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Ab initio computational methods are employed to explore
whether hydrated electrons can be produced by the photo-
detachment of the excess hydrogen atom of the heptazinyl
radical (HzH) in finite-size HzH···(H2O)n clusters. The HzH radical
is an intermediate species in the photocatalytic oxidation of
water with the heptazine (Hz) chromophore. Hz (heptaazaphe-
nalene) is the monomer of the ubiquitous polymeric water-
oxidation photocatalyst graphitic carbon nitride (g-C3N4). The
energy profiles of minimum-energy excited-state reaction paths
for proton-coupled electron transfer from HzH to water

molecules were computed for the HzH···H2O and HzH···(H2O)4
complexes with the CASPT2 method. The results reveal that the
photodetachment of the excess H-atom from the HzH radical is
a barrierless reaction in these hydrogen-bonded complexes,
resulting in the formation of H3O and H3O(H2O)3 radicals,
respectively, which are finite-size models of the hydrated
electron. The computational results suggest that the photo-
catalytic formation of hydrated electrons from water with visible
light could be possible in principle.

1. Introduction

The hydrated electron is a metastable defect in liquid water
which is readily generated with ionizing radiation.[1–6] The
hydrated electron is defined by its characteristic intense and
broad absorption spectrum peaking at 720 nm.[1] The defect
has a lifetime of about 1 μs in ultrapure water at room
temperature.[2] The hydrated electron is a species with one of
the highest reduction potentials in chemistry.[3] While the
properties and the reactivity of the hydrated electron were
extensively investigated since decades,[2,3] the structure of this
defect of liquid water at the atomic level is still a matter of
considerable debate.[7–14] The main-stream opinion favours the
so-called cavity model, that is, a localized electron cloud
confined in a cavity of the hydrogen-bonded network of
water.[5–7,12,15,16] Alternative models with more molecular flavour,
such as H3O� OH

� complexes, were proposed early by Robinson
and co-workers[17] and Tuttle and Golden.[18] The hydrated
hydronium, H3O� (H2O)n, model of the solvated electron is
supported by more recent ab initio calculations for finite-size
clusters.[19,20] It has been shown that hydrated H3O radicals
exhibit absorption spectra which converge rapidly with increas-
ing cluster size toward the characteristic absorption spectrum
of the hydrated electron in liquid water.[19] Moreover, these
radicals undergo spontaneous charge separation, forming a

hydronium cation (H3O
+) loosely bonded with a solvated

electron cloud.[19,20] The hydrated hydronium model for finite
clusters and the standard cavity model for bulk water therefore
are not fundamentally different.[6] Recent investigations of
hydrated electron formation by XUV-induced radiolysis in large
water clusters by time-resolved photoelectron imaging pro-
vided strong evidence that the primary step of the radiolysis is
hydrogen-atom transfer, resulting in the formation of hydrated
hydronium radicals which subsequently separate into hydrated
hydronium cations and presolvated electrons.[21]

The hydrated electron can also be produced by photo-
detachment from solvated anions,[22] such as I� , or by photo-
excitation of certain aromatic chromophores, so-called photo-
acids, e.g. phenol, indole or DNA bases.[23–27] Recently, it has
been shown that hydrated electrons also can be ejected by UV
irradiation from diamond substrates into water[28] and it has
been found that these hydrated electrons can selectively
reduce carbon dioxide to carbon monoxide[29,30] and molecular
nitrogen to ammonia[31–33] in the aqueous phase. These findings
suggest that the exceptionally high reduction potential of the
hydrated electron could possibly be exploited to achieve the
transformation of abundantly available feedstock chemicals
(CO2, N2) to renewable fuels (e.g. methanol or ammonia) if the
hydrated electron could efficiently and sustainably be pro-
duced with sunlight rather than with UV radiation.

The sustainable production of hydrated electrons requires
that the electrons are obtained by photooxidation of water.
Recently, it has been demonstrated in molecular beam experi-
ments that the chromophores pyridine (Py) and pyrimidine
(Pm) can catalytically photooxidize water molecules in hydro-
gen-bonded Py···(H2O)n and Pm···(H2O)n clusters via an excited-
state proton-coupled electron transfer (PCET) reaction, resulting
in the formation of PyH and PmH radicals, which were detected
via their electronic spectra[34,35] (here and in the following the
dots indicate a hydrogen bond). As radicals, PyH and PmH
possess absorbing excited states in the visible range of the
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spectrum. It was shown computationally that these hypervalent
radicals possess, in addition, low-lying dark excited states of
2πσ* character which are dissociative with respect to the NH
bond distance.[35,36] These 2πσ* states can drive direct (non-
statistical) photodetachment of the excess hydrogen atom
from the PyH radical. This reaction could be experimentally
detected in PyH···(H2O)n clusters.[34] In sufficiently large clusters,
metastable H3O···(H2O)n complexes are generated by the photo-
detachment reactions which are finite-size models of the
hydrated electron in liquid water[19,20] as discussed above. The
Py or Pm chromophores are regenerated by the photodetach-
ment reaction and therefore are photocatalysts.

