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A critical comparison of widely used solvation models is reported. It is illustrated by a study of the
triazene molecule in liquid water. We consider the following approaches: �1� a continuum model
based on multicentric multipole expansions of the charge distribution, �2� the averaged solvent
electrostatic potential from molecular dynamics �ASEP/MD� method, and �3� molecular dynamics
simulations using a combined quantum mechanics/molecular mechanics potential �QM/MM/MD�.
We find that the solvation induces appreciable changes in the geometry and charge distribution of
triazene. These changes are only qualitatively reproduced by the dielectric continuum model, which
clearly underestimates induced dipole moments and solute-solvent interaction energy. We also show
that the use of effective point charges placed on solute nuclei during the classical simulations may
cause significant errors in the description of the solvent structure. The addition of charges
representing nitrogen atom lone pairs is compulsory to reproduce the QM/MM/MD simulation
results. Moreover, our results validate the use of the mean field approximation in the study of
solvent effects. A major conclusion of this study is that the ASEP/MD method constitutes a reliable
alternative to the much more computationally demanding QM/MM/MD methods. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2199528�
INTRODUCTION

Because of their high precision to economy ratio, the
effective Hamiltonian �EH� methods1 have been widely em-
ployed in the study of liquids and solutions. In EH methods,
the solute is described quantum mechanically while the sol-
vent effect is included as a perturbation in the solute molecu-
lar Hamiltonian. The most used technique in this context is
certainly the continuum model but many efforts have been
devoted to the development of more elaborated approaches
that consider explicit solvent molecules and combine quan-
tum computations with statistical mechanics. A general and
critical comparison of available approaches is still lacking
though it would be of main interest for a wide community of
researchers developing models or working in the field of
computational chemistry and biochemistry.

In this paper, we have carried out such a comparison for
three EH methods that represent three levels of increasing
complexity and, therefore, of computational cost. Specifi-
cally, we consider, �1� a continuum model based on the use
of a multicenter multipolar expansion �MPE� of the charge
distribution,2–6 �2� the averaged solvent electrostatic poten-
tial from molecular dynamics data �ASEP/MD� method,7–11

�3� and molecular dynamics simulations using a combined
quantum mechanics/molecular mechanics potential
�QM/MM/MD�.12–15

The three methods differ in the description of the solvent
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perturbation. MPE and ASEP/MD make use of the mean
field approximation16 �MFA�, which assumes that the solute
structure can be obtained from a quantum mechanical calcu-
lation carried out in the presence of the average perturbation
produced by the solvent. The MPE method neglects the mi-
croscopic structure of the solvent, which instead is repre-
sented as a dielectric continuum, and involves a single quan-
tum mechanical calculation. In the ASEP/MD method, the
solvent microscopic structure is accounted for by carrying
out classical molecular dynamics simulations. In general, it
involves a fast-convergent iterative procedure in which the
solute charges used in the classical MD simulation are up-
dated from a quantum mechanical calculation in the ASEP.
In contrast to the MPE and ASEP/MD methods, the MFA is
not used in the QM/MM/MD approach. Rather, the solute
properties are obtained as a time average from the simula-
tion. A quantum mechanical computation is done at each step
of the simulation for the solute interacting with the solvent
charges.

Obviously, the main advantage of the MFA is that it
permits one to reduce the number of quantum mechanical
calculations from the several thousands that are necessary in
a QM/MM simulation to only one �MPE� or a few �ASEP/
MD�. The price to pay is the neglect of the role played by
instantaneous polarization. In particular, one disregards the
Stark contribution16 to both the solvation energy and the sol-
vent structure. By comparing the results obtained with the

three methods, we set out to determine the validity of the
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MFA and the importance that explicit consideration of the
solvent structure has on the MFA results for the solute prop-
erties.

