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The covalent, zwitterionic, and biradicalic forms of the HCl(H2O)4 cluster have been investigated with density
functional theory (DFT) and time-dependent DFT (TDDFT). The equilibrium geometries and force fields of
the lowest electronic states have been determined with DFT; vertical electronic excitation energies have been
calculated with TDDFT. It is shown that the excited states of the H3O+(H2O)3Cl- zwitterion are of the charge-
transfer-to-solvent (CTTS) type. The molecular and electronic structures of the H3O(H2O)3Cl biradical have
been characterized for the first time. The lowest electronic states of the biradical are significantly lower in
energy than the CTTS excited states of the zwitterion and therefore are photochemically accessible from the
latter. The electronic and vibrational absorption spectra of the biradical are essentially identical to those of
the hydrated hydronium radical, H3O(H2O)3, and exhibit striking similarities with the spectral signatures of
the solvated electron in the liquid phase. It is argued that the photochemistry of the H3O+(H2O)3Cl- zwitterion
represents a finite-size molecular model of the formation process of the solvated electron via the
photodetachment of the chloride anion in water.

1. Introduction

The absorption spectra of halide anions in water and other
polar solvents have been investigated for decades.1,2 These
transitions are of the charge-transfer-to-solvent (CTTS) type;
that is, an electron is transferred from the p shell of the halide
anion to unoccupied orbitals provided by the solvent. The CTTS
spectra are structureless, Gaussian-like bands in the UV with
significant oscillator strength.2

In the early investigations, the dependence of these CTTS
bands on temperature and on the concentration of ionic mixtures
has been considered, with the intention of obtaining information
on the local solvation structure.2,3 Later, the interest shifted
toward the photochemistry induced by the CTTS transitions of
halide anions in protic solvents. As first shown in a series of
papers by Jortner, Ottolenghi, and Stein, the CTTS excited states
dissociate into a halogen atom and a solvated electron. (See ref
4 and references therein.) Since then, halide anions and other
anions such as ferrocyanide have served as convenient precur-
sors for the production of solvated electrons by photodetach-
ment. With the advent of femtosecond time-resolved laser
spectroscopy, it has become possible to obtain information on
individual stages of the formation and equilibration of the
solvated electron in real time.5-10 Quantum-classical molecular
dynamics simulations have been essential for the development
of a microscopic picture of the electron photodetachment and
solvation processes in the liquid environment.11-14

The spectroscopy of halide anions in the liquid phase has
recently been complemented by spectroscopic investigations of
size-selected X--water clusters (X) Cl, Br, I). CTTS
absorption spectra of I-(H2O)n clusters have been obtained as
action spectra (detection of electron detachment) forn ) 1-4.15

Vibrational spectra of X-(H2O)n clusters with 1e n e 6 have
been observed in the mid-infrared via vibrational dissociation.16

Real-time data on the electron solvation dynamics following
the photoexcitation of I--water clusters have been obtained
by Neumark, Weinkauf, and collaborators using femtosecond
time-resolved photoelectron spectroscopy.17 These spectroscopic
results on size-selected anion-water clusters are obviously of
relevance for the understanding of aqueous solvation at the
molecular level and have stimulated a number of ab initio
electronic structure calculations on the geometric structure,
stability, and electronic and vibrational spectra of halide-water
clusters.18-24

In the present work, we adopt a different approach toward a
computational modeling of the CTTS excitation process and
the formation of solvated electrons in clusters. We consider the
excited electronic states and photochemical reaction mechanisms
of neutral clusters of the type HX(H2O)n, specifically, HCl-
(H2O)4. The consideration of neutral clusters has the advantage
of a faster convergence of spectroscopic properties with increas-
ing cluster size since long-range monopole Coulomb potentials
with their associated screening effects are absent. In liquid-phase
experiments, positive counterions are generally present, at least
at higher concentrations of salt solutions, and their influence
may have to be considered in the interpretation of the solvation
dynamics.8 Overall neutral zwitterionic clusters may therefore
provide more convenient finite-size models of the liquid phase
than clusters with an overall negative charge.

