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We present a systematic study on the gas-phase hydrogen-bonded complexes formed between formic acid
and hydroperoxyl radical, which has been carried out by using B3LYP and CCSD(T) theoretical approaches
in connection with the 6-311+G(2df,2p) basis set. For all complexes we have employed the AIM theory by
Bader and the NBO partition scheme by Weinhold to analyze the bonding features. We have found 17 stationary
points, and 11 of them present a cyclic structure. Their computed stabilites vary from 0.3 to 11.3 kcal/mol,
depending on several factors, such as involvment in the hydrogen bond interaction, the geometrical constraints,
and the possible concurrence of further effects such as resonance-assisted hydrogen bonds or inductive effects.
In addition, three stationary points correspond to transition structures involving a double proton-transfer process
whose features are also analyzed.

I. Introduction

Hydrogen bonding is the most relevant noncovalent inter-
molecular interaction and it governs many chemical and
biological processes in nature.1-3 Due to this importance, many
theoretical and experimental studies have been done to char-
acterize the nature of the hydrogen bond. Despite of the large
amount of research work devoted to this issue, the study of
hydrogen-bonded complexes is still an open question.4-8

Most of the investigations carried out refer to hydrogen-
bonded complexes formed between neutral molecules or be-
tween a neutral molecule and an ion. However, in the recent
years an increased interest has been observed in the study of
radical-molecule hydrogen-bonded complexes, because of their
importance in the chemistry of the atmosphere9-27 and in
biological28-30 systems as well. Thus, regarding the study of
the gas-phase radical-molecule hydrogen-bonded complexes,
it has been proven that they have an important role in the kinetic
behavior of many atmospheric reactions, but additionally, they
can contribute to the spread of contamination through the
atmosphere or to formation of aerosols.10,21

Recent studies reported in the literature have shown that
relative strong hydrogen-bonded complexes are formed in the
gas phase between hydroperoxyl radical and different
species9,16-18,27,31 and in the present investigation, we have
focused our attention on the gas-phase hydrogen-bonded
complexes formed between hydroperoxyl radical (HO2

•) and
formic acid (HCOOH), which are two important species in
atmospheric chemistry.32-35 The most stable hydrogen-bonded
complex between hydroperoxyl radical and formic acid has been
extensively reported in the literature,11,19,27and in this work we
have extended the study to the investigation of all species that
can be formed between both the syn and anti conformers of
formic acid with hydroperoxyl radical in the gas phase. This

investigation also includes several processes in which a double
hydrogen transfer process (dhtp) occurs between both species
and constitutes an extension of previous work on the hydrogen-
bonded complexes formed between hydroxyl radical and formic
acid recently reported in the literature.21,25 Due to the fact that
both HO2

• and HCOOH have several hydrogen-donor and
hydrogen-acceptor sites, this study will provide information
regarding the different donor and/or acceptor abilities of the
groups of both molecules that are able to form hydrogen bonds
and also the features governing the cooperative effects in those
complexes being stabilized by more than one hydrogen bond.
For this analysis we have employed the atoms in molecules
(AIM) theory by Bader36,37 and the NBO partitioning scheme
by Weinhold,38 which have been proven to be very valuable in
the study and characterization of hydrogen bonds and coopera-
tive effects.5,19,25,39-47

II. Computational Details

All calculations performed in this work have been carried
out by using the Gaussian98 program package.48 The geometries
for all stationary points have been optimized using the 6-311+G-
(2df,2p) basis set49 employing the unrestricted density functional
Becke’s three parameter and Lee-Yang-Parr functional (B3LYP)
method.50 At this level of theory, we have also calculated the
harmonic frequencies in order to verify the nature of the
corresponding stationary points (minima or transition states) and
to provide the zero-point vibrational energy (ZPVE) and the
thermodynamic contribution to the enthalpy for 298 K. In
addition, we have done intrinsic reaction coordinate calculations
on the transition states to check the connection with the reactants
and products.

With the aim to get more reliable relative energies, single
point CCSD(T)51-53 calculations have been performed at the
B3LYP-optimized geometries. Moreover, a better estimation of
the energetic stability of the hydrogen-bonded complexes found
in this investigation has been obtained using the basis set
superposition error (BSSE) computed at the CCSD(T) level of
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theory according to the counterpoise method by Boys and
Bernardi.54 Finally, the bonding features of the different
complexes investigated have been analyzed according to the
atoms in molecules (AIM) theory by Bader, whereas the charge
distribution was obtained following the natural bond orbital
(NBO) partition scheme by Weinhold and co-workers.38 The
topological properties of wave functions were computed using
the AIMPAC program packadge.55

The Cartesian coordinates of all stationary points and the
absolute energies and enthalpies are available as Supporting
Information.