An additional question that we address concerns the
choice of a point charge distribution in classical simulations.
As explained below, the ASEP/MD method uses a dual rep-
resentation of the solute charge distribution. At each cycle of
the ASEP/MD calculation, the solute charge distribution is
updated using quantum mechanics but during the molecular
dynamics simulations the solute charge distribution is repre-
sented by a set of fixed point charges. This dual character in
the solute representation can introduce errors in the estima-
tion of the solvent structure, and hence of the solute’s prop-
erties.

In a very interesting paper, Takahashi et al.17 showed
that the atomic point charge representation as well as the
MFA, i.e., the use of a fixed electron distribution during the
MD simulation, is able to reproduce the results of the
QM/MM simulation for the water molecule in liquid water.
We had reached the same conclusion in a previous paper.18

However, Takahashi et al.17 also found that the use of an
atomic point charge representation gives incorrect results
when it is applied to anionic systems. In this paper we com-
pare the performance of several point charge distributions,
and show how the use of additional charges representing the
free electron pairs notably improves the results. Obviously,
the conclusions are applicable not only to ASEP/MD but to
all classical simulations where the molecules are represented
through point charge sets.

As a test case, we chose triazene in aqueous solution.
Triazenes are chemicals characterized by the presence of a
diazoamine group. The stability, equilibrium, and decompo-
sition of substituted triazenes have been studied
experimentally19–25 and theoretically.26–30 The simplest
member of the family is known as triazene HNvNNH2.
The solvation of this compound is interesting because each
of its three nitrogen atoms has a different chemical environ-
ment and hence interacts with the solvent in a different way.
Furthermore, the molecule is quite flexible, and appears to be
a severe test for theories using the MFA.

METHODS

The three methods used in this paper belong to the group
of the so-called effective Hamiltonian methods,1 where the
solute structure is obtained in the presence of the perturba-
tion originated by the solvent

�Ĥ0 + Vint�� = E� . �1�

Here, Ĥ0 is the gas phase Hamiltonian, the operator Vint

accounts for the perturbation due to the solvent, and � is the
solute wave function in solution. Differences between the
methods are due to different descriptions of Vint. The main
characteristics of the methods are outlined below. The inter-
ested reader should refer to the original papers for further

details.
MPE CONTINUUM MODEL

The continuum model that we use is a self-consistent
reaction field �SCRF� method developed at Nancy2–6 and
based on a truncated multicenter multipole expansion. In this
model the solute is inside a cavity adapted to the molecular
shape and surrounded by a dielectric characterized by a di-
electric constant, �. The interaction potential takes the form

Vint = �
I,j

�
l

�
m=−l

l

Ml
m�I�Rl

m�I,J� , �2�

where Ml
m�I� are the multipole moment components at center

I of the solute charge distribution and Rl
m�I ,J� are the com-

ponents of the reaction field depending on centers I and J.

ASEP MOLECULAR DYNAMICS

In the ASEP/MD method,7–11 one uses the MFA to com-
pute the solute’s wavefunction. The electrostatic interaction
term is now evaluated from the equation

ĤQM/MM
elect =� dr · � · Vs�r� , �3�

where � is the solute charge distribution, and Vs is the aver-
aged solvent electrostatic potential or ASEP:

Vs�r� = �V̂s�r,X�� . �4�

The angle brackets indicate a statistical average over the
solvent configurations. In practice, one must perform a com-
plete MD simulation using a classical force field followed by
a computation of the corresponding ASEP and a quantum
calculation for the solute molecule interacting with the
ASEP. An iterative procedure is carried out in which the
solute charges in the MD simulation are taken from the pre-
ceding quantum computation. Convergence is reached quite
rapidly, even when the initial solute charges are those ob-
tained in the gas phase �about 5–15 cycles�. The final results
are obtained by averaging the values of the last converged
cycles.

QM/MM MOLECULAR DYNAMICS

The Hamiltonian of the solute-solvent system contains
three terms:

Ĥ = ĤQM + ĤMM + ĤQM/MM, �5�

where ĤQM contains the interactions in the quantum sub-
system �the solute� with nuclei and electrons explicitly rep-

resented, ĤMM contains the interactions in the classical sub-

system �the solvent�, and ĤQM/MM contains the QM/MM
interactions and corresponds to the Vint term of Eq. �1�.