Hydrogen chloride is known to be a very strong acid and is
assumed to be fully dissociated into chloride anions and
hydronium cations in the liquid phase.25,26Amirand and Maillard
were the first to answer the question of how many water
molecules are needed to stabilize the zwitterionic form of
hydrogen chloride.27 The IR spectroscopy of HCl-water clusters
in a low-temperature argon matrix revealed that the H3O+-
(H2O)nCl- cluster is stable forn g 3.27 Several recent calcula-
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tions employing ab initio electronic structure theory or density
functional theory (DFT) have corroborated this experimental
result.28-33 The H3O+(H2O)3Cl- cluster is thus the smallest
neutral system that can be adopted for the investigation of the
photochemistry of the chloride anion in an aqueous environment.

Calculated vertical CTTS excitation energies have been
reported for several X-(H2O)n clusters.19-21 Chen and Sheu23

and Vila and Jordan24 have performed limited excited-state
geometry optimizations for the I-(H2O)4 cluster. These calcula-
tions have provided information on the detachment of the
electron from the iodide anion and the reorientation of the water
molecules in the lowest excited state but did not reveal the
reaction coordinate for the formation of the solvated electron.
In the present work, we have identified the presumable reaction
product versus a geometry optimization of the lowest radical-
pair state of the HCl(H2O)4 cluster. The minimum-energy
structure of the radical pair consists of a microsolvated hydro-
nium radical that is loosely bound to the chlorine atom. As
proposed previously,34,35 the former can be identified as the
carrier of the characteristic spectroscopic properties of the
solvated electron.

2. Computational Methods

The geometries of the covalent and zwitterionic forms of the
HCl(H2O)4 cluster in the electronic ground state have been
determined with DFT, employing Becke’s three-parameter
hybrid functional containing the correlation functional of Lee,
Yang, and Parr (B3LYP). The stability of the stationary points
has been confirmed by vibrational analysis. IR spectra have been
calculated in the harmonic approximation. The energies of the
DFT-optimized minimum structures have also been determined
by single-point calculations with the second-order Møller-
Plesset (MP2) method.

Direct unconstrained geometry optimization of the CTTS
excited singlet states of the cluster is not possible because of
the variational collapse of the electronic wave function to the
electronic ground state. Anticipating that the energy minimum
must correspond to a biradicalic structure, for which the singlet-
triplet splitting is negligibly small, we can instead optimize the
energy of the lowest triplet state of the cluster. Once the
geometric structure of the biradical has been found, it is
straightforward to compute the singlet energy spectrum at this
geometry.

The standard 6-31+G** split-valence double-ú Gaussian basis
set augmented with polarization functions on all atoms and
diffuse functions on the heavy atoms36 has been employed.
Anticipating that the biradical possesses Rydberg character (see
below), the basis set was supplemented with an additional set

of diffuse s and p Gaussian functions of exponentú ) 0.02 on
the oxygens, drawing on previous experience obtained for H3O-
water clusters.35 This basis set consisting of 267 Gaussian
primitives was used in the geometry optimizations and in the
calculation of vibrational spectra as well as in the MP2 energy
calculations. The spin-orbit splitting of the chlorine radical is
ignored in these nonrelativistic calculations.

For the calculation of the electronic excitation spectrum at
the optimized geometries, the time-dependent DFT (TDDFT)
method has been used with the B3LYP functional. To obtain a
better description of higher excited states with more pronounced
Rydberg character, additional diffuse s and p Gaussian functions
with an exponent ofú ) 0.005 have been added on the oxygen
atoms. This basis set consists of 287 Gaussian primitives.

All calculations have been performed with the Gaussian 98
program package.37

3. Results and Discussion

A. Geometric and Electronic Structures. The molecular
structures of the covalent (that is, non-ion-pair-dissociated) and
zwitterionic forms of the HCl(H2O)4 cluster, optimized at the
DFT/B3LYP level as described above, are shown in Figure 1a
and b, respectively. These structures have been determined
previously by several workers using Hartree-Fock, MP2, and
DFT methods.28-33 The covalent form is a cyclic pentamer with
a very short (1.459 Å) hydrogen bond between the H atom of
HCl and the neighboring water molecule and an elongated
(1.396 Å) HCl bond length. The present geometry parameters
for HCl(H2O)4 agree within about 0.01 Å with those of ref 33,
where the DFT/B3LYP method with a somewhat larger basis
set (aug-cc-pVDZ, 364 primitive Gaussians) has been employed.
The zwitterionic form of HCl(H2O)4 is a trigonal bipyramid
consisting of a hydronium cation and a chloride anion that are
separated by a layer of three water molecules; see Figure 1b.
This structure is remarkably compact, with very short (1.530
Å) hydrogen bonds between H3O+ and the three water mol-
ecules. The present geometry parameters are again in agreement
within 0.01-0.02 Å with those reported in ref 33.

