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Abstract: The first two vertical ionization energies of H2O-H2O, NH3-H2O, and FH-H2O hydrogen-bonded complexes 
and the rearrangement processes in their ionized states have been studied by ab initio calculations that include correlation 
energy. In all cases, the two lowest ionic states are the 2A' and 2A" states depending on whether the ionization is located 
in the proton acceptor or in the proton donor molecule, respectively. If the ionization is produced in the proton donor, 
the 2A" state, the dimer evolves to a proton-transfer complex. However, if the ionization is produced in the proton 
acceptor, the 2A' state, the dimer rearranges to a non-proton-transfer hydrogen-bonded structure in which the role of 
the two monomers is just the inverse of that of the original neutral dimer. For the water-water and water-ammonia 
dimers, relaxation of the 2A' state can also lead to three-electron hemibond complexes. 

Introduction 

Because of the important role that hydrogen bonding plays in 
numerous biological and chemical processes, the study of 
hydrogen-bonded clusters has been the subject of a great amount 
of research. One of the fundamental reactions that can occur in 
these clusters is ionization. The generated radical cations exhibit 
a very rich and varied chemistry, since in the ionized state they 
can evolve via different chemical reactions such as electron 
transfer, proton tmasfer, or molecular rearrangements. Because 
of that, the study of the reactivity of clusters upon ionization is 
currently a very active area of research.1-5 

While the neutral hydrogen-bonded complexes,*-18 and in 
particular the water dimer,6-13 have been extensively studied 
theoretically, less work has been done on the electronic and 
molecular structures of the corresponding radical cations. Studies 
on the water dimer cation19-22 have shown that geometry relaxation 
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of the first ionic state leads to a proton-transfer OH*-H30
+ 

complex. However, there are some discrepancies in the nature 
and evolution of the second ionic electronic state. Moreover, Gill 
and Radom23 have shown that inclusion of electron correlation 
is necessary to correctly describe three-electron-bond structures 
which, as will be shown later, can be involved in the geometrical 
relaxation of the second ionic state of the water dimer cation. 
These three-electron-bond structures have a bond order of V2 
and are called hemibond. Such structures have also been 
determined in a very recent theoretical study on the methanol-
water dimer cation.24 

Other studies on hydrogen-bonded derived radical cations 
include the ionization of (NH3)2 and (HF)2 dimers.20-25 As in 
the case of the water dimer cation, relaxation of (NH3)2

+ and 
(HF)2

+ in the first ionic state leads to the proton-transfer NH4
+-

NH2 and FH2
+-F complexes. Clark has reported also calculations 

on a series of radical cations within the context of a study of 
three-electron-bond structures.26 Burgers et al.27 studied the H2-
CO-H3N radical cation, and Ventura et al.28 have recently 
reported the structure and reactivity OfH2CO-H2O

+ and related 
radical cations. For both systems the most stable structure 
corresponds to the HCO-NH4

+ and HCO-OH3
+ proton-transfer 

complexes. We are not aware of any theoretical study on the 
potential energy surface of the ionized NH3-H2O and HF-H2O 
hydrogen-bonded complexes. 

In this paper we present a theoretical study of the molecular 
and electronic structures of the radical cations derived from the 
ionization of the following hydrogen-bonded molecules: H2O-
H2O, H2O-NH3, and H2O-HF, at different levels of calculation. 
Basically, there are two different ionic states depending on whether 
the ionization is produced in the proton donor or in the proton 
acceptor molecule. In the first case, one must expect an increase 
of the acidity of the donor. In the second case, the increase of 
acidity takes place in the acceptor molecule which drives the 
dimer to rearrange in such a way that the originally acceptor 
monomer can act as a proton donor. The study of these three 
systems will allow us not only to compare and discuss the observed 
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Figure 1. MP2(SCF)-optimized geometries for the neutral (H2O)2 dimer and its derived radical cations: H2O, R(O-H) = 0.963(0.942) A, /HOH 
= 105.1(106.9)°; H2O

+, .R(O-H) = 1.002(0.982) A, /HOH = 110.0(112.0)°; OH, .R(O-H) = 0.973(0.953) A; H3O
+, R(O-H) = 0.981(0.962) A, 

/HOH= 112.5(114.3)°. 

differences but to get a deeper insight into the nature of the ionic 
states and its role in the geometrical relaxation. Differences 
between the present work and the previous theoretical studies 
will also be discussed. 

Methods 

Two different approaches are used in the present study. In the first 
approach, the geometries are optimized and the frequencies determined 
at the self-consistent-field, SCF, level of theory. Electron correlation is 
included using the essentially size-extensive modified-coupled-pair 
functional (MCPF)2' method at the SCF equilibrium geometries. In 
these MCPF calculations we correlate all of the electrons of H2O, NH3, 
and HF except the ls-like electrons of the O, N, and F atoms. In the 
second approach the geometry optimizations and the frequency calcula
tions are performed including correlation energy at the MP230 level. Single-
point calculations at the MCPF level are also carried out at the MP2 
geometries. 