III. Results and Discussion

Formic acid has two hydrogen donors and two hydrogen
acceptors, while the hydroperoxyl radical has one hydrogen

donor and two hydrogen acceptors. Consequently, several
hydrogen-bonded complexes can be formed between both
molecules, and their geometries and stabilities depend on the
H-donor and H-acceptor abilities of the groups involved in each
electronic interaction. In fact, in this work we have found 10
stationary points (structures1-10) forming complexes between
syn-HCOOH and HO2

• radical and seven stationary points
(structures11-17) forming complexes betweenanti-HCOOH
and HO2

• radical.
Figures 1 and 4 display the most relevant geometrical

parameters of the hydrogen-bond complexes formed between
syn/anti-formic acid molecule and HOO• radical, respectively.
It is worth noting that the optimized geometrical parameters
for HCOOH and HOO• agree quantitatively with experi-
mental56-58 values and theoretical22,59,60results from the litera-

Figure 1. Selected geometrical parameters of the B3LYP/6-311+G(2df,2p)-optimized geometries for complexes formed betweensyn-HCOOH
and HOO•. The distances and angles in bold are the experimental values of thesyn-HCOOH and HOO•. Distances are given in angstroms and
angles in degrees.
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ture. Figure 2 displays the representation of the electron density
difference for the complex1. The electron density difference is
obtained by subtracting the electronic density of each fragment
(HCOOH and HOO•) from the total electronic density of the
complex. Finally, Figure 3 contains a schematic potential energy
profile for the processes in which a dhtp has been considered.

Tables 1 and 4 collect the relative energetic values of these
complexes, while Tables 2, 3, and 5 contain the topological
parameters of interest computed at the bond critical points
(bcp’s) and the overall NBO charge transfer between the
HCOOH and HOO• units.

The topological analysis of the wave function according to
the AIM theory by Bader36,37provides a powerful tool to analyze
the bonding features in a molecule, and in particular, Koch and
Popelier43 reported a set of criteria, based on the AIM theory,
to fully characterize the hydrogen-bond interactions. The
electron density (Fbcp) and the Laplacian of the electron density
(32Fbcp) at the bcp’s reveal the nature of the interactions. The
Fbcp is related to the bond order and thus to the bond strength
and it correlates well with the hydrogen-bond energy and the
geometrical descriptors of the hydrogen bond strength. In

addition, the sign of32Fbcp reveals whether charge is concen-
trated (32Fbcp < 0) as in covalent bonds or depleted (32Fbcp >
0) as in ionic bonds, hydrogen bonds, and van der Waals
interactions.36,37,43For instance, Koch and Popelier report values
in the range 0.02-0.04 au forFbcp and 0.024-0.139 au for
32Fbcp for typical hydrogen bonds. It is also of interest to look
at the energy density at the bcp, (Hbcp), which is the sum of the
kinetic electron energy density (Gbcp) and the potential electron
energy density (Vbcp), and it was pointed out that if32Fbcp is
positive andHbcp is negative, then the interaction is partially
covalent in nature.44,45 In addition, the ellipticity of a bond
provides a measure of the extent to which the density is
accumulated in a given plane, and therefore, it reflects theπ
character of the bond.36,37 Finally, the overall NBO charge
transfer has been evaluated by summing up the NBO atomic
charges on either of the individual monomer, providing an
estimation of the charge transferred between HCOOH and HOO•

in the complex formation.
Complexes Formed betweensyn-HCOOH and HOO •. The

most stable hydrogen-bond complex studied in this work is
complex1, which hasCs symmetry (2A′′) and has been recently
and extensively reported in the literature.11,19,27Our results with
respect to the geometrical parameters, energetic stability, and
topological parameters of the corresponding wave function
compare very well with those reported in the literature.
Therefore, we will only discuss its main features. Figure 1 shows
that complex1 has a seven-member ring structure with two
hydrogen bonds, one formed with the hydrogen of hydroperoxyl
radical and the oxygen of carbonyl group (H3O2) with a
computed hydrogen-bond distance of 1.643 Å and the other
formed between the acidic hydrogen of HCOOH and the
terminal oxygen of HO2• radical (H1O4) with a computed
hydrogen-bond length of 1.734 Å. Figure 1 also shows that the
seven-member ring structure of this complex allows both
hydrogen bonds to have a quite good directionality (with both
O-H···O angles close to 167°), favoring the stability of the
complex (∆H is 13.7 or 11.3 kcal/mol considering the BSSE
corrections; see Table 1). The strength of both hydrogen bonds
are also clearly reflected in the computed values of the
topological parameters at the bcp’s (Fbcp ) 0.0532 au and

Figure 2. Representation of the B3LYP/6-311+G(2df,2p) electron
density difference isosurfaces for complex1. Black regions correspond
to increased electron density caused by the intermolecular interactions
and gray regions represent depleted electron density. The contour shown
is 0.003.

