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Abstract We describe an improved force field parameter
set for the generalized AMBER force field (GAFF) for
urea. Quantum chemical computations were used to obtain
geometrical and energetic parameters of urea dimers and
larger oligomers using AMI1 semiempirical MO theory,
density functional theory at the B3LYP/6-31G(d,p) level,
MP2 and CCSD ab initio calculations with the 6-311++G
(d,p), aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ basis
sets, and with the CBS-QB3 and CBS-APNO complete
basis set methods. Seven different urea dimer structures
were optimized at the MP2/aug-cc-pVDZ level to obtain
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accurate interaction energies. Atomic partial charges were
calculated at the MP2/aug-cc-pVDZ level with the re-
strained electrostatic potential (RESP) fitting approach. The
interaction energies computed with these new RESP
charges in the force field are consistent with those obtained
from CCSD and MP2 calculations. The linear dimer
structure calculated using the force field with modified
geometrical parameters and the new RESP charge set
agrees well with available experimental data.

Keywords GAFF - Force field parameters - Urea -
Urea dimers - Urea crystal

Introduction

Urea and substituted ureas are an important class of organic
molecules since they are used in many areas, such as the
agricultural, pharmaceutical, chemical, and medical indus-
tries. Urea has been used as a powerful protein denaturant,
a stabilizer in nitrocellulose explosive, a cloud-seeding
agent, a flame-proofing agent, and a nitrogen source [1]. Its
interesting nonlinear optical properties [2], ability to form
clathrates [3] and transition-metal complexes [4], and the
relative simplicity of its crystal structure make urea one of
the most interesting crystalline materials. X-ray and neutron
diffraction studies of its crystal structure have been
performed by several authors [5—13]. These early studies
agreed on the space group, unit cell, and that its oxygen
atom accepts four hydrogen bonds N-H...O in the crystal
structure. Figure | shows the unit cell structure of
crystalline urea.

There have been many theoretical studies of the
electronic [14-19] and energetic [20, 21] properties of
urea. Molecular dynamics simulations [22-25] of its
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Fig. 1 The unit cell of urea
crystal. [ and I are projections
of the structure down the a-axis
and along the c-axis, respec-
tively. The space group is
P42m and the unit cell dimen-
sions are a=bh=5.565 and
c=4.684 A [12]

interactions with water and organic molecules have also
been used in order to understand the growth of urea crystals
from aqueous solution. However, the reported data on
interactions and hydrogen bond formation differ signifi-
cantly because of the different empirical force fields used
[26, 27], which emphasizes the importance of using an
accurate and consistent set of parameters for urea. This is
important because urea is quite unusual in that it contains
four hydrogen-bond donors and that its carbonyl oxygen
accepts four hydrogen bonds in the crystal structure. Etter
[28] reviewed hydrogen-bond patterns of organic com-
pounds, especially ureas, and was able to establish rules for
hydrogen bonding in crystals, co-crystals and clathrates.
Hence, in this work, we present a refined force field based
on the generalized AMBER force field (GAFF) [29].
Geometrical parameters were produced for urea systems
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using semiempirical, density functional and high level ab
initio calculations. Since an accurate description of urea
dimer formation is essential in order to be able to describe
urea nucleation, aggregation and behavior as a clathrate
host, we have investigated the structures and energies of
different urea oligomers. In order to fit urea—urea inter-
actions obtained from high level ab initio calculations, we
have generated a set of charges for each dimer and
compared the interaction energies after energy minimization
with force fields using these charge sets.

