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Abstract. A test of the quality of the electrostatic
properties and polarizabilities used in the nonempirical
molecular orbital (NEMO) potential is carried out for
formamide by calculating the molecular dipole moment
and polarizability at the second-order Magller—Plesset
(MP2) level of theory. The molecular dipole moment is
11% lower at the MP2 level than at the Hartree—Fock
(HF) level, whereas the isotropic part of the polariz-
ability is increased by 36% by adding electron corre-
lation and using a considerably larger basis set. The
atomic charges, dipole moments and polarizabilities
obtained at the HF level are rescaled to get the correct
molecular properties at the MP2 level. The potential
minimum for the cyclic dimer of formamide is
—17.50 kcal/mol with the MP2-scaled properties and
is significantly lower than other potentials give. Two
intermolecular potentials are constructed and used in
subsequent molecular dynamics simulations: one with
the regular NEMO potential and the other with the
rescaled MP2 properties. A damping of the electrostatic
field at short intermolecular distances is included in the
present NEMO model. The average energies for liquid
formamide are lower for the MP2-scaled model and
are in good agreement with experimental results. The
lowering of the simulation energy for the MP2-scaled
potential indicates the strong dispersive interactions in
liquid formamide.
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1 Introduction

A key issue underlying the success of simulation
methods is the accuracy of the potential functions
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describing the interactions in the systems modeled.
The demand of a detailed description of the interac-
tion between atoms in molecules and the requirement
that the potential be fast to evaluate put severe
restrictions on the potential model to be used [I-5].
Especially in molecular simulations, Monte Carlo and
molecular dynamics (MD), efficient calculations of
potentials and forces are of the utmost importance.
Historically, intermolecular potentials have mostly
been evaluated with Lennard-Jones types of potential
functions.
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This model is very simple. ¢ is the depth of the
potential well and ¢ is the size of the atom. However,
the model is not sufficient to describe the interaction
between two water molecules because water is a polar
molecule with a large permanent dipole moment and
the Lennard-Jones model does not take into account
the effects of the electrostatics and polarization of the
interacting species. It has proved necessary to include
this effect, especially when water is involved in the
simulations, and nowadays there are many potential
models which take electrostatic and polarization effects
into account [1-7].

Even if the interaction potential is modeled reliably,
the accuracy of the atomic properties also has to
be considered. The charge distribution and response
properties are important features of interacting
molecules. The charge distribution is normally ana-
lyzed according to a generalized Mulliken population
analysis scheme, which in some sense is arbitrary. It
depends strongly on the basis set used and must be
carefully balanced for the atoms in the molecule [8—
10]. In spite of the problems, the population analysis
is a useful interpretive device when used properly. The
potential model used in this work is the nonempirical
molecular orbital (NEMO) force field model [5, 11—
13]. The charge distribution in the NEMO model
is represented by a multicenter multipole expansion
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(MME) distributed over the atoms in the molecules
[14], while the response properties of the molecules
considered are described with atomic polarizabilities
[15, 16]. These atomic properties are extracted from
Hartree-Fock (HF) Self-consistent-field (SCF) wave
functions of each of the monomers and are known to
give too large a dipole moment owing to the lack of
antibonding configurations and too low polarizabilities
owing to the lack of electron correlation and limited
basis sets [17-20]. The deficiency in the polarizability
has a major effect on the dispersion energy, whereas
the polarity overestimates the electrostatic interaction.
In the calculation of intermolecular interaction ener-
gies with the NEMO model, these errors seem to
cancel each other. Nonetheless, for some systems we
have observed difficulties in describing the interactions
accurately [5], and the problems are most probably
because the electrostatics is not modeled accurately
enough. The question then arises of how large are
the errors in the NEMO potential by describing the
molecular properties with HF SCF monomer wave
functions and with the basis sets used? We have seen
from large calculations on the water molecule that the
polarizability is increased by 35% when the basis set is
increased from 24 contracted basis functions to 523 at
the HF level of theory [18]. In practical calculations
such large basis sets are not feasible for larger mole-
cules on today’s computers, but it is seen to be
necessary to include large basis sets if a detailed
description of the charge and polarizability distribu-
tions is desired. The remaining part of the interaction
energy, the exchange repulsion, is evaluated as
described elsewhere [3].

