the two
molecular beam measurements are plotted in Figures 2b,c.
First-order monochromatic light (that is, first-order diffraction
from the monochromator grating) was used to obtain the data
shown in Figure 2b, and second-order light, with better
resolution but less photon intensity yielded Figure 2c.
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Fig. 2. iPEPICO breakdown curves corresponding to the H,O — OH'
+ H + e dissociative photoionization process, a) at room temperature,
b) in molecular beam with 1* order light, ¢) in molecular beam with 2™
order light.

The breakdown curves are modeled in terms of the parent ion’s
internal energy distribution to extract accurate 0 K dissociative
photoionization thresholds. Briefly, the ion internal energy
distribution can be approximated by transposing the neutral
distribution onto the ion manifold. In a fast dissociation, ions
with more internal energy than the dissociation barrier will
dissociate, and the breakdown curve corresponds to the
cumulative distribution function of the ion internal energy and,
thus, is related to the neutral internal energy distribution at the
experimental temperature and the 0 K appearance energy:
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BD,(h) = [;° "' P(E, ) dE ~ [;°"" P,(E)dE

“)
where BD, is the parent ion fractional abundance, Ej is the 0 K
dissociative photoionization onset, /E is the adiabatic ionization
energy, P; is the internal energy distribution of the ion as a
function of the photon energy, and P, is the internal energy
distribution of the neutral, calculated by the Boltzmann-
formula. At Av = E,, BD, becomes 0, hence the disappearance
energy of the parent yields directly the 0 K appearance energy.
However, modeling the whole breakdown curve and varying
the assumed E, for the best fit has proven to be more reliable
and sometimes yields more insight into the underlying
mechanism of dissociative photoionization. The PEPICO
modeling technique and the computer code, proven in the
analysis of over a hundred systems, has been described in more
detail elsewhere.”

Preferential Dissociative Ionization Model

The water breakdown curve model (broken lines in Figure 2a),
however, did not provide a satisfactory fit assuming that the
H,0 room temperature internal energy distribution is shifted
onto the ion manifold. This was briefly noted in the PFI-
PEPICO water experiment by Ng et al.>® without further
discussion as they did not attempt to model the breakdown
curve, and accepted the disappearance energy of the parent ion
as the 0 K onset. Examining the absolute coincidence counts
shows that the OH" daughter ion signal and, as a result, the
threshold photoelectron spectrum exhibit a sharp rise just
before the dissociation onset (Figure Sla in ESI), As shown in
Figure S1b, the rise of the TPES follows the cumulative
internal energy distribution function, indicating that the
threshold photoionization cross-section of water is larger when
the total of the photon energy and the internal energy of the
water molecule exceeds the dissociative photoionization
threshold. While at first glance such an effect, namely that the
threshold photoionization cross-section is determined by the
later fate of the photoion, may appear to run counter to
causality, it actually provides a clue to the threshold
photoionization mechanism. That is, it shows that an additional,
intersystem crossing threshold photoionization channel opens
up at the dissociation threshold, which is responsible for the
increase in the threshold photoionization cross-section,
probably decreasing the branching ratios of the various neutral
decay channels.

The H-loss dissociative photoionization threshold lies in the
energy range of the B °B, band in the TPES. Two electronic
states correlate adiabatically with the ground state H + OH"
products, therefore two pathways may lead to triplet OH"
production at threshold.”” The bound B ion state either has to
convert internally to the ground X ?B, ion state, or it has to
undergo intersystem crossing to the quartet @ *B; state. The key
to preferential dissociative threshold photoionization is the
intersystem crossing path via the quartet electronic state, which
only opens up at threshold. Thus, even if the total
photoabsorption cross-section stays constant below and above
threshold, an additional threshold photoionization decay
channel leads to a higher threshold photoionization cross
section, as illustrated by Scheme S1 in ESI. By using a
preferential dissociative photoionization factor to account for
the resulting gain in the OH" signal, the modified version of
equation (4), given in ESI, reproduces the shape of the
breakdown curves well, shown by the solid lines in Figure la.