The basis sets used for the geometry optimizations are of triple-J" plus 
polarization quality. The O, N, and F basis sets are the (10s 6p)/[5s 3p] 
sets of Dunning31 with a d polarization function added (C*N = 0.80, ao 
= 0.85, and at = 0.90). The H basis set is the (5s)/ [3s] set of Dunning 
with a p (a = 1.0) polarization function added. Larger basis sets are used 
when the correlation energy is included at the MCPF level. These larger 
basis sets are the previously TZ basis of Dunning plus two sets of 
polarization functions and one set of diffuse valence functions, TZ2P++. 
The two d polarization functions are a = 1.5 and 0.5 for nitrogen, a = 
1.6 and 0.6 for oxygen, and a = 1.7 and 0.7 for fluorine. The diffuse 
functions have the following orbital exponents: a, = 0.06 and af = 0.04 
for nitrogen, a, = 0.08 and ap = 0.05 for oxygen, and a, = 0.1 and ap 
= 0.06 for fluorine. For the hydrogen atom the polarization functions 
are a = 1.25 and 0.45 and the diffuse function is a, = 0.03. 

The water dimer molecule has also been optimized using the larger 
TZ2P++ basis set. While there are small variations in the optimized 
geometrical parameters, the MCPF dissociation energies of the water 
dimer using the TZ2P++ basis set agree to better than 0.1 kcal/mol 
regardless of whether the equilibrium structures are obtained with the 
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TZP or TZ2P++ basis set. Thus, we don't expect significant differences 
by using the smaller basis set in the optimization process. 

The SCF and MCPF calculations were performed using SIRIUS-
ABACUS32 and MOLECULE-SWEDEN33 program systems, respec
tively. For the open-shell systems these calculations were based on a 
spin-restricted treatment. The MP2 calculations were performed using 
Gaussian92,34 and the open-shell calculations were based on a spin-
unrestricted SCF wave function. In all UHF calculations spin contami
nation was found to be small. 

Results and Discussion 

In this section we will first present the results obtained for each 
one of the three studied hydrogen-bonded complexes and its radical 
cations. Finally, we will compare and discuss the trends. 

A. (H2O)2 and (H2O)2
+. In Figure 1 we present the MP2-

and SCF-optimized geometrical parameters for the neutral (H2O)2 

and for the different stationary points found after ionization. It 
has been both theoretically6-13-35 and experimentally36 established 
that the global minimum of the water dimer has C1 symmetry 
with an almost linear hydrogen bond, see Figure 1 a. At the MP2-
correlated level the OH distances are larger and the HOH angles 
of each monomer are smaller than those computed at the SCF 
level. These changes in the geometrical parameters of the two 
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Figure 2. MCPF atomic charges using MP2(SCF) geometries for the neutral (H20h dimer, the vertical ionized 2A' and 2A" states, and their derived 
radical cations. 

water molecules with the inclusion of correlation energy parallel 
the changes in the free water monomer. The increase in the 
H4-O1 distance because of the formation of the hydrogen bond 
is 0.006 A at the MP2 level and 0.005 A at the SCF level of 
calculation. The hydrogen bond is predicted to be almost linear 
with both methods, in good agreement with the experimental 
data. Also, the R0-O distance is in reasonably good agreement 
with the 2.977 A value determined experimentally.36 

The computed binding energy of the water dimer, without 
including the zero point correction, at the MCPF level using the 
TZ2P++ basis set is 4.97(5.01) kcal/mol depending on whether 
the geometries are taken from the MP2(SCF) calculations. Thus, 
even though there are small differences between the SCF and 
MP2 values of the optimized geometrical parameters, the effect 
in the binding energy is very small. Increasing the basis set is 
expected to reduce somewhat the binding energy, because the 
error due to basis set superposition will be smaller. Overall, the 
5.0 kcal/mol value that we get at the MCPF(TZ2P++) is in 
reasonably good agreement with recent accurate calculations6-13 

and with the experimental measurements of 5.4 ± 0.7 kcal/mol.37 

We will now consider the ionization process on the water dimer. 
The electronic configuration of the water monomer in its C& 
symmetry ground state is Ia^aI2Ib2

2SaI2Ib1
2. The water dimer 

has C, symmetry with a la'22a'23a'24a'2la"25a'26a'27a'28a'22a"2 

configuration. The first ionic state is a 2A" state derived from 
ionizing from the 2a" orbital, which corresponds to the 1 bj orbital 
of the proton donor water molecule. The second ionic state is a 
2A' state that arises from removing the electron from the 8a' 
orbital. This 8a' orbital is a mixture of the lbi orbital of the 

