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CASSCF and CASPT2 calculations have been performed on the ground and two lowest singlet and triplet
excited states of the protonated dihydrate. Two subsystems can be identified in the excited states: an excited
water molecule and a ground state oxonium ion. The electric properties have been computed (dipole moment
and dipole polarizabilities). The dipole polarizabilities are very large in the excited states of the complex (up
to 500 au for the largest component). This can be due to the presence of nearly degenerate higher excited
states or to an easy proton/hydrogen transfer process. The excitation energies, around 8 eV for both states,
show that the photodissociation o§®:" is probably possible in the atmosphere. The stabilization energy

of the excited states with respect to the isolated subsystems is ab6ukcal/mol, including the relaxation
contribution.

1. Introduction concentration decreases very rapidly to zero. A number of

Proton t fori ter has b th biect of iderabl attempts have been made to determine their photodissociation
roton transter in water has been the Subject of a ConsIAerabl&, < sactions but without any success. This photodissociation
amount of theoretical and experimental investigations during

. is only supposed to occur for wavelengths lower than 186G nm.
Fhese last decgdé@. A.'S a matter OT fact, thls.proc.ess plays an  Excited states of protonated hydrates are also likely to be of
important role in a variety of chemical and biological reactions,

h b tralizati lectrophilic additi h interest in femtosecond spectroscopy experim&ntislore
such as aciabase neutraiization, €lectrophiiic adaition, pno- generally, proton transfer reactions are important in chemical
tosynthesis, and the catalytic activity of enzymes, etc. One

- . and biological processes, which often involve enough ener
prototype system commonly used to investigate proton transfer 9 P 9 ay

. X to proceed in excited states, as exemplified in refs12. In
between oxygen atoms Is the protonated dihydrate).H particular, ref 11 gives a review of experimental work published
where the proton migrates between the two oxygen afoms.

i . 4 in the last decade, with several results obtained by using ultrafast
Theoretical studies ond®," are numerous. In general, they techniques. They are concerned with a wide variety of systems.

have been _esser_ltially qoncerned with the_ search_for the MOStas ynderlined by Roszak, protonated hydrates can model many
stable configuration of its ground state, with special attention o, ~itaq state processks.

glVip tto éuntneh?g pro;::ﬂsssgs_. It comes O.ltj.t thbtu ﬂt}? tt?eor?n(;ally Our previous studies were devoted to the water molétule
Fhre icte slruc (;j'retvs t2 Its very iﬁns('a;;e 8 € evet OF " and the oxonium ioA? The present work is focused on the
eory eémployed: two structures, eithertf or &s Symmetry lowest excited states of the followings&," complex, which

(see Flglure 1), are very close in enefgihe s structure may is one of the smallest aggregates of the protonated hydrate series.
be conS|d_ered_ as a complex formed by the water molecule andWe report here the first part of a more extensive study of
the oxonium ion, whereas th@, structure corresponds to a intermolecular interactions in the lowest excited states of this
central proton surrounded by two water m.ollecules. At the complex. To our knowledge no other previous study has been
Hartreg—Fock level, theCs structure is a minimum on the devoted to the excited states of this system, except the
potential energy hypersurface and @Besymmetry stationary semiempirical calculations on the photodissociation cross sec-

point is a transition state. At the_ r_:orrelated level, tBg tions performed by Thomas et &for HsO"(H;O)15 We
Ztructure IUTS ou_tt.to bettr:e gl_lc_)ﬁal ’.“'”'mf“t? algldﬁ_]getrl:cturel resent here the structural, energetic, and electric properties of
Iecomf(?s ? r;na lon sta (te.. | € S|zer(]) € afS'S s€ eomp OY€Ghe two lowest excited states of the system calculated at different
aiso atiects these potential energy hypersurlaces.  Une cahgqg of theory. Ab initio calculations have been performed
therefore conclude that the two structures are close in energyusing the CASSCF/CASPT2 approach that has been successfully

?nd separated tby [elatl\f/elyblciw barrtﬁrst. ;;]-Iis fac,:!'tates the employed in our earlier study of electric properties of the water
ow-energy proton transter between he tweHmoleties. moleculé* and oxonium iort> Since the study of excited states

Thisi—|502+ system, WhiCh results from the hydration reaqtion in general requires large and extended basis sets (this is
of HiO™ + H,0 — Hs0,", has been observed under various gqpecially true in the case of diffuse Rydberg excited states),

experi_mental conditions. Interestingly eno_ugh it has also been particular attention has been given to the choice and the
found in the earth’s atmosphere. At the altitudes between aboutyetermination of an adequate basis set for these calculations.

