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The photoreaction and adsorption properties on surfaces, thermal decomposition, chemical transforma-
tion, and other properties of the formamide molecule are widely used to understand the origins of the
formation of biological molecules (nucleosides, amino acids, DNA, monolayers, etc.) needed for life.
The titanium oxide (TiO2) surface can act both as a template on which the accumulation of adsorbed mol-
ecules like formamide occurs through the concentration effect, and as a catalytic material that lowers the
activation energy needed for the formation of intermediate products. In this paper, a formamide–water
solution interacting with TiO2 (anatase) surface is simulated using the molecular dynamics method. The
structural, diffusion and density properties of formamide–water mixture on TiO2 are established for a
wide temperature range from T = 250 K up to T = 400 K.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Formamide contains the four elements (C, H, O, and N) most re-
quired for life and it is attractive as a potential prebiotic starting
material for nucleobase synthesis. In the presence of catalysts (for
example, TiO2) and with moderate heating, formamide can pass
surface energy barriers, yielding a complete set of nucleic bases
and acyclonucleosides, and favoring both phosphorylations and
transphosphorylations necessary for life. In the reaction mecha-
nism, interaction with water seems to be an essential factor for
the formamide molecule to function [1–5]. An important type of
nucleoside base synthesis can be supposed to take place under
UV light in the formamide reaction with a TiO2 surface, which
would underlie the crucial biological significance of this mineral
in making compounds of life. In the dark conditions, the experimen-
tal data on formamide adsorption at 300 K over the (001) plane of
TiO2 indicate some amount of unreacted formamide and water
among the products (CO, H2, NH3, HCN). Thus, some concentration
of water and its involvement in formamide–TiO2 interaction was
experimentally shown to be an important constituent. Besides
nucleoside synthesis, formamide actively influences in situ the
hybridization of nucleotide, DNA, and RNA molecules [1–8].

Formamide (CH3NO, hereinafter also as FM), also known as
methanamide, is an amide derived from formic acid. It is a clear li-
quid which is miscible with water and has an ammonia-like odor.
When heated strongly, FM decomposes to hydrogen cyanide (HCN)
and water vapor. As a constituent, FM is also used for the cryopres-
ervation of tissues and organs. In relation to the DNA and RNA mol-
ecules, some important formamide’s properties can be outlined as
follows. It stabilises RNA in gel electrophoresis by deionizing RNA;
in capillary electrophoresis, it is used for stabilizing single strands
of denatured DNA. FM lowers the melting point of nucleic acids, so
the strands separate more readily [6]. Theoretical investigations of
the chemical transformations of FM, a molecule of prebiotic inter-
est as a precursor for biomolecules, are conducted concerning the
formation of small molecules including CO, NH3, H2O, HCN, HNC,
H2, HNCO, and HOCN [9].

The solvent, dehydration, adsorption, and decomposition prop-
erties of formamide on various surfaces were intensively studied in
recent experimental papers [1,2,10–13]. Some of these experimen-
tal results are summarized and descripted in [14]. In [15], it is
shown for the first time that guanine, adenine, and hypoxanthine
can be produced from formamide in a single model prebiotic reac-
tion at lower temperatures than previously reported if FM is sub-
jected to UV irradiation during heating; this observation relaxes
the requirements for prebiotic purine nucleobase formation.

The aim of this work is to simulate the formamide–water
(FM–W) interaction process on a TiO2 (anatase) surface and to esti-
mate the possible activation energy barrier with the molecular
dynamics method. Molecular modeling was performed for the
temperature range of T = 250 K to T = 400 K, and the diffusion
and density profiles were established for the formamide (FM)
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Fig. 2. Schematic view of model system. FM molecules are shown as C, N, Of, Hf and
H sites and water molecules – as OW and HW atoms. The a, b identify the angles
between surface and bonds in liquid (OW–HW, C–Of), respectively. The dW, dFM

indicate the minimal distances between the surface and liquid oxygen atoms.
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and water (W) molecules on the anatase surface. In this regard,
metal surfaces are often used in the synthesis and degradation of
oxygen-containing compounds, such as alcohols, where carbon–
carbon (C–C) and carbon–oxygen (C–O) bond formation and break-
age are the elementary steps in this type of process, and the metal
surface plays the primary role in the efficiency and selectivity of
these steps [16].