(37) (a) Curtiss, L. A.; Frurip, D. J.; Blander, M. /. Chem. Phys. 1979, 
71, 2703. (b) Reimers, J.; Watts, R.; Klein, M. Chem. Phys. 1982, 64, 95. 

proton acceptor water molecule and the 3ai orbital of the hydrogen 
donor molecule. However, in the ionized 2A' state the open-shell 
(8a') orbital mainly corresponds to the lbi orbital of the acceptor 
molecule. Analysis of the wave function shows that there is some 
mixing with the la'22a'23a'24a'2la"25a'26a'27a"8a'22a"2 con
figuration, in which the 7a' orbital, mainly the 3a 1 orbital of the 
proton donor monomer, is monoccupied. The coefficient of this 
configuration in the wave function is 0.19. To get further insight 
into the nature of these ionic states, we present in Figure 2 the 
MCPF atomic charges for the neutral dimer, for the vertical 
ionized dimer in both states, and for all the stationary points 
found. It can be observed that while in the 2A" electronic state 
the positive charge is almost entirely on the proton donor molecule, 
in the 2A' state the charge is in the proton acceptor monomer. 
Because the H4-O1 distance is larger at the correlated level, the 
coefficient value of the second configuration in the 2A' wave 
function increases to 0.22 when we use the MP2 geometry of the 
neutral water dimer. However, the MCPF atomic charge 
distribution does not change significantly whether we use the 
SCF or MP2 geometry, see Figure 2a(l). 

The MCPF vertical ionization energies computed using the 
MP2(SCF) geometry of the neutral water dimer are 11.5(11.6) 
and 12.9(13.0)eVforthe2A"and2A'states,respectively. These 
values are in reasonably good agreement with the 12.1 ±0.1 and 
13.2 ± 0.2 eV values determined experimentally.19 The vertical 
ionization energies may be compared to the ionization energy of 
free water, which at the same level of calculation, using both the 
MP2 or SCF geometries, is 12.3 eV. Thus, ionization of the 
hydrogen donor water molecule (2A" state) requires less energy 
than ionizing free water, while removing an electron from the 
hydrogen acceptor monomer is more costly energetically. As it 
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Figure 3. MCPF relative energies (kcal/mol) with respect to the isolated HjO+ and H2O molecules for the (H20)2-derived radical cations using 
MP2(SCF) geometries. 

has already been pointed out by Tomoda,20 the decrease in the 
first vertical ionization energy of the dimer compared to the 
ionization potential (IP) of free water is due to the fact that 
hydrogen bonding causes a destabilization of the HOMO orbital 
of the proton donor molecule. In contrast, the hydrogen bonding 
stabilizes the HOMO orbital of the proton acceptor monomer, 
leading to a second vertical ionization energy that is larger than 
the IP of free water. 

Geometrical relaxation of the 2A" ionic state leads to a structure 
in which the hydrogen atom involved in the hydrogen bonding 
has been transferred to the water acceptor molecule, see Figure 
lb. The open-shell orbital mainly corresponds to the out-of-
plane (a") hydroxyl orbital. Because the positive charge lies on 
the HsO+ fragment and the unpaired electron on the OH, this 
structure corresponds to that of a distonic radical cation.38 There 
are no significant differences between the SCF and MP2 
geometrical parameters, the changes with inclusion of correlation 
energy being similar to those observed for free HsO+ and OH. 
Both at the SCF and MP2 levels of calculations, this Cs symmetry 
structure is found to be a transition state. The imaginary 
frequency corresponds to the symmetry-breaking mode associated 
to OH rotation. Following this mode we get the minimum 
presented in Figure Ic, which has very similar parameters but 
with the OH rotated out of the plane. The energy difference 
between structures lb and Ic is very small, in agreement with the 
very small frequency associated with the HsO+-OH twist mode. 

While both the SCF and MP2 methods predict the same kind 
of structures after geometrical relaxation of the 2A" state, 

(38) Yates, B. F.; Bouma, W. J.; Radom, L. / . Am. Chem. Soc. 1984,106, 
5805. 