Figure 3. Schematic reaction energy profile for the different double proton transfer processes considered.
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32Fbcp ) 0.1243 au for H3O2 andFbcp ) 0.0441 au and32Fbcp

) 0.1057 au for H1O4; see Table 2), which are in line with the
values reported by Parreira and Galembeck.19 The smaller

topological parameters of the bcp in the H1O4 hydrogen bond
and its larger bond length, compared with those of H3O2,
indicate that the former is weaker than the later, as pointed out
by Francisco.11 However, the relative short bond length of O4·
··H1 (1.734 Å) and the values of the density and Laplacian of
the density at the bcp just discussed also point out that O4 is
also a good acceptor. In addition, it is also worth mentioning
the lengthening of the C1O2 bond (0.019 Å) and the shortening
of the C1O1 and O3O4 bonds (0.033 and 0.007 Å, respectively)
with respect to the separate reactants (see Figure 1). These
changes in the bond lengths are also associated with significant
changes in the ellipticities of the corresponding bonds. The
results displayed in Table 3 point out that the ellipticity of the
carbonyl bond (C1O2) is reduced by 0.023, whereas those of
the C1O1 and O3O4 bonds are increased by 0.020 and 0.019,
respectively, with respect to the reactants, indicating the
delocalization of theπ system and thus suggesting that complex
1 is stabilized by a resonance-assisted hydrogen bond (RAHB).61

These data compare very well with those reported recently by
Parreira and Galembeck,19 who pointed also out the increase in
the carbonyl group resonance. In addition, the values listed in
Table 2 show that the total energy densityHbcp of the two
hydrogen bonds (H3O2 and H1O4) are negative, which indicates
that these hydrogen bonds are partially covalent in nature. Very
recently Gora and co-workers46 found also negative values of
Hbcp for systems in which one expects RAHB to be formed.

Figure 2 displays the electron redistribution originating from
the formation of two hydrogen bonds in1. It shows a
redistribution of the electron density in regions along hydrogen
bond axes where the electron density reduction (in gray) is
concentrated at the positions of the hydrogen donors, while the
electron density increase (in black) is observed at the positions
of the hydrogen acceptors. These features are similar to those

Figure 4. Selected geometrical parameters of the B3LYP/6-311+G-
(2df,2p)-optimized geometries for complexes formed betweenanti-
HCOOH and HOO•. Distances are given in angstroms and angles in
degrees.

TABLE 1: Calculated Zero-Point Vibrational Energies
(ZPVE, kcal/mol), Absolute Entropies (S, eu), Relative
Energies (∆E, kcal/mol), Relative Energies with ZPVE (∆E
+ ZPVE, kcal/Mol), and Relative Enthalpies (∆H, kcal/mol)
for Various Complexes betweensyn-HCOOH and OOH •

Radical

CCSD(T)

structure ZPVEa Sa ∆Eb,c
∆E +

ZPVEb,c ∆Hb,c

syn-HCOOH+OOH 30.0 114.0 0.00 0.00 0.00
1 2A′′ 32.4 77.4 -15.3 -12.9 -13.7

(-12.9) (-10.5) (-11.3)
2d 2A2 28.9 71.5 -7.3 -8.3 -9.7

(-) (-) (-)
3 2A 31.7 85.2 -8.1 -6.4 -6.5

(-6.6) (-4.9) (-5.0)
4d 2A′ 28.7 74.5 12.3 10.9 9.7

(-) (-) (-)
5 2A′′ 31.5 88.0 -6.4 -5.0 -5.0

(-5.1) (-3.7) (-3.7)
6d 2A′′ 28.4 79.6 17.7 16.1 15.2

(-) (-) (-)
7 2A′′ 31.4 86.5 -6.4 -5.0 -4.9

(-5.1) (-3.8) (-3.7)
8 2A′′ 31.8 84.3 -9.7 -7.9 -8.0

(-8.3) (-6.4) (-6.6)
9 2A 31.3 89.1 -5.5 -4.2 -4.0

(-4.3) (-3.0) (-2.8)
10 2A 30.6 98.8 -2.0 -1.5 -0.8

(-1.6) (-1.0) (-0.3)

a Values computed at the B3LYP/6-311+G(2df,2p) level of theory.
b Single point CCSD(T)/6-311+G(2df,2p) energies calculated at the
B3LYP/6-311+G(2df,2p)-optimized geometries.c The values in pa-
rentheses include BSSE corrections computed at the CCSD(T)/6-
311+G(2df,2p) level of theory.d Correspond to a transition state.
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reported recently for HOO···H2SO4
18 and HO···HCOOH25 com-

plexes and visualize clearly the well-known fact that there is a
charge transfer (electrons transfer) associated with a hydrogen
bond whose direction is reverse to the direction of proton
donation.7 In fact, Figure 2 agrees with the double charge
transfer associated with the two hydrogen bonds going in
opposite directions. This double charge transfer results in a very
small net charge transfer of 3 me over the HCOOH, as computed
after an NBO analysis and displayed in Table 2. In addition,
Figure 2 shows also that the electron redistribution associated
with the two hydrogen bonds goes beyond the two O-H···O
hydrogen bonds so that it affects directly the two CO bonds
and the OO bond, as shown by the changes in the respective
bond lengths and in the values of the ellipticities discussed
above. In a similar way to the intermolecular hydrogen bonds
in dimers of formic acid, acetic acid, and formamide recently
reported by Gora and co-workers,46 the electron redistribution
displayed in Figure 2, mainly with respect to the changes in

the electron density associated with the two CO bonds of the
formic acid moiety, supports the features of the intermolecular
RAHB systems.