At the DFT/B3LYP level with the present basis set, the
zwitterionic form is more stable by 0.112 eV (2.58 kcal/mol)
than the covalent form. The MP2 energies calculated at the DFT/
B3LYP optimized geometries yield an energy difference of
merely 0.5 kcal/mol. The DFT/B3LYP energy difference is in
amazingly good agreement with the value of 2.43 kcal/mol
obtained with CCSD(T) calculations at DFT/B3LYP optimized
geometries.33 When zero-point energy corrections are included
at the DFT/B3LYP level, the zwitterionic form is found to be
below the covalent form by only 0.1 kcal/mol, in close

Figure 1. DFT/B3LYP equilibrium geometries of the electronic ground states of the (a) covalent and (b) zwitterionic forms of the HCl(H2O)4
cluster. The equilibrium geometry of the nearly degenerate S1 and T1 states of the H3O(H2O)3Cl biradical, obtained with the DFT/B3LYP method,
is shown in c. The numbers indicate bond lengths in angstroms and HOH bond angles of the H3O+ units (b and c) in degrees.

1558 J. Phys. Chem. A, Vol. 107, No. 10, 2003 Sobolewski and Domcke



agreement with the value of 0.7 kcal/mol reported in ref 30.
The calculations thus consistently predict that the covalent and
ion-pair forms of the HCl(H2O)4 cluster are essentially iso-
energetic.

A new result of the present work is the molecular structure
of the biradical form of the HCl(H2O)4 cluster shown in Figure
1c. As discussed in section 2, this structure has been found by
an unconstrained optimization of the energy of the lowest triplet
state. The biradical exhibits trigonal symmetry like the zwit-
terion, but the umbrella angle of the hydronium cation is
inverted, and the water shell is now located on the opposite
side of the chlorine atom. The biradical is obtained from the
zwitterion by the transfer of an electron from the chloride anion
to the microsolvated H3O+ unit, forming a microsolvated H3O
radical. The bond lengths of the hydrogen bonds in the radical
are even shorter (1.513 Å) than those in the zwitterion. The
rather long O-Cl distance of 2.725 Å indicates a loose binding
of the H3O(H2O)3 radical with the Cl radical.

The calculated energies (relative to the ground-state energy
of the zwitterionic cluster) of the structures discussed so far as
well as the corresponding vertical excitation energies (calculated
with TDDFT) are shown in Figure 2. Singlet and triplet excited
states are included for the covalent and zwitterionic forms,
denoted as Sn, Tn and Sn′, Tn′, respectively. For the biradical,
singlet and triplet excited states are essentially degenerate, and
we denoted them as Sn′′, Tn′′. The level designated S0′′
represents the singlet ground-state energy calculated at the
geometry of the biradical (Figure 1c). The lowest biradicalic
singlet state is S1′′, quasidegenerate with T1′′, for which the
energy has been optimized. The vertical arrows in Figure 2

indicate schematically the transitions corresponding to the
electronic spectra of the three species. As will be discussed in
more detail below, the excitation energies of the zwitterion and
the covalent cluster are located in the far UV, around 6-7 eV.
The excitation energies of the biradicalic cluster, however, are
very low; see Figure 2. The excitation energy of the lowest
strongly allowed optical transition, indicated by the arrow in
Figure 2, is below 2 eV. It is also seen in Figure 2 that the S1′′
energy level of the biradical is lower than the S1 and S1′ energy
levels of the covalent cluster and the zwitterion, respectively.
The biradical can thus be formed by an exothermic relaxation
process after optical excitation of either the covalent or
zwitterionic forms of the cluster.