Apart from experimental research, recent theoretical and simu-
lation studies were mostly focused on the FM–W reaction process.
Several modern theoretical and molecular dynamics (MD) studies
of FM–W interactions should be mentioned in this respect
[17,18]. Nevertheless, to our best knowledge, little is known about
the FM–TiO2 surface interaction, and almost nothing has been re-
ported on the FM–W–TiO2 one. In this paper, using the MD simu-
lation method, we aimed to make the first attempts to investigate
the FM–TiO2 surface interaction mechanism in detail on the atom-
ic/molecular level. In the presence of water (W), we elucidate the
structural, diffusional, and molecular concentration distribution ef-
fects. We consider water presence to be a stabilizing factor on the
FM–TiO2 surface interaction mechanism.
2. Systems and methodology

2.1. Initial configuration, molecular field topology

We have simulated two liquid systems (pure FM and FM–W
mixture) interacting on the oxide TiO2 surface. The configuration
snapshot and schematic view of the modelled systems are illus-
trated on Figs. 1 and 2, respectively. The FM–W mixture contains
of 50–50% molecules of each (FM) and (W) liquids. The pure FM
and FM–W mixture densities vary in the interval q = 0.7–1.0 g/
cm3. For example, the system with pure FM has 2304 molecules,
the FM–W system contains 1152 molecules of FM (formamide)
and 1152 molecules of W (water). The bulk TiO2 (anatase) phase
was defined by the unit cell lattice vectors of the following lengths:
a0 = b0 = 3.785 Å and c0 = 9.514 Å. The TiO2 surface is (111) in the
tetragonal symmetry class; t-anatase; and space group is I4(1)/
amd. All the lattice parameters of surface were taken from EIM dat-
abases and dataset website supported by the Russian Foundation
for Basic Research [19]. As the adsorbing surface, we have com-
posed in total four layers of 420 TiO2 molecules (5040 = 1680
Fig. 1. A computer generated snapshot of FM–W mixture, relaxed inside two TiO2

(anatase) wall surfaces, is shown. The green and red large balls indicate Ti and O
atoms, small spheres – liquid FM–W atoms, respectively. The TiO2 surface seems to
be that of an amorphous solid as the thermal vibrations will slightly displace the
surface atoms from their mean equilibrium positions. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
(Ti) + 3360 (O) atoms). The corresponding parameters of systems
are shown in Table 1.

For the modeling of intermolecular interactions we used the
Lennard–Jones (LJ) potential, which commonly being applied for
the description of van der Waals interactions in liquids. The LJ
and electrostatics potentials look like:
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Here rij, eij are van der Waals interaction parameters of ith and jth
atoms; rij is interatomic distance; qi, qj are partial atomic charges.
The LJ, atomic charges and cross-interaction parameters for
FM–W liquid atoms are specified on Table 5 (see, Appendix A).
The cross-section interaction parameters were defined using the
Lorentz–Berthelot mixing rule: rij = (ri + rj)/2, eij = (eiej)1/2.

The intramolecular interactions between the liquid molecules
were descripted using the LJ potential combined with harmonic,
angular and dihedral bonding potentials. For the surface atoms we
used Buckingham [20] and quartic tethering interaction potentials.

The force field for the TiO2 (anatase) surface was reported by
Kavathekar et al. [21] and Guillot et al. [22]. For the TiO2 surface
models, the potential parameters were developed by Matsui and
Akaogi [20].

For water, an SPC rigid body model was used [23–25]. The water
bond angles and lengths were not constrained.
2.2. Ensemble, integration algorithm, force fields

A classical molecular dynamics study was performed using the
DL_POLY_2.20 [26] general-purpose code. The NVT ensemble at
T = 300 K in conjunction with a Nosé–Hoover thermostat with
the three dimensional Ewald summation and the Verlet leapfrog
scheme were employed. To calculate the long-ranged electrostatic
forces, the Ewald sum with the automatic optimization parameter
f = 1.0 � 10�4 and convergence parameter 0.24375 Å�1 was used.
The integration time step of the dynamic equations of motion
was 1 fs. All simulations were periodic in three dimensions.

For the FM (formamide) and W (water) molecules, the force
field parameters were choosen from the DL_FIELD database [27],
which, in their turn, were taken from the CHARMM package data-
base [28].



Table 1
The geometry details and molecular composition of the studied systems.

System size X, Å Y, Å Z, Å q, g/cm3 Ewald parameters (k1,k2,k3)

(TiO2)5040(CH3NO)13824 56.77 52.99 73.06 1.06 22, 22, 30
(TiO2)5040(H2O)3456(CH3NO)6912 56.77 52.99 73.06 0.74 22, 22, 30

Table 2
Dipole angle orientations on TiO2 wall surfaces (%).