For a specific point of the configurational space, the en-
ergy and wave function of the solvated solute molecule are
obtained by solving the effective Schrödinger equation �1�
where the interaction term now takes the form

Vint = Helect + Hvdw . �6�
QM/MM QM/MM
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HQM/MM
elect contains the electrostatic terms and HQM/MM

vdw the
van der Waals interactions, in general described by a
Lennard-Jones potential.

In the DFT/MM/MD method developed at Nancy,12–15

the solute wave function is computed at each step of the MD
simulation using density functional theory and Eq. �1�. The
forces acting on nuclei �QM and MM� are evaluated, and the
equations of motion are solved to obtain the new atom posi-
tions. Average energies and properties are computed at the
end of the QM/MM/MD simulation.

TECHNICAL DETAILS

The QM molecular wave function was obtained at the
density functional theory �DFT� level using the BP86 �Ref.
31� functional. The basis set quality was
N�7111/411/1�H�41/1�.32 The DEMON

33 and GAUSSIAN
34

programs were used to perform the DFT calculations in the
DFT/MM/MD and ASEP/MD simulations, respectively. The
simulations were carried out using the programs DFMM

�Refs. 12–15� �for DFT/MM/MD� and MOLDY
35 �for ASEP/

MD�. The continuum calculations were performed using a
version of the SCRF MPE model implemented in GAUSSIAN

03.5,6 The multipole expansion on each solute atomic center
was truncated at l=4 and the continuum was characterized
by a relative permittivity of 78.39. Note that calculations
using the standard PCM model implemented in GAUSSIAN03

lead to results very close to those obtained with MPE pro-
vided one uses the same solute cavity.36 In our case, the
cavity is adapted to the molecular shape of the solute and is
formed by a set of intersecting spheres with Bondi radii
scaled by a factor of 1.2, the default value in GAUSSIAN03 and
often used in the literature. The choice of the cavity may be
crucial in continuum models. Some discussion of this point
is given by Chalmet and Ruiz-López in comparing con-
tinuum calculations and QM/MM/MD simulations for the
water molecule in liquid water.37

The solute geometry was optimized in gas phase and

TABLE I. Computed solute-solvent interaction energ
dipole moment �in debyes� of triazene in vacuo and
methods.

In vacuo SCRF

N1vN2 1.271 1.276
N2–N3 1.354 1.342
N1–H4 1.035 1.033
N3–H5 1.016 1.017
N3–H6 1.028 1.027
N1vN2–N3 112.6 113.8
N2vN1–H4 104.8 105.0
N2–N3–H5 113.3 114.3
N2–N3–H6 116.8 118.3
N1vN2–N3–H5 159.0 161.1
N1vN2–N3–H6 16.2 15.8

� 1.70 2.39
Eint ¯ −13.7

aTriazene +5 water molecules inside a dielectric.
solution with the MPE and ASEP/MD methods. In the
ASEP/MD case, we performed a complete optimization at
each cycle of the procedure, using the rational function op-
timization �RFO� method.38

In the ASEP and DFT/MM/MD simulations, the solute-
solvent system consisted of 215 TIP3P �Ref. 39� water mol-
ecules and one DFT triazene molecule. The triazene-water
Lennard-Jones potential parameters were taken from Ref. 40.
A cubic simulation box of 18.7 Å was applied. Periodic
boundary conditions and an appropriate cutoff �9.0 Å� were
assumed.

In ASEP/MD, a time step of 0.5 fs was used. The elec-
trostatic interaction was calculated with the Ewald method,
and the temperature was fixed at 298 K by using a
Nosé-Hoover41 thermostat. Each classical MD calculation
simulation was run for 150 000 time steps �50 000 equilibra-
tion, 100 000 production� for each cycle. The final results
were obtained as the average of the last five cycles. Initially,
the charges used in the MD simulation were placed on the
nuclei of the solute molecule. Since there is a total number of
six charge centers, this set will be named set 6.