40 and 80 km the protonated hydratesOFi(H,O),, are the
predominant positive ions in the earth’s atmosphere, and there

. o . . X . 2. Methods and Computational Details
remain some difficulties to satisfactorily explain the high values P

of their observed concentratiéri. However, above 82 km, their 2.1. Methods. The importance of including both static and
dynamic electron correlation in ab initio calculations is well-
® Abstract published irAdvance ACS Abstractdune 1, 1997. known 16 especially when excited states are involved. Therefore,
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Figure 1. Geometric parameters of the minimum of BgandC; structures of the ground state of®k+. Angles and bond distances (in A) taken
from ref 4.

all calculations have been performed using the CASSCF/ subsystems during the CASSCF optimization procedure. The
CASPTZ719 approach. Our earlier studies of,®t4 and active space of 13 active orbitals should therefore correspond
HsO™" > have shown that the CASSCF treatment of the electron to the spaces of respectively nine and eight active orbitals used
correlation, even with large active spaces, is not able to providein the calculations of the isolated excited water moletiaad
guantitatively accurate results for the polarizability data of the the ground state oxonium idfrespectively. According to our
excited states. The CASPT2 results have been found stable previous studigd'>and to the nature of the lowest excited states
even for CASSCF reference wave functions obtained with of the protonated dihydrate, active spaces of such size must be
relatively small active spaces. In the case of water, it has beensufficient to obtain reliable values for the electric properties at
showri4 that this method could be as efficient as the CCSD(T) the CASPT2 level. The partitioning of these 13 orbitals into
approache® and much less demanding in computer time and the different irreducible representations of @eor C, symmetry
resources. groups will be discussed in the next sections.

All calculations have been performed using the MOLCAS-3  2.3. Calculation of Electric Properties. For the ground
package of quantum chemistry progré&fasnd carried out on  state of HO,*, we have chosen values &f0.005 au for the
an IBM RS6000/590 workstation. The values of the electric electric field strength, and the electric dipole moment and
properties reported in this paper have been calculated by usingpolarizabilities have been obtained by using a parabolic fit. For
the finite perturbation schen&?® The energies calculated for  the excited states, the polarizabilities are 1 order of magnitude
different numerical values of the field strendth (« = x, y, 2) higher than those of the ground state; consequently, lower values
have been fitted to either quadratic or quartic polynomials in of the external field strength have been used to avoid excessive
F., depending on the magnitude of the polarizability values. contamination due to higher nonlinear terms. Our previous

2.2. CASSCF/CASPT2 Calculations.The two core 1s(O) study of the water excited statéshowed that the calculated
orbitals of HO,™ are inactive at the CASSCF level and frozen electric properties exhibit some dependence on the magnitude
at the CASPT2 level. The notatiomy(n,;) will refer to the of the field which disappears by fitting the energy data to quartic
symmetry partition of the active space. It corresponds to the polynomials. Therefore, we have chosen value£©{001 and

distribution of the 16 valence electrons amangndn, active +0.0025 au for the electric field strength, and the calculated
orbitals belonging to the two irreducible representations of either electric properties of the two lowest excited states have been
C, or Cs symmetry groups. obtained by using a quartic fit.

In our earlier paper on electric properties of wéter The method used for the evaluation of electric properties

systematic study of the extension of active spaces showed thaneeds a high accuracy of the CASSCF and CASPT2 energy
the CASPT2 method exhibits excellent performance even with calculations. Therefore, the CASSCF energies were converged
medium size active space CASSCF reference functions; thisthrough at least 10 decimals, and the CASSCF one-particle
feature has been confirmed in the study of the electric propertiesdensity matrix had a threshold of610~7, which should make

of the oxonium iort> Therefore, for the excited states only the CASPT2 energy accurate to about eight decimals.

one active space has been considered in this study. This active 2.4. Basis Set.2.4.1. Preliminary Basis Set Considerations.
space is composed of 13 active orbitals and should lead tolt is well-known that the study of excited states requires in
reliable results at the CASPT2 level of approximation. There general large and extended basis sets like the ANO (atomic
are 16 active (valence) electrons in CASSCF calculations, andnatural orbitals¥* basis sets developed by Widmark e#%&énd

in the case of the two excited states, there are four orbitals thatwidely used in the study of excited states. For the description
remain weakly occupied in the CASSCF wave function. of Rydberg excited states or the calculation of molecular electric
Furthermore, these orbitals have a mixed character and canproperties, additional polarization and diffuse functions are
therefore be considered as used simultaneously by the twogenerally needed. As an example, three s, two p, and one d



CASSCF/CASPT2 Studies of Lowest States @bt

TABLE 1: Dipole Moment, Electric Dipole Polarizabilities,
and Vertical Excitation Energy of the B; Excited State of
the Water Molecule in Basis 3

1B,
R-ANO basis-S

CASSCF CASPT2 CASSCF CASPT2
Olxx 83.7 56.5 43.9 37.7
Oy 90.6 68.8 59.2 53.3
Oz 280 143 265 156
Uy 0.6879 0.4601 0.5990 0.4545
AE 7.34 7.26 7.21 7.02

aCy symmetry and (5,2,2,0) active space. R(OH)2.0036 au,
H—O—H = 103.0,*?¢orientation same as in Figure 2. All results in
au, except for the excitation energy results in eV.

diffuse functions have been added to the original oxygen ANO
basis set derived by Widmark etZlin the study of the electric
properties of the two lowest excited states of wateMNote
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from the R-ANO reference values at the CASPT2 level. The
same trend is observed for tAB, state (not reported here).