Py and Pm absorb in the far UV and therefore UV radiation
is required for the generation of hydrated electrons from water
with these photocatalysts. However, a larger N-heterocycle,
heptazine (heptaazaphenalene or tri-s-triazine) absorbs strongly
in the near UV and weakly even in the visible range of the
spectrum.[37,38] Heptazine (Hz) is the monomer of the organic
polymeric photocatalyst graphitic carbon nitride (g-C3N4) which
is widely employed in current water splitting research.[39–42] It
has been predicted by ab initio calculations that Hz photo-
excited to the bright 1ππ* state can abstract a hydrogen atom
from water in Hz···(H2O)n complexes via a PCET reaction,
yielding heptazinyl (HzH) and OH radicals.[43] The formation of
the latter was confirmed experimentally for a chemically stable
derivative of Hz, trianisole-heptazine (TAHz), in aqueous
solution[44] which indirectly confirms the formation of the
TAHzH radical. The calculations predict that the low-lying
bound 2ππ* states of the HzH radical are predissociated by
2πσ* states which are repulsive with respect to the NH bond
length, like in the PyH and PmH radicals.[43] In the present work,
we explored with electronic-structure calculations the possibil-
ity of generation of hydrated hydronium radicals by the
photodetachment of H-atoms from the HzH radical in water
clusters. Scheme 1 illustrates the reaction cycle. Photo-induced
H-atom abstraction from a hydrogen-bonded water molecule is
the initial reaction (top). Photo-induced H-atom transfer from
the HzH radical to a hydrogen-bonded water molecule
generates the H3O radical and regenerates the Hz molecule
(bottom). Since the calculations with accurate wave-function-

based ab initio methods are challenging due to the large size
of the Hz chromophore, we restricted the calculations to the
HzH···H2O complex as the simplest system and to the
HzH···(H2O)4 complex as a more realistic system. The transfer of
the H-atom from HzH to (H2O)4 yields the H3O···(H2O)3 complex,
that is, the H3O radical with a complete first solvation shell.

The excitation energy of the lowest bright 1ππ* state of Hz
and the excitation energies of the 2ππ* states of HzH can
systematically be lowered by substituents. For example, the
excitation energy of the lowest bright state of TAHz is lower
than the excitation energy of the lowest bright state of Hz by
0.8 eV.[45] The absorption spectra of Hz as well as of the HzH
radical can be tuned into the visible by suitable substituents.[46]

These considerations suggest that the formation of hydrated
electrons from water with visible light may tentatively be
possible.

Computational Methods
The ground-state equilibrium geometries of the HzH radical and
the HzH···H2O and HzH···(H2O)4 complexes were optimized with the
unrestricted second-order Møller-Plesset (UMP2) method.[47] The
UMP2 method is preferred here to the complete-active-space self-
consistent-field (CASSCF) method[48] for geometry optimization,
because dynamic electron correlation effects, which are relevant
for the description of weak long-range interactions such as
hydrogen bonds, are taken into account in the former. The higher
accuracy of the UMP2 geometries was confirmed by selected
geometry optimizations for HzH and HzH···H2O with the CASPT2
method[49] (second-order perturbation theory with respect to the
CASSCF reference). The electronic ground state wave function of
the HzH radical is of A’’ symmetry in the Cs symmetry group, since
the unpaired electron occupies a π orbital. The equilibrium
geometries of the HzH···H2O and HzH···(H2O)4 complexes were
optimized with Cs symmetry constraint. The H2O molecule in the
HzH···H2O complex is constrained to lie perpendicular to the
molecular plane of HzH and the H2O molecules in the HzH···(H2O)4
complex are arranged symmetrically to the HzH molecular plane.
The Cs symmetry constraint is essential for geometry optimizations
in excited electronic states (see below), because the symmetry
constraint prevents the collapse of the energy of the lowest A’
state to the energies of lower A’’ states.