In this work, we investigate the quality of the charge
and polarizability distributions used in the NEMO
model by calculating the molecular dipole moment and
polarizability at the second-order Mgller—Plesset (MP2)
level of theory [21] and with a larger basis set than has
been used previously in the NEMO approach. Two
potentials are constructed from these calculations and
are used in subsequent MD simulations: one with
atomic properties from the standard NEMO model and
the other where the MME and the polarizabilities are
scaled using ratios of the values obtained from the
MP2 and the SCF calculations. An appropriate test
system is the formamide molecule since formamide is a
highly polar molecule with large polarizability and one
expects electrostatic interactions to play a dominant
role. The N—H---O=C bond of formamide makes it a
suitable model molecule in the study of breaking and
forming peptide linkages occuring in biological systems.
Formamide is also one of the molecules we had
difficulties with previously [5].

This article is organized as follows. The next
section describes the NEMO model used in this work.
A damping term in the electrostatic and induction
energies at short interatomic distances is included. In
Sect. 3 we give the computational details, both for the
construction of the potentials and the MD simula-
tions. The results and discussions are presented in
Sect. 4, and finally in Sect. 5 the conclusions are
given.

2 Interaction potential
2.1 The NEMO model

The basis of the NEMO method is the partitioning of the
interaction energy at the HF level of theory into first-
and second-order perturbation terms [11, 22]. Formally
the interaction energy is divided into physically recog-
nizable terms that are supposed to add up to the SCF
energy according to

AESCF = E¢e + Eing + Erep 5 (2)

where E. is the electrostatic energy, Ej,q is the induction
energy and E., is the remaining part, which mainly
consists of the exchange repulsion energy. The advan-
tage of this energy partitioning scheme is, apart from the
physical interpretation, that each part can be modified
and systematically improved upon, and this can be done
independently of the other parts. To obtain the total
interaction energy, a dispersion term according to
London [23, 24] is added to Eq. (2).

Eor = AEscr + Edgisp (3)

This term describes the energy contribution to the
intermolecular interactions from the correlated motion
of the electrons not available in the HF formalism. In
the NEMO model, each of these energy contributions is
calculated from properties obtained from the SCF wave
function of the monomers. The electrostatic energy is
evaluated as a sum of interactions over the expansion
centers, while the induction energy is calculated by
letting the multipoles interact with atomic polarizabili-
ties. The MME in NEMO is truncated at the quadrupole
moment level. The advantage of using MME lies in the
drastic reduction in detail by using point multipoles
instead of covering space by basis functions as in
quantum-chemical methods. For a full description of
the procedure used to obtain an MME, we refer to Refs.
[14, 25].

The repulsion energy is modeled with an exponential
function as

Erp =D aye ™", (4)
ij

with a;; = gjqjxix; and by ~ 1/(B; + B;) and where x
and f are fitted repulsion parameters and ¢" is the
valence charge of the atoms. The short-range repulsion
term used in previous versions of the NEMO model [5]
has not been used here. The dispersion is modeled with a
London-type formula as [11, 12]

