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Ab initio geometry optimization of a single molecule and Car–Parrinello molecular dynamics
simulation for the hydrated molecule were applied in order to study hydration shell of a chain-like
molecule CH3–[CH2–CHOH]n–CH2–CH3 with n = 2 containing hydrophobic and side hydrophilic
groups. The analysis of a partial pair distribution functions reveals that upon hydration each hy-
drophylic OH group has two neighbor water molecules oriented towards hydrogens and oxygens
of hydrophilic groups. The hydration process causes essential changes of mutual orientation of
hydrophilic groups in comparison with a free molecule case.
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I. INTRODUCTION

Molecular dynamics (MD) simulations are a useful tool
to study structural and dynamical properties of complex
systems on atomic level. Classical as well as Browni-
an MD are widely used for simulations of soft matter,
protein folding and chemical processes in different en-
vironments [1]. The reliability of computer simulations
crucially depends on effective two- or many-body poten-
tials applied in modeling the interactions between real
ions and molecules. Usually such effective potentials can
be derived from quantum chemical calculations of small
clusters: the effective charges of ions can be estimated
from electron density distribution, and short-range parts
of effective potentials should correctly reflect structural
units of quantum calculations. An essential drawback
of simulations based on the effective potentials between
particles is the inability to take correctly into account co-
valent bonding and polarization effects in the system due
to the fluctuations of electronic subsystem. These effects
are extremely important in molecular systems, especial-
ly for large molecules with chain-like groups, the atoms
of which usually must have different effective charges
depending on instanteneous environment. An increasing
power of parallel computers permits now to use ab initio

molecular dynamics simulations for the systems of 100–
500 atoms, in which electron density is treated within
the density functional theory [2, 3]. The main drawback
of the ab initio simulations is a hardware limitation on
the system size, because each atom brings into simula-
tion several valence electrons, for which corresponding
wave functions are calculated on each step of MD. Hence,
wavefunction calculations and especially their orthonor-

malization take a huge share of time of ab initio MD
simulations and hence the simulations of large molecules
on ab initio level are rather rare [4–6]. Usually one applies
ab initio simulations to the study of systems composed
of relatively small molecules.

The studies of the hydration structure of complex
molecules, which contain hydrophilic and hydrophobic
groups are of great interest because they can point out
to the origin of conformation of chain-like molecules in
solvents. Water itself is a complex molecular environ-
ment with hydrogen bond networks, which in contact
with surfaces or large molecules can form specific inter-
facial regions with interesting structural and dynamical
properties.

This paper is focused on ab initio study of the hydra-
tion structure of a chain-like molecule, which contains hy-
drophobic and side hydrophilic groups. The concurrence
between hydrophobic and hydrophilic regions can cause
essential changes in molecular geometry of the studied
large molecules. An essential advantage of the ab initio
approach over classical simulations and phenomenolog-
ical approaches is a possibility of observing the micro-
scopic processes on a subatomic scale, when the redis-
tribution of electronic density causes Hellman–Feynman
forces acting on ions and bringing them towards a con-
figuration with minimal free energy. Precisely ab initio
density functional approach permits a correct treatment
of hydrogen bonding and polarization effects due to elec-
tronic density polarization, while the classical effective
models may only approximately represent such process-
es.

In this study we investigate the geometry and hydra-
tion structure of the model CH3–[CH2–CHOH]2–CH2–
CH3 molecule, which exists as fragments in real organ-
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ic chain-like molecules like vinyl alcohols [7]. The main
aim of this ab initio study is to find out how the two
hydrophilic groups behave during hydration of such a
molecule. The structure of the hydration shell of the
chain-like molecule is studied by means of Car–Parrinello
ab initio dynamics [2]. In the next Section we give de-
tails of our simulations, obtained results are discussed in
Section 3, and conclusions of this study will be gathered
in Section 4.

II. DETAILS OF CALCULATIONS

As the first step we have performed an electron den-
sity functional study of equilibrium geometry of single
molecules CH3–CH2–CHOH–CH2–CH3 and CH3–[CH2–
CHOH]2–CH2–CH3. The calculations on the second type
of molecule were needed in order to understand the
tendency in geometry of the chain-like molecule with
an increasing number of [CH2–CHOH] groups. Start-
ing from the very simple flat initial configuration of
CH3–CH2–CHOH–CH2–CH3 with all almost 90◦ and
180◦ angles and 1–1.5 Å distances between atoms we
have turned on density functional minimization and
have obtained an equilibrium three-dimensional struc-
ture of this single molecule in good agreement with
distances and angles parameterized by Jorgensen et al