Scheme 1. Photocatalytic cycle of the generation of the H3O radical from water in a two-photon reaction with the Hz chromophore. In the first photo-induced
reaction (top), an H-atom is abstracted from a hydrogen-bonded water molecule by Hz. In the second photo-induced reaction (bottom), a H3O radical is
generated by H-atom transfer from the HzH radical to a hydrogen-bonded water molecule.
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Vertical electronic excitation energies were calculated with the
CASPT2 method. The active space for the CASSCF calculations for
the HzH radical and its complexes with water consisted of seven
active electrons distributed in nine orbitals, four π orbitals, four π*
orbitals and one σ* orbital of HzH. In A’’ symmetry, the CASSCF
energy functional was averaged over the three lowest states of A’’
symmetry. The energies of the lowest 2ππ* states and 2πσ* states
were found to be stable with respect to extensions of the active
space. For the calculation of higher excited states of 2ππ* character
(D4, D5), the active space was extended by an additional π* orbital
and the D1, D2 states were not included in the state averaging. In
the CASPT2 calculations, an imaginary denominator shift of 0.15
Hartree was chosen to mitigate intruder state problems.

For HzH and the HzH···H2O complex, the augmented correlation-
consistent polarized valence-split double-ζ basis set (aug-cc-
pVDZ)[50] was employed. For geometry optimizations of the
HzH···(H2O)4 complex, a partially augmented basis set was used.
The non-augmented cc-pVDZ basis was employed on the HzH
chromophore, while the aug-cc-pVDZ basis was chosen for the
(H2O)4 cluster. The partial augmentation lowered the cost of the
geometry optimizations considerably. The fully augmented basis
was used for single-point energy calculations for the HzH···(H2O)4
complex. We tested the accuracy of the approximation of partial
augmentation for selected optimized geometries. The differences
of the geometries obtained with the partially augmented basis and
the fully augmented basis were minimal.

The TURBOMOLE program package (V 6.3.1)[51] was employed for
the UMP2 calculations, making use of the resolution-of-the-identity
(RI) approximation. The OpenMolcas program package (V 18.09)[52]

was used for the CASSCF and CASPT2 calculations.

The energy profiles for the photodissociation reaction of the HzH
radical were computed along a rigid scan by stretching the NH
bond length, keeping all other internal nuclear coordinates fixed at
the UMP2-optimized ground-state equilibrium geometry. The
photoinduced PCET reaction in the HzH···H2O and HzH···(H2O)4
complexes was characterized by the calculation of minimum-
energy paths as relaxed scans in the lowest 2πσ* excited state at
the UMP2 level. For a fixed NH distance of HzH, the 2πσ* energy
was optimized with respect to all other internal degrees of freedom
of the complexes. In addition, the ground-state equilibrium geo-
metries of the H-atom-transferred structures, Hz···H3O and Hz···H3O-
(H2O)3, were fully optimized at the UMP2 level. Single-point energy
calculations at the UMP2-optimized geometries were performed
with the CASPT2 method. Such energies are referred to as UMP2//
CASPT2 in what follows.

In addition, macroscopic solvent effects were taken into account
using a polarizable continuum (PC) model described by Barone and
Cossi and implemented in the OpenMolcas Package.[53,54] To
simulate the macroscopic water environment, the dielectric
constant was set to ɛ=78.39. The continuum solvation shell was
relaxed for the electronic ground state.

Finally, the dissociation energies of the Hz···H3O and Hz···H3O(H2O)3
complexes into Hz+H3O and Hz+H3O(H2O)3 were computed at
the UMP2//CASPT2 level.

2. Results

2.1. The HzH Radical

The excited states of the HzH radical and the potential energy
functions for the H-atom photodetachment reaction from HzH

were calculated by Ehrmaier et al.[43] with the UADC(2) method.
Here, we briefly present results for the HzH photodissociation
reaction obtained at the CASPT2 level as references for the H-
atom transfer reactions in HzH-water complexes.

At the UMP2 level, the minimum energy configuration of
the HzH radical exhibits a slight out-of-plane bending of the CH
bond. The planar configuration (Cs symmetry) is a first-order
saddle point. Since the stabilization of the ground-state energy
by the slight out-of-plane bending of the NH group is minor,
we choose the planar conformation as the reference geometry,
because the excited-state calculations are greatly simplified by
Cs symmetry. The NH bond length of planar HzH is 1.016 Å at
the UMP2/aug-cc-pVDZ level. Since the singly occupied orbital
(SOMO) is a π orbital of a’’ symmetry, the electronic ground
state of HzH is of A’’ symmetry. The lowest unoccupied
molecular orbital (LUMO) is a diffuse σ* orbital of a’ symmetry
and the 2πσ* excited state therefore is of A’ symmetry. The
SOMO and the LUMO of HzH are displayed in Figures 1(b) and
1(a), respectively.

