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Abstract—The formation of nanodroplets in solutions of gelating trif luoroacetylated amino alcohols
(TFAAA), constituting one of the fractions of the dispersed phase, is simulated by the molecular dynamics
method. It is shown that the main contribution to the energy of formation of nanodroplets comes from dis-
persion forces (~14 kJ/mol), which constitutes 3/4 of the total energy of interaction of a pair of molecules.
The dipole–dipole component of the interaction energy for the molecules with anticollinear dipole moments
is ~kT. It is shown that there are differences in the topology of pairs of bound homochiral TFAAA molecules,
associated with their nonhomeomorphicity. In the first case, the chiral tetrahedrons of the molecules are
nested into each other. During condensation, due to the formation of stacks, such pairs are capable of aniso-
tropic growth. In the second case, the tetrahedrons join via their bases, creating isometric nuclei for isotropic
condensation.
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INTRODUCTION

The phenomenon of threshold formation of soli-
tary, extremely anisometric supramolecular structures
(strings) in dilute solutions of low–molecular–weight
homochiral N-trif luoroacetylated α-aminoalcohols
(TFAAA) was studied in [1]. It was experimentally
found that, at subthreshold TFAAA concentrations,
the solution contains dispersed–phase particles [2]. In
the range of optical transparency, accessible for
dynamic light scattering measurements, the disperse
isometric phase of the solution is represented by two
TFAAA fractions: nanodroplets with sizes of no more
than 5–10 nm and mesophase particles ~20–40 nm in
diameter [3]. We have previously shown that these
nanodroplets have a high internal molecular mobility
and are extremely heterogeneous; i.e., they have little
or no internal volume. The surface of the droplets is
characterized by a fractal dimension of ~1.6, topolog-
ically corresponding to a one–dimensional beam of
diverging rays [3]. In terms of dynamics, such objects
can be thought of as stochastically born, branching,
and then disappearing molecular-thin rays diverging
from a central location. That the disperse phases coex-
ist in the solution at quasi-equilibrium for ~105 s or
more suggests that the local curvatures of the surfaces
of the nanodroplets and mesophase microparticles are
similar and that the mesophase itself is apparently
formed during the condensation of nanodroplets as
they diffuse in the volume of the vessel [3, 4].

Since TFAAA nanodroplets have a high internal
molecular mobility, the electrostatic energy binding of
the molecules in them was estimated using the Kee-
som approximation [3]. The energy of the dipole–
dipole interaction for a pair of molecules was esti-
mated to be ~(1/3)kT, a value not contradicting the
idea of the intense movement of molecules relative to
each other and of the variability of the nanodroplet
shape [3].

The aim of the present work was to study the topol-
ogy of the spatial structure of pairs of aggregated
TFAAA molecules formed in the solution and the
relationship of this structure to the pattern of the
resulting condensed phases. This was accomplished by
studying pair interactions between molecules in nano-
droplets by the full-atomic molecular dynamics
(MD).

METHODS
Molecular dynamics calculations were performed

using the GROMACS-4.5.5 software package [5] in
combination with the OPLS–AA force field [6]. The
integration step for all calculations was 0.5 fs. The
characteristics of the long-range electrostatic interac-
tions were calculated by the PME method [7] with a
standard set of parameters (interpolation polynomial
order, 4; computational grid spacing, 1.2 Å). The cut-
off radii of the short-range electrostatic and dispersion
interactions and of the list of neighboring atoms were
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1.25 nm. All the calculations were performed with
periodic boundary conditions at 300 K and a constant
isotropic pressure of 1 atm. The process of construct-
ing the models of TFAAA and solvent molecules and
of the modeling scenes was described in [3].

Since the formation of strings occurs during the
cooling of TFAAA solutions, a superheated solution
with a temperature of 300 K was chosen as the initial
state. The solution was thought of as a system in which
TFAAA molecules in random orientations occupied
sites of a cubic lattice at 2-nm steps [3]. The interstitial
space between the TFAAA molecules was filled with
solvent molecules pre-relaxed for 100 ns.

The final modeling scenes contained 125 TFAAA
molecules in a 1000 m3 volume, which corresponds to
a concentration of 0.2 M. This concentration is well
below the percolation threshold of formation of a clas-
sical gel, corresponding to the experimentally estab-
lished range of formation of low-molecular-weight
chiral gels and strings in dilute solutions [1, 8]. For
each scene, molecular dynamics calculations were
performed for 100 ns. In analysis, the second halves of
the MD trajectories were used, which obviously satisfy
the condition of diffusion equilibrium [3].