Computational methods

Semiempirical computations were carried out using the
VAMP 10.0 [30] program, and all other calculations were
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Table 1 Relative total energies (kcal mol™") for urea conformers

Computational method AE(C,~C5)
AM1 0.87
HF/6-31G(d) 1.57%
HF/D95** 1.29*
HF/6-311+G(3df,2p) 0.58*
B3PW91/D95** 1.46"
B3PW91/6-311+G(3df,2p) 0.59*
B3LYP/6-31G(d,p) 1.63
B3LYP/6-311+G* 1.20°
MP2/D95** 2.49%
MP2/6-31G* 1.32¢
MP2/6-311++G(d,p) 2.75
MP2/6-311+G(3df,2p) 1.19°
MP2/aug-cc-pVDZ 1.58
MP2/aug-cc-pVTZ 1.42
MP2/aug-cc-pVQZ 1.22
CCSD/aug-cc-pVDZ 0.94
CCSD/aug-cc-pVTZ 0.70
CCSD(T)/aug-cc-pVDZ 0.94¢
CCSD(T)/aug-cc-pVTZ 0.56°
CBS-QB3 1.29
CBS-APNO 1.12

#Taken from [20]
® Taken from [18]
¢ Taken from [56]
9Single-point energy at CCSD/aug-cc-pVDZ geometry
¢ Single-point energy at CCSD/aug-cc-pVTZ geometry

performed using the Gaussian 03 [31] suite of programs.
The geometry optimizations of the urea monomer were
performed with CCSD [32-34], CCSD(T), MP2 [35],
B3LYP [36, 37], AMI1 [38] and complete basis set [39—
41] (CBS) methods. The aug-cc-pVDZ, aug-cc-pVTZ, aug-
cc-pVQZ [42-46], 6-311++G(d,p) [47-49], and 6-31G(d,p)
[50, 51] basis sets were used. Urea clusters were built by
repeating the unit cell in the A, B, and C directions. For the
cluster optimizations, AM1 and B3LYP/6-31G(d,p) were
chosen as compromises between accuracy and computa-
tional cost.

The different urea dimer structures were optimized at the
MP2/aug-cc-pVDZ level and frequency calculations at the
same level were carried out within the harmonic approxi-
mation to characterize the dimeric stationary points. The
counterpoise (CP) correction method of Boys and Bernardi
[52] was used in order to correct for basis set superposition
error (BSSE) in the dimers. Single-point calculations at the
MP2/aug-cc-pVTZ and CCSD/aug-cc-pVDZ levels were
also performed.

The AMBER [53] program was used for energy
minimizations with GAFF and the modified force field.

Table 2 Geometrical parameters (bond distances in A and angles in °) for urea
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Atom types were assigned using the default GAFF parame-
ters. A set of restrained electrostatic potential (RESP) atomic
charges [54] were calculated at the MP2/aug-cc-pVDZ level
using Gaussian 03. The RESP charges for hydrogen atoms
on the NH, groups were constrained to be equal. The fitting
procedure was performed using the single-conformation,
two-stage RESP fitting approach. Dimer geometries were
optimized with 1,000 steps of steepest-descent minimization.

Results
Urea monomer

The urea molecule exhibits C,, symmetry in the solid state.
Therefore, the experimental values for its geometrical
parameters in the literature refer to the C,, structure.
However, the most stable conformation in the gas phase
has C, symmetry. Microwave spectra [55] of urea have
confirmed that the hydrogen atoms bonded to each nitrogen
atom are located in anti-configurations to each other in the
gas phase. Figure 2 shows the calculated potential energy
surface of urea. Relative energies for the urea conformers
are listed in Table 1, which shows that the stabilities of urea
conformers depend strongly on the computational method
used. Increasing the size of the basis set decreases the
relative energy of the Cs, structure by 0.2—1.1 kcal mol .
Interestingly, AM1 gives relative energies very close to
those obtained with CCSD/aug-cc-pVDZ and CCSD(T)/
aug-cc-pVDZ.

Geometrical parameters of the two urea conformers are
shown in Table 2. The change of symmetry from C, to C5,
causes the C-N and N-H bonds to shorten and the C=0
bond to lengthen. The N—-C—N, H-N-C, and H-N-H bond
angles increase and the N—C-O bond angle narrows.

