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An aqueous solution of peroxynitrous acid has been studied using first-principles molecular dynamics
simulations based on density functional theory. The relative Helmholtz energies of different conformers have
been determined via thermodynamic integration with constraints. At contrast to the gas phase, only two
conformers, acis and atrans isomer, are present in solution and their relative Helmholtz energy is enhanced
with respect to the gas phase. The average structural properties of the two conformational forms on the other
hand are very close to the respective gas phase values. The interconversion pathway between the two conformers
has been determined, and the Helmholtz energy profile for the isomerization reaction in solution is presented.
The rotational barrier is calculated to be substantially higher than in gas phase due to a strong rearrangement
of the solvent during the reaction. The structure of the transition state can only be described correctly when
the solvent is taken explicitly into account. Our calculations indicate that thecis form is the dominant species
in aqueous solution at ambient temperatures.

1. Introduction

Under physiological conditions, peroxynitrous acid (hydrogen
oxoperoxonitrate, ONOOH) is in equilibrium with peroxynitrite
(ONOO-), which is generated in vivo through the reaction of
nitric oxide and superoxide.1 Whereas ONOO- is very stable
in basic solutions, ONOOH has a lifetime of only about 3 s at
25 °C and neutral pH.2 In the absence of any substrate,
peroxynitrous acid isomerizes spontaneously to nitric acid. On
the other hand, ONOOH is known to attack a variety of
biological targets such as DNA,3 methinonine,4 and lipids,5 as
a potent oxidant. Two different oxidation reactions have been
observed involving one and two electron processes, respectively.
The latter takes place via a direct bimolecular reaction between
ONOOH and the reductant,6 whereas the former appears to
involve at least two intermediates along the reaction pathway,
from which only one is acting as an oxidant.5,7 The nature of
the reactive species is still a point of controversy, and several
hypotheses have been suggested during the last years. Reactivity
has been assigned to free•OH and•NO2 radicals produced by
homolysis of the peroxy bond,8,9 to caged radical pairs,10 to an
unidentified high-energy activated species, ONOOH*, formed
along the reaction coordinate for thecis-trans isomerization,7

or to thetrans isomer of ONOOH.6,11

Despite the existence of a large body of experimental data,
the chemistry of peroxynitrous acid is still poorly understood.
In view of the role of ONOOH as a potentially harmful
biological oxidant, several quantum chemical studies have been
carried out to characterize this intriguing system in more detail.
On the basis of gas-phase calculations, Houk et al.12 proposed
two hydrogen-bonded diradicals for the activated form of
peroxynitrous acid, ONOOH*, with an energy of 71 kJ/mol
above that of ONOOH. The existence of these structures in
aqueous solution, however, is questionable. Alternatively,
different conformational forms have been invoked as an
explanation of the high reactivity of ONOOH. Peroxynitrous

acid can form different conformers that are characterized by
two dihedral angles, i.e.,τ(ONOO) andτ(NOOH). Angles near
0, 90, and 180° are usually designated ascis, perp, andtrans,
respectively. For the gas phase, McGrath and Rowland13 have
found three almost isoenergetic minima,cis-cis, cis-perp, and
trans-perp, with the cis-cis having the lowest energy. This
result was subsequently confirmed by several other groups.12,14,15

The barrier corresponding to the conversion of thecisconformer
into thetransconformer by a rotation around the central N-O
bond is estimated to be roughly 55 kJ/mol.13-15 Through the
comparison of experimental16 and calculated13 spectra, it was
concluded that the conformer observed in matrix isolation
experiments is thetrans form. In contrast, the synthesis of
peroxynitrite via nitrogen monoxide gas and tetramethylammo-
nium superoxide yields exclusivelycis-peroxynitrite,17 and we
have recently suggested a possible explanation for the strong
preference of thecis isomer on the basis of intrinsic differences
in the electronic structure.15

Until now, all theoretical investigations refer to the gas phase,
in contrast to the biorelevant chemistry in aqueous solution. Tsai
et al.14 made a first attempt to take solvent effects into account
for the peroxynitrite anion, using a self-consistent isodensity-
polarizability continuum model.