This journal is © The Royal Society of Chemistry 2012
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The breakdown curve in Figure 2a is, thus, fitted using room-
temperature internal energy distribution of water, and a
preferential dissociative ionization factor of 3.6, which agrees
with the four-fold increase in the TPES signal at the onset. To
extract accurate 0 K appearance energies from the molecular
beam experimental data in Figure 2b—c, the data points close to
E, have been modeled by the same preferential dissociative
ionization factor. The three OH' appearance energies were
determined to be 18.1177 = 0.0015 eV, 18.1183 + 0.0015 eV,
and 18.119 + 0.002 eV, for the three data sets in Figure 2a—c,
respectively. The largest contributor to the uncertainty in the
first two values is the photon energy resolution as the signal-to-
noise ratio is very good. In the case of the molecular beam
measurement with second order light, the photon flux was
much lower and uncertainty of 2 meV takes the lower signal-to-
noise ratio into account. These three, independently obtained
and calibrated values result in a reciprocal error-square
weighted average™ E, value of 18.1182 + 0.0009 eV (1748.14
£ 0.09 kJ mol™"). This agrees to within 0.2 meV with the sum of
the water dissociation energy measured by Rizzo and Tennyson
(41145.92 + 0.12 cm™") and the OH ionization energy (104989
£2 cm™') of Wiedmann et al.'**3° i.e. 18.1184 eV.

The appearance energy of H;O' from the water dimer was
previously reported to be 11.73 + 0.03 eV and more recently as
11.74 £ 0.05 eV.’" 3> Modeling the iPEPICO breakdown
diagram with an optimized sample temperature of 60 K, as
shown in Figure 3, yields a significantly better defined
appearance energy than possible hitherto, at £, = 11.755¢ +
0.002 eV (1134.2, + 0.19 kJ mol ™).}
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Fig. 3. Breakdown diagram for the dissociative photoionization of the
water dimer: (H,O), + Av — H;O"'+ OH + ¢ .

With these two iPEPICO appearance energies, the water
dimerization energy, and the ionization energies of H and OH,
Eqn. 1 yields 683.2, + 0.25 kI mol™" for the 0 K PA of water.
The uncertainty of this value is based on the error bars cited or
reported herein, assuming independent measurements and
random error propagation. As shown in the quantum-chemistry
section below, this converts to 688.8; = 0.25 kJ mol ' at 298.15
K, representing a significant correction of the literature value of
691 + 3 kJ mol™', while also reducing its uncertainty by more
than an order of magnitude.

Quantum Chemistry

Great advances have been made in the field of computational
thermochemistry in recent years, and quantum-chemical
methods have evolved to a stage where the calculation of
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thermodynamic functions of small molecules is possible with
an accuracy comparable to if not higher than that of the most
accurate experimental methods. New experiments accurate to
within a kJ mol™' need to go hand-in-hand with quantum
chemistry to provide a feedback loop and computational
methods must be validated on ever more accurate experimental
data before they are applied to experimentally inaccessible
systems. In this work, we used a composite quantum-chemical
approach to determine the proton affinity of water and, in the
process, the structure of the water molecule and the hydronium
ion, as well.

The molecular geometry of the isolated water molecule is well
known, but few accurate measurements have been reported for
the geometrical parameters of the hydronium ion and without
firm and accurate computational support. Thus, we decided to
calculate the equilibrium geometry of the hydronium ion and,
for consistency, that of the water molecule, using the same
composite model. Our results for the bond length and angle of
the water molecule, 0.9577 £ 0.0002 A and 104.48 + 0.03°,
respectively, agree with the experimental values® of 0.9575 A
and 104.51°. On the other hand, 0.9752 + 0.0002 A, and 111.96
+ 0.04° were obtained for the bond length and the H-O—H angle
in the hydronium ion, respectively. These values, especially the
bond angle, are considerably different from, but more accurate
than the corresponding experimental results** of 0.974 £ 0.001
A and 113.6 + 0.1°. Therefore, the calculated geometries were
used in the subsequent thermochemical calculations.

At the optimized geometries, energy calculations were
performed with a composite model to evaluate the PA of water
at 0 K, while thermal corrections were obtained using the
standard tools of statistical thermodynamics using the
computed rotational and vibrational energy levels. Our
calculations yielded 683.5 + 0.4 kJ mol™', and 689.1 + 0.4 kJ
mol ! for the PA at 0 K, and 298.15 K, respectively, in near-
perfect agreement with the measurements. From the latter
value, and the calculated water’> 3¢ and hydronium ion
entropies, 188.83 £ 0.04 J mol ™' K™', and 193.79 + 0.40 J mol™'
K!, respectively, the gas-phase the gas-phase basicity of water
was also determined as 658.0 + 0.4 kJ mol™" at 298.15 K.