Viewing complex1 as an incipient step of a proton-transfer
reaction, as pointed out by Steiner,7 let us investigate the dhtp

TABLE 2: Calculated Topological Properties of the Bond Critical Points of Interesta and NBO Net Atomic Charge Transferb
for the Complexes betweensyn-HCOOH and HOO • Radical

structure

X-Y
bond/
ring rX (Å)c rY (Å)d F (au)e 32F (au)f G (au)g V (au)h H (au)i

qHCCOH

(me)j

1 H3O2 0.530 1.115 0.0532 0.1243 0.0391 -0.0472 -0.0081 3.0
H1O4 0.568 1.167 0.0441 0.1057 0.0315 -0.0365 -0.0050
(3,1) - - 0.0110 0.0486 0.0110 -0.0099 0.0011

2 H3O2 0.289 0.910 0.1815 -0.4348 0.0874 -0.2835 -0.1961
H3O3 0.304 0.933 0.1676 -0.3097 0.0835 -0.2444 -0.1609
(3,1) - - 0.0165 0.0844 0.0190 -0.0169 0.0021

3 H3O2 0.666 1.215 0.0311 0.0989 0.0124 -0.0107 0.0017 19.3
H1O3 0.805 1.328 0.0155 0.0565 0.0245 -0.0242 0.0002
(3,1) - - 0.0107 0.0445 0.0099 -0.0087 0.0012

4 H3O2 0.251 0.884 0.2181 -0.9242 0.0832 -0.3975 -0.3143
H3O3 0.361 0.969 0.1254 -0.0104 0.0755 -0.1536 -0.0781
(3,1) - - 0.0258 0.1495 0.0331 -0.0288 0.0043

5 H3O1 0.763 1.262 0.0196 0.0787 0.0173 -0.0149 0.0024 -8.0
H1O4 0.806 1.333 0.0189 0.0689 0.0155 -0.0138 0.0017
(3,1) - - 0.0132 0.0682 0.0149 -0.0127 0.0022

6 H1O4 0.259 0.890 0.2176 -0.8770 0.0817 -0.3827 -0.3010
H1O1 0.371 0.968 0.1259 -0.0062 0.0743 -0.1501 -0.0758
(3,1) - - 0.0471 0.3131 0.0704 -0.0626 0.0078

7 H3O1 0.676 1.228 0.0261 0.0907 0.0212 -0.0197 0.0015 11.5
H2O4 1.088 1.582 0.0073 0.0223 0.0050 -0.0043 0.0006
(3,1) - - 0.0056 0.0251 0.0053 -0.0043 0.0010

8 H3O2 0.601 1.172 0.0375 0.1118 0.0294 -0.0309 -0.0015 30.2
H2O4 1.118 1.586 0.0072 0.0246 0.0053 -0.0045 0.0008
(3,1) - - 0.0066 0.0293 0.0062 -0.0051 0.0011

9 H1O4 0.665 1.254 0.0264 0.0813 0.0199 -0.0195 0.0004 -29.1
10 H2O4 0.969 1.502 0.0091 0.0278 0.0062 -0.0055 0.0007 -8.6

a Determined from Bader topological analysis of the B3LYP/6-311+G(2df,2p) wave function. Atom numbering refers to Figure 1 and (3,1)
stands for a bond critical point of ring type.b Determined from NBO population analysis of the B3LYP/6-311+G(2df,2p) wave function.c The
distance between the bond critical point and the X atom.d The distance between the bond critical point and the Y atom.e Electronic charge density
at the bond critical point.f Laplacian of the electron density at the bond critical point.g Kinetic electron energy density at the bond critical point.
h Potential electron energy density at the bond critical point.i Electron energy density at the bond critical point.j Net charge (in millielectrons) over
the HCOOH moiety.

TABLE 3: Calculated Ellipticities ( E) at the Bond Critical
Points for Formic Acid, Hydroperoxyl Radical, and Complex
1

bonda HCOOH HOO• 1

C1O1 0.0111 - 0.0315
O1H1 0.0125 - 0.0084
C1O2 0.1289 - 0.1062
O3O4 - 0.0166 0.0353
O3H3 - 0.0272 0.0218
H3O2 - - 0.0142
H1O4 - - 0.0459
H1O3 - - -

a Atom numbering according to Figure 1.

TABLE 4: Calculated Zero-Point Vibrational Energies
(ZPVE, kcal/mol), Absolute Entropies (S, eu), Relative
Energies (∆E, kcal/mol), Relative Energies with ZVPE (∆E
+ ZPVE, kcal/mol), and Relative Enthalpies (∆H, kcal/mol)
for Various Complexes betweenanti-HCOOH and HOO •

Radical

CCSD(T)

structure ZPVEa Sa ∆Eb,c
∆E +

ZPVEb,c ∆Hb,c

anti-HCOOH+OOH 29.8 114.1 0.00 0.00 0.00
11 2A′′ 31.7 84.0 -10.3 -8.4 -8.6

(-8.9) (-7.0) (-7.2)
12 2A 31.4 86.7 -8.0 -6.4 -6.5

(-6.6) (-5.0) (-5.1)
13 2A′′ 30.7 93.5 -4.5 -3.6 -3.1

(-3.6) (-2.8) (-2.2)
14 2A′′ 31.1 91.9 -6.1 -4.9 -4.6

(-5.1) (-3.8) (-3.5)
15 2A 31.1 91.8 -6.1 -4.8 -4.5

(-5.0) (-3.8) (-3.5)
16 2A 31.4 88.2 -8.5 -6.9 -6.8

(-7.2) (-5.6) (-5.5)
17 2A′′ 31.3 82.9 -7.9 -6.4 -6.9

(-6.7) (-5.2) (-5.7)

a Values computed at the B3LYP/6-311+G(2df,2p) level of theory.
b Single-point CCSD(T)/6-311+G(2df,2p) energies calculated at the
B3LYP/6-311+G(2df,2p)-optimized geometries.c The values in pa-
rentheses include BSSE corrections computed at the CCSD(T)/6-
311+G(2df,2p) level of theory.

