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Abstract. Monte Carlo simulations have been carried
out for 2-methoxyethanol in an isothermal-isobaric
ensemble (NPT) at 298.15 K and 1 atm pressure. The
optimized potential for liquid simulation force field
parameters has been used for modeling 2-methoxyeth-
anol and the TIP4P model for water. Intramolecular
rotations are described by an analytical potential func-
tion fitted to ab initio energies. It has been shown that
the water molecules can form hydrogen bonds between
adjacent O atoms of CH;0CH,CH,OH in aqueous
media. The self-association of 2-methoxyethanol in
aqueous media has been studied by statistical perturba-
tion theory.
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1 Introduction

Compounds with formula X~CH,CH,-Y, where the X
and Y groups can be electron donating or electron
withdrawing, have been the subject of studies using
different techniques in recent years. In the gas phase some
of the related conformers are stable owing to intramo-
lecular hydrogen bonds [1], but different behavior was
found in the solution phase [2]. Compounds with general
formula C,H,,,+1(OCH,CH,),OH or C,E, [3] have
interesting molecular and aggregation properties and
several commercial and pharmacological applications
[4—6]. The unique duality of the C;E; molecule towards
an aqueous environment leads to a rich spectrum of
complex self-association phenomena, while simple solute
molecules and water do not exhibit such phenomena.
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The association phenomenon has several applications
in chemistry and biochemistry [7-10]. We have used
statistical perturbation theory (SPT) to compute the
free-energy profiles and the potential of mean force
(PMF) for association of C{E; in water by using Monte
Carlo (MC) simulations.

2 Computational details

The statistical mechanics calculations were carried out for com-
puting equilibrium structural and thermodynamic features of the
aqueous systems via statistical mechanical average and standard
procedures, such as metropolis sampling, periodic boundary con-
ditions and the isothermal-isobaric (NPT) ensemble. Metropolis
sampling, augmented by preferential sampling [11-14] was used,
in which the probability of attemptmg to move a solvent molecule
is made proportional to 1/(r? +0), where r is distance from the
midpoint of the C3-C4 bond in C,E; to the water oxygen. The
constant C was set at 89 A2, which caused the water molecules
nearest the solute to be moved further, as far as the most distant
water molecules. The attempt to move the solute every 120 con-
figurations further enhanced the solute—solvent statistics. We per-
formed two series of simulations. In the first series each system
consisted of 260 water molecules and one C;E; molecule in a cubic
box with dimensions of approximately 20 x 20 x 20 A3, The
temperature and external pressure were fixed at 25 °C and 1 atm.
In the second series, each system consisted of 540 water molecules
and two C;E; molecules in a box with dimensions of approxi-
mately 33.5 x 22 x 22 A3, and the other conditions were as before.
There is an equilibration phase in each simulation. Equilibration
should continue until the values of a set of monitored properties
become stable. In this work, the energy of the system, including
solvent—solute interactions, was selected as an equilibration crite-
rion. The intermolecular interactions were spherically truncated
at a cutoff distance based on the midpoint of the C3-C4 distance
in C,E,. The solvent-solvent and solvent-solute interactions were
truncated at 9.5 and 10 A, and were quadratically featured to zero
via a switching function over 0.5 A. New configurations were gen-
erated by randomly selecting a monomer, translating it in all three
Cartesians directions, rotating it randomly about a randomly cho-
sen axis, and performing any torsional motion. The ranges for three
types of motions for solute and solvent molecules are given by +Ar,
+ A0 and £ A¢, respectively, in Table 1. Volume changes were at-
tempted every 2410 configurations. The range of all motions was
chosen to yield an acceptance ratio of about 44% for the new
configuration. The intermolecular and intramolecular interactions
were described by an optimized potential for liquid simulation
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Table 1. Computational details

for Monte Carlo simulations. Series Number Number T Ar + A0 +A¢p AV Number of

+Ar, £A0 and £A¢ are the of water of CE, (A)?* (deg)* (deg) (A%) configura-

ranges of translating, rotating molecules  molecules tions

and torsional motions, respec- (x 107%P

tively. £AV is the volume

change First 260 1 0.17 (0.18) 15 (18) 15 580 1.7 (4)
Second 540 2 0.17 (0.18) 15 (18) 15 600 4 (4.7