Bond Angle

60 70 80 90 100 110 120

First layer (thickness 3.3 Å, distance from surface 0 Å)
C–Of 56.5 43.5
C–Of (W) 09.5 78.0 12.5
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The detailed potential and force field topology (chemical, angu-
lar, and dihedral bond parameters, atomic charges, etc.) of FM are
described below in Tables 3 and 4 of Appendix A.

A parallel Shake algorithm expressed in terms of the replicated
data strategy for constraining the rigid and other chemical bonds
was used [26]. The MD simulations were realized in the tempera-
ture range of 250–400 K with a step of 25 K.
OW–HW 27.5 52.5 20.0

Second layer (thickness 3.3 Å, distance from surface 3.3 Å)
C–Of 02.5 96.0 01.5
C–Of (W) 01.0 96.0 03.0
OW–HW 05.0 53.0 39.5 02.5

Third layer (thickness 3.3 Å, distance from surface 6.6 Å)
C–Of 05.5 87.0 07.5
C–Of (W) 07.5 54.0 36.0 02.5
OW–HW 01.0 23.5 66.0 09.0 0.50
3. Results and discussions

We generated the molecular dynamical trajectories and found
the relaxed molecular configuration states for the large atomic
ensembles that simulate the pure FM and FM–W mixture interact-
ing with TiO2 (anatase) surface. The FM/TiO2 and FM–W/TiO2 inter-
action processes were performed within the temperature range of
T = [250–400] K.
3.1. Z-density, dipole angle orientations and diffusion coefficients

3.1.1. The density profiles and dipole angle orientations
The Z-density distribution of FM oxygen (Of) atoms, based on

the atomic positions perpendicular to the TiO2 surface plane are
shown in Fig. 3. Fig. 3a compares the Z-densities of pure FM
(dashed curve) and FM–W mixture (solid line). In Fig. 3b separately
the Z-density distribution of water oxygen (OW) atoms of the FM–
W mixture is presented. The results of Fig. 3a indicate that the
inclusion of water to consideration substantially enhances the
FM density distribution on the TiO2 surface. The amplitudes of Z-
densities between the FM in pure and in FM–W mixture differ
more than two times. The plane atom Ti used for calculation of
the minimal distances (dFM and dW) to liquid oxygen (Of and
OW) atoms. The Ti–Of distance is equal to dFM = 2.863 Å in absence
of water and dFM = 2.783 Å in the presence of water. For the water
on TiO2 surface we have the Ti–OW minimal distance to be equal to
dW = 2.383 Å.
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Fig. 3. Z-density distribution of (a) FM (formamide) and (b) W (water) molecules on
TiO2 surface.
Next we calculated the angles between the TiO2 surface plane
and liquid pair bonds C–Of of FM/TiO2 and FM–W/TiO2 systems.
The liquid area was divided by three equal intervals, each about
3.3 Å width. The FM–W liquid layers, embedded between two
TiO2 wall surfaces, and the liquid bond angles, relative to the
surface plane, were displayed in Fig. 2. The calculation results for
dipole bond distribution are presented in Table 2.

In the first layer, for pure formamide the C–Of bonds are mostly
oriented in between 70� and 80� (the percentage vary as 56.5% and
43.5%, respectively). For the formamide in water the most percent-
age of the C–Of (W) bonds (78%) in the first layer are oriented un-
der 70� to the surface. At the same time, the water bonds are being
oriented from 110� to 120� (compare OW–HW with C–Of and C–Of
(W) in Table 2). In the second layer, the C–Of and C–Of (W) dipole
angles mostly oriented under 100� to the TiO2 surface plane. The
amount of the bonds is 96% (Table 2). In the third layer, for pure
formamide the C–Of bonds are directed under 100� (the percentage
is 87%); for the formamide in water the C–Of (W) bonds are ori-
ented between 90� and 100� (the percentage vary as 54.0% and
36.0%, respectively).

It should be stressed out that, the dipole orientation results of
Table 2 have to be in a good correlation with the Z-density distri-
butions presented above in Fig. 3. From Fig. 3a one can see that the
amplitudes of the Z-densities for both pure formamide (FM) and
formamide in water (FMW) are located on the same distance points
from the surface plane, from 6.6 Å to 9.9 Å, as the second and third
layers are positioned. However, the water inclusion substantially
influences both the dipole angle and Z-density distribution. The
amplitude of Z-density for formamide in water is twice larger than
for pure formamide, thereby resulting from the dipole angle orien-
tations. The comparison of results in Fig. 3 and Table 2 are
straightforward.
3.1.2. Diffusion coefficients
From the MD simulation results, we also estimated the self-

diffusion coefficient D for FM and W molecules. In Fig. 4 we present
the self-diffusion coefficients of FM and FM–W mixtures on TiO2

surface. The temperature of the system was varied, and the
temperature effect on the self-diffusion coefficient for FM and W
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Table 3
The force field potentials and parameters for TiO2 surface.