To provide insight into the electronic structure of the three
species, we display in Figure 3 the highest occupied orbitals
(HOMO) and lowest unoccupied orbitals (LUMO) of the
covalent cluster (a, b) and the zwitterion (c, d), as well as the
two singly occupied orbitals (SOMO) of the zwitterion (e, f).
These orbitals have been obtained by restricted Hartree-Fock
(RHF) calculations for the S0 and T1 states, respectively, at the
respective geometries.

The HOMO and the LUMO of the covalent cluster (Figure
3a and b) show the character of the lowest-energy electronic
transition: an electron is excited from the p shell of the chlorine
atom to a Rydberg-likeσ* orbital mostly localized on the HCl
and the neighboring water molecules. Theσ* orbital is seen to
be antibonding with respect to both the covalent bond of HCl
and the HCl-H2O hydrogen bond, indicating that the cyclic
structure will be unstable in the pσ* excited state.

The HOMO and LUMO of the zwitterion in Figure 3c and d
illustrate the expected CTTS character of the excited state in
this case. The HOMOf LUMO excitation corresponds to the
transfer of an electron from the p shell of the chloride anion to
a diffuse Rydberg orbital that is delocalized over all three water
molecules of the first solvation shell of Cl- and H3O+. The
hole in theσ* orbital caused by Pauli repulsion with the valence
electrons of Cl- is clearly visible.

Finally, Figure 3e and f display the SOMOs of the biradical,
a pz-type orbital, on the chlorine atom and aσ* orbital, which
is stabilized by the hydronium cation and three solvating water
molecules. It can be clearly seen that the overlap of the p orbital
on the loosely bound chlorine atom and theσ* orbital on the
other side of the H3O+(H2O)3 crown is essentially zero,
explaining the quasi-degeneracy of the singlet and triplet states
of the biradical. Theσ* orbital in Figure 3f is very similar to
that obtained previously for the microsolvated hydronium radical
H3O(H2O)3.34 The low-lying Sn′′/Tn′′ excited states in Figure 2
correspond to excitations from the 3s-type Rydberg orbital of
Figure 3f to higher (3p, etc.) Rydberg orbitals of water.

B. Electronic and Vibrational Spectra. Figure 4 gives the
energies (vertical excitation energies) and intensities (oscillator
strengths) of the electronic transitions of the three HCl(H2O)4
species considered in this work, obtained with the TDDFT
method. The electronic absorption spectrum of the cyclic HCl-
(H2O)4 cluster is located in the far UV, above 6.5 eV (Figure
4a). Since we are not aware of any experimental data on the
electronic spectroscopy of this cluster, we skip a detailed
discussion of this spectrum.

The electronic absorption spectrum of the zwitterion is located
above 5.7 eV; see Figure 4b. The thick lines in Figure 4b
represent degenerate (1E) excited states. (Their intensity has to
be multiplied by a factor of 2.) The thin lines represent
nondegenerate (1A) excited states. We have calculated 20 excited

Figure 2. Energy diagram of the ground states and vertically excited
states of the covalent (Sn, Tn), biradical (Sn′′, Tn′′), and zwitterionic
(Sn′, Tn′) forms of the HCl(H2O)4 cluster. For the biradical, the Sn′′
and Tn′′ (n > 0) states are essentially degenerate. The arrows
schematically indicate the electronic transitions scheme pertaining to
the absorption spectra shown in Figure 3. Dashed lines correlate the
3s and 3p Rydberg levels of water populated with an electron excited
from the 3s orbital of chlorine.
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singlet states that cover an energy range up to 7 eV. The sum
of the oscillator strengths of the transitions is 0.24, in qualitative
agreement with experimental estimates of the oscillator strength
of CTTS transitions of halide anions in water.2 The peak position
of the CTTS spectrum of Cl- in liquid H2O has been reported

to be 6.76 eV2 and 7.10 eV.38 It is to be expected that the CTTS
spectrum in the liquid is blue-shifted relative to the spectrum
of small clusters since the diffuseσ* orbital (cf. Figure 3d) will
be compressed by the liquid environment. Apart from this effect,
the spectrum calculated for the Cl-(H2O)3H3O+ cluster seems

Figure 3. (a, c) HOMO and (b, d) LUMO of the covalent and zwitterionic forms of the HCl(H2O)4 cluster, respectively, obtained by RHF calculations
at the respective equilibrium geometries. (e) and (f) display the singly occupied orbitals of the biradical obtained by a UHF calculation for the T1

state at the equilibrium geometry of the biradical.
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to provide a good description of the CTTS absorption band of
the chloride anion in water.