9722 J. Phys. Chem. A, Vol. 110, No. 31, 2006 Torrent-Sucarrat and Anglada



between HCOOH and HOO•. The reaction involves the simul-
taneous transfer of the acidic hydrogen of formic acid to the
terminal oxygen of the hydroperoxyl radical and the hydrogen
of HO2

• radical moiety to the oxygen of the carbonyl group of
HCOOH, so that the fate of the reaction is also complex1. The
corresponding transition state has been depicted as structure2
in Figure 1 and hasC2V symmetry. The analysis of the wave
function shows that the electronic state is2A2 and the electron
density associated with the unpaired electron is perpendicular
to the molecular plane, so it does not take part in the reaction,
and consequently, the process clearly involves a double proton
transfer. The geometrical parameters of this transition state show
that both hydrogens are slightly closer to the oxygens of the
formic acid moiety (H1O1 and H3O2) 1.198 Å) than to the
oxygens of the hydroxyperoxyl moiety (H1O4 and H3O3)
1.237 Å), which is also reflected in the topological parameter
of the wave function (see Table 2). In addition, the two CO
bond lengths are equal (1.261 Å) and halfway between the length
of a single and a double bond, which points out a delocalization
of the π system in the formic acid moiety. From an energetic
point of view, our calculations displayed in Table 1 predict a
sizable potential energy barrier of 8.0 kcal/mol with respect to
complex1. Taking into account the ZPVE (see Table 1 and
Figure 3), this barrier will be reduced to the value of 4.6 kcal/
mol at 0 K (a 43% ofreduction). Figure 3 shows also that,
because of the large stability of1, the transition state2 lies
about 6 kcal/mol below the sum of the energies of the separate
reactants.

Complex3 has a six-member ring structure (see Figure 1). It
is bonded by two hydrogen bonds in which the O3 of the
hydroperoxyl radical moiety acts as a donor and as acceptor
simultaneously. This geometrical constraint produces more
bended O···H-O interactions (140.4° and 145.0° on the donor
side and 114.8° and 83.2° on the acceptor side) than in1,
resulting in a much weaker stability (∆H ) 6.5 or 5.0 kcal/
mol, taking into account the BSSE corrections). This six-member
ring structure resembles very much the most stable hydrogen-
bond complex formed between formic acid and hydroxyl
radical,25 which differentiates from3 in the fact that the
hydrogen of the radical moiety has been substituted by an OH
group. Here, the terminal oxygen (O4) of the HO2 radical moiety
in complex3 (see Figure 1) does not participate directly in the
hydrogen-bond interaction, but its electronegative character
produces a destabilizing inductive effect (complex3 is about 1
kcal/mol less stable than structure5 in the HCOOH···HO
complex). This inductive effect involves a small, but significant,
change in the lengths of the two hydrogen bonds of complex3
(dO2-H3 ) 1.876 Å anddO3-H1 ) 2.131 Å), which are shorter
and larger, respectively, than the corresponding distances of
structure5 in HCOOH••HO complex.25

As in the case of formic acid plus hydroxyl radical complex,25

we can envisage a dhtp in3 that involves the transfer of the
hydrogen of the hydroxyl group of HCOOH to the oxygen of
HO2

• radical and simultaneously the transfer of the hydrogen
of the hydroperoxyl group to the oxygen of the carbonyl, so
that the reactants and products are the same species (complex
3). This transition structure has been labeled as4 in Figure 1.
It has a six-member ring structure and possessesCs symmetry,
where the molecular plane bisects the molecule. The electronic
state is2A′, so that the unpaired electron does not take part in
the dhtp as in the case of2 (see just above). Our results (Figure
3) predict an energy barrier for this process of 17.3 kcal/mol at
0 K (relative to complex3). Again, this six-member ring
transition structure resembles very much the dhtp described for

the HCOOH plus HO reaction (see TS3 in reference21),
although the activation barrier was computed to be about 5 kcal/
mol smaller in the formic acid plus HO• radical, pointing out
clearly the destabilization effect produce by O4, as indicated
above for3.