Remarkably, the AM1-calculated C=0O bond length and
N-C-N bond angle agree best with experiment. All
methods overestimate the C-N bond length. The H-N
bond lengths are shorter than those of Andrew et al. [8], but
the AM1 bond length is close to the experimental one
published by Worsham et al. [7] The H5—N-C bond angles
are underestimated and the H4-N-C bond angles over-
estimated by all the methods investigated. In the existing
GAFF parameters [29], the C-N bond length and the H-C—
N bond angle agree with the experimental data and the
C=0 distance is consistent with the data obtained from hig-
level calculations. However, the N-C—N angle is quite
narrow compared to both the experimental and high-level
theoretical values. In an alternative force field parameter set
generated by Cornell et al. [57], the C=0 distance is close
to the AM1 and experimental values and the C-N distance
agrees with those obtained from the computations with
CCSD/aug-cc-pVDZ and MP2/aug-cc-pVDZ. Generally,
the bond angles in this parameterization agree better with
the experimental data than either the original GAFF force
field or our quantum mechanically calculated values.

The experimental dipole moment of urea has been
estimated to be 3.83 D [55] in the gas phase, 4.2 D [58]
in aqueous solution and 4.66 D [59] in the solid state.
Figure 3 shows comparisons of computed urea dipole
moments with experimental data. The AM1 and B3LYP
dipole moments for the C,, structure are very close to the
experimental ones found in solution. The CCSD/aug-cc-
pvtz and CBS-APNO methods agree best with the
experimental value in the solid state.

Urea dimers

In order to be able to describe the formation of the urea
dimer correctly, we have optimized seven different urea
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Fig. 4 Urea dimer structures
optimized at the MP2/aug-cc-
pVDZ level: red, O; gray, C;
blue, N; white, H; distances in
A). The exact geometries are
given in the “Electronic
supplementary material”

dimer structures at the MP2/aug-cc-pVDZ level. The
optimized geometries are shown in Fig. 4. D1 is the linear
“head-to-tail” dimer found in the crystal structure and D6 is
cyclic dimer that is most stable in the gas phase. The C=0
bond distance lengthens from 1.23 to 1.24 A because of

Table 3 Relative energies (kcal mol ') (E: total energy, Ezpg: zero-
point corrected energy, and Epgsg: counterpoise corrected energy) and
the number of imaginary frequencies (NIMAG) of urea dimers

C=0...N-H hydrogen bonding, whereas the C—N single
bond shortens from 1.39 to 1.37 A, in agreement with
experiment. Relative energies are listed in Table 3.

All methods agree on the stability order D6>D3~D7>
D5~D2>D1>D4. The BSSE correction does not affect the

optimized with MP2/aug-cc-pVDZ. All single-point energies are
corrected with the MP2/aug-cc-pVDZ zero-point vibrational energy

E Ezpr Ensse E° E° E* E¢ E* E* NIMAG
DI 7.56 5.18 6.74 7.39 7.50 7.94 5.01 5.12 5.56 5
D2 5.85 4.51 6.00 6.18 5.72 6.23 4.83 437 4.89 2
D3 1.75 1.92 2.10 2.22 2.06 2.43 2.39 2.22 2.60 0
D4 747 7.54 7.57 8.25 7.63 8.37 8.32 7.70 8.44 0
D5 5.06 5.55 5.72 6.16 5.50 6.37 6.65 5.99 6.86 0
D6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0
D7 1.81 1.99 2.15 2.25 2.09 2.43 2.43 227 2.62 0

4 MP2/aug-cc-pVTZ// MP2/aug-cc-pVDZ energy
° CCSD/ aug-cc-pVDZ// MP2/aug-cc-pVDZ energy
¢ CCSD(T)/ aug-cc-pVTZ// MP2/aug-cc-pVDZ energy

I MP2/aug-cc-pVTZ// MP2/aug-cc-pVDZ energy corrected with the MP2/aug-cc-pVDZ zero-point vibrational energy

¢ CCSD/ aug-cc-pVDZ// MP2/aug-cc-pVDZ energy corrected with the MP2/aug-cc-pVDZ zero-point vibrational energy

fCCSD(T)/ aug-cc-pVTZ// MP2/aug-cc-pVDZ energy corrected with the MP2/aug-cc-pVDZ zero-point vibrational energy
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relative MP2/aug-cc-pVDZ energies significantly, as might
be expected for urea, which is relatively polar [60—62].