The failure of basis S to describe correctly the polarizability
components of the lowest excited states of water can be easily
explained by the nature of these excited states, which are of
Rydberg character. Since polarizability depends on the dif-
fuseness of the electron cloud in the investigated excited states,
it is obvious that basis S fails in the description of the outer
regions and their polarization. The polarized $etsmve been
developed essentially for calculations of electric properties for
electronic ground and most valedgexcited states. Further-
more, it is well-known that the electric properties are playing
an important role in the different models used for the description
of intermolecular interactions. Since basis S is incapable, even
at a highly correlated level, of providing accurate values for
the electric polarizabilities of the water lowest excited states,
this basis set will surely fail in the description of the intermo-
lecular interactions in the excited states of theObt system.

that reliable results could be obtained with an extension of the  2.4.2. Extended Polarized Basis Set (Basty #r Excited
ANO basis set limited to the oxygen atom. This basis set, which Rydberg StatesOur purpose is therefore to obtain, by adding
will be hereafter referred to as basis R-ANO, has been diffuse and polarization functions to basis S, a basis set of
successfully used in our previous studies on the electric moderate size capable of yielding accurate values for the electric
properties of the water molecifeand oxonium iof® lowest properties of the two subsystems (i.egHand HO™ lowest
excited states. excited states and ground state). Since basis S already leads to

In the case of the ¥D," system, this R-ANO basis set could  accurate values for the electric properties of the oxonium ion,
not have been used, as it required too large computer resources is a good starting point, and we essentially focused our interest
(about 3.2 Gbytes of memory are needed for the storage of theon improving the description of the lowest excited states @ H
integrals). Therefore, our purpose was to obtain a smaller basis |n the first step, we added the same number of s-, p-, and
set able to predict reliable values for the properties of this system d-type diffuse functions to basis S as done in ref 26 in the earlier
in its ground and two lowest excited states. study to build the R-ANO basis set. To obtain the exponents

In most cases, the diffuse and polarization functions added of the diffuse functions, we simply kept constant the ratio
to standard Gaussian sets are chosen so as to obtain the begletween two consecutive diffuse function exponents of each
energies. However some molecular properties, in particular thetype in basis S. Therefore we obtain an extended basis set by
electric polarizabilities, may depend critically on regions of the ' the addition of three diffuse s-type GTOs (exponents: 0.026 956,
configurational space that are of relatively small importance for 0.008 071, 0.002 417), two diffuse p-type GTOs (exponents:
the total energy. Therefore, even at high correlated levels of 0.018 972, 0.005 637), and one diffuse d-type GTO (exponent:
theory, basis sets obtained in this way may not be well adapted0.0190) to the oxygen basis set.
for the calculation of such properties. To generate appropriate  The resulting basis set was then used for the investigation of
Gaussian sets of intermediate size, we have used as a startinghe electric properties of the two lowest excited states of water.
point the so-called polarized GTO/CGTO $étsvhich are  Since this extension has led to excellent agreement with the
known for their good performance in calculations of molecular earlier R-ANO results, we attempted some reduction of the
electric properties. This polarized GTO/CGTO set, based on extended set. We found that adding only the three s-type and
the use of the basis set polarization appro&ef,will be the first p-type diffuse GTOs to basis S was leading to essentially
hereafter referred to as basis S. It has been used successfullyhe same results. This is the smallest basis that we have
in our earlier study of the electric properties of the ground and obtained, capable of predicting reliable values for the electric
two lowest excited states of the oxonium Bnlits adequacy  properties of water lowest excited states. It will be hereafter
can be easily explained by the nature of the excited states ofreferred to as basisiS with, namely, [13,7,4/8,4,2] for oxygen
the oxonium ion which are the valence excited states; howeverand [6,4/3,2] for hydrogen atoms. Therefore, the total basis
in the case of KD, the two lowest excited states are of Rydberg set for the HO," system is composed of 105 basis functions,
character and this basis set may not be adequate. In order tavhich is much smaller than if it were built with the R-ANO set
check this point, we have therefore computed the electric dipole (243 basis functions). The results obtained with this basis set
moment and polarizabilities of the two lowest excited states of are reported in Table 2 and are, at the CASPT2 level, in
the water molecule in basis S. The calculated values for the agreement with the reference results of our earlier study.
1B; excited state are reported in Table 1; for comparison, the . .
corresponding values obtained in the R-ANO basis set (con- 3- Reésults and Discussion
sidered as the most accurate ones for an equivalent active space) 3.1. Ground State of HO,*. 3.1.1. Geometry.The fully
are also reported in this table. optimized structures obtained by Xie et‘dlave been used for