important differences appear when we optimize the 2A' state. At 
the MP2-correlated level the optimization of the 2A' state with 
Ci constraints leads to the structure displayed in Figure Id. That 
is, the water dimer rearranges in such a way that it maximizes 
the overlap between the monoccupied (Ib)) orbital of the originally 
acceptor monomer and the 3ai orbital of the other water molecule. 
As a result of this three-electron interaction, the positive charge 
is more delocalized in the two monomers. Note that in the 
vertically ionized 2A' state the charges on the acceptor and donor 
monomers are 0.89 and 0.11, respectively, while in the hemibonded 
structure the charges are 0.74 and 0.26, see Figure 2. The 
frequency calculation shows that this structure is a transition 
state. Releasing the symmetry constraints and following the 
imaginary mode, we get the minimum three-electron hemibond 
complex depicted in Figure Ie. Now the covalent bond arises 
from the interaction between the 1 bj orbitals of the two monomers, 
which leads to a complete delocalization of the positive charge 
(0.5 in each monomer). No such structures are found when we 
optimize the 2A' state at the SCF level. Instead, we get the 
bifurcated structure presented in Figure If, which, both at the 
SCF and MP2 levels of calculations, is found to be a transition 
state. In this structure the role of the two water monomers has 
been inverted. That is, the originally acceptor molecule is acting 
as the proton donor while the other monomer is acting as the 
proton acceptor. Removing symmetry constraints, the complexes 
evolve to the same proton-transfer OH-HsO+ molecule obtained 
after relaxation of the 2A" state, structure Ic. 

In Figure 3 we present the MCPF relative energies computed 
with respect to isolated H2O and H2O+ for all the stationary 
points found using the MP2(SCF) geometries. Given that 



Figure 4. MP2(SCF)-optimized geometries for the neutral NH3-H2O dimer and its derived radical cations: NH3,/?(N-H) = 1.011(0.999) A1ZHNH 
= 107.7(108.6)°; NH3

+, /J(N-H) = 1.021(1.010) A; NH4
+, /J(N-H) = 1.023(1.011) A. 

structures Id and Ie are only determined when optimizing at the 
MP2 level and that the MCPF relative energies do not differ 
significantly whether we use the SCF or the MP2 geometries, we 
will discuss the results obtained from the MP2 optimizations. We 
have also included the relative positions of the first and second 
vertical ionization energies. Because the first vertical ionization 
energy, IPV, is smaller than the IP of free water and the formation 
of the hydrogen bond in the neutral dimer is a stabilizing 
interaction, the energy of the 2A" state is smaller than that of 
the isolated H2O

+ and H2O molecules. Relaxation of this state 
leads to the global minimum on the potential energy surface, 
structure Ic, which corresponds to the proton-transfer H3O+-
OH complex. The energy difference between this global minimum 
and the vertical ionized 2A" state is 21.0 kcal/mol (0.9 eV). This 
large difference between the vertical and adiabatic ionization 
energies for water dimer is in contrast with that of free water, 
which is only 0.02 eV,19 and is due to the large change in the 
equilibrium geometry between the neutral and the ionic states of 
water dimer. The computed value for the adiabatic ionization 
energy of water dimer is 10.6 eV. This value is 0.5 eV smaller 
than the experimental threshold ionization energy (11.1 eV),19'39 

which could be regarded as the first adiabatic ionization energy. 
Given that the geometries of the water dimer cation and the 
neutral dimer are very different and, so, Frank Condon factors 
may be negligibly small, Tomoda19 pointed out that the threshold 
ionization energy of 11.1 may be better taken as an upper bound 
to the adiabatic ionization energy. However, this 0.5-eV difference 
is about the same as the one we found for the computed vertical 
ionization energy when we compared it to experiment, and so, if 
we consider that the error in the vertical IP remains constant 
along the relaxation process, our results would suggest that this 
upper bound is quite close to the real adiabatic ionization energy. 

As expected because of electrostatic interactions the proton-
transfer complex H3O

+-OH (Ic) is more stable than the isolated 
OH(2II) and H3O

+ molecules. The energy of these isolated 
molecules is smaller than that of the isolated H2O and H2O

+ 

molecules and similar to the energy of the vertical ionized 2A" 
state. Thus, the resulting products of the first ionic state of water 
dimer will more probably be the equilibrium proton-transfer 
cation, 1 c, or the dissociated pair H3O

+-OH than the dissociated 
H2O + H2O

+ pair. The second vertical ionic state lies higher in 
energy than the isolated H2O and H2O

+ molecules. Relaxation 
of the second ionic 2A' state leads to the hemibond structure Ie, 
which is 9.8 kcal/mol less stable than the global minimum. The 
dissociation energy with respect to the H2O and H2O

+ asymptote 
is 36.1 kcal/mol. This structure may be stable enough to be 
detected in a sufficiently small time scale experiment. 