Urea oligomers

In order to see how the bond distances change as the
number of urea molecules increases, we built urea clusters
containing up to 160 urea molecules and optimized their
geometries with AM1 and at the B3LYP/6-31G(d,p) level.

Fig. 5 AM1 (lefi column) and
B3LYP (right column)
optimized geometries of urea
clusters (n=4, 7, 12, and 24).
Dashed lines show hydrogen
bonding: red, O; gray, C; blue,
N; white, H. The exact
geometries are given in the
“Electronic supplementary
material”

@ Springer

The optimized urea clusters are shown in Figs. 5 and 6. As
the number of molecules in the cluster increases, the length
of the single bond C-N shortens and the C=0 double bond
lengthens (Table 4) because of the hydrogen bonding. This
explains the differences between the bond distances and
angles calculated experimentally and theoretically. As the
size of the system increases, AM1 begins to overestimate
the C=0 and C-N distances. However, B3LYP gives more
reasonable values for these distances. The N-H bond
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Fig. 6 AM1 optimization
results for urea clusters. Dashed
lines show hydrogen bonds: red,
O; gray, C; blue, N; white, H.
The exact geometries are given
in the “Electronic supplementary
material”

distances did not change on increasing the size of the
clusters. The deviations of the mean C-N and C=0O bond
lengths from the experimental values are +0.046 and
+0.020 A, respectively, for AM1 (160 molecules), and
+0.020 and +0.001 A for B3LYP (24 molecules). The O—
C-N bond angle shrinks and the N—-C—N, C—-N-H and H-
N-H bond angles widen as the size of the cluster increases
(Table 5).

A plot of the calculated binding energies of the urea
clusters is shown in Fig. 7. The results can be fitted to the
following linear equations to allow us to estimate the lattice
energy of the urea crystal at AM1 and B3LYP/6-31G(d,p).

Eqn =353 —11.25n (1)

n=160

EB3LYP =32.2—-19.48n (2)

The predicted lattice energies (—11.3 and —19.5 kcal
mol ™' for AMI and B3LYP/6-31G(d,p), respectively) are
smaller than the experimental values (taken here to be
minus the sublimation energy) of —20.95+0.21 [63] and
—23.6 kcal mol' [64]. These deviations can be expected
because neither AMI1 nor B3LYP can reproduce the
stabilizing dispersion interaction, although the magnitude
of the deviation for AMI1 also suggests that it under-
estimates the strengths of the intermolecular hydrogen
bonds and Coulomb interactions. The relatively good
B3LYP result suggests that dispersion does not play a
major role.
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Fig. 7 Calculated AM1 (top) and B3LYP (bottom) binding energies
(kcal mol ") of urea clusters

The calculated and experimental lattice constants are
listed in Table 6. Swaminathan et al. [13] investigated
the crystal structure and molecular thermal motion of urea
and observed that the lattice parameters, especially the
lattice parameter a, change significantly with increasing
temperature because of the hydrogen bonding. One can
see that AM1 agrees better with experiment for the c
lattice vector than for the « lattice vector. Very satisfactory

performance is observed for B3LYP with an acceptable
mean deviation.

The force field

The computed RESP charges for each dimer are listed in
Table 7. Bertran et al. [65] also computed a charge set for
nonplanar urea that is similar to ours. The OPLS (optimized
potentials for liquid simulations) urea charge set developed
by Jorgensen et al. [66] and a modification to the OPLS
charges by Nilsson et al. [27] are also shown.

