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Proton and charge transfers in water solvent have been arten called the Rydberg radical andCHis a semi-ionic
issue in the quantum dynamics and energetics eD¥H  structure described as {B")(e)ss Therefore, in the ground
clusterst-17” Although the structure and solvent effect of geometric structure of 3@, the equilibrium internuclear dis-
hydrated and neutral water clusters in chemical and biologitance of Rb)eq=1.02 A is longer than that [R1)eq=0.962
cal processes have been extensively investigated with th&] of H,O. The bond length [Bwy.d at the transition state is
theoreticall! and experiment#?1” methods, the Rydberg =1.21 A, that is, the bond breaking takes place near the
(HsO%)(e)ss radical has not been studied until now. The Ryd-equilibrium geometry of ED. The energy barrier heights
berg (HO*)(e)ss radical can be formed in water clusters like from the transition state tos8 and (HO + H) are ~0.11
the Rydberg (NH) (e)ss radical. In the Rydberg (NPi(e- and 0.93 eV, respectively. The energy gap betweéndtd
)3 radical®19 the stability and electronic structure of NH (H,O + H) is =~0.82 eV. Because the ground potential of
depend greatly on the avoided curve crossing between thd;O has an energy barrier af0-11 eV along the OH bond
dissociative state of (NHi(e)ss and the repulsive state rupture, HO is very unstable. Because of the weak interac-
emerging from (NH+ H). In ammonia clusters, NHhas  tion between the nucleus and a Rydberg electron, the ioniza-
been known to be stabilized by the complexation withtion and excitation energies of®l are relatively low.
ammonia species. The lifetime of the Ntddical in cluster Potential energy curves for the ground and low lying
was measured to be 13 pico secéhd. excited states of 4 dissociating into (kD + H) are drawn

In this work, we studied state-to-state correlation curves oin Figure 1. They are labeled &\, 22A;, 3A1, 1°B;, and
the ground and excited states faxdHlissociating into (kD 2°B,, respectively. The potential energy of,Q+ H) is set
+ H). For the dissociation reaction, the molecular orbitalsequal to zero. To represent the avoided curve crossing
and geometric structures at each internuclear distance weodearly, the broken lines indicate estimated diabatic potential
optimized using the restricted open-shell Hartree-Fockenergy curves and these were drawn by hands. The ground
method (ROHF), keepingzcsymmetry. And the molecular 2A; state of HO correlates with an antibonding orbital
orbitals and optimized structures were used as input for sulemerging from the [BD(A;) + H(2S)] asymptote. This
sequent the singly and doubly excited configuration interac-
tion .(SDC!) cal.culatlon.s. Thatis, the molecul.ar orbltgls for ATable 1. Geometric parameters and relative energies (eV) for the
configuration interaction (CI) are determined with the groundA, state along the 4O radical dissociating into @@ + H).
ROHF's results. The singly and doubly excited configurationonization and excitation energies (eV) afdHand HO
interaction (SDCI) qalculatiqn is used Wit.h the GAMESS_ HE SECI SDCI MP2CCSD(T} MP2 exp
package. By changing the internuclear distance, the entire -
procedure was repeated fromQHto (HO + H). The inter- Rooreg 0.984 0.984 1018 1.021 1.020
nuclear distances [R4] range from 0.80 to 10.0 A. The (« HOH)& 107.6 106.3 106.0 105.7  105.9
SDCls for HO, H;O*, and HO are also performed sepa- R(OHYrs 1174 1122 1.213 1.215  1.210
rately. The geometric structures of the ground states@f H AEkoTs) 019 013 012 0I1 011
H3O*, and HO are also optimized with the second-order M OBps(eory 145 1.07 097 101 0.93
ller-Plesset (MP2) and coupled cluster with both single andEroeeomy  -1.27 094 -0.86 -0.90 -0.82
double substitution [CCSD(T)] levels using GAUSSIAN 94, H30
The basis sets chosen are the triple zeta basis on O (531111‘5‘

473 495 530 532 534

32111%° and H(511¥! Two extra d type polarization func- AE@S@F’): zAl’zBl 2.09 2.0
tions are added to oxygeoq(= 2.22, 0.874% and one extra ABssas) “Aa 272 2.80
AE(3S.3d)' 2A1 299 3.04

p type function is added to hydrogem, € 0.990495%3 The
diffuse Rydberg basis functions as(=0.08, 0.032; H20
a,=0.051, 0.02pq = 0.345, 0.143F are further augmented | 11.06 12.50 12.54 12.56 1252 12.63 2.6
on oxygen to describe the Rydberg states6f Bnd HO. P.A 760 744 7.32 739 7.30 70814518