B. NH3-H2OaDd(NH3-H2O)+. The NH3-H2O hydrogen-
bonded complex has C1 symmetry with an almost linear hydrogen 
bond, see Figure 4a. In this structure the water monomer is 
acting as the proton donor and the ammonia as the acceptor. An 
attempt to optimize a structure with the NH3 molecule acting as 
the donor caused collapse to structure 4a. The changes in the 
geometrical parameters of each monomer with inclusion of 
correlation energy follow the variations in the isolated NH3 and 
H2O. The computed N-O distance is smaller at the MP2 level 
than at the SCF level, the MP2 value being in quite good 
agreement with the value of 2.98 A determined experimentally.40 

Also, the stretching of the H4-O2 distance, because of the 
formation of the hydrogen bond, is larger at the correlated level 
(0.012 A) than at the SCF level (0.008 A). Similar results have 
been obtained by Scheiner et al.17 The MCPF binding energy 
of the NH3-H2O complex using the MP2(SCF) geometries is 
6.43(6.36) kcal/mol. Thus, as for the water dimer, if a consistent 
set of geometries is used, the MCPF binding energy varies less 
than 0.1 kcal/mol regardless of whether the geometries are taken 
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Figure 5. MCPF atomic charges using MP2(SCF) geometries for the neutral NH3-H2O dimer, the vertical ionized 2A' and 2A" states, and their derived 
radical cations. 

from an MP2 or an SCF calculation. Our obtained value for the 
binding energy is very close to the value of 6.5 kcal/mol reported 
by Del Bene14 at the MP4/6-311+G(2d,2p) level and 0.7 kcal/ 
mol larger than the estimated value of Scheiner et al.17 from an 
MP2 calculation using a smaller basis set and after correcting 
for basis set superposition error. 

The electronic configuration OfNH3-H2O is la'22a'23a'24a'2-
5a'2la"26a'27a'22a"28a'2. The two lowest vertical ionic states 
are the 2A' and 2A" states derived from ionizing from the 8a' and 
2a" orbitals, respectively. The 8a' orbital mainly corresponds to 
the 3ai orbital of ammonia, and the 2a" orbital, to the 1 bi orbital 
of water. Consistently the MCPF atomic charges show that in 
the 2A' state the positive charge is almost entirely in the ammonia 
monomer while in the 2A" state it is in the water monomer, see 
Figure 5a(l) and a(2). 

The MCPF vertical ionization energies to the 2A' and 2A" 
states, calculated using the MP2(SCF) geometry of the neutral 
dimer, are 11.2(11.2) and 11.1(11.4) eV, respectively. As 
expected, ionizing the acceptor molecule (NH3) in the dimer 
requires more energy than ionizing free ammonia (9.9 eV), while 
the ionization of the donor molecule (H2O) requires less energy 
than that needed for free water (12.3 eV). The increase of the 
ionization energy of ammonia and the decrease of the ionization 
energy of water because of the hydrogen bond interaction leads 
to two ionic states in the dimer which are almost degenerate. If 
one uses the SCF geometry of the neutral dimer, the most stable 
ionic state is the 2A' state. That is, the hydrogen-bonding 
interaction is not strong enough to make ionization in water more 
favorable. However, when one uses the MP2 geometry of the 
neutral dimer, the vertical ionization to the 2A" state decreases 
by 0.3 eV, this 2A" state becoming then the first ionic state. This 
is a consequence of the changes in the geometrical parameters 

with inclusion of correlation energy. Note that the O-N distance 
is smaller and the H4-02 stretching is larger at the MP2 level 
than at the SCF level, which leads to a larger destabilization of 
the HOMO orbital of water and, so, to a smaller ionization 
potential of the water monomer. Thus, our calculations appear 
to indicate that the first vertical ionic state of NH3-H2O 
corresponds to the 2A" state. However, given that the two vertical 
ionization energies are very close and that the relative ordering 
of these ionic states depends on the geometry of the neutral dimer, 
optimizations with larger basis sets and improved treatments of 
correlation energy would be necessary in order to make conclusive 
assignments. 

The optimization of the 2A' state at the MP2 level leads to 
structure 4b, which maximizes the overlap between the 3ai orbital 
of NH3

+ and the 3ai orbital of H2O. Thus, it resembles the 
three-electron-hemibond structure that we found for the water 
dimer. However, the mixing between the 3at orbital of NH3

+ 

and the Sa1 orbital of H2O is very small, and so, the positive 
charge still remains almost completely on the ammonia monomer, 
see Figure 5b. This structure 4b with one NH bond eclipsed with 
the OH bonds of water is a transition state. The imaginary 
frequency corresponds to the symmetry-breaking mode associated 
with NH3 rotation. Releasing symmetry constraints, we get the 
minimum 4c, which has the NH bonds and OH bonds in an 
alternate conformation. These structures are not found when we 
optimize the 2A' state at the SCF level. Instead, we get structure 
4d, which has one of the hydrogen atoms of NH3

+ pointing to the 
oxygen atom of water. Although the optimization has been carried 
out with C5 symmetry constraints, this structure has C20 symmetry. 
Because now the 3ai orbital OfNH3

+ and the 3ai orbital of H2O 
lie in different axes, the overlap is zero and the bonding is mainly 
electrostatic. For the 2A" state the geometrical optimization 
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Figure 6. MCPF relative energies (kcal/mol) with respect to the isolated NH3+ and H2O molecules for the NH3-H20-derived radical cations, using 
MP2(SCF) geometries. 