RESULTS AND ITS DISCUSSION

Within the framework of the molecular mechanics
method, two terms of interactions, describing the
nonvalence interactions of pairs of atoms, are nor-
mally considered: electrostatic and dispersion forces.
In addition to the total electrostatic energy of a pair of
TFAAA molecules, we also calculated the dipole
interaction energy of the molecules, approximating
them by point dipoles. The values of the energy of
interaction between TFAAA molecules per pair of
molecules are listed in the table.

On average, the calculated energy of interaction of
a pairs of TFAAA molecules in the point dipole
approximation is ~1.1 kJ/mol, i.e., ~0.4kT, which is
very close to the estimate by the Keesom formula,
~(1/3)kT [3]. At the same time, TFAAA molecules in
nanodroplets are brought very closely together. On
average, the distance between them is within the first
coordination layer, r ~ 7 Å, as indicated by the radial
distribution functions [3]. A comparison of the inter-
molecular distance r with the van der Waals radii of the
molecules [9] shows that the interacting dipole
moments of the molecules cannot be considered
pointlike. It is more clearly seen in constructing the
local dipole moments created by individual polar
functional groups (excluding the total uncompensated
charge of the group). For example, Fig. 1 displays a
model of the TFAAA-5 molecule [10], with the indi-
cated partial atomic charges, local dipole moments,
and overall dipole moment of the molecule. The figure
also clearly shows the chiral tetrahedron formed by
two carbon atoms and a nitrogen atom (at the base)

and the hydrogen atom at the chiral carbon atom (at
the vertex). The dipole moment of the molecule forms
a small angle with the plane of the chiral tetrahedron
base (Fig. 1). Given the multidirectionality of the local
dipole moments, it is easy to see that a simple dipole
approximation for a pair of tightly adjacent molecules
can give a substantially incorrect assessment of the
energy of their interaction. Indeed, this is directly con-
firmed by MD calculations, according to which the
average energy of electrostatic interaction of TFAAA
molecules (table) is ~4.2 kJ/mol (~1.7kT). It should be
noted that this energy in heptane is ~1.0–1.5 kJ/mol
higher. This is apparently due to the local polarization
of the medium, which leads to a relative increase in the
size of the nanodroplets in heptane (table).

The total energy of electrostatic interaction of a pair
of molecules in a droplet for molecules with collinear
dipoles is higher by kT than the formally obtained
dipole–dipole interaction energy. The dependence of
the dipole–dipole interaction energy on the angle φ
between the dipole moments (Fig. 2a) more or less
accurately reproduces the behavior of the similar
dependence for the full energy of electrostatic interac-
tion (Fig. 2b); it has one minimum corresponding to
the stable state with antiparallel orientation of the
dipole moments. A characteristic feature of the curves
is an almost complete absence of any dependence of
the electrostatic or dipole energy on the angle φ
between the dipoles in the range of sharp angles. This
fact can be explained by the local interaction of the
partial charges of the atoms and by the deformation of
the molecule, factors that significantly compensate
the energy loss associated with the repulsion of collin-
ear dipoles. Dependences similar to those obtained for
TFAAA-5 in cyclohexane (Fig. 2b) were observed for
all the investigated solutions of chiral TFAAA.

The most significant contribution to the interac-
tion of TFAAA molecules comes from dispersion
forces, which, on average, provide an intermolecular
bonding energy of ~14 kJ/mol (~5.6kT), i.e., almost
threefold higher than the electrostatic contribution
(table). This result generally reflects the linear depen-
dence of the dispersion interaction energy on the sur-
face area of the intermolecular contact and, therefore,
is consistent with the relationship between the disper-
sion interaction energy of a pair of TFAAA molecules
with the solvent ((63.6 ± 5.7) kJ/mol or ~25kT,
table)), which are present in the nanodroplets in a pro-
portion of ~4 : 1, since 75–80% of the nanodroplet
volume is occupied by the solvent [3]. Note that, for
the TFAAA-4 and TFAAA-8 molecules, the sizes of
which are similar, as are those of their side groups, the
interaction energy of TFAAA-4, a doubly chiral mole-
cule, is significantly greater than that of singly chiral
TFAAA-8.