Whereas the highest occupied molecular orbital (HOMO) of
Hz is localized on the peripheral N-atoms and the LUMO of Hz
is located on the peripheral C-atoms and the central N-atom,[43]

the SOMO of HzH is delocalized over both C-atoms and N-

Figure 1. LUMO (a) and SOMO (b) of the HzH radical at its ground-state
equilibrium structure.
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atoms, see Figure 1(b). The structure of the LUMO is remark-
able: the electronic density is to a large extent localized outside
the molecular frame and the orbital is antibonding with respect
to the NH bond (see Figure 1(a)). The SOMO-to-LUMO excita-
tion is accompanied by a significant shift of the electronic
charge from the aromatic ring beyond the H-atom of the NH
group, which results in a significant dipole moment of the πσ*
excited state (10.57 Debye). The vertical excitation energies of
the lowest five excited states of HzH calculated with the
CASPT2 method are listed in the left column of Table 1. The
lowest two excited states (D1, D2), with excitation energies of
1.32 eV and 1.42 eV, are of 2ππ* character, while the third
excited state (D3) is of 2πσ* character. The following two states
(D4, D5) are again 2ππ* states. The 2ππ* states have non-
vanishing, albeit small, oscillator strengths, while the 2πσ* state
is dark due to the non-overlapping nature of SOMO and LUMO.

The potential-energy (PE) functions (calculated as rigid
scans) for the H-atom abstraction reaction from HzH are shown
in Figure 2. A relaxed scan yields essentially identical PE
functions. While the PE functions of the 2ππ* states D1, D2, D4,
D5 are essentially parallel to the PE function of the electronic
ground state, the PE function of the 2πσ* state is dissociative
apart from a tiny barrier near RNH=1.2 Å. The 2πσ* energy
intersects the energies of the D1, D2 excited states as well as
the energy of the D0 state. These curve crossings, which
become conical intersections when out-of-plane vibrational
modes are taken into account, provide a mechanism for
predissociation of the 2ππ* excited states as well as the
electronic ground state of HzH.

The 2πσ* state of HzH dissociates homolytically into Hz and
a neutral hydrogen atom, whereas the ground state and the
2ππ* excited states dissociate heterolytically into ion pairs, the
anion of Hz and a proton. The large dipole moment of the 2πσ*
state at the ground-state equilibrium geometry decreases
strongly with increasing RNH, while the dipole moments of the
ground state and the 2ππ* excited states gradually increase
with RNH. This behaviour of the dipole moment functions is
illustrated in Figure S1 of the supporting information.

The dissociation energy De of HzH is computed as 2.22 eV
at the CASPT2 level, in good agreement with the estimate of
2.0 eV at the CCSD level.[43]

Table 1. Vertical excitation energies [eV], oscillator strengths f (in paren-
theses) and characters of the wave function (in brackets) of the five lowest
excited states of the HzH, HzH···H2O and HzH···(H2O)4 radicals at the CASPT2
level.

State HzH HzH� H2O HzH� (H2O)4

D1 1.32 (0.025) [ππ*] 1.36 (0.053) [ππ*] 1.32 (0.052) [ππ*]
D2 1.42 (0.013) [ππ*] 1.72 (0.018) [ππ*] 1.57 (0.018) [ππ*]
D3 3.32 (0.000) [πσ*] 3.36 (0.002) [ππ*] 3.39 (0.003) [ππ*]
D4 3.48 (0.014) [ππ*] 3.50 (0.003) [πσ*] 3.63 (0.001) [πσ*]
D5 4.13 (0.110) [ππ*] 4.07 (0.023) [ππ*] 3.93 (0.034) [ππ*]

Figure 2. Cut of the PE surfaces (rigid scan) of the HzH radical along the NH stretching coordinate at the CASPT2 level. Black: electronic ground state; green:
ππ* excited states; blue: πσ* excited state.
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2.2. The HzH···H2O Complex

The ground-state equilibrium structure of the HzH···H2O
complex is shown in Figure 3(a). The NH bond length is
1.032 Å. The length of the NH···OH2 hydrogen bond is 1.823 Å,
which represents a rather strong hydrogen bond.

The frontier molecular orbitals (SOMO and LUMO) of the
HzH···H2O complex are displayed in Figure 4. Whereas the π-
type SOMO is essentially unperturbed by the hydrogen bond
with the H2O molecule (Figure 4(b)), the σ*-type LUMO is
strongly affected. It is pushed away from the aromatic frame
and represents an external electron cloud which is solvated by
the two OH bonds of the H2O molecule (Figure 4(a)).