Methods

Imaging Photoelectron Photoion Coincidence Spectroscopy

Water and water dimer were measured using the imaging
photoelectron-photoion coincidence (iPEPICO) spectrometer™
at the X04DB VUV beamline®* of the Swiss Light Source
(SLS). In the room-temperature measurement of water, the
sample was evaporated into the iPEPICO apparatus through an
effusive source. Typical pressures in the experimental chamber
were less than 4:10° mbar during measurements. In the
molecular beam measurements of cold isolated water molecules
and water dimers, neon and argon, respectively, was saturated
with room-temperature water and expanded into the source
chamber from 0.8 bar through a 50 pm orifice. The pressure in
the source chamber was kept below 2:107™* mbar and it was
under 6:107° mbar in the experimental chamber. The sample is
ionized using monochromatic vacuum UV synchrotron
radiation from the X04DB bending magnet beamline in a less
than 2x2 mm interaction region. Photon energies are calibrated
using Ar and Ne autoionization lines in first and second order.
And the photon energy resolution was better than 2 meV in the
measurements with grating first order light.. Electrons and ions
are extracted and accelerated in opposite directions using a 120
V em™!' constant electric field at the ionization spot. The field
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was varied between 20 and 120 V cm ™! in control experiments
and the breakdown diagram was confirmed to be field
independent. Electrons are velocity map imaged onto a DLD40
Roentdek position sensitive delay-line detector. At threshold,
this detector has better than 1 meV kinetic energy resolution.
Ions are detected in delayed coincidence with the
photoelectrons by a Jordan TOF C-726 nonimaging
microchannel plate detector after being analyzed by a two-stage
Wiley—McLaren TOF mass spectrometer with a 5.5 cm long
first and a 1 cm long second acceleration region, and a 55 cm
drift region, satisfying space-focusing conditions.

The non-zero kinetic energy, “hot”, electron contamination of
the threshold electron signal at the center of the image was
approximated by and subtracted from the center signal based on
the average count rate in a ring area surrounding the center spot
of the detector.”” Electron hit times and positions and ion hit
times were correlated using a multiple-start/multiple-stop data
acquisition scheme.*® With this technique, the photoions were
internal energy-selected by correlating only the ions that were
in delayed coincidence with the corrected threshold electron
signal.

Quantum Chemistry

Our models are based on the hierarchy of coupled-cluster (CC)
methods,* which provide results smoothly convergent to the
exact solution of the Schrédinger equation in the given atomic
orbital basis set. These methods are combined with the
correlation consistent basis sets of Dunning and co-workers,*°
which, together with basis set extrapolation techniques,*'
guarantee the systematic convergence of the energy and
molecular properties to the non-relativistic infinite basis set
limit in the framework of the Born—Oppenheimer
approximation. The inclusion of post-Born—Oppenheimer and
relativistic corrections then yield the most accurate and precise
properties currently attainable for many-electron systems. Even
though previous studies have rarely achieved the accuracy
reported here, similar schemes have been successfully applied
to determine thermodynamic and other molecular properties.**
“ An in-depth discussion of the calculations is available
elsewhere.*

The geometrical parameters (bond lengths and angles, hereafter
denoted commonly by P) are evaluated as

P = Ppgucespry T APt + AP(q) + AP, ©)

where APt = Pccespr — Pccspry, APy = Pecspr) — Pecsprs
APq = Pccsprq — Pecspro)y while Ppkucespery and Peesperys
PCCSDT; PCCSDT(Q); and PCCSDTQ are the COITCSpOIldiIlg
parameters calculated with the CC singles, doubles, and
perturbative triples [CCSD(T)], CC singles, doubles, and triples
(CCSDT), CC singles, doubles, triples, and perturbative
quadruples [CCSDT(Q)], and CC singles, doubles, triples, and
quadruples (CCSDTQ) methods, respectively. In all
calculations the standard non-relativistic Hamiltonian was
employed except for the evaluation of Ppgu/ccsper), for which
the scalar relativistic Douglas—Kroll-Hess (DKH) Hamiltonian
was used. To calculate the final estimate for a parameter, the
contribution evaluated with the largest basis sets were
considered. The error for a particular contribution was
estimated as the difference of the aforementioned values and
the values obtained with the second largest basis set; the error
of the final parameter was calculated from these differences on
the basis of Gauss's law. The intermediate results are listed in
Tables S1—4 of ESI.