The dispersion interactions energy of a pair of mol-
ecules also depends on the angle φ (Fig. 3), with the
effect being observed in different solvents for all chiral
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TFAAA, in both heptane and cyclohexane (Fig. 3),
but not observed for achiral TFAAA-2. Note that, to
high accuracy, the short-range dispersion interaction
energy of molecules is the sum of the energies of pair
dispersion interactions of the atoms that constitute
these molecules, and, obviously, with this value of r, it
is not related anyhow to the total dipole moment of the
molecule. The observed minimum in the dispersion
interaction energy at the anticollinear orientation of
the dipoles clearly demonstrates a good spatial corre-
spondence between the surfaces of TFAAA molecules
or their complementarity namely in this orientation.
Indeed, since the interatomic force of attraction is
proportional to the sixth power of the distance (the
energy of mutually induced dipoles), even a slight

increase of the distance in a pair of atoms will lead to a
significant reduction in the dispersion energy of the
bond. On the other hand, whether this complemen-
tary arises depends on the angle between the dipole
moments (Fig. 3).

Given that the dispersion interaction energy is
much greater than the dipole–dipole interaction
energy means that the dipole moments of the mole-
cules adjust themselves in part to the complementary
conformation caused by dispersion forces. For homo-
chiral pairs of TFAAA molecules, all other (non–
complementary) mutual arrangements of the mole-
cules yield a dispersion interaction energy lower by
~1.5kT (Fig. 3).

Fig. 1. Electrostatic parameters of the TFAAA-5 molecule [10]. The atoms are indicated by the symbols of the elements; numerals
indicate the partial charges; light arrows represent the local dipole moments of the polar groups. The dark arrow represents the
total dipole moment vector. The length of the arrows is proportional to the dipole moment magnitude.
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Fig. 2. Dependence of the energy of the electrostatic interaction between the TFAAA-5 molecules in a nanodroplet consisting of
9.6 ± 2.3 molecules and existing for 5.2 ns in cyclohexane on the angle φ between the dipole moments of the molecules: (a) the
dipole–dipole interaction energy in the point dipole approximation; (b) the electrostatic interaction energy of the molecules
determined using the molecular mechanics method.
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Let us estimate the fraction (n) of pairs of TFAAA
molecules in a nanodroplet the dipoles of which are
collinear by using a two-level model:

where Emax and Emin are the total energies correspond-
ing, respectively, to the anticollinear and collinear ori-
entations of the dipoles obtained from calculations
(~2.5kT). The formation of complementary pairs with
anticollinear dipole moments is quite consistent with
the previously detected abnormally large value of the
self-diffusion coefficient of the TFAAA molecules in
the nanodroplet, ~8 × 10–5 cm2/s [3], which is much
larger than the values typical of liquids. This is indica-
tive of a strongly correlated motion of molecules in
nanodroplets [3].

The energy of dispersion interaction in a pair of
chiral TFAAA molecules depends on the specific fea-
tures of their chemical structure. For example, for the
TFAAA-8 molecule, which contains a bulky butyl group
[10], the depth of the minimum corresponding to the
anticollinear orientation of the dipoles is (1.0–1.5)kT
lower (Fig. 3b) than that for the TFAAA-5 molecule,
which contains a small methyl group (Fig. 3a). Appar-
ently, the relatively large total surface of the side
groups and, hence, a high energy of pair dispersion
interaction gives rise to alternative low-energy orienta-
tions of the molecules.

The formation of complementary pairs can be
directly detected by analyzing the relative arrangement
of the molecules in the droplet. Let us consider the
dependence of the total potential energy of interaction
of pairs of molecules on the angle between arbitrary
chosen directions in the structure of the molecules.
Since the TFAAA molecules have no natural long, or
conversely, short specific axes and their shape, as

( )max minexp 0.1,
E En

kT
−= − ∼

shown above, may undergo noticeable distortions, the
molecular vector describing the spatial position of the
chiral tetrahedron was selected as the characteristic
direction. The molecular vector is meant to be a vector
the start and end of which are associated with the cen-
ters of some selected atoms. We chose the vector
directed from the chiral carbon atom to the hydrogen
atom bonded to it, known as the normal vector to the
chiral tetrahedron base. In this case, the nonhomeo-
morphicity of the bodies formed by nested tetrahe-
drons and tetrahedrons with common bases will make
it possible to define differences in the topology of pairs
of TFAAA molecules.

