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The covalent, zwitterionic, and biradicalic forms of the HGIQ, 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 th®H,0);Cl~ zwitterion are of the charge-
transfer-to-solvent (CTTS) type. The molecular and electronic structures of;@HLD):Cl 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,;8(H.O)s, and exhibit striking similarities with the spectral signatures of

the solvated electron in the liquid phase. It is argued that the photochemistry of@iéH10);Cl~ 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 Vibrational spectra of X(H20), clusters with 1< n < 6 have
been observed in the mid-infrared via vibrational dissocigifon.
Real-time data on the electron solvation dynamics following
the photoexcitation of 1—water clusters have been obtained
by Neumark, Weinkauf, and collaborators using femtosecond
time-resolved photoelectron spectroscépyhese spectroscopic
results on size-selected aniewater 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 halidater
clusterst®24
toward the photochemistry induced by the CTTS transitions of In the present WorK, we adopt a dlfferent. approach toward a
computational modeling of the CTTS excitation process and

h:"2(?5%”'32?”']2rproottt'glsr?lvh?ngsn' dASStg:LSttr?Q%vyrr'}'lsne?(gteeréessta?tL sthe formation of solvated electrons in clusters. We consider the
pap y ’ gnt. ’ xcited electronic states and photochemical reaction mechanisms

dissociate into a haloge_n atom and a solva_ted eIe_ctron. (See regf neutral clusters of the type HX(bO)n specifically, HCI-
4 and references therein.) Since then, halide anions and other, ; .

. ; ; (H20)4. The consideration of neutral clusters has the advantage
anions such as ferrocyanide have served as convenient precur:

. of a faster convergence of spectroscopic properties with increas-
sors for t.he production of solvated electrorjs by photodetach ing cluster size since long-range monopole Coulomb potentials
ment. With the advent of femtosecond time-resolved laser _ . . . . o

) i . . with their associated screening effects are absent. In liquid-phase
spectroscopy, it has become possible to obtain information on . . ?
NN ) S experiments, positive counterions are generally present, at least
individual stages of the formation and equilibration of the

. . . at higher concentrations of salt solutions, and their influence
solvated electron in real tinfel® Quantum-classical molecular 9

dynamics simulations have been essential for the developmentmay have to be considered in the interpretation of the solvation

) o dynamics® Overall neutral zwitterionic clusters may therefore
of a microscopic picture of the electron photodetachment and id ient finite-si dels of the liquid bh
solvation processes in the liquid environmahes provide more convenient finite-size models of the liquid phase

. . . Lo than clusters with an overall negative charge.
The spectroscopy of halide anions in the liquid phase has

recently been complemented by spectroscopic investigations ofasl;'gg]rggetr; ngr:‘ﬂﬁ 1S dﬁgg&?;tzgeiﬁge%;zggg ;r::ilc()jninir:z
size-selected X—water clusters (X= CI, Br, 1). CTTS y

absorption spectra of (H,0), clusters have been obtained as hydronium cations in the liquid phade?s Amirand and Maillard

action spectra (detection of electron detachmenth fer1l—4.15 were the first to answer the q_gestion of how_ many water
’ molecules are needed to stabilize the zwitterionic form of

- o - hydrogen chloridé’ The IR spectroscopy of HEWwater clusters
* Corresponding author. E-mail: sobola@ifpan.edu.pl. . .
t Polish Academy of Sciences. in a low-temperature argon matrix revealed that th@H
*Technical University of Munich. (H20),CI~ cluster is stable fon > 327 Several recent calcula-

The absorption spectra of halide anions in water and other
polar solvents have been investigated for decadeBhese
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.

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 structufe Later, the interest shifted
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Figure 1. DFT/B3LYP equilibrium geometries of the electronic ground states of the (a) covalent and (b) zwitterionic forms of the®)CI(H
cluster. The equilibrium geometry of the nearly degeneraten T, states of the ED(HO);Cl biradical, obtained with the DFT/B3LYP method,
is shown in ¢c. The numbers indicate bond lengths in angstroms and HOH bond angles g®thartits (b and c) in degrees.