leads, both at the SCF and MP2 levels, to the proton-transfer 
NH4

+-OH complex, see Figure 4e. Similar rearrangements have 
been reported for excited states of NH3-H2O.41 

In Figure 6 we present the MCPF relative energies with respect 
to the NH3+ + H2O asymptote for all the stationary points found. 
The relative energies of the vertical ionic 2A' and 2A" states have 
also been included. As it can be observed, the 2A' and 2A" states 
are very close in energy and lie within the NH3

+ + H2O and NH3 
+ HzO+ asymptotes. This is due to the decrease of the ionization 
energy of water and the increase of the ionization energy of 
ammonia in the dimer. The NH3

+-H2O complex, structure 4c, 
that results from the geometrical relaxation of the 2A' state is 
17.6 kcal/mol more stable than the isolated NH3

+ and H2O 
molecules. The covalent contribution to the bonding in this 
structure is small, and therefore, electrostatic interactions favor 
structure 4d, which is about 6 kcal/mol more stable than structure 
4c and corresponds to the global minimum of the potential energy 
surface. Even though the NH3

+ is more acidic than H2O, we 
have not found the proton-transfer structure NH2-H3O+. Any 
attempt to optimize such a structure caused collapse to structure 
4d. This is not surprising if one considers how high in energy lies 
the NH2 + H3O

+ asymptote with respect to the NH3
+-H2O global 

minimum. However, given that the NH2 + H3O
+ asymptote has 

a similar energy to the 2A' state, the possibility of obtaining NH2 

(41) Kohler, G.; Janoschek, R. J. Phys. Chem. 1987, 91, 2051. 

+ H3O
+ molecules in the ionization process should not be 

disregarded. Only 0.8 kcal/mol higher than the global minimum 
lies the proton-transfer NH4

+-OH complex 4e derived from the 
relaxation of the 2A" state. This structure has a binding energy 
with respect to the NH4

+ + (2II)OH asymptote of 13.1 kcal/mol. 
Therefore, the products resulting from the ionization of NH3-
H2O would be either the proton-transfer NH4

+-OH complex 
and the dissociated NH4

+ + OH pair or the non-proton-transfer 
complex NH3

+-H2O and its dissociated NH3
+ + H2O molecules, 

depending on which monomer has been ionized. 
C. FH-H2O and (FH-H2O)+. The equilibrium structure of 

the neutral FH-H2O complex has C, symmetry with the FH 
acting as proton donor, see Figure 7a. No minimum was found 
in an attempt to optimize a structure with H2O acting as the 
donor. Similar to the case of the (H2O)2 and (NH3-H2O) dimers, 
the hydrogen bond in FH-H2O is almost linear. The optimization 
at the MP2 level leads to a shorter F-O distance than at the SCF 
level. Also, the lengthening of the Fi-H2 distance relative to that 
in free FH is larger at the correlated level (0.017 A) than at the 
SCF level (0.011 A). The MCPF binding energy is 8.74(8.63) 
kcal/mol using the MP2(SCF) geometries. Again the effect of 
the variation of the geometrical parameters on the MCPF binding 
energy is very small. Our computed value of 8.7 kcal/mol is very 
similar to the value of 8.8 kcal/mol reported by Del Bene14 at 
the MP4/6-311+G(2d,2p) level. 
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Figure 8. MCPF atomic charges using MP2(SCF) geometries for the neutral FH-H2O dimer, the vertical ionized 2A' and 2A" states, and their derived 
radical cations. 

The electronic configuration of FH-H2O is la'22a'23a'24a'2-
la"25a'26a'27a'22a"28a'2. The first vertical ionic state is a 2A' 
state derived from removing an electron from the 8a' orbital, 
which mainly corresponds to the 1 bj orbital of water. The second 
ionic state, 2A", arises from ionizing from the 2a" orbital, which 

corresponds to the out-of-plane px orbital of FH. The MCPF 
atomic charges depicted in Figure 8 show that in the 2A' state 
the charge is almost entirely in the water monomer, while in the 
2A" state it is in the hydrogen fluoride. The vertical ionization 
energies of the 2A' and 2A" states, using the MP2(SCF) geometry 
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of the neutral dimer, are 13.5(13.5) and 14.3(14.6) eV, respec
tively. Again the formation of the hydrogen bond decreases the 
ionization energy of the donor (FH) compared to that of free 
hydrogen fluoride (15.8 eV) and increases the ionization energy 
of the acceptor (H2O) relative to free water (12.3 eV). However, 
given that the difference between the IP of free water and free 
hydrogen fluoride is large, the ionization of water still remains 
the most favorable process, even after the formation of the 
hydrogen bond. This is in contrast to the H2O-H2O and N H 3 -
HjO dimers, for which the first vertical ionic state corresponds 
to the ionization of the donor molecule. 