Figure 4c shows the electronic absorption spectrum of the
H3O(H2O)3Cl biradical. Again, thick lines denote transitions to
degenerate electronic states. (Their intensities have to be
multiplied by a factor of 2.) The spectrum is dominated by two
intense transitions in the near infrared/visible region. The
spectrum of the biradical in Figure 4c is essentially indentical
to that calculated previously (at the CASPT2 level) for the H3O-
(H2O)3 radical.34,35 The absorption spectrum of H3O(H2O)3Cl
is thus completely dominated by the hydronium part of the
biradical, which is negligibly perturbed by the Cl atom. Among
20 states calculated up to 3 eV, the two intense lines near 1.3
and 1.8 eV are associated with the transition from the 3s-like
ground state of the hydronium radical to the 3px,y and 3pz
orbitals, respectively. The sum of the oscillator strengths of
transitions between 1 and 3 eV is 0.85.

As can be seen in Figure 2, there also exists an electronic
transition at very low energy, 0.38 eV, in the biradical. This
transition has a very small oscillator strength and is therefore
hardly visible in the spectrum of Figure 4c. This line corresponds
to an internal 3pz f 3px,y excitation of the chlorine atom.

It has been pointed out previously that the 3sf 3p transition
of H3O falls into the energy range of the absorption spectrum
of the hydrated electron.39-41 More recently, the absorption
spectra of microsolvated hydronium radicals up to H3O(H2O)9
have been calculated, and it has been shown that the spectra of
these clusters cover roughly the energy range of the absorption
spectrum of the hydrated electron in the liquid phase.34,35These
findings support the identification of the electronic spectrum
of the H3O(H2O)3Cl biradical with that of the solvated electron
in the bulk. We therefore propose that the CTTS excitation of
the Cl-(H2O)3H3O+ zwitterion and the subsequent rearrange-
ment to the Cl(H2O)3H3O biradical represent the basic molecular
aspects of the generation of solvated electrons in water via the
photodetachment of chloride anions.

The vibrational spectra of the three HCl(H2O)4 species
obtained in the harmonic approximation with the DFT/B3LYP
method are shown in Figure 5. The systems with trigonal
symmetry (the zwitterion, Figure 5b and the biradical, Figure

5c) possess degenerate vibrational levels (E symmetry), which
are indicated by thick bars. The corresponding intensities have
to be multiplied by a factor of 2. Thin bars denote nondegenerate
vibrational levels (A symmetry). The IR spectra of the covalent
and zwitterionic forms of HCl(H2O)4 have been obtained
previously by Re et al.30 and Bacelo et al.32 with similar methods
and results. These spectra are included here for comparison with
the vibrational spectrum of the biradical, calculated for the first
time in the present work.

In the covalent cluster (Figure 5a), all OH stretching
vibrations are located above 3000 cm-1. The lines in the 1500-
1800 cm-1 range are associated with HOH bending whereas
the vibrations below 1000 cm-1 are librations and ring deforma-
tions. The intense line at 1588 cm-1 in Figure 5a represents the
HCl stretching vibration of the cyclic cluster. The strong lines
at 3257 and 3325 cm-1 in the spectrum of the zwitterion (Figure
5b) are the stretching vibrations of the OH groups solvating
the Cl- anion. The degenerate vibration at 2584 cm-1 and the
nondegenerate vibration at 2854 cm-1, both of which are very
intense, are assigned as the asymmetric and symmetric stretching
vibration of the hydronium cation, respectively. The remaining
prominent line at 1525 cm-1 represents the umbrella vibration
of H3O+.

The IR spectrum of the biradical (Figure 5c) exhibits a very
intense (nearly 6000 km/mol) OH asymmetric stretching band
at 3469 cm-1. This is the stretching vibration of the terminal
OH groups that solvate the localized electron cloud confined
by the H3O+(H2O)3 crown (cf. Figure 3f). The somewhat less
intense thick line at 2405 cm-1 and the thin line at 2730 cm-1

represent the asymmetric and symmetric stretching vibrations,
respectively, of the central H3O+ unit of the biradical.