Interaction energies

The geometry of each urea dimer was optimized using force
fields based on each RESP charge set. Dimer stability
orders were found to agree with those of the CCSD method.
The interaction energies computed using the RESP-D3
charge set agree best with the MP2/aug-cc-pVTZ energies
(Table 8). Therefore, we used this charge set for further
calculations. Nonbonding interaction parameters from both
GAFF and OPLS (Table 9) were tested for energy
minimizations of the linear dimer that is found in the
crystal structure. Figure 8 shows the linear dimer geome-
tries obtained and Table 10 shows the parameters used in
the energy minimization of each structure.

The linear dimer a (Fig. 8) is the geometry obtained from
MP2 optimization. The dimer b was obtained from energy
minimization with unmodified GAFF [29] parameters. The
C=0O and C-N bond distances are far smaller than the
diffraction results (1.243 A [7] and 1.335 A [6]). Changing
only the bond and angle parameters to those given by Cornell
et al. [57] gave structure ¢, in which the bond distances are in
very good agreement with the neutron diffraction results. The
deviations from experiment are only 0.012, 0.004, and
0.004 A for the C=0, C-N, and N-H bonds, respectively.
Using the nonbonding interaction parameters from OPLS led
to a large change in the hydrogen-bond distances (Fig. 8, d—f).
The experimental hydrogen bond length [5] varies between
2.014 and 2.071 A. The GAFF nonbonding parameters
underestimate these limits by 0.045 and 0.102 A, whereas
OPLS parameters overestimate them seriously (by 2.478 and
2.421 A, respectively).

Table 6 A comparison of the lattice constants (given in A) calculated by B3LYP and AM1 with experimental data. Percentage deviations with
respect to experimental values obtained by Zavodnik et al. [5] are reported in parentheses

12K [13] 30K [13] 60K [13] 90K [13] 123K [I13] 150K [13] 173K [13] 293K [5] 298K [12] AMI B3LYP
a  5.565 5.565 5.570 5576 5.584 5.590 5.598 5660  5.662 5.481 (-3.27) 5.606 (~0.96)
¢ 4684 4685 4688 4689  4.689 4.692 4.694 4711 4716 4.683 (—0.60) 4.747 (0.76)
cla 08417  0.8419  0.8417  0.8409 0.8397  0.8394  0.8385 0.8323  0.8329  0.8544 0.8468
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Table 7 RESP charges calculated with MP2/aug-cc-pVDZ for each dimer structure

RESP-D1 RESP-D2 RESP-D3 RESP-D4 RESP-D5 RESP-D6 RESP-D7 Bertran Nilsson OPLS [66]
et al. [65] et al. [27]

C 1.172 0.675 0.884 0.783 0.893 0.866 0.871 0.963 0.142 0.142
o -0.795 -0.571 —0.660 —0.600 —0.622 -0.614 —0.653 -0.578 -0.502 -0.390
N  -1.098 -0.735 —0.888 -0.777 —0.888 —0.880 —-0.873 —-1.004 -0.569 -0.542
H 0454 0.342 0.388 0.343 0.376 0.377 0.382 0.406 0.333 0.333
Table 8 Interaction energies (kcal mol ") of urea dimers

MP2 CCSD Force field®, RESP charge set

aug-cc-pVDZ? aug-cc-pVTZb aug-cc-pVDZb Dl D2 D3 D4 D5 D6 D7
D1 -10.33 -9.58 -9.93 -16.07 -9.86 -11.99 -9.83 -10.38 1.62 -11.76
D2 -12.04 -10.79 -11.71 -11.7 -7.79 -8.86 -7.51 —7.54 4.44 -8.73
D3 -16.14 -14.75 -15.37 -17.33 —-11.12 -13.12 -10.77 -11.41 0.49 —12.86
D4 -10.42 -8.72 -9.80 —6.47 —4.45 —4.77 —4.12 —4.35 7.56 -4.76
D5 -12.83 -10.81 -11.93 —6.86 -2.74 -3.03 -2.58 -2.61 9.39 -2.85
D6 -17.89 -16.97 —-17.43 -19.37 -12.18 —-14.62 -11.95 -12.62 —0.68 -14.34
D7 -16.09 -14.72 -15.34 -17.36 -11.18 -13.16 -10.8 -11.44 0.45 -12.9

Basis set corrected energy.
® Single-point energy at the MP2/aug-cc-pVDZ geometry.
¢ Total interaction energy.