Lon atoms CE12 3 o
Egigp = — Z fm”TZaijaklEk]}l : (5)
mn ijkl
where o is a component of the atomic polarizability
tensor, Tj; a component of the interaction tensor,
VV(1/r), C a constant with the value 1.89 calibrated
from an MP2 calculation [26], E, the average molecular
excitation energy and f,,, a site-site damping function,
introduced according to Tang and Toennies [27] in order
to estimate the effects from the overlap of the charge
distributions. For more details on the recent develop-



ments of the NEMO model, we refer to Ref. [5]. A new
set of repulsion parameters is constructed and is shown
in Table 1. The repulsion parameters are taken from
previous work [28] and were reoptimized using isotropic
polarizabilities. The use of isotropic polarizabilities is
required by the scheme chosen for the inclusion of
damping of the electrostatic field. We want the damping
to be equal in all directions and the procedure is
described later. The damping was not included in the
fitting of the repulsion parameters. As seen from Table 1
in the previous work [28] compared with Table 1 in this
article, the use of isotropic polarizabilities does not
change the parameters very much. The interaction sites
in the energy expressions are the centers of charge of the
atoms in the molecule. The motivation for the choice of
these centers instead of the atomic centers normally used
is given in Ref. [5]. The advantage of the NEMO
approach, in its present version, is that the parameters
used need to be computed only once for a given
monomer and that no additional fitting has to be done.
In that sense, the NEMO model is generally applicable
to all kinds of system.

2.2 Inclusion of a damping term in the electrostatic
and induction energies

The atomic induced dipole moment, ,umd

ind __ perm ind
Hpo = %pap (Ep-ﬂ +Z pqﬂ} q‘) ’ (6)

where a,,s is the atomic polarizability, EP,™ is the
electric field from the permanent electrosta'uc moments

of the other molecules and Zq 2p Doy, ﬁwu;"j' is the electric

field from the induced dipole moments of the surround-
ing molecules. Thus, the atomic induced dipole moments
are calculated in a self-consistent procedure which may
diverge at short intermolecular distances. Here, this
problem is avoided by including a damping term
according to Thole [29], which was originally adopted
in a method for calculating molecular polarizabilities
from a set of interacting atoms. The Thole model has
been investigated in more detail recently [30-32] and it
has also been applied to simulations of water clusters
and ice [33]. Thole modified the so-called interaction
tensors as [29]
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Table 1. Repulsion parameters with isotropic polarizabilities. The
error of the fit as defined by Eq. (24) in Ref. [5] is 4.05

C (6] N H
p (au) 0.4897 0.2797 0.4101 0.0668
x (kcal/mol) 0.3229 12.8868 1.8366 753.4707

and
4 3 4
7@ _ 3ququ7“qu7/f _ (4qu - 3qu)5ocﬁ 9)
pg.af R5 R3 5
P Pq

where R,;, is a component of the distance vector
between atoms p and ¢ and v,y = Ryy/Spq if Rpg < Spg-
Otherwise, v,, =1 and the regular expressions are
obtained. Thole defined s,, as

N—

Spg = 1.662(04,0,)" (10)

The parameter 1.662 is optimized from a set of
molecules to describe the molecular polarizability and
contains a parameterization of only atomic polarizabil-
ities. This factor is reparameterized in the NEMO model
since we also have atomic charges and dipole moments,
which give a large electric field. Therefore, s, is
multiplied by a factor of 1.4, which was obtained from
a calibration of the ClI"-H,O complex. The damping
suggested by Thole is especially suitable for MD
simulations since the modified interaction tensors are
the only modifications required to obtain the interaction
energies and forces for the electrostatic and induction
terms. Furthermore, the Thole damping does not add
any additional atomic parameters to the model. Instead
the steep r~"-repulsion parameters used previously [5,
11] to stop the molecules coming too close to each other
are not required anymore; thus the number of total
potential parameters has been reduced.

3 Computational details

The geometry for the planar formamide monomer used in this work
is taken from the work of Kitano and Kuchitsu [34] and is kept
rigid. A pyramidal structure with the amino group about 15° off the
plane has been observed from electron diffraction experiments [35].
However, MP2 calculations give only a small energetic preference
for the pyramidal structure [36]. The choice between the planar and
the nonplanar structure could be important for vibrational analysis
but it does not play a role in this investigation.