This journal is © The Royal Society of Chemistry 2012
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The proton affinity is computed as

P4 = PAHF + APAMPZ + APACCSD + APA(T) + APAT + APA(Q) +
APAq + APAp + APApgocicesp + APApgocr + APApgumr +
APApgyyry + APApcmr + APApcyry + APApcgmr + APApceyr)
+ APAzpg,

(6)

where APAwpy = PAwps — PAnr, APAccsp = PAccesp — PAwpos
APA(ry = PAccspry — PAccsp, APAr = PAccspr — PAccspn,
APA(Q) = PACCSDT(Q) — PAccsprs APAQ = PACCSDTQ -
PACCSDT(Q)a APAP = PACCSDTQP — PACCSDTQ; with PAX Standing
for the PA calculated with method X, such as Hartree—Fock
(HF), second-order Magller—Plesset (MP2), Coupled Cluster
(CC) from singles, doubles, and perturbative triples [CCSD(T)]
to CC singles, doubles, triples, quadruples, and pentuples
(CCSDTQP). APAppocr = APAppocicespr — APAppocicesps
where APAppoc/x is the contribution of the diagonal Born—
Oppenheimer correction (DBOC) to the PA calculated with
method X, AP. Apku/(r) = APApkaicespry — APApkumes where
APApk/x 1S the scalar relativistic contribution to the PA
evaluated with method X wusing the Douglas—Kroll-Hess
Hamiltonian. The APADC/HF’ APADC/(T)’ APADCG/HF, and
APApcg Ty symbols have similar meaning, except that they refer
to incremental corrections, i.e. APApc/x is the difference of the
PAs computed using the Dirac—Coulomb (DC) and DKH
Hamiltonians with method X, and APApcg/x is the difference of
the PAs obtained with the Dirac—Coulomb—Gaunt (DCG) and
DC Hamiltonians. The final estimate for the PA is calculated
based on the contributions evaluated with the largest basis sets.
APAzpg is the difference of the zero point vibrational energy
(ZPE) of the hydronium ion and water.

The ZPE as well as the temperature correction to the PA and
the entropy of the molecules were calculated from literature
data. The ZPE of water, 55.4865 kJ mol™' (4638.31 cm™), was
extracted from the highly accurate work of Csaszar et al.*> The
ro-vibrational partition function was calculated by explicit
summation of the vibration-rotation energy levels published by
Barber and co-workers.*® The ZPE of H;O", 89.1539 kJ mol™'
(7452.68 cm™), has been published by Halonen et al.* The
rotational partition function was calculated utilizing the rigid-
rotor approximation, while the vibrational partition function
was computed by explicit summation using the vibrational
levels reported in Ref. *¢. The translational contributions to the
energy and entropy were calculated within the ideal gas
approximation.

To estimate the error introduced by the use of the rigid rotor
approximation in the case of H;O", the thermal correction for
NH; was calculated using the available vibration-rotation
energy levels as well as invoking the rigid-rotor approximation
and explicitly summing the experimental vibrational levels. The
values differed by 12.5 J mol™'. When comparing the available
experimental frequencies with those of Ref. *, the error in the
vibrational contribution for H;O" can be estimated to be less
than 9 J mol'. Therefore, a conservative estimate for the
uncertainty in the thermal correction of H;0" is 12.5 + 9 = 21.5
J mol™'. Using the available vibration-rotation energy levels of
NH;, test calculations revealed an error of 0.21 J mol! K™
introduced by the rigid-rotor approximation in the entropy
value. Furthermore, the discrepancy between the experimental
and ab initio geometry causes an error of 0.09 J mol' K™ in the
rotational contribution to the entropy of H3O". The estimated
effect on the vibrational contribution, due to the use of
frequencies reported in Ref. *® is negligible at 0.06 J mol™' K™'.

This journal is © The Royal Society of Chemistry 2012
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Hence, the uncertainty in the H;O" entropy is estimated at 0.4 J
mol 'K\,

The quantum chemical calculations were carried out by the
Molpro,*” MRCC,*® Dirac,* and Cfour®® packages.

Conclusions

Solely  spectroscopic  data including new, Imaging
Photoelectron Photoion Coincidence measurements on isolated
water molecules and dimers, are used in a self-contained,
floating thermochemical cycle to determine the absolute proton
affinity of water an order of magnitude more accurately than
has been possible for the last six decades. State-of-the-art
quantum-chemical calculations are shown to keep pace with
experiment, confirming the new, experimental proton affinity
and also yielding the most accurate geometrical parameters for
the hydronium ion. The absolute difference between the new
experimental and quantum-chemical 0 K proton affinity values
is less than 0.25 kJ mol .
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1 The dissociative photoionization threshold of the water dimer lies at a
higher energy than the Lyman-a line at 10.2 eV. Based on the SUMER
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