[8]. Gradient-corrected Perdew–Burke–Ernzerhof (PBE)
[9] energy functional with Vanderbilt ultrasoft pseu-
dopotentials [10] and a plane-wave cutoff energy of 25
Ry were used. The initial atomic configuration for the
molecule CH3–[CH2–CHOH]2–CH2–CH3 was construct-
ed from the output CH3–CH2–CHOH–CH2–CH3 config-
uration by adding another [CH2–CHOH] fragment with
different orientations of OH groups and subsequent en-
ergy minimization. The lowest total energy obtained in
geometry optimization was obtained for the configura-
tion with almost parallel OH groups (Fig. 1).

Fig. 1. Geometry of a single molecule CH3–[CH2–CHOH]2
–CH2–CH3 obtained in density functional minimization: side
view (upper configuration) and top view (bottom configura-
tion). Black, dark grey and light gray spheres represent car-
bons, oxygens and hydrogens, respectively.

In the second step the output CH3–[CH2–CHOH]2–
CH2–CH3 molecule was hydrated by 40 water molecules.
At first we made geometry optimization for the whole
system of 145 atoms, and later started Car–Parrinello
molecular dynamics in the NVT ensemble with the refer-
ence temperature of 293 K provided by Nose thermostat.
The electronic subsystem of doubly occupied 188 states
was kept at the ground state by means of the standard in
NVT Car–Parrinello technique of electronic thermostat-
ing with a low reference electronic kinetic energy. Time
step in the Car–Parrinello simulations was 5 a.u., and
production run was of 2.5 ps. Each second configuration
was taken for estimation of partial distribution functions.
All ab initio simulations were performed by the standard
CPMD package [11].

III. RESULTS AND DISCUSSION

We have performed the static geometry optimization
of the separate molecule CH3–[CH2–CHOH]2–CH2–CH3

via density functional minimization over almost four
hundred optimization steps unless the energy was con-
verged within a standard level of one meV. The obtained
structure is shown in Fig. 1 (side and top view). One can
see, that two hydrophilic groups are almost parallel, there
exists a small angle of 17◦ between the two OH groups.
The other important distances and angles were obtained
as follows: rOH = 0.980 ± 0.005 Å, rOC = 1.44 ± 0.01 Å,
rCH = 1.100± 0.005 Å, rCC = 1.533± 0.005 Å, ∠HOC =
107◦ ± 1◦, ∠CCC = 114◦ ± 2◦, ∠HCH = 107.5◦ ± 1◦.

Fig. 2. A snapshot of hydrated chain-like molecule
CH3–[CH2–CHOH]2–CH2–CH3. Water molecules were shad-
owed in order to highlight the chain-like molecule. Due to
hydration the hydrophilic groups reorient with respect to the
non-hydrated state.

Upon static hydration of the molecule CH3–[CH2–
CHOH]2–CH2–CH3 and subsequent equilibration run of
Car–Parrinello molecular dynamics we have started to
calculate partial site-site distribution functions between
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atoms of water molecules (W) and atoms of the chain-
like molecule. Immediately after bringing the chain-like
molecule into contact with water molecules we observed
changes in the mutual orientation of the two hydrophilic
groups. One can see in Fig. 2 a snapshot of the hydrated
CH3–[CH2–CHOH]2–CH2–CH3 molecule, in which due
to the interaction with water molecules the hydrogens
of the hydrophilic groups are headed almost in oppo-
site directions. Three main partial pair distribution func-
tions gij(r) shown in Figs. 3 a–c provide one with a com-
plete information about hydration shell in the vicinity
of the two hydrophilic groups. Due to a small number
of hydrophilic groups, statistics is not high that is re-
flected in a noisy behaviour of the partial pair distribu-
tion functions, although the estimation of running coor-
dination numbers was performed without complications.
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Fig. 3. Partial pair distribution functions: O(W)–H (a)
and O(W)–O (b) between oxygens of water molecules and
atoms of hydrophilic groups; H(W)–O (c) between hydrogens
of water molecules and oxygens of hydrophilic groups. By
dashed line the corresponding running coordination numbers
are shown.