At both levels of calculation, the excitation energies calculated the ground state of the hydrated oxonium iog04". In their
with bases S and R-ANO are in good agreement. Although study, the authors examined the potential energy surfaces of
basis S is capable of predicting the high anisotropy of the theCs;andC; structures of the kD, system using various basis
polarizability tensor of théB; excited state, the values obtained sets and different levels of theory. It appears that the potential
for components are rather different from the R-ANO reference hypersurface of the ¥D,™ system is very flat and the energy
data. For thex,, component, a rather good agreement between difference between the two structures is very small. Xie et al.
the two basis sets is observed, but this is no longer true for the predict that the most reliable global minimum of®$+ is of
two other components. At both levels of calculation, basis S C, symmetry and th€; structure is energetically higher by only
results are largely underestimated, and they differ by 226 0.38 kcal/mol.
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TABLE 2: Dipole Moment, Electric Dipole Polarizabilities, and Excitation Energies for the Two Lowest Excited States of the
Water Molecule in Basis St2

lB1 381
R-ANO basis §- R-ANO basis S

CASSCF CASPT2 CASSCF CASPT2 CASSCF CASPT2 CASSCF CASPT2
Olxx 83.7 56.5 77.3 56.1 64.0 46.7 59.9 46.8
Qyy 90.6 68.8 82.0 67.8 60.6 48.3 56.8 48.7
Oz 280 143 271 158 206 112 199 121
Uy 0.6879 0.4601 0.6749 0.4683 0.4550 0.3053 0.4371 0.3139
AEP 7.58 7.22 7.55 7.18 7.15 6.98 7.17 6.92
AES 7.34 7.26 7.28 7.12 6.85 6.74 6.78 6.59

a All results in au, except for the excitation energy results in eV. The active space is the same as in TBkleR(OH) = 2.0036 au, HO—H
= 103.0.1426 B;: R(OH) = 2.047 au, H-O—H = 104.2.1426 b Vertical excitation energy: Adiabatic excitation energy.

TABLE 3: Dipole Moment and Electric Dipole Polarizabilities of the Ground State of the HsO," System in Basis S-2

Olyx Oy Oz Uy Uz
symmetry active space CASSCF CASPT2 CASSCF CASPT2 CASSCF CASPT2 CASSCF CASPT2 CASSCF CASPT2
C; (6,5) 18.2 19.2 12.9 13.2 134 13.7 —0.5762 —0.5658
C; (6,6) 20.2 21.2 13.1 13.6 135 14.2 —0.5633 —0.5404
C (7,6) 20.2 215 13.2 13.8 13.7 14.2 —0.5590 —0.557%
Cs (8,4) 13.2 15.8 18.2 19.3 134 14.2 —0.4868 —0.4414 -0.5124 —0.5234

1.8522 1.8976 —0.581F —0.592F

a All results in au.? The dipole moment is calculated at the center of nuclear chafdé® dipole moment is calculated at the &om (Figure
1).

Therefore we have used, for the calculation of the electric oxonium hydrates, kD*(H>O)n=2—s, Waite and PapadopoufBs
properties of the ground state of the®* system, theC, and show that the polarizability of these clusters increases with the
C; structures they have obtained at the CCSD(T) level by using size of the system and that the polarizability tensor is always
the triple< plus double polarization basis set of Dunning; the anisotropic. Our average value of 16.5 au for the polarizability
optimized C, and C; structure parameters obtained by Xie et of HsO," is larger than that of the water molecule (9.5 au) or
al# are given in Figure 1. It has been checked that these the oxonium ion (6.5 au). The polarizability tensor is aniso-
structures are very close to those obtained by an optimizationtropic, theax component (21.5 au) being larger than the other
with basis S at the CASSCEF level. two components, which are equivalent,{ ~ o, ~ 14 au).

3.1.2. Electric PropertiesFor the calculation of the dipole We have also determined the polarizabilities of t@e
moment and electric polarizabilities of the ground state of the structure of the KO," system; these values have been computed
HsO,* system (see Figure 1 for the definition of the axes), we for an active space composed of 12 orbitals partitioned in the
have used three active spaces of different sizes, up to the limittwo A’ and A’ irreducible representations of ti& symmetry
of our computational resources. They are composed of eithergroup, respectively, leading to a (8,4) active space. The
11, 12, or 13 active orbitals. These orbitals have been calculated values are reported in Table 3; like in@astructure,
partitioned into the two irreducible representations of @e the polarizability tensor is anisotropic, but in this case the
symmetry group, namely, A and B, leading to the following dominant component is along the centraHgO; pseudoaxis.
active spaces: (6,5), (6,6), and (7,6). The calculated propertiesLet us note that the calculated values are in agreement with an
are reported in Table 3. estimation from semiempirical expressions proposed by Thole