The coordinates for the atomic centers and for the charge centers
of the molecule are shown in Table 2. The atomic properties —
charges, dipoles, second moments and polarizabilities — are given in
Table 3. Note that the second moments in Table 3 are explicitly
used in the evaluation of the repulsion energy, but are modeled
with dipoles for the description of the electrostatic interaction. To
compare how well the SCF calculations represent the atomic
properties with the NEMO basis set, the molecular dipole moment
and the polarizability of formamide were calculated at the MP2
level of theory within the finite-field perturbation scheme [17]. The
standard NEMO model [5] uses the smaller atomic natural orbitals
(ANO-S) basis set [37]. For the carbon, nitrogen and oxygen atoms,
a [10/6/3] primitive basis was contracted to (4/3/2). For hydrogen
atoms bonded to polar atoms, such as nitrogen and oxygen, a [6/4]
set contracted to (3/2) was used and for hydrogen atoms bonded to
nonpolar atoms, such as carbon, we used [6/3] contracted to (3/1).
The basis set used for formamide in the MP2 calculations was the
larger contracted atomic natural orbitals (ANO-L) basis set [38], H
(4s3p2d), C (5s4p3d2f) and O (5s4p3d2f), which gives 351 primitive
basis functions contracted to 207 (NEMO gives 274 contracted to
108). The basis set was chosen to match ANO-6 in Ref. [18] and is
probably not large enough to saturate the polarizability, but we
expect that the size of the basis set is good enough for our purposes.
We applied an electric field in the 4x, y, and z-directions of
0.001 au. All ab initio calculations were performed using the
MOLCAS package [39].
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Table 2. Internal coordinates (A) for the atomic center and center
of charge of the atoms in formamide

Atomic center Center of charge

X y z X y z
H, 0.000 -0.689 -1.370 0.000  -0.592 -1.225
C 0.000 -0.253 -0.330 0.000 -0.264 -0.366
o 0.000  -0.946 0.664 0.000 -0.944 0.668
N 0.000 1.115  -0.330  0.000 1.116  -0.329
H, 0.000 1.625 -1.223  0.000 1.577 -1.145
H; 0.000 1.610 0.571  0.000 1.591 0.500

Table 3. Atomic charges, dipoles, second moments and isotropic
polarizabilities (au) for formamide. « is the isotropic polarizability.
The properties were obtained from the standard nonempirical
molecular orbital (NEMO) procedure

q My Hy Uz Qe Q) Q. «
H, 0.057 0.000 —0.195 —0.291 1.049 1.656 3.996 2.234
C 0.411 0.000 0.088 0281 4.019 1.647 3.332 2.999

O -0.499 0.000 -0.034 -0.054 3.534 8.170 7.478 6.394

N -0.656 0.000 -0.011 -0.005 5.868 7.351 4.558 5.926
H, 0.327 0.000 0.071 -0.117 0.690 2.089 2.335 1.705
H;  0.359 0.000 0.027 0.101 0.570 2.123 1.763 1.485

Two potentials were constructed for the simulations: one with
atomic properties from the NEMO procedure and the other where
the atomic properties were scaled by the ratio of the MP2 and SCF
molecular properties. Hereafter we refer to the potential with
atomic properties from the MEMO procedure as model 1 and the
potential with MP2-scaled properties as model 2. The density of
liquid formamide is 1.1334 g/cm?® [40], which corresponds to 216
formamide molecules in a cubic box with a side of length 24.2 A.
However, with the experimental density we obtained too high an
energy in a simulation for model 1. To overcome this, the length of
the side of the box was gradually increased until the energy decrease
leveled out. We finally chose a length of 26.0 A, which is the
breakpoint for where the energy decrease began to level out. Two
simulation boxes were used: one with a length, L, of 24.2 A, giving
the experimental density, and one with L = 26.0 A. Both potentials
were tested in the two different boxes. We carried out MD simu-
lations of 216 formamide molecules enclosed in a cubic box with
periodic boundary conditions. The molecular cutoff was 12.0 A for
L =242 A and 12.5 A for L =26.0 A. The simulation times were
50 ps in all cases, expect for model 1 in the box with L = 26.0 A,
where we simulated for 100 ps. A time step of 1 fs was used, and
the systems were well equilibrated around their average energies,
more than 30 ps. MD simulations were carried out using the
MOLSIM [41] package, and the equations of motion were solved
by using the velocity Verlet algorithm with quaternions adopted for
the rotational motion [42]. The damping described previously is
now implemented in the MOLSIM package. The temperature was
kept around 300 K by using the velocity scaling procedure due to
Berendsen et al. [43] with a time constant of 0.01 ps.