The geometric parameters and the relative energieg®»f H AE AR 690 651 7% 6.67
dissociating into (KO + H) are listed in Table 1 together AE““S) _51; 1097 1021 1017
with the ionization and excitation energies eCrand HO. 3 ggm} ieslwere Obtallined w-ith GAUSSIAN 9Ref. 10.cRef 1.5
There are no prewou; experimental gnd theoretical resul nit of intgernuclear distance is angstrofbinit of angle is degree.
on HO to compare with our results. Since the ground statgonization energy of k0. slonization energy of bD. "Proton affinity of
of H3O has an electron in a Rydberg 3s orbitaDHtself is ~ H.O.'Ref. 13JRef. 9.kRef. 11.
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Generally, the ground-to-Rydberg transition energies are
peemm T found to be higher than 5 eV-6 eV. But, igQHthe Rydberg

T excitation energy is found to be low, that is, the excitation
energy (3s- 3pkydbergiS =2.05 eV. While, in HO the exci-
tation energy (1b— 3py) is =10.21 eV. In the correlation
curve, if the potential energy barriers of the ground and
excited states are determined by the avoided curve crossings,
a H,0CA 35) 5 HLO0A, )+ HES) the barrier height should be high and the maximum position

E (eV)

4t , b: H,0CA,; 35->3p,) q_:gzog‘ﬂ._:!:,ess)m(ﬂs.g should be located at the middle place betwee® ldnd
R ey 1 (Hz0 + H). But, in our ground potential curve of the dissoci-
2r f Y ation, the potential energy barrier of041 eV is located
N, near the equilibrium geometry of@. In the avoided curve
or . . . . “’ crossing between the attractive diabatic states emerging
2 4 6 8 10 from [HO(A;) + H(S)] and [(HOY)"(3A1) + H(*S)] and
R(OH; angstrom) the repulsive state from an antibonding interaction of

Figure 1. Potential energy curves for the ground and low lying [H20(*A1) + H(S)], the energy gap between two asymptotes
excited states of the Rydbergs® radical dissociating into  plays an important role in the ground correlation curve. As a
(H0 + H). result, the position of the potential barrier is shifted to the
equilibrium geometry of D. That is, the maximum posi-
curve is quasibound, which means that its equilibriumtion of potential barrier of the ground state formed by the
energy is higher than that of the dissociation asymptote ofvoided curve crossing is located out of line of those of the
(H20 + H). The potential curve has an energy barrier neaexcited potential energy curves. And the barrier height is
the equilibrium geometry of 4. It is made by an avoided found to be very low. Because of the low barrier, the exist-
curve crossing between the dissociative diabatic state of thence of the Rydberg # radical has not been observed
Rydberg [(HO*)(e)s] radical and the repulsive diabatic experimentally.
state emerging from an antibonding orbital of theQH In the excited?A; state, the curve crossing between the
(*A1) + H(®S)] asymptote. The barrier height and potentialdissociative diabatic excited states obQH)(e)rydverg @nd
well are very low and shallow, respectively. The maximumthe repulsive diabatic states from the antibonding interaction
position [Row) = 1.21 A] of the transition state of the ground of [H.O(*A;) + H(2S)] are found around By=1.5 A and
potential curve is located out of line of thoseofR=1.95 4.0 A. In the excitedB; (3s - 3py) state of HO, the state
A] of the first and higher excited states. correlates with a bonding interaction of the (H'Bg;

In HzO dissociating into (kD + H), the ground Rydberg 1y - 3s) + HES)] asymptote. An antibonding interaction
Hs;O radical diabatically dissociates into two kinds of emerging from [HO(*B1; 1b — 3s) + HES)] is found to be
asymptotes, that is, # diabatically dissociates into the repulsive. By the avoided curve crossings between the
[H20(A1; 1b - 3pcy) + H?S)] and [(HOY) (2A1) + H(:S)] attractive diabatic state emerging from the electrostatic
asymptotes. In the second dissociation path, one electraattraction of [(HO*)"(?B1) + H(1S)] and the other states
jumps from the 1porbital of HO to the 1s orbital of H. The with the same symmetry, the potential energy curves of the
ion pair has strongly attractive ionic character as the ionground and excited states for the dissociation £ fihto
approach each other. Therefore, by avoided curve crossingd.O + H) show an irregular shape. Our state-to-state corre-
between two dissociative diabatic states of;{H(e)sd lation diagram gives detailed information of the crossing
and the repulsive diabatic state emerging frorsOfA 1) positions and barrier heights fog® dissociating into (kD
+ H(29)], the potential well and barrier height should be very+ H).
deep and high, respectively. But, since the energy gap Acknowledgment. The author thanks Prof. Sun and Mr.
between the [FD(A,) + H(S)] and [HODA;) + H(2S)] Do-Hoon Kim for their invaluable help.
asymptotes is large, the potential energy barrier of the
ground?2A; state is shifted to the equilibrium geometry of References
H30. The barrier height of the curve is found to be very low.
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