In the DFT/MM/MD calculations, the initial system con-
figuration was chosen from the ASEP/MD results and, as a
consequence, equilibration of the system required a very
short simulation time. The production phase lasted 20 ps.
The time step was 0.2 fs. Hydrogen nuclei were substituted
by deuterium in order to reduce the vibrational frequency
values.

RESULTS AND DISCUSSION

Solvent effects on solute structure

The computed geometry and dipole moment of triazene
in aqueous solution are listed in Table I. For comparison, the
geometry and dipole moment in vacuo are also given. Atom
numbering is defined in scheme 1.

According to the most elaborate model used here, DFT/
MM/MD, solvation increases the length of the NvN double

kcal/mol�, geometry �in angstrom and degrees� and
eous solution using different effective Hamiltonian

icontinuuma
ASEP/MD

set 6 DFMM

1.281 1.287 1.283±0.031
1.318 1.321 1.331±0.030
1.038 1.039 1.047±0.026
1.032 1.021 1.044±0.027
1.048 1.030 1.049±0.028
118.7 114.4 115.5±2.7
104.7 105.6 105.9±3.6
112.3 116.6 114.8±4.1
122.6 122.1 119.9±4.3
173.8 179.0 178.8±15.9
5.6 0.9 −1.1±15.7

3.08 3.19±0.41
−24.9±0.4 −36.8±2.5
ies �in
aqu

Sem
bond, but decreases the length of the N–N single bond. These



214504-4 Fdez. Galván et al. J. Chem. Phys. 124, 214504 �2006�
trends were reproduced by MPE and ASEP/MD, the latter
method leading to results closer to the DFT/MM/MD ones.
The largest discrepancies between the three methods ap-
peared in the N–H distances. Due to hydrogen bond interac-
tions with water, both DFT/MM/MD and ASEP/MD predict
an increase of all N–H bond lengths while SCRF led to a
small decrease in the case of N1–H4 and N3–H6. The mag-
nitude of the NH bond length increase obtained in the DFT/
MM/MD calculations is much larger than that predicted by
ASEP/MD. For instance, for the N3–H5 bond, the solvent
effect amounts to 0.028 and 0.005 Å, respectively. Another
important difference between the approaches concerns the
N1vN2–N3–H5 and N1vN2–N3–H6 torsion angles. In
vacuo, the H5 and H6 atoms are out of the N1N2N3 plane.
In other words, the N3 atom is slightly pyramidalized. In
solution, the MPE method predicts a similar structure. How-
ever, the ASEP/MD and DFT/MM/MD methods predict an
almost planar structure for the molecule. It may be interest-
ing to note that the DFT/MM/MD simulation predicts high
flexibility for the two torsion angle values, as shown in Fig.
1 which displays the corresponding statistical distribution.
The most probable structure is flat, although the angles can
reach values close to 50°. Further calculations with the con-
tinuum model in which the molecular geometry is con-
strained to be planar gave two interesting results. First, the
energy of the optimized planar geometry is very close to that
of the fully optimized triazene ��E=0.2 kcal/mol�. Second,
in spite of their energy similarity, the two structures exhibit
substantial bond length differences. Thus, for the planar tria-
zene, MPE predicts the N1vN2 and N2–N3 bond distances
to be 1.281 and 1.328 Å, which are not far from the DFT/
MM/MD values. In order to further analyze the origin of the

SCHEME 1. Triazene molecule.
FIG. 1. Statistical distribution of N1vN2–N3–H5 torsion angles.
differences between continuum and discrete solvation mod-
els, we performed additional calculations using a
supermolecule-continuum method. We optimized a super-
molecule composed of the triazene and five water molecules
inside a dielectric continuum. The results are included in
Table I. Indeed, explicit treatment of the first solvation shell
appears to be fundamental since it considerably modifies the
geometry obtained in the pure continuum approach. In par-
ticular, an almost planar structure is now predicted in good
agreement with the ASEP/MD and DFT/MM/MD simula-
tions. The N–N and N–H distances are also closer to the
results obtained in the DFT/MM/MD simulations.