First-principles molecular dynamics (MD) simulations, as
proposed by Car and Parrinello,18 offer an interesting alternative
approach that allows for an explicit description of the solvent.
This recent method is able to describe the details of the motion
of the solute as well as the finite-temperature solvent dynamics.
These kinds of simulations have proven to be a valuable tool
for an accurate first-principles description of water and aqueous
solutions.19-22 In this work, we use ab initio molecular dynamics
to characterize the conformational equilibria of peroxynitrous
acid in aqueous solution. We have performed Helmholtz energy
calculations of the relative stability of different conformers and
their interconversion pathway. The influence of the explicit
inclusion of the solvent will be discussed in detail.† E-mail: uro@inorg.chem.ethz.ch.
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2. Computational Details

The method of first-principles molecular dynamics, as used
in this study, was proposed by Car and Parrinello in 1985.18

These simulations combine a classical MD scheme with an
electronic structure calculation in the framework of density
functional and pseudopotential theory. We performed gradient
corrected calculations with the functional developed by Becke23

for the exchange and by Lee, Yang, and Parr24 for the correlation
part (BLYP), which is particulary well suited for the description
of water25 and aqueous solutions.20-22 Kohn-Sham orbitals are
expanded in plane waves up to an energy cutoff of 70 Ry, which
is sufficient to yield converged structural properties for water25

and for the solute ONOOH.15 As the density of a peroxynitrous
acid solutions is likely to be very close to water, we have chosen
the size of our system around a density of 1 g/mL with the
additional two conditions that a ONOOH molecule is at least
surrounded by two coordination shells of solvent and that the
diffusion coefficient of the solvent is close to the one obtained
for pure water. These criteria could be fulfilled with a system
containing 1 ONOOH and 52 H2O molecules in a periodic
simple cubic cell of sizea ) 12.00 Å. We used the same soft
pseudopotentials of the Martins-Trouiller type26 as in our
previous gas-phase study,15 with cutoff radii rcs of 0.5 au for
hydrogen,rcs andrcp of 1.12 au for nitrogen and,rcs andrcp of
1.11 au for oxygen. Hydrogen nuclei are treated as classical
particles with the mass of the deuterium isotope. The effective
mass determining the time scale of the fictitious dynamics of
the electrons is 1000 au. The equations of motion are solved
using a velocity Verlet integrator with a time step of 7 au (0.169
fs). We have performed constant volume-constant temperature
simulations in which the average temperature of the sample is
300 K. In the initial stage of the MD run, the temperature of
the ions is controlled by velocity rescaling. After an equilibration
time of =0.5 ps, the run is continued for another∼6 ps with a
Nosé-Hoover thermostat,27 acting on the ionic degrees of
freedom. Calculations of the relative Helmholtz energies along
the cis-trans isomerization pathway are performed via ther-
modynamic integration.28 Average values of the Lagrange
multipliers were determined for a discrete set of dihedral angles
τ(ONOO) by performing a constrained MD run for each of these
states. The total simulation time of all 8 points adds up to∼50
ps. All calculations are performed with the program CPMD.29

3. Results and Discussion

3.1. Structural Properties of the Different Conformers.
A quantitative analysis of the average structural properties can
be obtained from the radial distribution functions. Figure 1 gives
the labeling scheme we have used for peroxynitrous acid. Upon
analysis of the various pair correlation functions for thecisand
trans isomers, it becomes apparent that the molecule consists
of a hydrophilic and a hydrophobic part. As shown in Figure 2,
O3 and H have hydrophilic character. Although noisy due to
the limited statistics (there is only one ONOOH molecule present
in the simulation box), one can clearly see that the radial pair
correlation functiongHOw of the terminal hydrogen of peroxy-
nitrous acid with the oxygen of the solvent (Ow) has a first peak
centered around 1.65 Å for thecis and around 1.73 Å for the
transisomer, i.e., in the range of typical hydrogen-bonded H-O

distances. The donor-acceptor distance is shorter than in pure
water, where the hydrogen-bonded peak occurs around 1.85
Å.25,30 This indicates that the hydrogen bond formed by the
terminal hydrogen is strong, i.e., the terminal proton is acidic.
The coordination number integrated up to the minimum beyond
the first peak is 1.0 for both conformers. The terminal hydrogen
atom thus forms an intermolecular hydrogen bond at any instant
in time for both thecis and thetrans conformers. Due to this
high strength of the hydrogen bond to the solvent, the conformer
calculated to be the most stable one in gas phase, i.e.,cis,cis-
ONOOH which has an intramolecular hydrogen bond, does not
occur in solution. The radial distribution functions for O3, the
oxygen bound to the terminal hydrogen, are more distinct for
both conformers. In the case of thecis conformer, there is a
small peak around 1.85 Å whereas fortrans-ONOOH this peak
is turned into a broad shoulder around 1.8-2.4 Å. Integration
up to the first minimum gives a value of 0.6-0.7 for both
isomers. The longer range parts of the pair-correlation functions
gO3Hw and gHOw are more structured for thetrans conformer.
This is likely due to the build up of a hydrogen-bonded
intermolecular bridge: the water molecule that makes a
hydrogen bond with the terminal hydrogen atom is also linked
to the O3 atom.