The vertical electronic excitation energies of the HzH···H2O
complex are listed in the middle column of Table 1. In
HzH···H2O, the D3(πσ*) state is slightly destabilized, while the
D4(ππ*) state is slightly stabilized with respect to the free HzH
radical. As a result, the ordering of these closely spaced states
is interchanged, see Table 1. The D2(ππ*) state exhibits the
largest shift in energy (+0.30 eV) due to the hydrogen bonding
of HzH with H2O.

The CASPT2 PE profiles of the minimum-energy path
(calculated as relaxed scan at the UMP2 level, see Section 2) for
the excited-state PCET reaction from HzH to H2O are shown in
Figure 5. The energies of the D0 state (black), the D3 state of
2πσ* character (blue) and the D1, D2, D4, D5 states of 1ππ*
character (green) were computed with the CASPT2 method
along the 2πσ*-optimized reaction path. Compared with the PE
functions of the H-atom detachment reaction in HzH (Figure 2),
the 2πσ* PE function becomes somewhat less repulsive, while
the PE profiles of the D0 state and the 2ππ* excited states
become significantly less attractive. The stabilization of the
energies of the D0 state and the 2ππ* states at large NH
distances reflects the large energy gain by the formation of the
H3O

+ cation upon proton transfer from HzH to H2O. While the
D0 energy of isolated HzH is about 3.5 eV at RNH=1.7 Å, the D0

energy is lowered to 1.9 eV at RNH=1.7 Å in the HzH···H2O
complex. The PE profile of the 2πσ* state of HzH···H2O, on the
other hand, is lowered at short NH distances and raised at large
NH distances and therefore flattened compared to the PE
profile of HzH. This flattening in the HzH···H2O complex is due
to the decrease of the dipole moment of the 2πσ* state along
the H-atom transfer reaction path, see Figure S1. While the 2πσ*
state is highly polar at the ground-state equilibrium geometry
of HzH···H2O, it becomes nonpolar when Hz and the H3O radical

Figure 3. (a) Ground-state equilibrium structure of the HzH···H2O complex.
(b) Ground-state equilibrium structure of the Hz···H3O complex.

Figure 4. LUMO (a) and SOMO (b) of the HzH···H2O complex at the ground-
state equilibrium geometry.
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are formed at large NH distances. The intersection of the 2πσ*
energy function with the D0 energy in free HzH disappears and
the intersection of the 2πσ* energy with the D3(ππ*) energy is
shifted outward to 1.7 Å, see Figure 5. As a result, there exists a
barrierless reaction path for H-atom transfer in the 2πσ* state of
the HzH···H2O complex which leads to a conical intersection
with the 2ππ* state (D2) at large NH distances (Figure 5).

The 2πσ* PE surface of the HzH···H2O complex exhibits a
very shallow minimum corresponding to a Hz···H3O structure
which is shown in Figure 3(b). The length of the N···HO
hydrogen bond of this complex is 1.691 Å, shorter than the
hydrogen bond in the HzH···H2O complex (1.823 Å). The
stabilization energy with respect to the vertical excitation
energy of the 2πσ* state is 0.65 eV. The computed energy of
dissociation of the Hz···H3O complex into Hz and the H3O
radical is 0.30 eV. Vertical excitation of the 2πσ* state in
HzH···H2O complexes will therefore likely lead to H-atom
transfer.

2.3. The HzH···(H2O)4 Complex

The ground-state geometry of the HzH···(H2O)4 complex was
optimized at the UMP2 level with Cs symmetry constraint. While
there exist a large number of possible equilibrium structures of
this complex, the structure of the water cluster has been
chosen such that the H2O molecule in the first solvation shell is
bonded as H-atom acceptor to the NH group of HzH. The two

OH bonds of this H2O molecule form hydrogen bonds to two
H2O molecules in the second solvation shell. The fourth H2O
molecule forms a weak hydrogen bond with the N-atom
adjacent to the NH group of HzH, see Figure 6(a). The length of
the hydrogen bond between the NH group of HzH and the
closest water molecule is 1.632 Å. The significant shortening of
this hydrogen bond compared to the Hz···H2O complex
(1.823 Å) indicates a significant strengthening of the HzH···H2O
hydrogen bond in the larger complex.

The π-type SOMO of the HzH···(H2O)4 complex at the
ground-state equilibrium geometry is essentially the same as
that of the free HzH radical. The LUMO of σ* character of the
HzH···(H2O)4 complex is depicted in Figure 7. It is localized
outside the water cluster and solvated by free OH bonds of
water molecules in the second and third solvation shell. The
2πσ* state of HzH···(H2O)4 is thus a spontaneously charge-
separated state, consisting of a protonated Hz molecule and a
finite-size solvated electron.