For all three active spaces, the CASPT2 dipole moments of for interacting isotropic systeni§,which givesoy = 19.3 au
the A ground state are quite close to each other and the groundanda-=14.8 au. The average polarizability of tiisstructure
state dipole moment as calculated by the CASSCF method withis 16.4 au, very close to the value obtained for @estructure
increasingly large active spaces slowly approaches the result§16.5 au). These two structures are also very close in energy
obtained in CASPT2 calculations. Similar pattern of the active (0.42 kcal/mol).
space dependence is observed for the dipole polarizability. For |t is noteworthy that both structures have a similar
each of the three components of the tensor, the Ca|CU|aIedcomponent, but, of course, th& structure has a nonzeyg
CASSCF and CASPT2 values are quite close to each other andcomponent (Table 3). In order to compare with the dipole
the CASSCF values approach slowly the CASPT2 results. The moments of the isolated species, we give the values calculated
present data for the dipole moment and electric polarizabilities with the operator origin chosen at the &om (Figure 1). The
of the ground state of D, show that the dynamic correlation 4, component £0.59 au) is very close to that of the isolated
corrections to the CASSCF results are not of primary impor- oxonium ion given in ref 15, corrected for the origin and
tance. neglecting the small changes involved in the geometry and the

For the dipole moment, our best value 6f0.5575 au, orientation of HO™ in the complex. The:, component (1.90
obtained at the CASPT2 level for the largest active space au) is larger than the, component of isolated water (0.73'8u
CASSCEF reference function, compares well with the value of The long range model has been used to estimate the induced

—0.550 au obtained some years ago by Kaitstfd To our dipole moment of the water molecule in the complex,
knowledge, neither experimental nor theoretical data seem touing = aE. The electric fieldE due to HO* has been replaced
be available for a comparison concerning theObt electric by that due to a positive point charge at the location of the

polarizability results. However: (i) the calculated values of the respective oxygen atom, and the water molecule has been
polarizability tensor are stabilized at the CASPT2 level. (i) In located at the calculated minimum energy distance (see Figure
their theoretical study of the electric polarizabilities of some 1). Using the water polarizability computed in ref 14, namely,
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Figure 2. Geometric parameters of the minimu®g structures of the two lowest excited states of th®H system. The parameters that are not
underlined correspond to tRA", the underlined ones to the corresponding singlet excited state. Bond distances in A. Note that the water subsystem
is not in the same coordinate system as in refs 14 and 26.

TABLE 4: Excitation Energies, Dipole Moments, and Electric Dipole Polarizabilities of the!A"" and A" Excited States of
HsO," in Basis St2

state method AE Uy Uz Olxx Oy Ozz
A" CASSCF 8.47 2.036 —0.2768 92 366 108
CASPT2 8.07 2.012 —0.2690 128 520 98
6.414 —0.3384
SA" CASSCF 8.30 1.675 —0.415? 88 331 121
CASPT2 7.75 1.567 —0.3958 108 443 96
5.633% —0.4822

a All results in au, excepAE in eV.  The dipole moment is calculated at the center of nuclear chatJé® dipole moment is calculated at the
O, atom (Figure 2).