4 Results and discussions
4.1 Atomic properties and potentials

The molecular dipole moment and the diagonal terms of
the polarizability tensor of formamide are given in Table
4 for the two models. We have included the SCF results
with the large basis set from model 2 for comparison.

Table 4. Molecular dipole moment, ji (au) and diagonal elements
of the polarizability tensor (au), o; for models 1 and 2. & is one-
third of the trace of the polarizability tensor

It 1y I |it] (D)
figisd! 0.000 1.28 -1.07 4.24
fifisd2 0.000 1.27 -1.06 4.21
fimog? 0.000 1.20 -0.89 3.79

a.\'.\‘ Ofyy “Z: &
gmed! 15.73 23.04 23.46 20.74
gined2 18.89 30.26 27.61 25.59
amed2 20.64 3478 28.68 28.28

The molecular dipole moment calculated at the SCF
level of theory does not change much with increases
basis set, but by including correlation effects in the MP2
calculations, we observe a decrease in the molecular
dipole moment of 11% compared to model 1.
|i|med? — 3,79 D is in good agreement with experimental
results [44, 45], |ﬁ|eXp =3.71 D, and other theoretical
calculations [7, 46-48]. The isotropic polarizability is
23% higher at the SCF level in model 2 compared
to model 1, and 36% higher at the MP2 level. The
structures of three different potential minima of the
formamide dimer and the corresponding potential
surfaces for models 1 and 2 are shown in Fig. 1.

The energies for the optimized geometries are given in
Table 5 and the intermolecular distances in Table 6. The
structures for minima 1 and 2 are more or less the same
for both models. The molecules in minimum 1 are pu-
shed away from each other in model 2 compared to
model 1 owing to reduction in the electrostatic interac-
tion. Minimum 3 in Fig. 1c behaves differently for the
two models. In model 1 the minimum is the planar linear
structure, but in model 2 one of the molecules is trans-
lated along the axis perpendicular to the plane for model
1. The structure has, to our knowledge, not been
observed before. The cyclic structure in Fig. la is the
global minimum for the dimer and has been predicted by
others [7, 46—49]. The energy in the potential minimum
for model 2 is lower than what other groups using an-
alytical potential functions have found for the cyclic
dimer [7, 46, 47]. Cabaleiro-Lago and Rios [7] used
a similar potential to NEMO and found a minimum
energy of —11.13 kcal/mol. Their potential function was
designed from ab initio MP2 computed molecular
properties and intermolecular perturbation theory cal-
culations involving the 6-311G** basis set. Gao et al.
[47] predicted the cyclic bonding energy to be
—14.0 kcal/mol, lower than Cabaleiro-Lago and Rios
but still 3.5 kcal/mol higher than our energy. Their in-
termolecular potential is derived from ab initio calcula-
tions on bimolecular complexes using the 6-31G(d) basis
set and from thermodynamic properties of liquid for-
mamide. The 6-311G** basis set is comparable to the
NEMO basis, while 6-31G(d) is smaller. Large ab initio
calculations on the cyclic dimer complex have been done
by Suhai [48] and Colominas et al. [49]. Suhai made
extensive MP2 and fourth-order Mgller—Plesset calcu-
lations using several partly highly polarized atomic basis
sets of increasing size. The largest basis set used in his