For the case of distributions of O(W)–Hhphil (hydrogens
of hydrophilic groups only), O(W)–O and H(W)–O, the
corresponding running coordination numbers nW (r) re-
flect that in the vicinity of each hydrophilic group there
reside two water molecules (Fig. 3b). In general we ob-
serve that one water molecule per hydrophilic group ap-
proaches by its hydrogens the oxygens of the hydrophilic
groups as close as ≈ 1.5–2 Å while the otber water
molecule approaches by its oxygen the hydrogens Hhphil

at the same distance. Since the first minimum of the pair
distribution function O(W)–O at 3.6 Å does not drop to
zero, it makes the evidence that the water molecules in
contact with hydrophilic groups can be swaped by the
bulk water molecules. In Fig. 4 we show a snapshot in
which only four water molecules near hydrophilic groups
are shown. The distances in Ångströms in Fig. 4 denote
the nearest separation along the dashed lines that com-
pletely supports our analysis of partial pair distribution
functions.

Fig. 4. A snapshot of nearest two water molecules near
hydrophilic groups of the molecule CH3–[CH2–CHOH]2
–CH2–CH3. Dashed lines show the nearest distances (in
Ångströms) to water molecules.

The effect of hydrophobicity is seen from Fig. 5, in
which the partial distribution function between oxygens
of water molecules and carbons is shown. Hydrophobic
groups do not permit oxygens of the water molecules to
approach to carbons closer than 3 Å.
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Fig. 5. Partial pair distribution function H(W)–C between
hydrogens of water molecules (W) and carbons of the hy-
drophobic groups.
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Another interesting feature of the hydration shell of
the CH3–[CH2–CHOH]2–CH2–CH3 molecule is the strik-
ing evidence of the change in mutual orientation of both
hydrophilic groups of the chain-like molecule upon hy-
dration. Then the angle between the two OH groups
changes essentially. The water molecules in the hydration
shell force the hydrophilic groups to reorient and have
the angle between both OH directions slowly changing
between 100◦ and 180◦. Hence, one may conclude, that
the water molecules from the hydration shell can change
the initial geometry of a single chain-like molecule with
several hydrophilic groups.

IV. CONCLUSIONS

In this study we have investigated by ab initio MD
computer simulations the equilibrium structure of a sin-
gle CH3–[CH2–CHOH]2–CH2–CH3 molecule as a mod-
el chain-like molecule containing hydrophobic and side
hydrophilic groups. We were able to obtain equilibrium
geometry of the single chain-like molecule from ab initio
density functional minimization in good agreement with

Jorgensen’s parameters for interatomic distances and an-
gles in organic molecules.

Upon hydration we observed a change in orientation
of hydrophilic OH groups of the CH3–[CH2–CHOH]2–
CH2–CH3 molecule. The static minimization of hydra-
tion structure and subsequent dynamical simulations re-
sulted in approximately 138◦ angle between the two OH
groups. The analysis of the running coordination num-
bers implies, that obtained at T = 293 K and over
2.5 ps Car–Parrinello molecular dynamics run site(W)-
site pair distribution functions make evidence that two
water molecules can approach each hydrophilic group,
and this perhaps is responsible for their mutual reorien-
tation.

This study is the first step in initio simulations of the
hydration shells of chain-like molecules with hydrophobic
and side hydrophilic groups that we started recently. The
following studies will be focused ugon the dependence of
geometry changes in hydrated chain-like molecules CH3–
[CH2–CHOH]n–CH2–CH3 on the chain length.
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ДОСЛIДЖЕННЯ ГIДРАТНОЇ СТРУКТУРИ ГIДРОФОБНИХ ЛАНЦЮГОВИХ
МОЛЕКУЛ З БОКОВИМИ ГIДРОФIЛЬНИМИ ГРУПАМИ ЗА ДОПОМОГОЮ МЕТОДУ

ПЕРШОПРИНЦИПНОЇ МОЛЕКУЛЯРНОЇ ДИНАМIКИ

T. M. Брик, М. Ф. Головко
Iнститут фiзики кондесованих систем НАН України

вул. Свєнцiцького, 1, Львiв, 79011, Україна

Першопринципна оптимiзацiя геометрiї окремої молекули та моделювання гiдратованої молекули мето-
дом молекулярної динамiки Кар–Паррiнелло були застосованi для дослiдження гiдратної структури лан-
цюгових молекул CH3–[CH2–CHOH]n–CH2–CH3 з n = 2, що мiстять гiдрофобнi та боковi гiдрофiльнi групи.
Аналiз парцiяльних парних функцiй розподiлу вказує на гiдратацiю кожної гiдрофiльної OH-групи двома
молекулами води, що орiєнтованi в бiк воднiв та киснiв гiдрофiльних груп. Процес гiдратацiї спричиняє
суттєвi змiни у взаємнiй орiєнтацiї гiдрофiльних груп порiвняно з випадком окремої молекули.
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