Figure 3 shows the pair correlation functions for O1, N, and
O2. In all three cases, the typical hydrogen-bonded peak around
1.85 Å is missing, indicating that these atoms are hydrophobic
and cause the formation of a solvent cage. The distance up to
which no net probability density is found gives an indication
of the cage size, i.e., the space around the peroxynitrous acid
where no water molecules are found. As can be seen from Figure
3, this distance is=2.0 Å for thecis and thetransconformers,
with the cage being slightly larger for the latter.

A comparison with the results obtained from gas-phase
calculations can be made from the averaged structures for the
two conformers in solution. All values are listed in Table 1.
Angles have been omitted because the difference between all
calculations does not exceed 1°. As mentioned before, thecis-
cis conformer is not present in solution:cis and trans thus
correspond tocis-perp and trans-perp in the gas phase. It
can clearly be seen that the averaged structures do not change
drastically upon the explicit inclusion of the solvent: the N-O2

bond is shortened by 0.06 Å for thecis conformer, whereas the
O2-O3 bond is a bit longer and the O1-N bond remains
essentially constant. A major change for thetrans isomer

Figure 1. Labeling scheme of the oxygen atoms in ONOOH.

Figure 2. Radial distribution functions, as obtained from ab initio MD
simulations at 300 K using the BLYP exchange correlation functional.
Continuous lines stand for thecisconformer; dashed lines, for thetrans
conformer.
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involves the dihedral angleτ(ONOO), which is on average=10°
larger in solution.

3.2. Structures along the Isomerization Pathway.The
reaction coordinate for thecis-trans isomerization is defined
by the dihedral angleτ(ONOO). Detailed information about the
structure of ONOOH and the surrounding solvent along this
reaction coordinate is given by the change of the radial
distribution functions. The most drastic changes are observed
for gO2Hw (Figure 4) while all the other pair correlation functions
remain essentially similar. When the transition state is ap-
proached, corresponding to a dihedral angle ofτ ) 90°, a
hydrogen-bonded peak centered around 1.7 Å is built up,
indicating that the solvent cage, which is clearly present in the
equilibrium cis and trans structures, is partially broken down.
This is nicely illustrated in Figure 5, which shows the highest
occupied Kohn-Sham orbital (HOMO) of the system, a well
localized antibondingπ-orbital. The atoms O2, O3, and the
terminal hydrogen form a hydrogen bond with the surrounding
water, whereas the atoms O1 and N are situated in a cage. At
the transition state, the average coordination number of the
oxygen atom O2 has a value of 1.0. At the same point, the O2-
Hw distribution is only about 0.1-0.2 for the equilibriumcis
andtrans forms and about 0.4 for the structures corresponding
to dihedral anglesτ(ONOO) of 60 and 120°.

The O3-Hw pair correlation function is much less structured
at the transition state than in the end points of the reaction
pathway. In contrast, the O1 and N atoms keep their hydrophobic
character throughout the isomerization. The same holds for the
hydrophilicity of the terminal hydrogen atom, which stays
always bound to the O3 oxygen atom of peroxynitrous acid.

Table 2 shows the variation of the most important distances
for different dihedral anglesτ(ONOO) in comparison to the gas
phase. The only distance that is changing substantially is the
d(N-O2) which is considerably weakened due to the loss of
the N-O2 π-bond atτ(ONOO)) 90°.31 The lengthening is more

Figure 3. Radial distribution functions, as obtained from ab initio MD
simulations at 300 K. Continuous lines stand for thecis conformer;
dashed lines, for thetrans conformer.

TABLE 1: Averaged Solution Geometries of theCis and
Trans Conformers of ONOOH in Comparison with the
Optimized Geometries in the Gas Phase with Distances in Å
and Dihedral Angles in deg

cis-ONOOH trans-ONOOH

solvent DFTa MP2b solvent DFTa MP2b

d(O1-N) 1.18 1.16 1.17 1.18 1.17 1.16
d(N-O2) 1.55 1.61 1.49 1.58 1.60 1.53
d(O2-O3) 1.49 1.46 1.42 1.48 1.47 1.42
d(O3-H) 1.01 0.98 0.97 1.02 0.98 0.97
τ(ONOO) 7.1 4.4 3.6 173.8 185.3 183.7
τ(NOOH) 78.5 96.5 104.3 108.2 108.5 103.5

a Reference 15, with the same theoretical approach.b Reference 14.