#The values in parentheses are related to water
°The first value is for equilibration and the value in parentheses is for sampling

Table 2. Optimized potential for liquid simulation parameters for
C,E,; (CH30CH2CH20H) and water

Table 4. Calculated Lennard-Jones parameters for 1,5 nonbonded
interactions

Site ¢ (kJ mol™) o (A) q(e) 1,5 nonbonded interaction parameters e(kImol™ ¢ (A)
CE, C1-05 (RHF/6-31G*) 0.00669 3.366
CH; 0.847 3.785 0.265 C1-05 (RMP2/6-31G*) 0.007 3.565
0] 0.818 3.0470 —-0.580 C2-H6 (RRHF/6-31G*) 0.02970 2.800
CH, 0.478 3.9830 0.290 C2-H6 (RMP2/6-31G*) 0.03012 2.720
CH, 0.748 3.9830 0.290

O 0.467 3.0700 -0.700

H 0.000 0.0000 0.435 o CH, o

H,O 1 NG NG

0 0.000 3.154 0.155 2 4 6

H 0.520 0.000 0.000 HyC CHy ©

M? —-1.040 0.000 0.000

%M is a point on the bisector of the HOH angle, 0.15 A from the
oxygen towards the hydrogens

Table 3. Fourier coefficients for the intramolecular rotational
potential function Units for V are kilojoules per mole

D, D, D,
V1 (RHF/6-31G¥*) 19.823 -5.811 9.091
V1 (RMP2/6-31G*) 19.513 -5.923 9.109
V, (RHF/6-31G*) 3.138 -0.925 12.845
V, (RMP2/6-31G*) 3022 ~0.955 12.587
v, (RHE/6-31G¥) 3.498 —0.711 3.130
V3 (RMP2/6-31G*) 3.592 -0.722 3.251

(OPLS) force field and a united atom representation was used. The
general form of the intermolecular functions includes Coulomb
and Lennard-Jones potentials between interaction sites on the two
molecules, a and b (Eq. 1) [15, 16].

- (49 | Ay Cy
ME=D X\t M
i ij ij

The summation is over the individual interactions between all
pairs of atomic sites, j and i, in those molecules. Standard com-
bining rules are used as follows: 4, = (4;4,)"? and C; = (C;C;)"*.
The A and C parameters may also be expressed in terms of Len-
nard-Jones ¢ and ¢ as 4; = 4g0!? and C; = 4¢;6%. For CE; the
CH, and CHj; groups on the chain atoms were modeled as united
atoms (sites) and the oxygen and terminating hydrogen as discrete
atoms. The C,E; were modeled using OPLS molecular force field
parameters [13, 17] and all OPLS parameters for this molecule are
summarized in Table 2. The four-site TIP4P model [16] for water
was used in this context, in conjunction with the OPLS potential
(Table 2).

Torsional motion about C2—-C3, C3-C4 and C4-O5 bonds was
included in the simulation. The torsional parameters for all dihe-
drals and Lennard—Jones parameters due to 1,5 nonbonded inter-
actions in CE; were obtained by using ab initio calculations
(RHF/6-31G* level). The Fourier series describes the rotational
potential energy [14]:

¢ =C102 - C3C4
0, = 02C3 - C405

¢3 =C3C4 -O5H6

Fig. 1. Numbering of the atoms and dihedral angles of 2-
methoxyethanol

V(o) = V1/2[1 + cos(¢)] + 12/2[1 — cos(29)]
+ 13/2[1 +cos(3¢)] . (2)

There is one equation for each of the three dihedral angles of
C,E,, and it is similar to Eq. (2). For such molecules the Fourier
series need to be augmented by a 1,5 Lennard-Jones potential as
follows:

>14

3
Vigr)=> V() +> (Azt//riljz - Czti/’?,-) : 3)
i=1

i<j

The Fourier coefficients and the Lennard-Jones parameters were
coupled in the fitting by nonlinear least-squares regression.
In general, the use of RHF/6-31G* or a higher level of ab initio
quantum mechanical calculations is a well-accepted procedure for
calculation of torsional parameters [18-20]. In this work we use this
procedure for obtaining the coefficients in the Fourier series: V1, V>
and V3. For this purpose an energy scan was performed for exam-
ples of the missing torsions with RHF/6-31G* calculations. A full
geometry optimization was done at each point with the exception of
the chosen dihedral angle. For testing the reliability of the method,
the calculation was carried out using RMP2/6-31G*. The parame-
ters calculated for the Fourier series are shown in Table 3 and the
Lennard-Jones parameters for 1,5 interactions for CE; are shown
in Table 4. The comparison of the results for the Fourier coefficients
and the Lennard-Jones parameters for 1,5 interactions predicted by
different methods shows good agreement between them.

The presence of hydrogen bonding was monitored for coordi-
nates saved every 4 x 10* configurations during the simulation.
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The PMF for association of CiE; in aqueous media was
determined by using SPT [21]. Briefly, one of the possibilities of
calculating the Gibbs free energy of association is based on SPT,
from which

AGga = —kgT In(exp(—BAEga)) 4 4)
where kg is the Boltzmann constant, T the absolute temperature

and f = (kgT)™'. AEga denotes the difference in energy between the
two systems A and B at a given configuration, and (- - -), denotes

the ensemble average corresponding to system A. In MC simula-
tions, the ensemble average is approximated by a set of sampled
configurations. Since sampling is performed for system A, it must
be ensured that the set of configurations generated includes a set
of configurations representing state B. If states A and B do not
overlap in phase space, then the values of the calculated free-energy
differences will not be very accurate, because we have not ade-
quately sampled the phase space of B when simulating A. If the two
states A and B differ strongly, AEgs will generally be very large,

(eyr,=76A

Fig. 2a—c. Equilibrium configuration of the interaction between
2-methoxyethanol molecules and solvent molecules in aqueous
media. a One solute molecule in a solvent box. b Two solute
molecules in a solvent box, contact structure. ¢ Two solute

molecules in a solvent box, solvent-separated structure. (Open,
dark and gray circles are hydrogen, oxygen and carbon atoms,
respectively)



and the simulation period needed to converge Eq. (4) will exceed
the feasible computational period. In this case, the perturbation
may be split into n smaller increments, so-called windows; for each
of these, the free-energy differences can be determined individually
as follows [22,23]:

n—1

AGpa =Y AGi i1, (5)
=0

in which

AGi_iy1 = —kgT In(exp(—pAE;)); , (6)

where 7 is the number of windows and AE; = E; |—E;. Sampling at
an intermediate system i enables us to calculate the free-energy
differences to the i+ 1 and i—1 systems. Hence, one simulation al-
lows the simultaneous calculation of two free-energy differences.
This technique is called “double-wide”” sampling [24, 25]. The total
free energy is the average of the forward and backward free
energies obtained during the simulation.

In this work the reaction coordinate (r.) was chosen between the
midpoints of the C3-C4 bond distances in two C,E,, and the SPT
was used by sequentially perturbing along the r. in steps of 0.2 A
(each center moved in or out by 0.1 A). For each r. a full simula-
tion was carried out.

All MC simulations were executed with a personal computer, by
using a program which was written by our group in C+ + language
and which was designed for MC simulation of the liquid phase [26,
27]. All ab initio calculations at the HF/6-31G* and MP2/6-31G*
leves were carried out with GUASSIAN 92 package [28], adapted
for a personal computer.

3 Results and discussion

The numbering of the atoms in C;E; is shown in Fig. 1.
Rigid bond lengths and angles were used in the MC
simulation. According to our first series of MC simula-
tions, the most stable conformer in solution is that where
the water molecules form hydrogen bonds between two
oxygen atoms in the C{E; molecule; in other words,
water molecules have a strong tendency to form
hydrogen-bonding bridges between two oxygen atoms
on the same chain (Fig. 2). In the views shown in Fig. 2
only the nearest-neighbor water is shown. We think
that the effect of this phenomenon is to favor gauche
conformations for the central torsional bond.