MP2 calculations consisted of 189 uncontracted basis
functions and 138 contracted for the dimer complex.
With this basis set he found the interaction energy to be
—13.04 kcal/mol. The energy is corrected for the basis
set superpositions errors (BSSE) by the counterpoise
correction [50]. An even larger basis set was used by
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Fig. 1a—c. Potential surfaces and structures for three minima. a A
cyclic structure (minimum 1), b a linear and twisted structure
(minimum 2) and ¢ a linear structure (minimum 3). The distances in
the potential surfaces are between the center of mass of the
molecules. The solid lines corresponds to model 1 and the dashed
lines to model 2

Table 5. Energies (kcal/mol) for the different minima in Fig. 1. In
A we compare the effect of using atomic properties from model 2
in structures optimized with atomic properties from model 1. In B
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Colominas et al. [49], who used an augmented correla-
tion consistent polarized valence triple-zeta (aug-cc-
pVTZ) basis set consisting of approximately 260
contracted basis functions for the dimer complex. The
interaction energy (BSSE corrected) for the cyclic dimer
was now lowered to —14.50 kcal/mol at the MP2 level of
theory. The trend in the extensive ab initio calculations
by Suhai and Colominas et al. shows that a larger basis
set gives a lower interaction energy. It appears as if the
bottom of the potential well is not reached with the basis
set used at the MP2 level of theory. From ab initio
calculations on the water dimer [18] using very large
basis sets, the interaction energy did not converge at the
MP2 level of theory until more than 800 basis functions
were used, while the SCF energy converged after 200
contracted basis functions. The slow convergence at the
MP2 level of theory was attributed to the problem of
describing the dispersion interaction [18]. The basis set
of Colominas et al., aug-cc-pVTZ, is of the same size as
ANO-3 in Ref. [18]. The interaction energy for the water
dimer with the ANO-3 basis is 0.5 kcal/mol higher than
the MP2 limit (Fig. 2 in Ref. [18]). On the basis of this
and the arguments in Ref. [18], a rough estimate of the
interaction energy for the cyclic formamide at the MP2
limit would probably be about 1 — 1.5 kcal/mol lower in
energy than the results of Colominas et al. This would
give an interaction energy of about —16 kcal/mol, which
is closer to our interaction energy for model 2. The basis
sets used by Cabaleiro et al. and Gao et al. are probably
too small to describe the dispersive interactions accu-
rately. It is noted that the NEMO potential is general
and nonempirical, while both Cabaleiro et al. and Gao
et al. tuned their potentials from additional calculations
for or from experimental properties of formamide.

4.2 Simulation results

The simulation potential for model 1 is constructed from
the atomic properties in Table 3 and for model 2 by
multiplying the charges and dipoles in Table 3 by 0.89
and the polarizabilities by 1.36. The second moments
of the charge distribution are not changed since the
repulsion parameters in Eq. (4) are fitted from SCF
energies. The average energies for liquid formamide with
the two potentials in the two boxes are shown in Table 7.
The potential energy from the simulation with model 2 is

the structures and energies are optimized with atomic properties
from model 2

A B
Minima 1 Minima 2 Minima 3 Minimum 1 Minimum 2 Minimum 3
Model 1 Model 2 Model 1 Model 2 Model 1 Model 2