i � j Aij (kcal mol�1) q (Å) Cij (kcal mol�1 Å6)

Buckingham potential: Aij expð�rij=qijÞ � Cij=r6
ij

Ti–Ti 717647.4 0.154 121.067
Ti–O 391049.1 0.194 290.331
O–O 271716.3 0.234 696.888

k, kcal mol�1/Å2 k0 , kcal mol�1/Å3 k00 , kcal mol�1/Å4

Quartic tethering potential parameters: kr2/2 + k0r3/3 + k00r4/4
0.4 0.0 0.4
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molecules were estimated. It is shown that the diffusion coeffi-
cients decrease with decreasing temperature, which is consistent
with the formation of longer H-bonded chains at low tempera-
tures. Initially, at a low temperature (275 K), the presence of the
surfaces had no effect on the value of D for both FM and W.
The diffusion coefficient D, estimated for a 50:50% FM–W solu-
tion at 300 K in the presence of a TiO2 (anatase) surface, was com-
pared with experimental and other MD simulation results (by
[29,30], etc). The diffusion coefficient of FM molecules Df derived
from [29] was about 0.85 � 10�9 m2 s�1 (experimental data for
the FM–W mixture but without any surfaces). From our results,
we have to obtain the Df value to be around 0.997 � 10�9 m2 s�1.
Thus, the presence of anatase surface re-estimates the experimental
results to about 14.7% correction. At the same time, the self-diffu-
sion coefficient of water Dw are about 1.474 � 10�9 m2 s�1 for
FM–W system on anatase surface, which is also to be high than
the data obtained in [30]: 1.35 � 10�9 m2 s�1, but without surface.
So far, the lack of experimental and simulation data on FM–W/
TiO2 system, seem to be obvious, so far our results may serve a good
motivation for further experimental verification and application
purposes.
3.2. Peculiarities of structure formations

Liquid–surface ordering. The structure of liquids is usually ex-
pressed in terms of radial distribution functions (RDFs) g(r). The
most structured and interesting g(r) functions for a liquid like a
FM–W solution correspond to oxygen–oxygen and oxygen–hydro-
gen bonding. Figs. 5 show the FM–W/TiO2 structural arrangement,
the peculiarities of the RDF graphs for the atomic pairs Of–Of, OW–
OW, Of–HW, and OW–Hf of the formamide–water mixture. It is
seen that the behavior of the RDf for water oxygen atom pair
(OW–OW) is more ordered than that (Of–Of) one. The first RDF
g[OW � OW] peak is located at 3 Å from the zero point, which is
1.5 Å shorter than the location of the g[Of � Of] RDF peak. At the
same time, the Of–HW interaction is much stronger than that of
OW–Hf atomic pair. The amplitude of the first [Of � HW]RDF peak
located at 2 Å is twice higher than that of g[OW � Hf], which is lo-
cated around 2.8 Å.
3.2.1. Comparison with experimental and MD simulation data
As it was pointed out, there is a lack of experimental and simula-

tion data for FM–W/TiO2, so we compared the MD results with some
experimental and other MD data reported for the absence of the
TiO2 surface. In Figs. 5 the subpictures are taken from [30], where
the RDFs for OW–OW and Of–HW pair interactions of the FM–W
mixture were reported at the absence of surface. The comparison
show that the height of RDF picks are in a good agreement with
accuracy of 20%. It should be mentioned that in our FM–W system
the FM amount has a v � 0.6 mol fraction. Thus, the inclusion of
TiO2 (anatase) surface from the present study has seen to essentially
re-estimate the structure formation behavior of the FM–W system.

Adsorption is molecular, as the simulation approach and rigid
interaction potentials used in present study imply the nondissocia-
tive liquid state. The mechanism leading to the dissociation of the
water molecule is complex and induces reorganization of the
surface atoms. However, as described in the literature, many meta-
stable states (combining dissociated and nondissociated configura-
tions) found at different water coverage are all very close in energy.
Water adsorption as described in [31] can take place as chemisorp-
tion of water molecules, but without dissociation. The DFT
calculations performed in [31] consider water adsorption on the
(001), (100), (110), and (101) surfaces. For example, as regards
the (001) surface, water is mainly dissociated; on the (100)
surface, reactivity and water adsorption are thus weaker; water
adsorption that occurs on the (101) surface is notably weaker than
on the (100) one, and so on.



Table 4
The potential force field parameters for formamide molecule.