The vertical excitation energies of the HzH···(H2O)4 complex
are listed in the third column of Table 1. The 2ππ* vertical
excitation energies of the HzH chromophore are only weakly
affected by the aqueous microenvironment. The 2πσ* excited
state is blue shifted by about 0.30 eV in HzH···(H2O)4 relative to
HzH.

The energy profiles of the relaxed scan for H-atom transfer
from HzH to the (H2O)4 cluster are displayed in Figure 8. The
rearrangement of the nuclear geometry by minimization of the
2πσ* energy raises the energies of the D0 state and the 2ππ*

Figure 5. Energy profiles of the relaxed scan of the HzH···H2O complex along the NH-stretching coordinate. The minimum-energy path is optimized in the πσ*
state at the UMP2 level. Energies are calculated with the CASPT2 method at the UMP2-optimized geometries. Black: electronic ground state; green: ππ* states;
blue: πσ* state. Full circles indicate that the reaction path geometry was optimized in this state; open circles indicate that the reaction path geometry was
optimized in a different state.
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states at short NH distances (RNH �1.0 Å). At large NH distances
(RNH �1.7 Å), the energies of these states are stabilized with
respect to the HzH···H2O complex by more than 0.5 eV. As a
result, the PE profiles of the D0 state and the 2ππ* states of
HzH···(H2O)4 (Figure 8) are considerably flattened in comparison
with HzH···H2O (Figure 5) which reflects the stabilization of the
ionic D0 and

2ππ* states by the water cluster. The energy profile
of the 2πσ* state is more repulsive in the HzH···(H2O)4 complex
than in the HzH···H2O complex due to a slight destabilization of
the 2πσ* energy at short NH distances and a slight stabilization
at large NH distances (see Figure 8). Remarkably, all crossings
of the 2πσ* energy with the energies of the lower-lying states
(D0, D1, D2) have been eliminated by the larger water environ-
ment. The formation of the Hz···H3O(H2O)3 complex from the
2πσ* excited state of the HzH···(H2O)4 complex is found to be a
barrierless adiabatic PCET reaction without perturbation by
energy crossings, in remarkable contrast to the H-atom photo-
detachment reaction from HzH (Figure 2).

Figure 9 shows the same energy profiles as in Figure 8, but
with inclusion of macroscopic electronic solvation effects with

the polarized continuum model. The PE functions become even
flatter than in the isolated HzH···(H2O)4 complex. The stabiliza-
tion energy of the 2πσ* state due to H-atom transfer is reduced
to 0.16 eV. The energy-gap between the 2πσ* state and the D2

state increases to 1.95 eV at large NH distances.
The energy of dissociation of the Hz···H3O(H2O)3 complex

into Hz and H3O···(H2O)3 is computed as 0.67 eV with Cs

symmetry constraint. When the symmetry constraint is relaxed
for the free H3O(H2O)3 radical, the dissociation energy increases
to 0.79 eV. The binding energy of the Hz···H3O(H2O)3 product is
thus larger than the excess energy of the PCET reaction in the
2πσ* state. When the HzH···(H2O)4 complex is excited to the D4

or D5 states, followed by radiationless relaxation to the D3(πσ*)
state, the excess energies of the radiationless decay and the
PCET reaction in the 2πσ* state together are sufficient to allow
the dissociation of the complex into Hz and H3O(H2O)3, that is,
the formation of a free hydrated electron.

3. Discussion

It is interesting to compare the H-atom photodetachment
reaction in HzH and the excited-state H-atom transfer reaction
in HzH···(H2O)n complexes with the corresponding reactions in
typical closed-shell photoacids and their hydrogen-bonded
complexes with water molecules, because a large amount of
experimental and computational data is available for closed-
shell photoacids, whereas experimental data for open-shell
photoacids like PyH, PmH or HzH are extremely scarce. The
kinetic energy distributions of H-atoms photodetached from
pyrrole, phenol, indole, thiophenol, etc., were extensively
investigated with velocity map imaging, multimass ion imag-
ing, Rydberg tagging and femtosecond spectroscopy experi-
ments, see[55–60] for representative examples. These experimen-

Figure 6. (a) Ground-state equilibrium structure of the HzH···(H2O)4 complex.
(b) Ground-state equilibrium structure of the Hz···H3O(H2O)3 complex. Both
structures were optimized at the UMP2 level.