Complex5 has a five-member ring structure in which the
hydroxyl group of the formic acid moiety acts simultaneously
as hydrogen donor and as acceptor, whereas the O4 and O3 of
the hydroperoxyl radical moiety act as acceptor and as donor,
respectively. The stability of this complex has been computed
to be 5.0 kcal/mol (∆H(298) ) 3.7 kcal/mol, considering the
BSSE corrections), which is smaller than those computed for1
and3. This smaller stability can be attributed to the geometrical
constraint imposed by the five-member ring structure and also
to the smaller acceptor ability of the oxygen of the hydroxyl
group (O1). According to the stability of this complex, our
calculations predict larger distances for the two hydrogen bonds
as well as smaller values for the topological parameters of the
wave function at the corresponding bcp (2.133 Å,Fbcp ) 0.0189
au, and32Fbcp ) 0.0689 au for H1O4 and 2.024 Å,Fbcp )
0.0196 au, and32Fbcp ) 0.0787 au for H3O1; see Figure 1 and
Table 2) than those reported for1 and3.

As for the two previous complexes discussed above (1 and
3), there is also a dhtp with its corresponding transition state,
structure6 in Figure 1. It is a symmetric (Cs) five-member ring
and its electronic characterization is2A′′ (the electron density
of the unpaired electron is shared between O3 and O4 and is
perpendicular to the double proton transfer direction). From an
energetic point of view, our results displayed in Table 1 and
Figure 3 predict a high activation barrier for this process (21.1
kcal/mol at 0 K), according to the strained geometry derived
from the five-member ring structure.

We have also found two complexes having six-member ring
structures with two hydrogen bonds that are formed between
thesyn-HCOOH and HOO• moieties (structures7 and8). One
hydrogen bond is formed between the formyl hydrogen and the
terminal oxygen of hydroperoxyl radical (H2O4) and the other
hydrogen bond is formed between the hydrogen of the HOO•

moiety and the oxygen of the hydroxyl group in7 (H3O1) or
between the hydrogen of the HOO• moiety and the oxygen of
the carbonyl group in8 (H3O2). From an energetic point of
view, we have computed both complexes to be 3.7 and 6.6 kcal/
mol more stable than the reactants (∆H(298) values, including
BSSE corrections). Moreover, it is also interesting to remark
that complex8 is computed to be 3 kcal/mol more stable than
complex7, which points out clearly that the carbonyl oxygen
forms stronger hydrogen bonds than the hydroxyl oxygen. This
higher stability of8 results in a much shorter length of the
hydrogen bond (1.771 Å for H3O2 in8 versus 1.904 Å for
H3O1 in 7), while the H2O4 bond length is quite the same in
both complexes (2.7 Å). In addition, these differences in the
hydrogen bond strengths are also clearly reflected in the values
of the topological parameters at the corresponding bcp’s, as
displayed in Table 2. Thus, whereas we have computed quite
similar topological values for H2O4 (Fbcp ) 0.0073 au and
32Fbcp ) 0.0223 au for7 andFbcp ) 0.0072 au and32Fbcp )
0.0246 au for8), a larger value of the density and its Laplacian
is obtained for H3O2 in8 (Fbcp) 0.0375 au and32Fbcp) 0.1118
au) than for H3O1 in7 (Fbcp ) 0.0261 au and32Fbcp ) 0.0907
au). These results indicate clearly that H3O2 is a stronger
hydrogen bond than H3O1, as pointed out above; i.e., the oxygen
of a carbonyl group is a better acceptor than the oxygen of a
hydroxyl group. It is also onteresting to observe from Table 2
that, although close to zero, a negative value (-0.0015) ofHbcp
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is obtained for the H3O2 hydrogen bond, indicating the slight
covalent nature of this interaction, which agrees with the relative
high stability (∆H ) 6.6 kcal/mol; see Table 1) computed for
this complex.

The latest two complexes betweensyn-HCOOH and HOO•

(9 and 10) are held both by only one hydrogen bond. The
complex 9 is formed between the acidic hydrogen and the
terminal oxygen of the HOO• moiety with a computed bond
length of 1.918 Å (H1O4) and a stability of 2.8 kcal/mol with
respect to the separate reactants (∆H(298) value, including the
BSSE correction). Here it is worth noting that a hydrogen bond
between H1 and O4 is also described in1, although in that case
we have obtained a bond length 0.18 Å smaller (see above and
Figure 1). This result suggests a stronger H1O4 hydrogen bond
in 1, instead of the fact that the linearity is worse (O1H1O4)
167.7° in 1 compared to 176.2° value for the same angle in9).
This conclusion is also supported by larger values of the density
and Laplacian of the density at the bcp in1 than in9 for the
H1O4 hydrogen bond (see Table 2). The fact that the H1O4
hydrogen bond is stronger in1 can be attributed to the resonance
effect previously described in complex1. Finally, the hydrogen
bond in complex10 is formed between the formyl hydrogen,
the worst hydrogen donor of the formic acid, and the terminal
oxygen of the HOO• moiety and, accordingly, is the least stable
complex studied in this work (∆H(298) ) 0.3 kcal/mol,
considering the BSSE corrections).