The changes induced by the solvent in the solute geom-
etry, namely, the transition from a pyramidal to a planar
structure of the molecule and the variations in the N–N dis-
tances, are consistent with a greater participation of a formal
zwitterionic arrangement in solution: HNvN–NH2↔
HN−–NvN+H2. The stabilization of such a structure has an
influence on the triazene charge distribution that is illustrated
by the dipole moments in Table I. Solvation, as calculated at
the DFT/MM/MD level, increases the dipole moment by
about 88%. ASEP/MD and MPE also predict a substantial
dipole moment increase. Analysis of the atomic charges
shows that the positive charge increases on the N3 portion of
the molecule, while the negative charge increases on the N1
portion.

FIG. 2. Comparison between the nitrogen-1 �triazene�-oxygen �water� radial
distribution functions obtained with DFMM �dashed line� and ASEP/MD,
set 6 �full line�.

FIG. 3. Comparison between the nitrogen-2 �triazene�-oxygen �water� radial
distribution functions obtained with DFMM �dashed line� and ASEP/MD,

set 6 �full line�.
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Radial distribution functions

Let us now consider the solvent structure around the
triazene molecule. Figures 2–4 display the radial distribution
functions �rdf� between the triazene nitrogen atoms N1, N2
and N3 and the water oxygen atom, respectively.

When calculated with the DFT/MM/MD method, the
N1–O rdf displays a well defined peak at 2.9 Å, characteris-
tic of a hydrogen bond. There are also well-defined peaks,
though less intense, at 3.7 and 4.8 Å. N3–O has a similar
behavior, although compared to N1–O the first peak appears
at a somewhat shorter distance, and the second peak is much
more marked. N2–O displays a small peak at 2.8 Å and a
secondary broad peak at 3.6 Å that can probably be associ-
ated with the first shell of N1 and N3. The integration of the
first peak of the N1–O, N2–O, and N3–O rdfs up to the first
minimum results in coordination numbers of 2.28, 0.81, and
1.83, respectively. N1 and N3 are involved in the formation
of approximately two hydrogen bonds, while N2 is involved
in only one hydrogen bond with water.

The ASEP/MD method yields a similar rdf for N1–O,
although the first peak is slightly shifted towards a greater
N–O distance, and the second peak is very small. Neverthe-
less, ASEP/MD completely fails to reproduce the solvent
structure around N2 and N3. There are several reasons that
may explain this shortcoming.

FIG. 5. Variation of the solute-solvent interaction energy with the

FIG. 4. Comparison between the nitrogen-3 �triazene�-oxygen �water� radial
distribution functions obtained with DFMM �dashed line� and ASEP/MD,
set 6 �full line�.
N1vN2–N3–H5 torsion angle.
In principle, the ASEP/MD method differs from the
DFT/MM/MD calculation in the following points:

�1� ASEP/MD makes use of the mean field approximation,
and hence does not account for the instantaneous
charge fluctuations of the solute molecule, i.e., it ne-
glects the influence of the Stark component on the en-
ergy and solvent structure.

�2� ASEP/MD assumes the solute molecule to be rigid dur-
ing the classical simulation, while the DFT/MM/MD
method considers it to be flexible.

�3� ASEP/MD describes the molecules classically during
the simulation step, whereas in the DFT/MM/MD
method the solute is described quantum mechanically.

In previous papers,16,18 we have shown that point 1, i.e.,
the introduction of the MFA, does not introduce significant
errors in the calculated properties of water, alcohols, or car-
bonyl compounds. The same conclusion is reached by Taka-
hashi et al.17 in their study of the water and HO− molecules.
Therefore, this point does not seem to be at the origin of the
discrepancies between the ASEP/MD and DFT/MM/MD

TABLE II. Computed solute-solvent interaction energies �in kcal/mol�, ge-
ometry �in angstrom and degrees�, and dipole moment �in debyes� of triaz-
ene molecule in aqueous solution using the ASEP/MD method and different
point charge sets.