Uiot -18.17 -16.19 -9.43 -8.87 -3.01 -2.98 -17.50 -9.33 -3.12

Uge -23.10 -17.32 —11.14 -8.76 -3.47 -2.59 —15.60 -8.11 -2.75

Uind -5.62 —4.83 -2.30 -2.30 -0.28 -0.31 -4.18 -2.12 -0.41

rep 15.84 16.31 6.14 6.34 1.71 1.80 10.24 4.42 2.76
Udisp -5.30 -10.34 -2.13 -4.16 -0.98 -1.88 -7.96 -3.52 -2.72
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Table 6. Atom-atom distances

and damping radius, s, (A) for Minima 1 Minima 2 Minima 3 s
he sh iste in Fig. 1.
}neriozgﬁeittigt;?ﬁgidgs ;%e Model 1 Model 2 Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
optimized with parameters fro-
m standard NEMO, in model 2 C—C 3.88 4.01 4.64 4.56 3.77 3.32 1.66 1.75
with second-order Maller—Ples- C—N 3.59 3.72 4.02 4.09 5.56 4.27 1.77 1.87
set perturbation theory scaled Cc—0 3.39 3.49 3.54 3.52 3.50 3.14 1.79 1.89
parameters N—N 3.80 3.92 4.79 4.80 6.47 5.40 1.86 1.96
N—O 2.72 2.84 2.83 2.92 4.72 3.89 1.87 1.97
0—0 3.29 3.36 4.75 4.73 3.64 3.41 1.88 1.98
O—H, 4.45 4.59 3.21 3.10 2.67 2.81 1.76 1.86
O—H, 3.50 3.63 1.83 1.94 4.95 4.13 1.74 1.84
O—H; 1.73 1.85 3.59 3.73 5.56 4.55 1.74 1.84
40 . r 40 T T ; Table 7. Simulation energies per molecule (kcal/mol) and induced
a) 0-C d) O-H, dipole moment (¢ A) for formamide in the two simulations with the

30 30
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Fig. 2a—f. Radial distribution functions for oxygen in the simula-
tion box with L =24.2 A. The solid lines correspond to model 1
and the dashed lines to model 2

in good agreement with experimental results
(—14.13 kcal/mol [51]) for both boxes, especially for
the box with L =24.2 A. Even though model 1 has a
lower potential energy for the dimer structures in Fig. 1,
model 2 gives a lower potential energy in the simulations
and it also gives a lower energy for the experimental
density. Since the magnitude of the electrostatic energy
for the dimers in model 2 is decreased and the magnitude
of the dispersion energy is increased compared to model

two side lengths. Uiyo-body consist of repulsion and dispersion
energies

L =242A L=260A

Model 1 Model 2 Model 1 Model 2
Upot -10.5 -13.8 -11.2 -13.3
Ukin 1.8 1.8 1.8 1.8
Uge -12.5 -9.7 -11.7 -9.3
Upol -3.0 -3.4 -2.6 -3.1
Uwo-body 5.0 -0.6 3.2 -0.8
Hind 0.21 0.29 0.20 0.27

1, dispersion forces must be important in the liquid. This
is clear from the two-body contribution to the energy in
Table 7 for L = 24.2 A. The two-body energy consists of
both repulsion and dispersion energies and the scaling of
the atomic properties affects the dispersion more than
the electrostatic contribution. Note that the repulsion
model is the same for models 1 and 2. The increased
induced dipole moment for model 2 in Table 7 also
reflects the fact that dispersive interactions are important
for liquid formamide. The lower potential energies for
model 2 in Table 7 justifies the scaling of the multipoles
and polarizabilities from MP2 results and indicates the
necessity of using large basis sets when dealing with
highly polarizable systems.

The structure in the liquid is characterized by the
radial distribution functions (RDFs) and the running
coordination number (RCN). Figure 2 shows the RDF
for oxygen interacting with the other atoms in forma-
mide, and Fig. 3 shows the RCN for the formamide
molecules. Both figures are for the simulation box with
experimental density (L =24.2 A). It is striking how
similar the liquid structure is for the two models. Both
potentials yield fundamentally the same structure for
liquid formamide. One could expect a shift of the peaks
for model 2 to longer distances since the overall dis-
tances for minimum 2 in Table 5 are about 0.1 A longer
than for minimum 1. The strong first peaks in Fig. 2e
and f are in excellent agreement with experimental dif-
fraction studies [52, 53] of the O—H contact, which has a
peak at 1.9 A. Another peak that has been characterized
by diffraction experiments is the O—N RDF, which oc-
curs between 2.9-3.05 A [52, 53]. Our simulation_pro-
duces a value of 2.95 A for model 1 and 2.85 A for
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Fig. 3. Running coordination number between the center of mass
of the formamide molecules in the simulation box with L = 24.2 A.
The solid line corresponds to model 1 and the dashed line to model 2