Bond K, Å kcal/mol r0, Å Group K, kcal/(mol rad2) h0, �

Harmonic bond: K(rij � r0)2/2 Angular: Kðhijk � h0Þ2=2
1–2 960.00 1.00 2–1–3 46.00 120.00
1–4 860.00 1.36 2–1–4 100.00 120.00
4–6 1300.00 1.23 1–4–6 150.00 122.00
4–5 634.26 1.10 1–4–5 88.00 111.00
1–6 100.00 2.37 6–4–5 88.00 122.00
1–5 100.00 1.98 2–1–4 46.00 120.00
1–3 960.00 1.00 3–1–4 100.00 120.00

Bond e, kcal/mol r, Å Group K, kcal/mol d,� m

LJ parameters: 4e((r/rij)12 � (r/rij)6) Dihedral: K[1 + cos (muijkn � d)]
2–6 0.0743 1.4473 2–1–4–6 1.40 180 2.00
2–5 0.0318 1.3760 2–1–4–5 1.40 180 2.00
3–6 0.0743 1.4473 3–1–4–6 1.40 180 2.00
3–5 0.0318 1.3760 3–1–4–5 1.40 180 2.00

Table 5
The LJ, partial atomic charges and cross-interaction parameters for the liquid–surface
system.

Atom Formamide Liquid–surface

e, kcal/mol r, Å q, a.u. i � j e, kcal/mol r, Å

N 0.2000 3.2963 �0.69 Ti–(Of,OW) 7.7253 2.3431
C 0.0700 3.5636 +0.42 Ti–C 7.2630 4.1340
Of 0.1200 3.0291 �0.51 Ti–N 0.7010 4.1310
Hf 0.0220 2.3520 +0.08 O–(Of,OW) 0.2278 3.1306
H 0.0460 0.4000 +0.35 O–C 0.0917 3.2963
OW 0.1521 3.1506 �0.82 O–N 0.1549 3.1627
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4. Conclusions

Based on the molecular dynamics method and using the
DL_POLY_2.20 code, we simulated the FM–W interaction process
on the TiO2 (anatase) surface. The density distribution calculations
were performed for the temperature range of T = 250–400 K. For
pure formamide (FM), the density profile of FM/TiO2 has a weak
adsorption layer between two diffuse layers. The inclusion of water
in the FM–TiO2 model substantially changes the density distribu-
tion profiles normal to the surface; the amplitude of the density
distribution for the FM–W/TiO2 surface increases. Water strongly
influences the FM diffusion capabilities on the surface. At the same
time, comparing the structurally important radial distribution
functions, we conclude that in the FM–W/TiO2 interactions the
water molecules actively push formamide ones from the surface
to the bulk area. Starting from the room temperatures at
T � 300 K during heating and equilibration, the formamide mole-
cules on the surface are gradually replaced by more mobile water
molecules. Generated animation movies of the FM–W/TiO2 interac-
tion show that the water molecules actively push formamide ones
from the surface to the bulk area. Thus, including water in the sys-
tem, one can see that it significantly influences both dynamical and
structural behavior of FM–W/TiO2.

In the present work, we focus mostly on the nondissociative li-
quid state (formamide + water), interacting with a TiO2 (anatase)
surface. For the MD method, we use interaction potentials to sim-
ulate rigid bodies for water and formamide molecules of the liquid
phase. Liquid (for example, water) adsorption on a surface is a
complex phenomenon, inducing reorganization of the surface
atoms. Some aspects of dissociative and nondissociative water
adsorption on a TiO2 (anatase) surface have been discussed in
the literature [31–35].

The TiO2 surface, as shown in the Fig. 1, seems to be that of an
amorphous solid as the thermal vibrations will slightly displace the
surface atoms from their mean equilibrium positions. Titanium
dioxide is the most investigated single crystal system in the surface
science of metal oxides, and the literature on anatase and rutile
(110), (100), and (001) surfaces is reviewed [32]. This paper starts
with a summary of a wide variety of technical fields where TiO2 is
important. Water adsorption may be chemisorbed (dissociative) or
dissociatives. The water adsorption process was investigated in the
literature for different surfaces �(001), (100), (110), and (101),
although the adsorption energies at different water coverage were
found to be very close to each other.

The lack of experimental and MD simulation data on the FM–W/
TiO2 system has been noted. Our results were compared with the
experimental and other MD simulation ones, which were per-
formed in the absence of the surface. Our study shows that the
inclusion of the TiO2 (anatase) surface makes it necessary to re-
evaluate the structure and diffusion behavior of the FM–W system.
The reported data could stimulate their further experimental veri-
fication and might be useful for application purposes.
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