We therefore decided to use parameter set ¢ for
further work. The complete parameter set is defined in
Table 11.

The calculated lattice energy for urea using this force
field is 23.9 kcal mol '. This agrees well with the
experimental sublimation energies of —20.95+0.21 [63]
and —23.6 kcal mol ' [64]. The calculated lattice constants
(a=5.488, ¢=4.611, and ¢/a=0.8402) tend to be slightly

Table 9 Nonbonding interaction parameters; ¢ in kcal mol ' is the
depth of the potential well and o (A) is the distance at which the inter-
particle potential is zero

GAFF OPLS

o € o €
C 1.908 0.086 3.750 0.105
o 1.661 0.210 2.960 0.210
N 1.824 0.170 3.250 0.170
H 0.600 0.016 0.000 0.000

@ Springer

shorter than the experimental values [13] (a=5.565, c=
4.684, and c¢/a=0.8417), but the mean deviations of
—1.40 and —1.58%, respectively, are acceptable consid-
ering that the force field was constructed from data for
dimers.

Summary and conclusions

We have optimized the force field for urea to reproduce
the observed molecular geometries and structures of
urea dimers. The resulting force field gives good results
for the urea crystal and the force field should thus be
well suited to calculations of the nucleation and dissolution
of urea crystals and clathrates. We will report such
studies using the new force field for molecular dynamics
simulations.

The quantum mechanical calculations show that
B3LYP gives a reasonable lattice energy for urea,
whereas AM1 underestimates it significantly. The former
suggests that dispersion is not very important for
crystalline urea.
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Fig. 8 Linear dimer geometries
(distances in A) after energy
minimization with the different
force-field parameter sets
defined in Table 10. The
distances given in italics are the
C...C distances

Table 10 The parameters used for energy minimization of the linear

dimer
Bond and angle Nonbonding interaction Charge
parameters parameters
b GAFF GAFF Resp-D3
c Cornell et al. GAFF Resp-D3
d GAFF OPLS Resp-D3
e Cornell et al. OPLS Resp-D3
f Cornell et al. OPLS OPLS

@ Springer
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Table 11 Improved general AMBER force field parameters

Bond parameters

Bond K, P
Cc-O 656 1.250
C-N 424 1.383
HN-N 434 1.010
Angle parameters
Angle Ky° 6
N-C-O 80 120.9
C-N-HN 30 120.0
HN-N-HN 35 120.0
N-C-N 70 118.6
Dihedral parameters
Torsion No. of paths® v,/2 ~& nt
HN-N-C-O 1 2.5 180 -2
HN-N-C-O 1 2.0 0 1
Improper dihedral parameters
Torsion v,/2° ~8 nt
N-N-C-O 10.5 180 2
C-HN-N-HN 1.1 180 2
Nonbonding parameters
Atom type o (A) e (kcal mol ™)
HN 0.6000 0.0157
0} 1.6612 0.2100
C 1.9080 0.0860
N 1.8240 0.1700

Force constant (kcal mol ' A™%). °Bond distance A).
°Force constant (kcal mol™' radian ?). ¢ Angle (°).
¢Number of bond paths that the total % is divided into.
"Magnitude of torsion (kcal mol ).

€ Phase offset (°).

" The periodicity of the torsion. A negative value is not used in the
computation but signifies more than one component around a given
bond.
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