model 2. Unfortunately, the full individual RDFs are
not yet available from experiments, but the other peaks
in Fig. 2 are in good agreement with simulations carried
out by other groups [46, 47, 54]. A similar picture as for
the cyclic formamide dimer was observed for the urea
dimer with a previous NEMO potential [12]. The cyclic
urea dimer has two N—H- - -O=C bonds, the same as the
cyclic formamide dimer. The potential minimum ob-
tained with the NEMO potential used was much lower
than other groups had reported. Both formamide and
urea have large polarizabilities on the oxygens and hy-
drogens, which gives large contributions to the induction
and dispersion energies. Especially the cyclic structure
with two N—N- - -O=C bonds is sensitive to errors in the
polarizabilities, since at such short distances the induc-
tion and dispersions energies change rapidly and even
small errors will translate into significant contributions
to the total energy. Despite the deficiency in describing
the polarizabilities accurately enough in the standard
NEMO model, the model gives fairly good interaction
energies for the dimer complexes as seen in this work
and for the urea dimer [12]. The main effect of scaling
the atomic properties in seen in the simulation of liquid
formamide. The results indicate the importance of using
a large basis set and include correlation effects to de-
scribe the polarizabilities for polar systems. Obviously,
the kinds of effects discussed here are valid for any po-
tential model and will have large effects on the modeling
of interactions in peptides and proteins.

5 Conclusions

A test of the reliability of the atomic properties in the
NEMO model, obtained at the HF level of theory, was
carried out by scaling the atomic charges, dipoles and
polarizabilities of formamide by results from MP2
calculations using a larger basis set than normally used
in the NEMO model. The molecular dipole moment at
the MP2 level is decreased by 11% compared to the SCF
results and the polarizability is increased by 36%. The
NEMO model is augmented with a damping procedure
of the electric field at short interatomic distances. The
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potential minimum for the cyclic dimer complex with the
two models is significantly lower than that obtained
by other groups using analytical potential functions.
The discrepancy is due to strong dispersive interactions
between formamide molecules, which require a large
basis set to be described well. The MP2-scaled model
gives a potential minimum for the cyclic dimer of
—17.50 kcal/mol, while the most accurate ab initio
calculation gives —14.50 kcal/mol [49]. However, trends
in the ab initio calculations show that the bottom of the
potential well is not reached yet, and a rough estimate of
the potential minimum will give an interaction energy
of —16 kcal/mol at the MP2 limit. MD simulations give
an average potential energy of —13.8 kcal/mol for the
MP2-scaled model and —10.5 kcal/mol for the standard
NEMO model at the experimental density, while exper-
imental results give —14.13 kcal/mol. The lowering of
the potential energy for the MP2-scaled model justifies
the scaling of the atomic properties and indicates the
importance of the dispersion interactions in liquid
formamide. The results show that the cancellation of
errors, which the NEMO model to some extent relies on,
is not always valid, especially for highly polarizable
systems. Despite the deficiency in describing the polar-
izabilities accurately enough in the standard NEMO
model, it gives fairly good interaction energies for the
dimer complexes as seen in this work and for the urea
dimer [12]. The main effect of scaling the atomic
properties is not seen in the dimer energies, but in the
simulation of liquid formamide. The kinds of effect
observed here are valid for any potential model and will
have large effects on the modeling of interactions in
peptides and proteins.
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