The dependence of the total potential energy of
binding of a pair of TFAAA molecules on the angle ψ
between the normal vectors to the base of the tetrahe-
dron upon averaging over all the mutual orientation of
the dipole moments is shown in Fig. 4. For structurally
different chiral TFAAA-5 and TFAAA-8, such a
dependence is nonmonotonic and has two minima,
corresponding to the collinear and anticollinear orien-
tations of the vectors (Fig. 4). For TFAAA-5, with a
small side group, the depth of the collinear well differs
little from the depths of the anticollinear well, being
~0.6kT (Fig. 4a). For TFAAA-8, with a large butyl
group, the wells are deeper: with the collinear and
anticollinear well depth being ~kT (3 kJ/mol) and
~2kT (5 kJ/mol), respectively. Note that this result is
valid with allowance for averaging over all possible
mutual orientations of the dipole moments at a fixed
value of the angle ψ (Fig. 4). Since the dipole
moments themselves virtually lie in the plane of the
base of the chiral tetrahedron (Fig. 1), one can con-
sider the following options of the nonhomeomorphic
mutual orientation of the chiral tetrahedrons in space.
In the first case, the tetrahedrons are oriented with the
bases facing each other, whereas in the second, the tet-

Fig. 3. Dependence of the dispersion interaction energy of pairs of molecules in TFAAA nanodroplets on the angle φ between the
dipole moments of the (a) TFAAA-5 and (b) TFAAA-8 molecules in heptane. The dispersion interaction energy for chiral
TFAAA molecules depends on the angle between the dipoles, with the minimum of the dispersion energy corresponding to the
anticollinear orientation of the dipoles.
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rahedrons are stacked so that the vertex of one tetrahe-
dron faces the base of another. The latter configura-
tion corresponds to the previously described model of
a stacked arrangement of molecules [11] and, obvi-
ously, provides prerequisites for the formation of
anisometric particles via the successive extension of
the stack through attachment of additional molecules.
In fact, the successive increase in the size of the stack
at the expense of new molecules will lead to the forma-
tion of a quasi-one-dimensional (molecular thin)
aggregates, which can be considered as nuclei of
experimentally observed supramolecular strings [1].
At the same time, pairs of molecules in which the tet-
rahedra are oriented so that the chiral bases face each
other can be considered as nuclei of isometric TFAAA
condensate particles, which are also consistently
observed in experiments [1]. Note that, the configura-
tion in which two chiral tetrahedron are located
nearby has not been considered, since it is believed to
be unrealistic because of a strong dependence of the
dispersion of force on the distance.

For achiral TFAAA-2, the dependence of the total
energy on the angle between both the structural vec-
tors and the dipole moments is virtually nonexistent,
and therefore, it is not shown. We assume that this is
what leads to the formation of isometric precipitates in
solutions of achiral TFAAA, in contrast to the quasi-
one-dimensional stacking condensation of homochi-
ral TFAAA, resulting in the formation of strings [11].
Solutions of achiral TFAAA-2 in acetone, methanol,
dimethyl sulfoxide, carbon tetrachloride, water, liquid
ammonia, and butanol were experimentally investi-
gated [11]. It was demonstrated that, in all ranges of
concentrations, up to the solubility limit, no strings
were formed, despite the large dipole moment of the
TFAAA-2 molecule, a factor that, according to the
semi-empirical rule [9], is favorable for their forma-
tion. Note also that TFAAA-2 solutions produced no
nanodroplets [2]. The absence of nanodroplets in

solutions of achiral TFAAA [10] suggests that the
complementarity in pairs of molecules imposed by
chirality must play an important role in the formation
of a nanodispersed phase.

As can be clearly seen from Fig. 5, increases in the
interaction energy of a pair of TFAAA molecules at the
collinear and anticollinear structural orientations of
the structural vectors is observed over the entire range
of mutual orientations of the dipole moments. Both
these configurations are energetically more favorable
than any other mutual orientation of the molecules.
Note also that the interaction energy as a function of
the mutual arrangement of the molecules (Fig. 5) has
no other local minima, which confirms the correct-
ness of the above analysis of the topology of pairs of
TFAAA molecules.