ASEP/MD
set 9

ASEP/MD
set 10

N1vN2 1.278 1.277
N2–N3 1.316 1.317
N1–H4 1.035 1.038
N3–H5 1.031 1.027
N3–H6 1.037 1.035
N1vN2–N3 116.9 117.1
N2vN1–H4 106.3 106.5
N2–N3–H5 115.7 115.8
N2–N3–H6 122.5 122.5
N1vN2–N3–H5 177.2 179.0
N1vN2–N3–H6 2.6 1.1

� 3.36 3.26
Eint −34.2±0.8 −33.3±0.5

FIG. 6. Comparison between the nitrogen-1 �triazene�-oxygen �water� radial
distribution functions obtained with DFMM �dashed line� and ASEP/MD,

set 9 �full line�.
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methods. Furthermore, the error introduced by this approxi-
mation in the interaction energy can be estimated using ap-
proximate formulas.16 In the case under study, we estimated
that the errors associated with the use of MFA lie between
0.5 and 1.0 kcal/mol.

In order to determine the importance of the second point,
the use of fixed versus flexible geometries, we studied the
variation of the solute-solvent interaction energy as a func-
tion of N–H distance, and N1vN2–N3–H5 and
N1vN2–N3–H6 torsion angles. The ASEP/MD simulation
assumes fixed geometries, and the iterative procedure can
fail if there is a strong correlation between the solute-solvent
interaction energy and the internal geometry parameters. To
clarify this point, we classified the different solute-solvent
configurations obtained in the DFT/MM/MD simulation ac-
cording to their triazene geometry. In no case did we find a
correlation between the interaction energy Eint and the N–H
distances or torsion angles. Within the tested energy range,
Eint appeared to be almost independent of the variation of
triazene geometric parameters �see Fig. 5�. For instance, the
average interaction energy calculated for configurations dis-
playing a given N1vN2–N3–H5 angle did not appreciably
deviate from the average energy obtained with configurations
displaying a different dihedral angle value. Thus, for dihedral
angles of 0° and 40°, the average interaction energy differ-
ence amounted to 0.5 kcal/mol only.

Finally, we examined the influence of the ASEP solute’s
point charge distribution type on the simulation results. By
default, and following the trend used for most force fields,
the ASEP/MD method places a charge on each nucleus of the
molecule. Charge values are obtained by fitting the molecu-
lar electrostatic potential at points defined either by the
CHELPG prescription42 or by the position of water mol-
ecules in the MD simulation. However, no appreciable dif-
ferences between the two prescriptions were found in obtain-
ing set 6. To improve the results, the point charge set should
therefore include additional charges, in particular to account
for lone pairs. In this work, we included one additional
charge on each nitrogen atom with sp2 hybridization, N1 and
N2. The charge site lies in the N1N2N3 plane and bisects the
H4N1N2 and N1N2N3 angles. N3 requires additional con-
siderations. In vacuo, the N3 is pyramidal, and the lone pair
can be well described by one additional charge. In solution,
however, N3 is flat, and defining a site for the additional
charge is not straightforward. In such a case, the lone pair
may be better represented through two charges located one
above and one below the molecular plane. Therefore, the
following charge sets were tested:

Set 9: One charge on each of the six nuclei, two charges
�in the molecular plane� representing the lone pairs of N1
and N2, and one additional charge above the molecular plane
representing the N3 lone pair.

Set 10: Same as set 9 but two additional charges are
located one above and one below the molecular plane to
account for N3 lone pairs.

After some testing, the optimal position for the charges
representing the lone pairs was found to be 0.42 Å from the
nitrogen atoms. In set 9, the charge representing the N3 lone

pair was positioned in such a way that the angles
q-N3–N2, q-N3–H5, and q-N3–H6 �where q is this addi-
tional charge� are equal and greater than 90°. For set 10
another charge was placed at the opposite side of N3, i.e.,
with all the said angles equal but less than 90°. When N3 is
planar, the two charges should match and lie on a line per-
pendicular to the N2–N3–H5–H6 plane and at opposite sides.