Figure 4. O2-Hw radial distribution function, as obtained from an ab
initio MD calculation at 300 K: (a)τ(ONOO) of thecis conformer;
(b) τ(ONOO) ) 60°; (c) τ(ONOO) ) 90°; (d) τ(ONOO) ) 120°; (e)
τ(ONOO) of thetrans conformer.

Figure 5. Contour plot of the highest occupied Kohn-Sham orbital
at the transition state forcis-trans isomerization.

TABLE 2: Structural Properties of Liquid Water

BLYP BLYPa exptb

rOO
max (Å) 2.80 2.80 2.85

gOO
max 2.80 2.40 3.10

rOO
min (Å) 3.40 3.35 3.27

gOO
min 0.60 0.80 0.73

nc 4.2 4.5 4.5

a Reference 25.b Reference 30.
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pronounced in solution (∆d ) 0.25 Å) than in the gas phase
(∆d ) 0.10 Å). This enhanced bond elongation in solution is
most likely a consequence of the formation of a hydrogen bond
between O2 and a close water molecule, as discussed above.
From these results, it is clear that gas-phase calculations cannot
give a satisfactory description of the transition state of thecis-
trans isomerization reaction in solution. Also the inclusion of
solvent effects with a continuum model would fail to describe
the transition state properly.

An additional result of our calculation is the solvent-solvent
pair correlation functions for H2O, i.e.,gOO, gOH, andgHH. These
functions are very similar with the ones obtained in previous
ab initio MD simulations of pure water,25 indicating that the
chosen sample size is big enough to reproduce essentially bulk
properties of the surrounding solvent. As an example, thegOO

pair correlation function obtained from our calculations is shown
in Figure 6. Table 3 shows a comparison of the structural
parameters forgOO. The coordination numbernc is obtained
through the integration ofgOO over a sphere with radiusrc, which
is the location of the first minimum in the O-O radial
distribution function. The presence of one ONOOH molecule
in our simulation box can explain the slightly lower coordination
numbernc and may also be responsible for the fact that the
radial distribution function is a little overstructured. However,
the overall agreement is very good, indicating that the sur-
rounding solvent is essentially bulk water.

3.3. Energetics.The relative Helmholtz energies are obtained
through thermodynamic integration, a technique developed for
classical MD simulations. This approach uses the method of
constraints to determine the mean forcef that is necessary to

keep the system at a given point of the reaction coordinatec.
The average constrained force is determined for a series of
different valuesc′ of the reaction coordinate, and the relative
Helmholtz energies∆F are obtained by integration, i.e.

In an ab initio MD implementation, the mean force is equal to
the corresponding Lagrange multiplierλ(c) with an additional
compensating term that arises from constraining the reaction
coordinate.28 We did not take the latter explicitely into account
because the correction is in general not significant28,32 and
smaller than the statistical errors in our calculations.

The reaction coordinate corresponding to thecis-trans
isomerization is the dihedral angleτ(ONOO). We evaluated the
average Langrange multiplierλ(τ) for a series of values ofτ,
varying fromτ(ONOO)=7° to τ(ONOO)trans=174°. The final
state of the previous simulation is always used as the initial
configuration of the next one. Finally, the relative Helmholtz
energies for the set ofτ values are obtained as a discrete
approximation to the integral

To obtain accurate Helmholtz energies, it is necessary to have
a sufficiently long sampling time at a given value of the
constrained reaction coordinate. Figure 7 shows the running
average for the Lagrange multiplier〈λ〉, corresponding to a
dihedral angleτ(ONOO) of 40°, as a representative example.
The value has converged after=6 ps. The same sampling time
was used for the other points along the reaction pathway.

The averaged Lagrange multipliers along the reaction path-
way, together with their error bars calculated as the standard
deviation of the average value ofλ(τ) for windows of 34 fs,
are plotted in Figure 8, and the corresponding Helmholtz2 energy
profile is shown in Figure 9. [Calculated Helmholtz energies
are likely to be similar to the experimentally measured Gibbs
energies, because the pressure termp∆V is expected to be small,
due to the incompressibility of water.] The value of〈λ〉 changes
very rapidly around the conformational minima. To determine
the origin of this effect, we made the same calculations in gas
phase and found that this behavior is intrinsic to the ONOOH
molecule. During thecis-trans isomerization, theπ-bond
between N and O2 (corresponding to the HOMO-2) is broken.