tions employing ab initio electronic structure theory or density of diffuse s and p Gaussian functions of expongnt 0.02 on
functional theory (DFT) have corroborated this experimental the oxygens, drawing on previous experience obtained §6r-H
result?®=33 The HO™(H,0)sCl~ cluster is thus the smallest water cluster$® This basis set consisting of 267 Gaussian
neutral system that can be adopted for the investigation of the primitives was used in the geometry optimizations and in the
photochemistry of the chloride anion in an aqueous environment. calculation of vibrational spectra as well as in the MP2 energy
Calculated vertical CTTS excitation energies have been calculations. The spinorbit splitting of the chlorine radical is
reported for several X(H,O), clusterst®21 Chen and Shed ignored in these nonrelativistic calculations.
and Vila and Jorda have performed limited excited-state For the calculation of the electronic excitation spectrum at
geometry optimizations for the (H,O), cluster. These calcula-  the optimized geometries, the time-dependent DFT (TDDFT)
tions have provided information on the detachment of the method has been used with the B3LYP functional. To obtain a
electron from the iodide anion and the reorientation of the water better description of higher excited states with more pronounced
molecules in the lowest excited state but did not reveal the Rydberg character, additional diffuse s and p Gaussian functions
reaction coordinate for the formation of the solvated electron. with an exponent of = 0.005 have been added on the oxygen
In the present work, we have identified the presumable reaction atoms. This basis set consists of 287 Gaussian primitives.
product versus a geometry optimization of the lowest radical-  All calculations have been performed with the Gaussian 98
pair state of the HCI(kD); cluster. The minimum-energy program packag®.
structure of the radical pair consists of a microsolvated hydro-
nium radical that is loosely bound to the chlorine atom. As 3. Results and Discussion
proposed previousl§:35 the former can be identified as the
carrier of the characteristic spectroscopic properties of the
solvated electron.

A. Geometric and Electronic Structures. The molecular
structures of the covalent (that is, non-ion-pair-dissociated) and
zwitterionic forms of the HCI(HO), cluster, optimized at the
DFT/B3LYP level as described above, are shown in Figure l1a
and b, respectively. These structures have been determined

The geometries of the covalent and zwitterionic forms of the previously by several workers using Hartrdeock, MP2, and
HCI(HO)4 cluster in the electronic ground state have been DFT methodg8-33 The covalent form is a cyclic pentamer with
determined with DFT, employing Becke’s three-parameter a very short (1.459 A) hydrogen bond between the H atom of
hybrid functional containing the correlation functional of Lee, HCI and the neighboring water molecule and an elongated
Yang, and Parr (B3LYP). The stability of the stationary points (1.396 A) HCI bond length. The present geometry parameters
has been confirmed by vibrational analysis. IR spectra have beerfor HCI(H,0), agree within about 0.01 A with those of ref 33,
calculated in the harmonic approximation. The energies of the where the DFT/B3LYP method with a somewhat larger basis
DFT-optimized minimum structures have also been determined set (aug-cc-pVDZ, 364 primitive Gaussians) has been employed.
by single-point calculations with the second-order MgHler  The zwitterionic form of HCI(HO), is a trigonal bipyramid
Plesset (MP2) method. consisting of a hydronium cation and a chloride anion that are

Direct unconstrained geometry optimization of the CTTS separated by a layer of three water molecules; see Figure 1b.
excited singlet states of the cluster is not possible because ofThis structure is remarkably compact, with very short (1.530
the variational collapse of the electronic wave function to the A) hydrogen bonds betweens&* and the three water mol-
electronic ground state. Anticipating that the energy minimum ecules. The present geometry parameters are again in agreement
must correspond to a biradicalic structure, for which the sirglet  within 0.01—0.02 A with those reported in ref 33.
triplet splitting is negligibly small, we can instead optimize the At the DFT/B3LYP level with the present basis set, the
energy of the lowest triplet state of the cluster. Once the zwitterionic form is more stable by 0.112 eV (2.58 kcal/mol)
geometric structure of the biradical has been found, it is thanthe covalent form. The MP2 energies calculated at the DFT/
straightforward to compute the singlet energy spectrum at this B3LYP optimized geometries yield an energy difference of
geometry. merely 0.5 kcal/mol. The DFT/B3LYP energy difference is in

The standard 6-3tG** split-valence doublez Gaussian basis  amazingly good agreement with the value of 2.43 kcal/mol
set augmented with polarization functions on all atoms and obtained with CCSD(T) calculations at DFT/B3LYP optimized
diffuse functions on the heavy atoffishas been employed. geometries3 When zero-point energy corrections are included
Anticipating that the biradical possesses Rydberg character (seet the DFT/B3LYP level, the zwitterionic form is found to be
below), the basis set was supplemented with an additional setbelow the covalent form by only 0.1 kcal/mol, in close

2. Computational Methods
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Figure 2. Energy diagram of the ground states and vertically excited
states of the covalent {ST,), biradical (8", T,"), and zwitterionic
(SY, Ty) forms of the HCI(HO), cluster. For the biradical, the,'S
and TY" (n > 0) states are essentially degenerate. The arrows

schematically indicate the electronic transitions scheme pertaining to
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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, arourd @&V.