As found above for the electronic spectrum, the IR spectrum
of the H3O(H2O)3Cl biradical is essentially identical to that
obtained previously (with the same computational methods) for
the H3O(H2O)3 radical.34 The loosely bound Cl atom does not
noticeably perturb the IR absorption spectrum, which is
dominated by the OH stretching vibrations of H3O+ and the
terminal water molecules. The very intense OH stretching lines
associated with the OH groups pointing toward the electron
cloud have been detected by Johnson and collaborators in
X-(H2O)n clusters as well as in negatively charged water
clusters.16,42,43

Figure 4. Vertical electronic excitation spectra of the (a) covalent,
(b) zwitterionic, and (c) biradical forms of the HCl(H2O)4 cluster
calculated with the TDDFT/B3LYP method. Bold, vertical bars denote
transitions to degenerate (E symmetry) excited states. Dashed curves
were obtained by broadening the calculated bars, assuming Gaussian
functions of 0.7 eV halfwidth.

Figure 5. Vibrational spectra of the (a) covalent, (b) zwitterionic, and
(c) biradical forms of the HCl(H2O)4 clusters calculated in the harmonic
approximation at the DFT/B3LYP level. Bold, vertical bars denote
transitions for degenerate (E symmetry) vibrational levels.
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4. Conclusions

We have analyzed in this work the molecular and electronic
structures of the H3O(H2O)3Cl biradical. It has been shown that
the biradical represents a well-defined local minimum of the
potential-energy surface of the lowest triplet state (T1) of the
HCl(H2O)4 cluster. For technical reasons, the T1 rather than the
S1 energy has been minimized to obtain the geometry of the
biradical. The Sn and Tn states of the biradical are essentially
degenerate because of the clear spatial separation of the unpaired
electrons. The energy of the biradical in its lowest electronic
state (S1 or T1) is found to lie significantly below the vertically
excited S1 states of the covalent and zwitterionic structures. The
biradical can thus be formed by a relaxation process after
electronic excitation of the closed-shell species, in particular,
after CTTS excitation of the zwitterion. It has been shown that
both the electronic absorption spectrum and the vibrational
spectrum of the H3O(H2O)3Cl biradical are essentially identical
to that of the hydrated hydronium radical, H3O(H2O)3.

It is suggested on the basis of the above computational results
that the photochemistry of the Cl-(H2O)3H3O+ zwitterion can
be considered to be a finite-size molecular model of the
formation of the solvated electron by the photodetachment of
the chloride anion in water. The cluster models discussed so
far34,44,45explain how one and the same species, namely, the
hydrated hydronium radical, can be produced in three seemingly
different ways, namely, by the near-threshold photoexcitation
of neat water,34 by the photoexcitation of organic chromophores
such as indole or phenol in water,44,45and by the photodetach-
ment of halide anions in water (this work). Preliminary
calculations46 for cluster models of salt solutions (LiCl(H2O)4,
NaCl(H2O)4, etc.) indicate that a very similar picture to that
discussed here for HCl(H2O)4 emerges for these species. Taken
together, these computational studies provide increasingly
compelling evidence for the association of the well-known
absorption spectrum of the hydrated electron47 with the elec-
tronic absorption spectrum of the hydrated hydronium radical
or, more generally, with a hydrated metal radical (Maq)
composed of a solvated electron and a cation, M+ ) H+, Li+,
Na+ and so forth , incorporated into the water network.
Apparently, the spectroscopic properties of the solvated radicals
are only weakly dependent on the cation and thus reflect the
properties of a Rydberg electron in water.

A substantiation of the connection of the spectroscopy of
H3O(H2O)nX biradicals with the spectroscopy of the solvated
electron in liquid water requires additional calculations for larger
clusters. For the hydrated hydronium radical, H3O(H2O)3m, it
has been demonstrated that the localized electron cloud separates
from the H3O+ cation with increasing cluster size at zero
temperature.35 It is noteworthy, however, that the convergence
of the spectroscopic properties with cluster size is much faster
for these neutral radical clusters than for charged clusters such
as X-(H2O)n or (H2O)n-. Apart from the effects of thermal
fluctuations, the spectra of radical defects in water can thus
efficiently be studied by ab initio calculations for relatively small
clusters.
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