Figure 6. Radial oxygen-oxygen distribution function for the water
solvent, as obtained from ab initio MD simulations at 300 K using the
BLYP exchange correlation functional.

TABLE 3: Averaged Distances in Å for ONOOH at
Different Dihedral Angles τ(ONOO)a

d(O1-N) d(N-O2) d(O2-O3)

cisconformer 1.18 (1.16) 1.55 (1.61) 1.49 (1.46)
τ(ONOO)) 40° 1.17 1.64 1.48
τ(ONOO)) 60° 1.16 1.71 1.48
τ(ONOO)) 90° 1.15 (1.16) 1.81 (1.70) 1.48 (1.49)
τ(ONOO)) 120° 1.16 1.74 1.48
τ(ONOO)) 150° 1.18 1.63 1.48
transconformer 1.18 (1.17) 1.58 (1.60) 1.48 (1.47)

a Values for the gas phase are given in parentheses. Only the
structural parameters which vary significantly during the isomerization
are tabulated.

Figure 7. Running average of the Lagrange multiplier for a constrained
ab initio MD simulation of ONOOH withτ(ONOO) ) 40° at 300 K.

∆F(c) ) F(c) - F(c0) ) -∫c0

c
dc′ f(c′) (1)

∆F(τ) ) -∫τ0

τ
dτ′ 〈λ(τ′)〉 (2)
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Already a small change in the dihedral angleτ(ONOO) is
accompanied with a drastic decrease in the overlap of the
adjacentp-orbitals. Thus the breaking of the N-O2 π-bond
occurs essentially in the first few degrees along the reaction
coordinate. The Helmholtz energy of thetrans isomer is found
to be 15 ( 5 kJ/mol higher than thecis isomer, which
corresponds to an equilibrium distribution greater than 200:1
for the ratio ofcis to trans in solution at 300 K. This value is
larger than the ones found in the gas phase; using the same
formalism as in this study, we calculated previously15 an energy
difference of 9.7 kJ/mol for the correspondingcis-perp and
trans-perp conformers at 0 K, in agreement with other gas-
phase studies with values between 6.7 and 9.7 kJ/mol13,14

depending on the level of theory used.
For the barrier corresponding to thecis-trans isomerization,

a substantially larger value than in the gas phase is found.
Without solvent, this barrier is calculated to be roughly 55 kJ/
mol,13-15 whereas in solution the energy needed to convert the
cis isomer into thetrans isomer is as high as 89( 10 kJ/mol.
Interestingly, this coincides with the activation enthalpy for the
isomerization of peroxynitrous acid to nitric acid.33 Although
the transition state in aqueous solution is stabilized through the
formation of a hydrogen bond, the activation energy forcis-

trans isomerization turns out to be higher than in the gas phase.
One possible rationale for this observation is the fact that the
weakening of the N-O2 bond in the transition state is more
pronounced in the presence of the solvent leading to an overall
decrease of stability for the activated complex. Furthermore,
the entropic penalty due to the large rearrangement of the
surrounding solvent that occurs during the isomerization reaction
clearly plays a decisive role for the total energetics in solution.
On the basis of these results, we can conclude that, in aqueous
solution, the cis isomer is the dominant form at ambient
temperature.

4. Conclusions

In aqueous solution, peroxynitrous acid has been found to
have a hydrophilic part, i.e., the terminal OH unit, and a
hydrophobic part, i.e., the ONO unit, which causes the formation
of a solvent cage. It has also been shown that, in contrast to the
gas phase, only two conformational forms exist in solution, a
cis and atrans conformer with the former being the dominant
one. The relative energy difference between thecis and trans
conformer (∆F ) 15 ( 5 kJ/mol) is enhanced with respect to
the gas phase. Solvent effects on the structural parameters on
the other hand are relatively small. The investigation of thecis-
trans isomerization pathway shows a strong restructuring of the
solvent shell at the transition state that can only be taken into
account by an explicit solvent model, as used in this work. Due
to the additional solvent reorganization, the barrier forcis-
trans isomerization is with 89( 10 kJ/mol substantially higher
than in the gas phase.
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