The perusal of Table II shows that set 9 and set 10 dis-
play the same trend, the dipole moment and the N–H dis-
tances increase respect to the set 6 values, becoming, espe-
cially with set 10, closer to the DFT/MM/MD values. The
most striking improvement provided by the use of these sets
concerns the solvent structure around the solute. Figures 6–8
display the N1–O, N2–O, and N3–O rdfs obtained with set 9
�set 10 yields similar results that are not shown for simplic-
ity�. The main features of the rdfs present in the DFT/
MM/MD simulation, position of the peaks, coordination
number �see Table III�, etc., are now well reproduced.

Table IV displays the charges on each nuclei and lone
pair of the triazene when different point charge sets are used.
Obviously, in the case of set 9, the value of the N3 lone pair
charge becomes negligible as the molecular geometry ap-
proaches planarity so as to preserve the symmetry of the
system. Indeed, in our calculations, the triazene molecule
becomes almost planar after geometry optimization. Further-
more, given that set 6 already reproduced the solvent struc-

FIG. 7. Comparison between the nitrogen-2 �triazene�-oxygen �water� radial
distribution functions obtained with DFMM �dashed line� and ASEP/MD,
set 9 �full line�.

FIG. 8. Comparison between the nitrogen-3 �triazene�-oxygen �water� radial
distribution functions obtained with DFMM �dashed line� and ASEP/MD,

set 9 �full line�.



214504-7 Solvation of triazene in water J. Chem. Phys. 124, 214504 �2006�
ture around N1, that set 9 reproduced adequately the solvent
structure around triazene, and that the charge on the lone pair
of N3 is negligible, we can conclude that in order to obtain
adequate rdfs on N2 and N3 it is compulsory to include a
charge on the lone pair of N2. Probably this charge permits
the formation of structures such as that displayed in scheme
2 that facilitate the formation of hydrogen bonds on N2 and
N3.

Because N3 only forms hydrogen bonds of the type
N–H¯O, the addition of charges on the lone pair of N3
scarcely improved the description of the solvent structure
around this part of the molecule.

Interaction energies

The computed solute-solvent interaction energies are
summarized in the last rows of Tables I and II. Although the
solute-solvent interaction energy is affected by a large statis-
tical uncertainty that makes comparison difficult, the values
computed with set 9 and set 10 are significantly larger and
closer to the DFT/MM/MD calculations than the one com-
puted with set 6, clearly showing the importance of the ex-
plicit consideration of lone pairs. The differences between
the DFT/MM/MD result and those provided by ASEP/MD
using set 9 or set 10 are within 7%–10%. Part of the differ-
ence can be assigned to small differences in the basis set and
to the Stark effect. One may note that the dipole contribution
to the Stark effect using the expressions of Ref. 16 yields a
value of −0.42 kcal/mol. Given the nature of the molecule
under study, one can expect higher multipoles to provide a
similar contribution leading to a total Stark effect close to
1 kcal/mol, and reducing the differences with the DFT/
MM/MD results to 4%–8%.

It is also interesting to compare the ASEP/MD solute-
solvent interaction energy when it is computed in a quantum-
classical or classical-classical approach. In the first case, the

TABLE III. Coordination numbers of nitrogen atoms

N1–O N2–O

DFT/MM/MD 2.28 0.81
ASEP/MD set 6 4.41 ¯

ASEP/MD set 9 2.41 1.02
ASEP/MD set 10 2.54 1.03

TABLE IV. Point charges �in a.u.� on nuclei and lone pairs of triazene in
aqueous solution.