The formation complementary pairs in which the
molecules are bound to each other more strongly than
to the outside molecules should influence the statisti-
cally averaged properties of the nanodroplet as a
whole. In addition to the anomalously large diffusion
coefficient, such an influence can be detected by ana-
lyzing the dependence of the point dipole moment of
the drops as a whole on its size. In the absence of a cor-
relation in the orientation of the dipole moments, the
total dipole moment of the droplet must be propor-
tional to the square root of the number of its constitu-
ent molecules. However, as can be seen from Fig. 6,
the dependence of the point dipole moment of nano-
droplets on their linear dimensions is linear. It was
estimated that ~90% of the molecules in the nano-
droplet form pairs with zero dipole moment, since
their dipole moments are anticollinear. Consequently,
the point dipole moment of the nanodroplet is deter-
mined by a small fraction of pairs with collinear
dipoles. Assuming that the formation of such pairs is a
result of a bimolecular reaction, we find that the num-
ber of such pairs should be proportional to the square
of the number of molecules, whereas the variance of

Fig. 4. Dependence of the total potential energy of interaction of a pair of TFAAA molecules in a nanodroplet in heptane on the
angle ψ between the normals to the chiral tetrahedron plane: (a) TFAAA-5 and (b) TFAAA-8.
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this quantity should be linear in the number of mole-

cules in the droplet. Thus, the linear dependence of

the calculated dipole moment of the nanodroplet on

the number of particles clearly indicates the formation

of complementary pairs of molecules with anticollin-

ear dipole moments.

CONCLUSIONS

Molecular dynamics simulations of the nanodis-
persed phase observed in dilute solutions of TFAAA
enabled to analyze the energies of intermolecular
interactions. It was shown that the main contribution
to the interaction energy comes from dispersion forces

Fig. 5. Dependence of the total potential energy (kJ/mol) on the angles between the dipole moments (φ) and the normals to the
planes of the chiral tetrahedron bases (ψ) in pairs of TFAAA-5 molecules in nanodroplets in heptane. Clearly visible are minima
corresponding to the open stacks and closed pairs of molecules at the anticollinear orientation of the dipoles.
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(~14 kJ/mol), more specifically, 3/4 of the total
energy of interaction in a pair of molecules. For the
anticollinear orientation of the dipole moments of the
TFAAA molecules, their dispersion interaction bind-
ing energy is higher by more than kT, indicative of a
complementary interaction between the molecules. In
this case, the orientation of the dipole moments of the
molecules in most of the observed pairs was anticol-
linear.

It was shown that there are two types of pairs of
molecules with nonhomeomorphic structures, i.e.,
with different topologies. In the first case, the chiral
tetrahedrons of the molecules are nested into each
other. During condensation, due to the formation of
anisometric stacks, such pairs are capable of anisotro-
pic growth and can serve as nuclei of supramolecular
strings. In the second case, the tetrahedra join via their
bases thereby forming isometric nuclei for an isotropic
precipitate.
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Translated by V. Smirnov

Energies (kJ/mol) of dipole–dipole (А), electrostatic (B), and dispersion (C) interaction between TFAAA molecules in
nanodroplets with each other and with the solvent

System
Number

of molecules

TFAAA–TFAAA TFAAA-solvent

А B C А B

TFAAA-4/cyclohexane 16.1 ± 2.6 –2.68 ± 1.14 –17.7 ± 2.9 –0.98 ± 0.43 –0.35 ± 0.20 –68.7 ± 5.1

TFAAA-4/heptane 21.1 ± 4.1 –6.11 ± 1.19 –19.4 ± 2.4 –1.11 ± 0.47 –0.30 ± 0.19 –60.8 ± 4.1

TFAAA-5/cyclohexane 9.6 ± 2.3 –3.65 ± 1.31 –9.1 ± 2.3 –1.18 ± 0.89 –0.51 ± 0.28 –62.8 ± 3.9

TFAAA-5/heptane 13.3 ± 3.6 –4.38 ± 1.32 –11.6 ± 2.6 –1.15 ± 0.66 –0.45 ± 0.24 –54.8 ± 4.6

TFAAA-8/heptane 12.0 ± 2.2 –4.01 ± 1.15 –14.4 ± 2.3 –1.01 ± 0.65 –0.29 ± 0.22 –70.7 ± 4.6
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