oyy = 9.55 au, such an approximation leads to the value of 0.46 O; atoms are on the same alignment; in the triplet excited state,
au for theuingy component. This gives the totglcomponent the intermolecular distance 85, is about 2.9 A, whereas this
of 1.19 au. With the reservation for all approximations involved distance is larger by about 0.4 A in the corresponding singlet
in the lowest order induction model, this result reasonably well excited state. These intermolecular distances in the excited
approximates the value of 1.90 au given in Table 3. The dipole states are considerably longer than in the ground state (.3 A
moment components of the; structure of the ground state of It can be interpreted as arising from increased valence repulsion,
HsO,* are thus rather well reproduced by the sum of the due to the large size of the 3s Rydberg orbital.
permanent moments of the two isolated species and the induced According to the configuration composition of their wave
moments in the complex. function, the two excited states considered here are of the same
3.2. Excited States of HO,". 3.2.1. Geometries and nature as the two lowest excited states of the water molecule,
Nature of the Excited StatesThe geometries of the lowest namely,®B; andB;. This result is not very surprising since it
singlet and triplet excited states of the®3™ system have been is easier to excite a water molecule (excitation energies of 6.7
optimized at the CASSCF gradient level with basis. SThese and 7.1 eV for théB; and!B;, respectively) than an oxonium
calculations have been performed starting from@hgeometry ion (9.04 and 9.63 eV for théA," andA," states, respec-
of the ground state (Figure 1), without any symmetry constraint. tively'%). However the geometry parameters show that the water
For both excited states, the calculations lead to a similar structuremolecule in excited states ofsB," may significantly differ
of Cs symmetry with two species, an oxonium ion and a water from the isolated water molecule excited states. It is thus
molecule, well separated (Figure 2). Both excited states worthwhile to look more carefully at the information which can
considered in this study result from a one-electron excitation be obtained from the excitation energies ofd4".
from the 24 to the 9aorbital. These two orbitals correspond 3.2.2. Excitation EnergiesThe excitation energies computed
respectively to an oxygen atom lone pair and a 3s orbital of the for the two lowest excited states of thes®b™ system are
same oxygen atom. This oxygen atom (@ Figure 2) belongs  reported in Table 4. In an isolated water molecule, iBe
to the water molecule, and both excited states correspondexcited state is more stable than the corresponding singlet
therefore to a system composed of an oxonium ion in its ground excited state by about 0.4 eV (see Table 2). In th©H
state and a water molecule in an excited state. These two excitecsystem, théA" is also more stable than thA" excited state,
states will now be referred to d&" and3A", respectively. by about 0.33 eV. The excitation energies are higher than in
This corresponds to their labeling in ti@& symmetry group. the case of an isolated water molecule by about 1 eV for each
The geometrical parameters of both excited states are reportedexcited state. The increase in excitation energies (see section
in Figure 2. For both structures, the terminal OH bond lengths 3.2.1) is accompanied by less pronounced changes in #0e H
and HOH angle values of thesB* subsystem are in the same moiety as compared to those of the isolated molecule.
range as those in the oxonium ion ground state (0.978 A and The photodissociation of a molecule is a process which takes
111.59 with the R-ANO basis set in ref 15), but due to the place in two steps: first, there is absorption of a photon, which
presence of the neighboring water molecule, the centsefhO  results in an electronic excitation of the molecule. Once the
bond is somewhat longer. In the water molecule subsystem, molecule is excited, many processes may occur, including the
the OH bond lengths are longer than in the ground state of dissociation of the molecule into two fragments, one in its
isolated water (0.958 A) and shorter than the values obtainedground state and the other in an excited state. In general, the
in 1B1 (1.06 A) and®B; (1.08 A) of isolated water. These bond  spin multiplicity of a molecule in its ground state corresponds
distances are shorter in the singlet excited state than in the tripletto a singlet, and the excited state involved in the process must
excited state. For both excited states, the centpalHp, and thereby also be a singlet for spin-allowed dissociation channels.
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Therefore, the excitation energy obtained here for A& TABLE 5: The Three Lowest Singlet and Triplet A"
excited state (8.07 eV) allows to predict that the photodisso- Excited States of the HO," System

ciation of the HO,' system should take place for a wavelength state CASSCF energy (au) relative energies (eV)
of 153._6 nm, leading to an oxonium iqn in its ground state and ~ 15~ —152.186 622 0.0

an excited water molecule. Some time ago, Thomas &t al. 21a" —152.146 302 1.10
suggested that, above 82 km of altitude in the earth’s atmo- 3!A” —151.795 153 10.7

sphere, the photodissociation of thed4(H,0), aggregates by %22 —igg-iii ﬁg 8-22

sunlight could occur for wavelengths in the order of £293 N 151,761 861 118

nm (Schumann Runge absorption band) or 121.6 nm (Lyman

a-line), which does not agree well with our calculated value of disagreement with the values of Table 4 can also be due to an

153.6 nm. However, the spectral domain for wavelengths . - j
around 120 nm is very complex and cannot be restricted to these”mmrtant reorganization of the charges in the complex. At the

two absorption band¥. As an example, the region above 140 present stage of our work, it is difficult to propose a reliable
. X . - . interpretation of these results.

nm is dominated by an intense continuum, on which superpose For the isolated water molecule, in either they or %8

the Fraunhofer absorption rays. This domain is very close to ’ L

our predicted value of 153.6 nm for the photodissociation of exqted state, the polarizability tensor is fou_nd to b(_a highly
H-O* anisotropic. The average value of the polarizability is about
52 .

) ) ) 95 and 75 au for the singlet and triplet excited states,
3.2.3. Dipole Moment and Electric Propertieszor the  egpectively For the oxonium ion in its ground state, this
determination of the dipole moment and electric polarizabilities 51,e is 6.5 ad’ which is considerably smaller than the high
of the*A" and®A" excited states of kD", we have chosento  \a1yes obtained for the average polarizability of the two lowest
perform the calculations in only one active space, namely, (9,4), excited states of isolated water. As seen above from the
which should be large enough to provide reliable values for geometry, the wave function, and the excitation energies of the
the calculated properties (see section 2.2). Moreover, with the 4,0 excited states of ¥D,*, two subsystems can be identified,
lowering of symmetry in the presence of the external electric o the oxonium ion in its ground state and the excited water
field along thex axis, the use of a larger active space would mglecule, somewhat modified with respect to the isolated
lead to a prohibitively large size of the three-particle density systems. It is thus interesting to compare the values obtained
matrices which need to be generated in the CASPT2 schemenere for the polarizability tensor components of these two
Therefore, the values reported in Table 4 for the electric excited states with the polarizabilities of tH& and®B; excited
properties of the two lowest excited states of th©pt system states of an isolated water molecule.
are the best values we can attain with present computational Fqr hoth excited states of the,@,* system, the polarizability