Given that removing an electron from water increases its acidity, 
the 2A' cationic dimer relaxes to a structure with H2O acting as 
proton donor and HF acting as proton acceptor, see Figure 7b. 
Both at the SCF and MP2 levels of calculation this structure is 
found to be a transition state which, after releasing the symmetry 
constraints, evolves to structure 7c. In these two stationary points, 
7b and 7c, the MCPF atomic charges show that the positive 
charge remains in the H2O molecule, see Figure 8b and c. No 
three-electron-hemibond structures were found in the optimization 
process of the 2A' state. As expected, the optimization of the 
second ionic state, 2A", leads to the proton-transfer F-HjO+ 

complex, structure 7d. 
In Figure 9 we present the MCPF relative energies, with respect 

to the HjO+ + FH asymptote, of all the stationary points found, 
as well as the relative position of the two vertical ionic 2A' and 
2A" states. These two states lie within the H2O+ + FH and H2O 

Table 1. MP2 Main Geometrical Parameters (in A) and 
MCPF(TZ2P++) Binding Energies (in kcal/mol) for HjO-H2O, 
NH3-H2O, and H2O-HF 

KX-O) AXH ZV 
H3N-H2O 
H J O - H J O 
H2O-HF 

2.936 
2.911 
2.646 

0.012 
0.006 
0.017 

6.4 
5.0 
8.7 

* The binding energy is computed using the MP2 geometries. 

+ FH+ asymptotes, the most stable one being the 2A' state. It can 
be observed that the global minimum of the potential energy 
surface corresponds to structure 7c derived from the relaxation 
of the 2A' state. Significantly higher lies the F-OH3

+ proton-
transfer complex, structure 7d, obtained in the optimization of 
the 2A" state. Thus, these results show that ionization of F H -
H2O will mainly lead to an hydrogen-bonded complex HF-H 2O+ 

in which the HF and H2O monomers act just inversely than in 
the neutral parent and not to a proton-transfer complex as in the 
previous dimers. 

D. Trends. In order to discuss the trends in these hydrogen-
bonded complexes, we summarize the most important results of 
the neutral complexes and their derived radical cations in Tables 
1 and 2, respectively. First of all, it is worth noting that the most 
stable structure of the neutral dimer results as a consequence of 
the relative acidity/basicity of the two monomers. That is, the 
monomer with larger basicity acts as proton acceptor and the one 
with larger acidity acts as proton donor. Because of that, water 
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Table 2. MCPF Adiabatic, IP.d, and Vertical, IP,, ionization 
energies (in eV)° 

IP, IP.d 

IPad 2A' 2A" nptk ptc 

" N H ] 9̂ 9 NH3-H2O VU. I U 9̂ 2 9̂ 2 
(10.2)<* 

H2O 12.3 H2O-H2O 12.9 11.5 10.6 
(12.6V (13.2)e (12.1)' (11.1)' 

(11.21/ 
FH 15.8 H2O-HF 13.5 14.3 11.7 12.1 

(15.9V 

" Geometries are taken from the MP2 calculations. Experimental 
values in parentheses. b Non-proton-transfer complexes, structures 4d 
and 7c.c Proton-transfer complexes, structures Ic, 4e, and 7d. ''Reference 
20. • Reference 19. /Reference 39. 

is the proton donor when it interacts with ammonia and the proton 
acceptor when it interacts with hydrogen fluoride. For the three 
hydrogen-bonded complexes the most stable structure has C1 

symmetry with an almost linear hydrogen bond. It can be 
observed, in Table 1, that the binding energy of the dimer follows 
the order (H 2 O) 2 < H 3 N - H 2 O < F H - O H 2 , as expected from 
electrostatic interactions. Consequently, the lengthening of the 
H X bond distance due to the formation of the hydrogen bond 
follows the same order. 

Let us now consider the ionization process. In Table 2 we 
present the M C P F adiabatic ionization potentials of the isolated 
H 2O, NH 3 , and FH molecules and the vertical and adiabatic 
ionization potentials of the three dimers. As expected the 
ionization potential of the monomers increases with the atomic 
number of the heavy atom. Our M C P F values agree reasonably 
well with the experimental ones. In all cases the two lowest states 
obtained from ionization of the dimer are the 2A' and 2 A " states, 
depending on whether the ionization is located in the proton 
acceptor molecule or in the proton donor one. It can also be 
observed that the formation of the hydrogen bond increases/ 
decreases the energy required to ionize the acceptor /donor 
monomer. Thus, for the symmetrical (H 2 O) 2 dimer it is clear 
that ionizing the donor molecule, the 2 A " state, is the most 
favorable process. For the unsymmetrical (HsN-H 2 O) dimer 
the hydrogen-bonding interaction leads to two ionic states, 2A' 
and 2A", that are almost degenerate, the 2 A " state being the most 
stable one at the highest level of calculation. Finally, for the 
( F H - O H 2 ) complex the most stable ionic state corresponds to 
the 2 A' state derived from ionizing the acceptor (H2O) molecule. 