Set 6 Set 9 Set 10

N1 −0.651±0.006 −0.258±0.006 −0.276±0.010
N2 −0.125±0.006 1.102±0.005 1.100±0.008
N3 −0.124±0.004 −0.710±0.010 0.662±0.022
H4 0.395±0.002 0.338±0.003 0.358±0.003
H5 0.251±0.002 0.447±0.003 0.342±0.001
H6 0.252±0.004 0.414±0.003 0.311±0.004
qLp�N1� −0.432±0.005 −0.446±0.008
qLp�N2� −0.893±0.003 −0.942±0.007
q1Lp�N3� −0.007±0.005 −0.557±0.013
q2Lp�N3� −0.550±0.005
solute is represented by its wave function and the solvent
through point charges. In the second case, the interaction
energy is obtained as in the MD calculation, i.e., using point
charges for both the solute and the solvent. In order to make
the comparison of these two quantities easier, we added the
distortion �polarization� energy of the solute, which is calcu-
lated quantum mechanically, to the classical-classical energy.
When set 6 is used, the quantum-classical interaction energy
is −24.9 kcal/mol and the classical-classical energy is
slightly smaller in absolute value, −24.4 kcal/mol. The rela-
tive error is therefore rather small, about 2%. When set 9 is
used, the corresponding values are −34.2 kcal/mol
�quantum-classical� and −36.5 kcal/mol �classical-classical�.
The error amounts now to 7% �similar results were obtained
with set 10�. Therefore, the three sets of classical point
charges seem to yield a very good estimate of the corre-
sponding quantum-classical energy. However, as stressed
above, set 6 yields wrong rdfs and clearly underestimates the
DFT/MM/MD solute-solvent interaction energy. The conclu-
sion is that a force field that correctly reproduces the
quantum-classical interaction energy for a given solute-
solvent configuration does not necessarily lead to a correct
solvent structure around the solute and therefore to a correct
solute-solvent interaction. The force field must also contain
the fundamental physics of the interaction, which in the
present case means that some nitrogen lone pairs must be
considered explicitly. A final remark can be made. In the
values given above, one may notice that the percentage error
with set 9 �and set 10� is a little larger than the percentage
error with set 6. Set 9 and set 10 correctly predict the exis-
tence of solvent molecules hydrogen bonded to N2 and N3,
while set 6 does not. Accounting for these hydrogen-bond
interactions substantially improves the agreement between
the ASEP/MD and DFT/MM/MD interaction energies, al-
though, at the same time, it slightly increases the error of the
classical-classical calculation as a consequence of the closer
solute-solvent interaction.

riazene.

N3–O N1–H N2–H N3–H

1.83 1.70 0.84 ¯

¯ 2.26 ¯ ¯

2.11 1.62 1.00 ¯

2.04 1.65 1.01 ¯
of t
SCHEME 2. Interaction between triazene and water.
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CONCLUSIONS

This paper has been devoted to the study of triazene in
aqueous solution, as a comparative test case of three solvent
models making use of effective Hamiltonians: MPE-
continuum, ASEP/MD, and DFT/MM/MD. The main trends
run in parallel in the three models, although the continuum
approach underestimates the solvent effects on the solute
properties, this model improves if a few water molecules are
explicitly included into the calculation. Indeed, solvation in-
duces appreciable changes in the geometry and charge distri-
bution of triazene. In water, the molecule adopts an almost
planar structure characterized by a high degree of flexibility.
Furthermore, the length of the double bond increases and
that of the single bond decreases, which may be explained by
a greater weight of the zwitterionic form of triazene in solu-
tion. The molecule forms about five strong hydrogen bonds
with water molecules.

We also analyzed the accuracy of the ASEP/MD method
as a function of the solute point charge distribution used in
the MD calculation. In order to reproduce the results of QM/
MM/MD calculations, the use of explicit point charges rep-
resenting nitrogen lone pairs in the MD simulation step ap-
pears to be compulsory. When this is done, the ASEP/MD
results are close to those obtained in the much more compu-
tationaly demanding DFT/MM/MD calculations. Therefore,
the present study validates the use of the mean field approxi-
mation provided a physically correct and accurate descrip-
tion of the solute-solvent interaction is used.
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