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 thie S
energy level of the biradical is lower than theghd S' 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 Harfreek
(RHF) calculations for thegand T, 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-like* orbital mostly localized on the HCI
and the neighboring water molecules. Tdtfeorbital is seen to
be antibonding with respect to both the covalent bond of HCI
and the HCHH,O hydrogen bond, indicating that the cyclic
structure will be unstable in theop excited state.

The HOMO and LUMO of the zwitterion in Figure 3c and d

the absorption spectra shown in Figure 3. Dashed lines correlate theillustrate the expected CTTS character of the excited state in
3s and 3p Rydberg levels of water populated with an electron excited this case. The HOMG~ LUMO excitation corresponds to the

from the 3s orbital of chlorine.

transfer of an electron from the p shell of the chloride anion to
a diffuse Rydberg orbital that is delocalized over all three water

agreement with the value of 0.7 kcal/mol reported in ref 30. mgjecules of the first solvation shell of Cland HO*. The
The calculations thus consistently predict that the covalent and hge in theo* orbital caused by Pauli repulsion with the valence

ion-pair forms of the HCI(HO), cluster are essentially iso-
energetic.

A new result of the present work is the molecular structure
of the biradical form of the HCI(kD)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 yO™ unit, forming a microsolvated 4D

radical. The bond lengths of the hydrogen bonds in the radical

are even shorter (1.513 A) than those in the zwitterion. The
rather long G-Cl distance of 2.725 A indicates a loose binding
of the HO(H,0); radical with the CI radical.

electrons of Ct is clearly visible.

Finally, Figure 3e and f display the SOMOs of the biradical,

a p-type orbital, on the chlorine atom andr>& 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 #teorbital on the
other side of the BD'(H,O); crown is essentially zero,
explaining the quasi-degeneracy of the singlet and triplet states
of the biradical. Thes* orbital in Figure 3f is very similar to

that obtained previously for the microsolvated hydronium radical

H30(H,0)3.3* The low-lying §'/T," 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

The calculated energies (relative to the ground-state energyStrengths) of the electronic transitions of the three HEl)

of the zwitterionic cluster) of the structures discussed so far as SPecies considered in this work, obtained with the TDDFT
well as the corresponding vertical excitation energies (calculated Method. The electronic absorption spectrum of the cyclic HCI-
with TDDFT) are shown in Figure 2. Singlet and triplet excited (H20)a cluster is located in the far UV, above 6.5 eV (Figure
states are included for the covalent and zwitterionic forms, 48)- Since we are not aware of any experimental data on the
denoted as ST, and $, T, respectively. For the biradical, e!ectron_lc spectroscopy of this cluster, we skip a detailed
singlet and triplet excited states are essentially degenerate, andliscussion of this spectrum.

we denoted them as, S T,'. The level designated ¢S The electronic absorption spectrum of the zwitterion is located
represents the singlet ground-state energy calculated at theabove 5.7 eV; see Figure 4b. The thick lines in Figure 4b
geometry of the biradical (Figure 1c). The lowest biradicalic represent degeneratie] excited states. (Their intensity has to
singlet state is &, quasidegenerate with,T, for which the be multiplied by a factor of 2.) The thin lines represent
energy has been optimized. The vertical arrows in Figure 2 nondegeneraté4) excited states. We have calculated 20 excited
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Figure 3. (a, ¢) HOMO and (b, d) LUMO of the covalent and zwitterionic forms of the HGl{}d 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 T
state at the equilibrium geometry of the biradical.

singlet states that cover an energy range up to 7 eV. The sumto be 6.76 e¥and 7.10 e\8 1t is to be expected that the CTTS
of the oscillator strengths of the transitions is 0.24, in qualitative spectrum in the liquid is blue-shifted relative to the spectrum
agreement with experimental estimates of the oscillator strengthof small clusters since the diffusé orbital (cf. Figure 3d) will

of CTTS transitions of halide anions in wafefhe peak position be compressed by the liquid environment. Apart from this effect,
of the CTTS spectrum of Clin liquid H,O has been reported  the spectrum calculated for the ©H,O)sH3zO" cluster seems
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Figure 4. Vertical electronic excitation spectra of the (a) covalent,
(b) zwitterionic, and (c) biradical forms of the HCI{8), cluster (c) biradical forms of the HCI(kD) : :