resources. tensor is highly anisotropic, th®,, component being45 times
The dipole moments of the two excited states of th@H larger than the other two components which are rather equivalent
system have two distinct componentsy and u,. For both (Table 4). Except for this feature, no similarity can be found

excited states, the dipole moments are dominated by thewith the polarizabilities of the corresponding excited states of
component along thg axis and the’A"" excited state, like in an isolated water molecule. Furthermore, the largest component
the case of the isolated water molecule, is less polar than thedetermined here does not correspond to the largest component
corresponding singlet excited state. In the case of the isolatedof the polarizability tensor of an isolated water molecule, in
water molecule, the dipole moments'y and3B; excited states  either the'B; or 3B; excited state.

were found to have the opposite direction to the dipole moment  According to these considerations, and taking into account
in the ground state. This feature can also be observed here wheithe very high value obtained for the,, component of the

the dipole moment is calculated at the center of nuclear polarizability tensor of both excited states, we can reasonably
charges: in theCs structure of the ground state, the axial propose the following conclusions: the polarizabilities calculated
component of the dipole moment is negative, whereas in the here either contain a contribution from higher excited states of
two excited states, this component becomes positive. As for the same symmetry which would be very close in energy or
the ground state, the dipole moment is recalculated for the origin would indicate the possibility of a proton transfer process
at the Q atom (Figure 2) and compared to the permanent between the oxonium ion and the water molecule. In order to
moments of the isolated species and the induced moments inverify these two hypotheses, further calculations have been
the complex. Again, the, component essentially originates performed as follows:

from the oxonium ion, slightly modified by the changes inthe  (a) For both singlet and triplet excited states, an average
geometry and the orientation ofs@&*. Theu, component is CASSCF calculation over the first three roots, with equal
respectively—0.46 and—0.30 au for the singlet and triplet weights, has been performed; the energies obtained in these
excited states of isolated wafér.The long range model gives  calculations are reported in Table 5. For both singlet and triplet
an induced dipolexy, component of 1.011 and 0.897 au, A" excited states, the second root is very close to the first one
respectively, for the singlet and triplet excited states of the water in energy: 1.1 and 1.4 eV, respectively; therefore, for both
molecule in the complex (Figure 2). This leads to a tgtal excited states, the first two roots are nearly degenerate.
component of 0.55 and 0.60 au, respectively. These values are (b) To evaluate the barrier for proton transfer, the following
drastically different from those reported in Table 4 (6.41 and calculation for the!A"” excited state has been performed. The
5.63 au, respectively) and clearly show that the low-order hydrogen atom lying between the two oxygen atoms has been
multipole expansion approximation cannot be used to estimatekept at equal distances from these two atoms. The geometry
the induced dipole moment in the case of the excited states.of the resulting structure has been optimized at the CASSCF-
Though the distance between®t and HO is much larger in gradient level, with the only constraint that the two central OH
the excited states than in the ground state, the excited states oflistances are equal and constant, the other parameters being
H,O bring a very sizable and diffuse charge distribution. This allowed to relax. This calculation leads to a neafBy

may cause that neither the multipole expansion nor the linear symmetric structure (Figure 3) being by about 0.28 kcal/mol
induction approximation are valid for §@,". However, the less stable than th&s equilibrium geometry; a more complete
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Figure 3. Geometric parameters of the equilibrium structure obtained ifAHeexcited state, when the;titom has been put at equal distances
from the two Q and Q atoms. Bond distances in A.

TABLE 6: Interaction Energies of the A" and 3A" Excited hydrogen transfer involves only very low barriers and can be
States of thel |'t|02,+ System Obtained from CASSCF and easily accomplished within the usual range of thermal energies.
CASPTZ Calculations The low values of these barriers suggest that a dynamic rather
Eint than static approach to the problem is more appropriate,
CASSCF  CASPT2  E" Eroa Eus including the ppssri]ble brgzalédown of the+Bef@ppenheimer
A —10.01 ~10.26 —0.64 370  —5.89 approximation in t e excite state_s of®hT. .
NG —10.54 —9.92 -9.11 3.75 —5.32 3.2.4. Interaction and Relaxation Energiesn order to

analyze the origin of the stability of the excited states, the
interaction energies have been computed for the two lowest
excited states of the 4@, system. These values are reported
geometry optimization of such a structure would still decrease in Table 6. To overcome size consistency problems, the energy
the barrier. It is thus clear that the hydrogen atom can very Of the isolated subsystems in the geometry of the complex has
easily transfer between the two oxygen atoms. We can question_bee” obtained by calculating the energy of the system with an
if it is a proton or a hydrogen atom transfer. This point has intermolecular distance of 100 au.