In addition, it is interesting to comment on the charge transfer
between the two moieties of each hydrogen-bonded complex
(syn-formic acid and hydroperoxyl radical). It is well-known
that the electronic reorganization derived from the formation
of a hydrogen bond is associated with a charge transfer between
the two moieties of the complex and that the direction of the
electron transfer is reverse to the direction of the proton
donation.7 The corresponding NBO computed values (∆q over
the HCOOH) displayed in Table 2 show a net electron transfer
over HOO radical for complexes1, 3, 7, and8 and a net electron
transfer over HCOOH for5, 9, and 10, pointing out that
HCOOH can act as Lewis acid or Lewis base with respect to
HOO radical, depending on how both molecules approach each
other. Complexes1, 3, 5, 7, and8 have two hydrogen bridges
and there is a double charge transfer from HCOOH to HO2

•

radical and from HO2• radical to HCOOH. The corresponding

values displayed in Table 2 refer to the net charge transfer,
including the charge transfer associated with the two hydrogen
bonds. Thus, since the charge transfer in a given hydrogen bond
may be related to its strength, in these double hydrogen-bonded
complexes, a large value in the charge transfer between two
moieties reflects a larger difference in the strengths of the two
respective hydrogen bonds.

Complexes Formed betweenanti-HCOOH and HOO •. For
the shake of completeness, we have also investigated the
hydrogen-bonded complexes formed betweenanti-HCOOH and
HO2

• radical. We have found seven stationary points, and among
them, three display a cyclic structure (complexes11, 12, and
13), while the remaining four (structures14, 15, 16, and17)
have only one hydrogen bond. In general these hydrogen-bonded
complexes present the same features analyzed above, so we will
only discuss briefly these complexes.

Complexes11and12have the same kind of hydrogen bridges
as complexes8 and 5, respectively. For instance, complexes
11and8 differentiate in the relative orientation of the hydroxyl
group of the formic acid moiety (anti or syn), which does not
participate in any of the two hydrogen bonds. Accordingly, their
stabilities are very similar (∆H(298) about 7 kcal/mol, consider-
ing the BSSE corrections; see Tables 1 and 4), as are their
geometrical structures and topological parameters of their wave
function (see Tables2 and 5 and Figures 1 and 4).

Complex13 (see Figure 4) is the less stable one having a
cyclic structure (∆H(298) ) 2.2 kcal/mol, taking into account
the BSSE corrections). In this case, the two hydrogen donor
groups (C1 and O1) belong to the formic acid moiety, whereas
the two acceptors (O4 and O3) are from the HO2

• radical moiety,
so that we face the very unfavorable situation in which the worst
donor (C1H2···O4) coexists with a bad acceptor (O3···H1O1).
According to this small stability, it presents very large hydrogen-
bond distances and, accordingly, very small values of the
topological parameters at the bcp’s (see Table 5).

Finally, the remaining complexes having one hydrogen bond,
14 and15, are two conformers around the O1H1···O4 hydrogen
bond, which takes place between the hydrogen of the hydroxyl
group of the formic acid moiety and the terminal oxygen of the
HO2 radical. Therefore, their hydrogen-bond lengths (close to
1.95 Å), stabilities (∆H(298)) 3.5 kcal/mol, taking into account
the BSSE corrections), and topological parameters of the

TABLE 5: Calculated Topological Properties of the Bond Critical Points of Interesta and NBO Net Atomic Charge Transferb
for the Complexes betweenanti-HCOOH and HOO • Radical

structure

X-Y
bond/
ring rX (Å)c rY (Å)d r (au)e 32F (au)f G (au)g V (au)h H (au)i

qHCCOH

(me)j

11 H3O2 0.596 1.168 0.0384 0.1132 0.0300 -0.0318 -0.0017 31.4
H2O4 1.073 1.553 0.0082 0.0274 0.0060 -0.0052 0.0008
(3,1) - - 0.0072 0.0322 0.0069 -0.0058 0.0011

12 H3O1 0.751 1.251 0.0209 0.0835 0.0186 -0.0162 0.0023 -9.9
H1O4 0.772 1.303 0.0216 0.0785 0.0179 -0.0162 0.0017
(3,1) - - 0.0143 0.0752 0.0164 -0.0139 0.0024

13 H1O3 0.766 1.317 0.0157 0.0601 0.0129 -0.0109 0.0021 -9.7
H2O4 1.378 1.815 0.0024 0.0091 0.0018 -0.0013 0.0005
(3,1) - - 0.0024 0.0107 0.0020 -0.0014 0.0006

14 H1O4 0.684 1.270 0.0244 0.0775 0.0185 -0.0177 0.0008 -25.6
15 H1O4 0.679 1.266 0.0251 0.0791 0.0190 -0.0183 0.0007 -26.8
16 H3O2 0.622 1.190 0.0328 0.1031 0.0258 -0.0259 -0.0001 29.5
17 H3O2 0.632 1.199 0.0309 0.0996 0.0245 -0.0241 0.0004 27.1

a Determined from Bader topological analysis of the B3LYP/6-311+G(2df,2p) wave function. Atom numbering refers to Figure 1 and (3,1)
stands for a bond critical point of ring type.b Determined from NBO population analysis of the B3LYP/6-311+G(2df,2p) wave function.c The
distance between the bond critical point and the X atom.d The distance between the bond critical point and the Y atom.e Electronic charge density
at the bond critical point.f Laplacian of the electron density at the bond critical point.g Kinetic electron energy density at the bond critical point.
h Potential electron energy density at the bond critical point.i Electron energy density at the bond critical point.j Net charge (in millielectrons) over
the HCOOH moiety.
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corresponding wave functions are very similar and also com-
parable to the corresponding parameters of complex9 with the
same hydrogen-bond interaction. Similarly, complexes16 and
17 are held together by one hydrogen bond involving the
carbonyl oxygen as acceptor group and by HO2

• radical as donor.
They are also two conformers that differentiate from each other
by a rotation through the O2···H3O3 hydrogen bond, and
consequently, their stability (about 5.7 kcal/mol), bond distances
(1.811 and 1.831 Å, respectively), and topological parameters
of their wave functions are very similar.