. ; ; clusters calculated in the harmonic
calcu_lated with the TDDFT/B3LYP method. BOId’ vertical bars denote approximation at the DFT/B3LYP level. Bold, vertical bars denote
transitions to degenerate (E symmetry) excited states. Dashed CUNVESransitions for degenerate (E symmetry) vibrational levels.
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

5c) possess degenerate vibrational levels (E symmetry), which
to provide a good description of the CTTS absorption band of &€ indicated by thick bars. The corresponding intensities have
the chloride anion in water. 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 HCI(KHO), have been obtained
previously by Re et &?and Bacelo et & 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.

Figure 4c shows the electronic absorption spectrum of the
H3O(H20)sCl 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

: In the covalent cluster (Figure 5a), all OH stretching
to that calculated previously (at the CASPT2 level) for th©H L . .
(H,0); radical® 3 The absorption spectrum ofsB(H,0)Cl vibrations are located above 3000 ¢nThe lines in the 1500

1800 cnr! range are associated with HOH bending whereas
the vibrations below 1000 cr are librations and ring deforma-
tions. The intense line at 1588 cin Figure 5a represents the
HCI stretching vibration of the cyclic cluster. The strong lines
at 3257 and 3325 cnd in the spectrum of the zwitterion (Figure
5b) are the stretching vibrations of the OH groups solvating
the CI anion. The degenerate vibration at 2584 érand the
T ) _ nondegenerate vibration at 2854 tihnboth of which are very

As can be seen in Figure 2, there also exists an electronicjyense, are assigned as the asymmetric and symmetric stretching
transition at very low energy, 0.38 eV, in the biradical. This ;pration of the hydronium cation, respectively. The remaining

transitio_n_has_ a very small oscill_ator strengt_h gnd is therefore prominent line at 1525 cri represents the umbrella vibration
hardly visible in the spectrum of Figure 4c. This line corresponds of 4,0+,

to an internal 3p— 3py excitation of the chlorine atom.

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 theyg@mnd 3p
orbitals, respectively. The sum of the oscillator strengths of
transitions between 1 and 3 eV is 0.85.

The IR spectrum of the biradical (Figure 5c) exhibits a very
It has been pointed out previously that the38p transition  jntense (nearly 6000 km/mol) OH asymmetric stretching band
of HzO falls into the energy range of the absorption spectrum at 3469 cm. This is the stretching vibration of the terminal
of the hydrated electrof?~** More recently, the absorption  OH groups that solvate the localized electron cloud confined
spectra of microsolvated hydronium radicals up §OkH20)e by the HO*(H,0)s crown (cf. Figure 3f). The somewhat less
have been calculated, and it has been shown that the spectra ohtense thick line at 2405 cr4 and the thin line at 2730 crd
these clusters cover roughly the energy range of the absorptionrepresent the asymmetric and symmetric stretching vibrations,
spectrum of the hydrated electron in the liquid ph#s€These  respectively, of the central 4@* unit of the biradical.
findings support the identification of the electronic spectrum  Aq found above for the electronic spectrum, the IR spectrum
pf the HiO(H0)3Cl biradical with that of the solvated e_lec_tron of the HO(H:0)Cl biradical is essentially identical to that
in the bulk. We therefore propose that the CTTS excitation of yptained previously (with the same computational methods) for
the CI(H20)sH30" zwitterion and the subsequent rearrange- e HO(H,0); radical3* The loosely bound CI atom does not
ment to the CI(HO);sH30 biradical represent the basic molecular noticeably perturb the IR absorption spectrum, which is
aspects of the generation of solvated electrons in water via theggminated by the OH stretching vibrations o§®+ and the
photodetachment of chloride anions. terminal water molecules. The very intense OH stretching lines
The vibrational spectra of the three HCHB)), species associated with the OH groups pointing toward the electron
obtained in the harmonic approximation with the DFT/B3LYP cloud have been detected by Johnson and collaborators in
method are shown in Figure 5. The systems with trigonal X~ (H.O), clusters as well as in negatively charged water
symmetry (the zwitterion, Figure 5b and the biradical, Figure clusterst6:4243
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