The formation of hydrogen bonds can be indicated by
either geometrical criteria or energy criteria, when the
N---H or O---H distance in the molecules is less than
2.5 A and/or the interaction energy of molecules is not
more positive than —9.418 kJ mol™!, respectively [29].
Hydrogen-bonding analysis was performed for coordi-
nates saved every 4 x 10* configurations during the
simulations. We predicted that the average number of
hydrogen bonds between solute and solvent is 1.73 and
that the average energy is —24.52 kJmol™'. For studying
the aggregation phenomena of CE; a distinct series of
simulations was carried out. We performed 15 complete
simulations to span the r, range from 3 to 8.2 A and the
relative free energies were obtained. The relative free
energy is shown against reaction r. in Fig. 3. There are
two minima in this curve, corresponding to contact and
solvent separated pairs, which occur at 5.1 and 7.8 A,
respectively. This trend is the same as the one found in
hydrophobic molecules [30-34]. As shown in Fig. 3 the
second minimum appears at higher energy compared
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Fig. 3. Relative free energy for self-association of 2-methoxyeth-
anol in water

with the first one, and this indicates the importance of
contact pairs. Therefore in spite of the presence of OH
and CH;O groups, the C,E; molecule behaves like a
hydrophobic molecule. The depth of the minima in
Fig. 3 indicates almost strong aggregation. At a short r,
the number of hydrogen bonds decrease owing to the
association of solute molecules. Considering Fig. 2 there
is no internal hydrogen bond in the C;E; molecule, and
the most hydrogen bonds are between C,E; and water
molecules; thus, the formation of a hydrogen bond be-
tween water molecules and C,E; molecules is more fea-
sible than the formation of a hydrogen bond between
C,E; molecules. Regarding these results it can be said
that the hydrophilic groups do not affect the aggregation
phenomena. It is possible that water molecules hinder
the rotational motion of C,E;, which is supported by
the small change in the related conformation during
the simulations. The computed intramolecular energy
around the OC—CO bond in the gas and liquid phases is
shown in Fig. 4. S(¢) is full dihedral angle distribution.
The S(¢) values for an ideal gas are derived from the
Boltzmann distribution for V(¢). The difference between
the curves of the two phases is due to intermolecular
hydrogen bonding in the liquid phase and to intramo-
lecular hydrogen bonding in the gas phase [4]. In some of
the r. (e.g. 5.4 and 6.2 A), water molecules form hy-
drogen-bond bridges (not regular bridges) between two
solute molecules; this does not happen at large r.. The
presence of the CH3;O- group in the molecules affects
these bridges owing to the weak tendency for the for-
mation of intermolecular hydrogen bonds in solution in
comparison to the gas phase. Inspection of the views
reveals that hydrogen-bond formation is mainly between
the C,E; and solvent molecules.

4 Conclusion

2-Methoxyethanol has been found to form internal
hydrogen bonds in the gas phase [1], while in solution
the water molecules form hydrogen bonds between
adjacent O atoms in 2-methoxyethanol. In the con-
densed phase the populations differ from the gas phase,
which was found through MC simulations. The
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Fig. 4. (Top) Potential function for rotation around the C3-C4
bond in 2-methoxyethanol. (Bottom) Dihedral angel distribution in
2-methoxyethanol. The units for V(¢) are kilocalories per mole and
for S(¢) are mole percent per degree

free-energy profiles for 2-methoxyethanol showed two
minima (at r. = 5.1 and 7.7 A) corresponding to contact
and solvent-separated pairs. The tendency to form
hydrogen-bond bridges is larger than the tendency to
form internal hydrogen bonds for larger r. values. In this
case, water molecules between two solutes formed
bridges. This shows that the formation of such bridges
could be an effective driving force for the association of
hydrophilic groups.
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