For all three hydrogen-bonded dimers the 2 A" state evolves to 
the proton-transfer complex without any barrier due to the increase 
of acidity of the donor molecule when it is ionized. In contrast, 
in the 2A' state the increase of acidity is produced in the acceptor 
molecule and because of that the dimer rearranges in such a way 
that the role of the two monomers is inverted with respect to the 
original neutral dimer. For the ammonia-water dimer, the non-
proton-transfer ( N H j + - O H 2 ) structure is almost degenerate with 
the proton-transfer ( N H 4

+ - O H ) one. However, for the hydrogen 
fluoride-water dimer the non-proton-transfer ( H F - H 2 O + ) com
plex is clearly more stable than the proton-transfer F - O H 3

+ one. 
Three-electron-hemibond structures have also been found in the 
relaxation process of the 2A' state of ( H 2 O - H 2 O ) + and ( N H 3 -
H 2 O) + . However these structures easily evolve to the N H 3

+ -
H 2 O and H 3 O + - O H complexes. 

Finally it is worth mentioning the differences between the two 
approaches of calculation used in the present work. The most 
important difference is that the three-electron structures are not 
well described at the SCF level and, so, they don't even exist as 
minima in the potential energy surface calculated at this level. 
However, because none of these structures correspond to a global 
minimum, the main conclusions of this work would not change. 

Sodupe et al. 

The structures that are found at both the SCF and MP2 levels 
of calculation have similar geometrical parameters, and the 
relative M C P F energies do not differ significantly whether we 
use the SCF or the correlated MP2 geometries. Thus, studying 
the potential energy surface at the S C F level and computing 
single-point calculations at the correlated M C P F level seems to 
be a reasonable approach to study these systems. Clearly some 
caution must be taken when three-electron-bond structures can 
be involved in the ionization process, especially when these 
structures are more stable than the proton-transfer complexes, 
as it happens for the second row AH» species.23 

The results obtained in the present work show that, depending 
on the properties of the monomers that we combine, we can favor 
the proton-transfer process or the formation of a non-proton-
transfer hydrogen-bonded complex in which the role of the two 
monomers has been inverted with respect to the neutral parent 
dimer. The proton-transfer process will be favored in those cases 
where the two monomers have similar IPs while the non-proton-
transfer process is expected to be more favorable when the IP of 
the acceptor molecule is significantly smaller than that of the 
proton donor molecule . T h e second process is especially interesting 
because the monomer that was initially acting as a base is behaving 
as an acid in the final product. This is the case of the hydrogen 
fluoride-water dimer and should also be the case of the hydrogen 
fluoride-ammonia dimer. It would be interesting to test these 
theoretical previsions by experimental techniques, such as the 
resonant-enhanced multiphoton ionization (REMPI) techniques, 
which allow one to study the ionized clusters formed in the 
supersonic beams. 

Conclusions 

The vertical ionization of the H 2 O - H 2 O , N H 3 - H 2 O , and F H -
H 2 O hydrogen-bonded dimers and the rearrangement processes 
in their ionic states have been theoretically studied using a triple-f 
plus two polarization and one diffuse functions basis set and 
including correlation energy at the M C P F level. Optimizations 
were carried out at both the SCF and MP2 levels of calculation. 
The two lowest ionic states are 2 A' and 2 A " states, depending on 
whether the ionization is produced in the proton acceptor or in 
the proton donor molecule. If the ionization is located in the 
proton donor, the dimer evolves to a proton-transfer complex 
while, if the ionization is produced in the proton acceptor, it 
rearranges to a non-proton-transfer hydrogen-bonded structure 
in which the original acceptor molecule becomes the proton donor. 
For the water-water and water-ammonia dimers, relaxation of 
the 2A' state can also lead to three-electron-hemibond complexes. 
Inclusion of correlation energy is necessary to obtain such 
structures in the optimization process. For the water dimer cation 
the most stable structure corresponds to the proton-transfer H 3 O + -
O H complex. For the water-ammonia cation the non-proton-
transfer complex N H 3

+ - H 2 O is almost degenerate with the proton-
transfer N H 4

+ - O H one, and for the hydrogen fluoride-water 
cation the global minimum corresponds to the hydrogen-bonded 
H F - H 2 O + non-proton-transfer complex. The relative energies 
of these structures can be interpreted in terms of the properties 
of the monomers and their variation when the hydrogen bond is 
formed. 
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