Figure 7. LUMO of the HzH···(H2O)4 radical at its ground-state equilibrium
structure.
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tal studies were supported by ab initio calculations of the
relevant PE surfaces and by calculations of the nonadiabatic
time-dependent quantum wave-packet dynamics, e.g.[61–67] or
quasi-classical trajectory surface-hopping simulations, e.g..[68–73]

For phenol···(NH3)n, phenol···(H2O)n and pyrrole···(NH3)n com-
plexes, it was experimentally established that PCET from
photoexcited pyrrole or phenol to the solvent molecules is the
dominant process,[74–77] rather than proton transfer, as previ-
ously thought.[78,79]

The shape of the diffuse σ* orbital located on the NH group
of HzH is similar to the shape of the σ* orbitals of pyrrole,
phenol and indole.[19] Upon extension of the NH or OH bond of
these photoacids, the σ* orbital collapses to the compact 1 s
orbital of the free H-atom, which is the reason for the
pronounced stabilization of the πσ* energy by NH or OH bond
stretching.[19] The vertical electronic excitation spectrum of HzH
exhibits similarities with the excitation spectrum of indole (two
absorbing ππ* states, followed by a dark πσ* state),[80] but the
excitation energies of HzH are much lower, as expected for a
radical. The PE crossings along the NH stretching coordinate in
HzH also are qualitatively similar to indole, but are located at
much lower electronic excitation energies. While the vertical
excitation energies of the La, Lb states of indole are �4.5 eV,
the excitation energies of the D1, D2 states of HzH are 1.3
� 1.4 eV. The vertical excitation energy of the πσ* state of
indole is about 5.0 eV, while it is about 3.3 eV in HzH. The
energy of the 1πσ*-S0 energy crossing is at �4.6 eV in indole,

while the energy of the 2πσ*-D0 crossing is at �2.7 eV in HzH.
The photodissociation of HzH can thus be driven by near-UV
photons (�3.5 eV, the vertical excitation energy of the D4

state), whereas the excitation threshold for photodissociation
of indole is 1.5 eV higher (�5.0 eV).

The electronic structure of the 2πσ* state of the HzH···(H2O)4
complex is analogous to that found for the indole···(H2O)n or
phenol···(H2O)n complexes.[81,82] In particular, the expulsion of
the σ* orbital in the HzH···H2O complex (Figure 4(a)) is similar to
that found in the indole···H2O and phenol···H2O complexes. The
σ* orbital of the πσ* excited state of HzH is squeezed out of
the chromophore-water complex due to the strong and short
hydrogen bonds between HzH and the water molecules and
the electrophobic character of the H2O molecule.[19]

Compared to the S1(ππ*) state in the phenol···H2O complex,
the D1(ππ*) and D2(ππ*) states in the HzH···H2O complex are
much lower in energy and the 2πσ*-2ππ* energy crossing
occurs at much larger bond distances. Like in phenol···(H2O)n
complexes,[80,82] the conical intersection of the energy of the
πσ* state with the energy of the electronic ground state along
the H-atom detachment coordinate, which exists in free phenol
and free HzH, is eliminated in the HzH···H2O and HzH···(H2O)4
complexes. Phenol and indole are known as photoacids with a
comparatively high yield of hydrated electrons when excited to
their S1 or S2 states.

[25,26] It can be expected that the absence of
crossings of the 2πσ* energy with the energies of lower-lying
electronic states in the HzH···(H2O)4 complex likewise may result

Figure 8. Energy profiles of the relaxed scan of the HzH···(H2O)4 complex along the NH-stretching coordinate. The minimum-energy path is optimized in the
πσ* state at the UMP2 level. Energies are calculated with the CASPT2 method at the UMP2-optimized geometries. Black: electronic ground state; green: ππ*
states; blue: πσ* state. Full circles indicate that the reaction path geometry was optimized in this state; open circles indicate that the reaction path geometry
was optimized in a different state.
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in a relatively high branching ratio for the formation of the of
H3O(H2O)3 radical.

The 2πσ* state of HzH can be populated by near-UV light
either directly (due to vibronic intensity borrowing from
allowed 2ππ* states) or indirectly (by radiationless decay from
the dense manifold of higher 2ππ* states). The photodissocia-
tion of isolated HzH involves conical intersections of the 2πσ*
state with two closely spaced low-lying 2ππ* states and with
the D0 state, see Figure 2. At these conical intersections, a
bifurcation of the nuclear dynamics will occur. Diabatic passage
through the intersections leads to the detachment of free H-
atoms, while adiabatic passage transfers the 2πσ* population to
the bound 2ππ* states and the D0 state, which ultimately leads
to relaxation to the energy minimum of the D0 state, that is,
aborted photodissociation. This kind of nonadiabatic photo-
dissociation dynamics was investigated in a reduced-dimen-
sional ab initio wave-packet dynamics study for the PyH radical,
in which the PE function for NH dissociation in the 2πσ* state
crosses the energy of a bound low-lying 2ππ* state as well as
the energy of the D0 state. Dissociation yields of 33–90% were
predicted for this system, depending on the initial preparation
of the wave packet in the 2πσ* state.[83] The conical inter-
sections thus act as quenchers of the photodissociation yield of
the PyH radical.