been discussed by Roszak et’h the case of (N-+*H+--OH)™ The interaction energies show that both excited states are
considering that, despite the arbitrariness and possible artifactsequally stabilized. Although these energies are smaller than in
of any electron population, Mulliken gross atomic population the ground state of thed@," system ¢33.4 kcal/mdt), they
(GAP) analysis could be a useful tool to study the composition are not negligible and motivate further studies of potential
of electron density. This analysis shows that proton transfer surfaces for these two excited states. The CASPT2 interaction
occurs in the ground state, while the hydrogen atom is energiesEiy, given in Table 6 do not account for the basis set
transferred in excited states. It seems that our own studiessuperposition error corrections. To evaluate the BSSE, we did
exhibit similar differences between the ground and excited states.the following calculations. The water molecule has been
However, the Mulliken electronic populations for very diffuse considered in the geometries of the two excited states of the
basis sets are unreliable, and this feature must be taken withcomplex involved here. The energy of the water molecule has
care till further checks can be made, using other basis sets orbeen calculated with two different basis sets; the first one is
other kinds of population analyses. This situation being unclear, defined by the basis functions centered on the oxonium ion and

2The stabilization energyEsan takes into account the BSSE
corrections and the relaxation energy. All values in kcal thol

we shall use the notation “proton/hydrogen transfer”. water molecule atoms, whereas the second one is composed of
The present results support both of the hypotheses proposedhe basis functions centered on the water molecule atoms only.
above. On one hand, we see that the two most stablkxaited For the oxonium ion, similar calculations have been performed;

states are nearly degenerate, both for the singlets and the tripletsthe ion has been considered in its ground state and in the
the polarizabilities calculated for tHA"” and3A"" excited states ~ geometries of the complex, and its energy has been computed
can thus account for a contribution from the higher excited with the total basis set and the basis set defined by the functions
states. On the other hand, the calculation performed for the centered on the oxonium ion atoms. For each state, the
triplet excited state shows that the proton/hydrogen can easily difference between the two calculated energies gives an estimate
transfer from the oxonium ion to the water molecule; both of the BSSE contribution. The results of these calculations are
features can explain the particularly high value calculated for reported in Table 7. The BSSE corrections are more important
the “axial” component of the polarizability tensar) of this at the CASPT2 level than at the CASSCF level but remain, as
excited state. For théA" excited state, the intermolecular expected with our rather large basis sets, relatively small. For
distance between the oxonium ion and the water molecule isthe triplet A’ excited state, this BSSE is of about 0.8 kcal/mol
somewhat larger than in the corresponding triplet excited state,at the CASPT2 level, whereas for the corresponding singlet
but the other features are simil&s(@s the most stable geometry, excited state, this quantity is somewhat smaller, of about 0.7
a very high value calculated for th®, component, the two  kcal/mol at the CASPT2 level. The interaction energies

-Corr

most stable excited states nearly degenerate). The protonfcorrected for the BSSH;, ', are reported in Table 6.

TABLE 7: Energies of the Water and Oxonium lon Subsystems in the Geometries of the Singlet and Triplet Excited
Complexe$

geometry of the singlet excited state complex geometry of the triplet excited state complex
H,0—A" HsO*—1A" H,0—3A" HzO"—1A’
basis set CASSCF CASPT2 CASSCF CASPT2 CASSCF CASPT2 CASSCF CASPT2
complex —75.852392 —75.999497 -—76.375738 —76.531040 —75.869697 —76.019876 —76.375738 —76.531040
monomer —75.852249 —75.999141 -76.375181 —76.530259 —75.869487 —76.019342 -—76.375181 —76.530259
BSSE (kcal/mol) 0.09 0.22 0.35 0.49 0.15 0.34 0.35 0.49

aCs symmetry. The water molecule is in a singlet or triplét &xcited state, and the oxonium ion is in the ground state. The energies are
computed at the CASSCF and CASPT2 levels with a (5,2) active space.
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The relaxation energie&;eax, have also been calculated for mol. This value is smaller than in the ground state of the system
these two excited states (Table 6). Since the geometries argabout—35 kcal/mol) but is not negligible and can be compared
optimized at the CASSCF-gradient level, only the relaxation to the interaction energy between two water molecules, which
energy at the CASSCF level has been calculated. For bothis about—4.5/5 kcal/moB®> The very low barriers involved in
excited states, this contribution is about 3.7 kcal/mol. It is the proton/hydrogen transfer suggest that a dynamical approach,
obtained from the energy of the subsystems computed in theincluding the possible breakdown of the Ber@ppenheimer
geometry of the complex in their geometry when isolated. approximation in the excited states ofs®*, should be
Therefore, the stabilization energies of ¢’ and3A” states  appropriate.
with respect to the isolated subsysterBgan are respectively
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