At this point, it is finally worth pointing out that the hydrogen-
bond interactions of complexes14 and15 (O1H1···O4, with a
computed stability close to 3.5 kcal/mol) and complexes16and
17 (O3H3···O2, with a computed stability close to 5.7 kcal/mol)
are separately the two interactions involved in the formation of
the most stable complex1. Therefore, these results allow us to
estimate indirectly the extra stabilization produced in1 by the
formation of a ring as a consequence of the simultaneous
occurrence of the two hydrogen bonds. The sum of the two
interactions as computed for14plus16 (or 15plus17) amounts
9.2 kcal/mol (∆H values, see Table 4), a value that is smaller
than the 11.3 kcal/mol computed for1 (∆H value, Table 1).
Thus, we can conclude that the extra stabilization produced in
1 by the formation of a ring can be estimated in a value close
to 2 kcal/mol. It is worth noting that complex1 is extra stabilized
by the concurrence of a resonance effect of theπ system
according to the RAHB mechanism, as discussed above. This
effect alone would probably be greater than the estimated 2 kcal/
mol, but the formation of ring in1 imposes a geometric
restriction in both OH···H hydrogen bonds with angles close to
167°, which produces a destabilization effect.

IV. Summary and Conclusions

A systematic theoretical study on the stability, structure, and
electronic features of 17 stationary points involving hydrogen-
bonded complexes betweensyn-andanti-HCOOH with HO2

•

radical in the gas phase has been reported. Between them, 11
complexes present a cyclic structure possessing two hydrogen
bond interactions, where three of them have been characterized
as transition states.

Complexes9, 10, 14, 15, 16, and17 are held together by a
single hydrogen bond and their stabilities vary from 0.3 to 5.7
kcal/mol, depending on the different groups involved in the
hydrogen-bond interaction; e.g., the oxygen of the carbonyl
group is a much better acceptor than the oxygen of the hydroxyl
group of formic acid. According to the strength of the different
hydrogen bonds observed, the computed hydrogen bond lengths
change from 1.811 to 2.471 Å.

Complexes1, 3, 5, 7, 8, 11, 12, and13possess cyclic structure
with two hydrogen bonds. Their stabilities vary among 2.2 and
11.3 kcal/mol, depending on several factors, such as the groups
involved in the hydrogen-bond interaction, the geometrical
constrains derived form the ring formation (seven-member ring
for 1; six-member ring for3, 7, 8, 11, and13; and five-member
ring for 5 and12), and the relative orientation of both moieties
(HCOOH and HOO•). In addition, there is a concurrence of
further stabilizing effects such as RAHB, as in the case of1,
where theπ bond of the carbonyl group can be delocalized
through the OCOH skeleton of the formic acid moiety, or even
an inductive effect as in the case of3. The quantification of
these different effects is very difficult, and they can operate in
opposite directions (as the geometrical constraints and RAHB
effects). However, our systematic study has allowed us to
estimate the extra stabilization produced in1, due to the RAHB
mechanism by the formation of a ring, as about 2 kcal/mol.

Structures2, 4, and6 have been characterized as transition
states involving, each of them, a dhtp from1, 3, and 5,
respectively, so that, in each case, the product is the same
hydrogen-bonded complex as the reactant. The corresponding
activation barriers (at 0 K) have been computed to be 4.6 kcal/
mol for 2 relative to1, 17.3 kcal/mol for4 relative to3, and
21.1 kcal/mol for6 relative to 5. These different activation
barriers depend also on the same effects as described in the
previous point.

A systematic analysis of the hydrogen-bonded complexes
reported in the present work shows that all structures possessing
the same kind of donor-acceptor interactions have very similar
features, regarding their energetic stability, hydrogen-bond
distances, and topological parameters of their wave function.
In addition, the values of the topological parameters of the wave
function computed at the respective bcp’s change according to
the strength of the bond, fromFbcp ) 0.0532 au and32Fbcp )
0.1243 au for H3O2 in the most stable complex1 to Fbcp )
0.0091 au and32Fbcp ) 0.0278 au for H2O4 in the most labile
single hydrogen-bonded complex10. Moreover, the computed
negative values for the electronic energy density of several
hydrogen bonds in complexes1, 8, and11 indicated that they
are partially covalent in nature. It is worth also noting the fact
that the charge-transfer estimation, based on the NBO analysis,
indicates that HCOOH can act as Lewis acid or as Lewis basis
with respect to HO2• radical, depending on how both moieties
interact with each other.
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