As discussed above, the PE functions for H-atom transfer in
the HzH···H2O complex differ substantially from those for the
photodetachment reaction in isolated HzH. Comparing Figure 2

and Figure 5, it is seen that the PE function of the 2πσ* state is
less repulsive in the HzH···H2O complex and the energies of the
2ππ* states and the D0 state are substantially lowered at large
NH distances due to the formation of the strongly bound H3O

+

cation. The conical intersection of the 2πσ* state with the
D2(ππ*) state is shifted from �1.4 Å to �1.7 Å and the conical
intersection with the D0 state is eliminated altogether. When
three more water molecules are added, the driving force for
dissociation in the 2πσ* state slightly increases and the energies
of the 2ππ* states and the D0 state are additionally lowered by
about 0.6 eV at large NH distances (see Figure 8). The
approximate inclusion of the effect of a macroscopic aqueous
environment results in a further significant increase of the
energy-gap between the 2πσ* state and the lower-lying 2ππ*
and D0 states at large NH distances (Figure 9). As a result, all
conical intersections which are involved in the photodissocia-
tion of the free HzH radical along the NH dissociation
coordinate are eliminated in the HzH···(H2O)4 complex.

Although the energy of the ionic Hz� ···H3O
+(H2O)n ground

state is lower than the energy of the neutral Hz···H3O(H2O)n
radical, the relatively large energy gap between these ··states
suppresses the nonadiabatic back-transfer of the electron to an
extent that the separation of the H3O(H2O)n cluster from the Hz
molecule can efficiently compete with the quenching of the
excited state by electron back-transfer, which may result in a
reasonably high quantum yield of formation of the hydrated
electron. This conjecture should be confirmed by ab initio

Figure 9. Energy profiles of the relaxed scan of the HzH···(H2O)4 complex along the NH-stretching coordinate. The minimum-energy path is optimized in the
πσ*-state at the UMP2 level. Energies are calculated at the UMP2-optimized geometries with the CASPT2 method including a polarizable continuum. Black:
electronic ground state; green: ππ* states; blue: πσ* state.
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nonadiabatic dynamics simulations which, however, are chal-
lenging because of the electronic open-shell character of the
HzH···(H2O)n system.

4. Conclusions

We explored the possibility of generating H3O and OH radicals
from water via photocatalytic reactions driven by the absorp-
tion of two near-UV/visible photons by the Hz chromophore. In
the initial photoreaction, a Hz molecule is photoexcited and
abstracts a hydrogen atom from a hydrogen-bonded water
molecule in an excited-state PCET reaction. The feasibility of
this reaction depends primarily on the barrier of the H-atom
transfer reaction in the long-lived S1(ππ*) state of Hz, as
discussed in detail in recent publications.[43,45,46] In the second
photoreaction, the excess hydrogen atom of the HzH radical is
transferred to the water environment as discussed in the
present work. In this reaction, the electron in the π-type SOMO
of the HzH radical is photoexcited to a σ*-type orbital which
drives a barrierless transfer of the excess hydrogen atom of
HzH to a hydrogen-bonded water molecule, generating a
hydrated H3O radical. By this sequence of two PCET reactions, a
water molecule is decomposed into a pair of (solvated) OH and
H3O radicals and the Hz chromophore is regenerated. The OH
radicals have to be scavenged and recombined to H2O2 or H2O
+O2 by a suitable co-catalyst. The hydrated H3O radical is the
energy-rich agent which is able to reduce ubiquitous feedstock
molecules (like CO2 or N2) to clean fuels.[28–33] The realization of
this scenario could potentially lead to an ultimately “green”
pathway to renewable fuels, in which neither high temper-
atures nor high pressures are required.

A decisive advantage of organic photocatalysts compared
with inorganic semiconductors is the ease of tuning of the
absorption spectrum. There are various possibilities of shifting
the absorption maximum of the lowest bright 1ππ* state of Hz-
based chromophores towards the visible spectrum as well as of
increasing the oscillator strength of this state.[45,46] The reduced
Hz chromophore (HzH) inherently absorbs in the visible.
Exploratory computational screening studies are underway in
our laboratory to identify Hz-based chromophores with optimal
properties for driving PCET reactions in pure water with visible
light.
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