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We study the spatial distribution of trimethylamine-N-oxide (TMAO) and tert-butyl alcohol (TBA) molecules in
aqueous solutions at low concentrations using molecular dynamics simulation, Voronoi-Delaunay method, and
statistical cluster analysis. A comparison of these solutions with the systems of randomly distributed hard
spheres is carried out. It is shown that TMAO molecules are generally distributed like random spheres. On the
contrary, the distribution of TBA substantially differs from the randomone, being the result of the self-association
process in TBA solutions. Thus, using themethods of statistical geometry and systems of random spheres as a ref-
erence system, one can carry out a quantitative characterization of a global structure of a solution to describe gen-
eral features of the spatial distribution of the solute molecules.
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1. Introduction

Aqueous solutions of trimethylamine-N-oxide (TMAO) and tert-
butyl alcohol (TBA) are the objects of many investigations by both ex-
perimental [1–13] and computer simulation methods [14–19]. TBA is
an example of a simple amphiphilic molecule. Its solutions show non-
trivial structural changes with concentration. It is believed that at low
concentrations a TBA molecule “stabilizes” the surrounding water, i.e.,
owing to the presence of compact hydrophobic part (three methyl
groups), it forms a specific hydration shell [1,8]. With the increase of
concentration, self-association of TBA molecules begins due to the hy-
drophobic interaction. This mechanism is confirmed by the observation
of extremes and kinks at mole fraction of TBA 0.02–0.05 on the experi-
mental curves of some thermodynamics and spectroscopic parameters
obtained by different methods, see for example [1,5,6,12]. The next
structural changes in TBA solutions occur at a mole fraction of 0.15–
0.20. They are related to the onset of “micro-heterogeneity”, i.e., the
arising of areas with different ratio of TBA and water molecules [2,3,5,
16,19].

Interest in TMAO comes frommolecular biology. It is well-known as
protective osmolyte. TMAO stabilizes the native structure of proteins,
preventing it from the denaturing action of temperature, pressure or de-
naturants like urea [20–24]. Despite many studies, the mechanism of
TMAO action on protein at the molecular level is still unclear [24–26].
ev).
Molecules of TMAO and TBA look similar. They have small hydro-
philic parts while the hydrophobic ones are formed by three methyl
groups. One can expect the same structure and properties of their solu-
tions. However, unlike TBA, TMAO solutions do not have specific fea-
tures depending on concentration. This was shown experimentally
[12] and confirmed by computer simulation [14,15]. Obviously, proper-
ties of solutions depend not only on the structure of hydrophobic part of
a solutemolecule. TMAOmolecule differs from TBA by the presence of a
larger charge on the oxygen atom, by three strong hydrogen bondswith
water [13], and also by a large dipole moment. The interaction of TMAO
and TBA molecules with water is discussed in many works and studied
by quantum chemistry methods [27,28].

In this paper, we leave aside the question of these interactions and
do not discuss the origin of different structures of TMAO and TBA solu-
tions. The purpose of the present work is a detailed analysis of the spa-
tial structure of these solutions by means of molecular dynamics
simulations.

Investigations of the solution structure are often limited to the study
of hydration shells. This is because they directly reflect the solute-sol-
vent interaction, which can be measured experimentally by different
methods. At the next level of the structure description, solute clusters
are considered. They can arise at rather low concentration due to specif-
ic interactions and grow at higher concentration. However, there is an-
other aspect of the solution structure, namely, the spatial distribution of
the solute molecules. We call it global structure. It reflects general fea-
tures and motifs of the solution component distribution in space. Com-
puter simulations open a way to study different aspects of the global
structure [16,17,29–31].
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Fig. 1. The densities of aqueous solutions of TMAO and TBA at T= 300 K and P= 1 bar vs.
concentration. Solid lines refer to experimental data [10,12]. Large symbols show the
simulation values (empty symbols for the series A, filled – series B, see text). In the
insert: molecular structure and van der Waals representation of the TMAO and TBA.
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Note that solutions belong to the area of random spatial systems
which are studied in different fields of sciences. Similar structural prob-
lems arise in physics of liquids, glasses, granular packing, in porous sys-
tems, see, e.g., books [32,33]. There are different approaches to such
problems. One of them is based on the Voronoi-Delaunay tessellation,
which is a universal geometrical tool for the description of mutual spa-
tial arrangement of objects [34,35]. Another approach is the cluster
analysiswhich selects clusters (groups) in a systemof particles random-
ly distributed in space [32,33].

In the present paper, we use these approaches for the quantitative
characterization of the spatial distribution of TMAO and TBA molecules
in molecular dynamics models of their aqueous solutions at different
concentrations. In order to estimate the degree of inhomogeneity of
the solution, we carry out the comparison with systems of randomly
distributed hard spheres with different density.

2. Models

2.1. Solutions

We have considered two series of simulations of aqueous solutions
of TBA and TMAO for different concentrations. In the first one (A),
each simulation box contains 100 solute molecules (TMAO or TBA)
and the concentration ranges from 0.27 to 4.3 M, (mol/L). The simula-
tion box for the lowest concentration has an edge length of 8.5 nm
and contains 19,900 water molecules. The more concentrated solutions
were made by removing the required number of water molecules and
decreasing the box size. Thus, for example, the most concentrated solu-
tion of TMAO has a box edge length of 3.4 nm and contains 900 water
molecules.

In the second series (B), each model contains 160 solute molecules
and the concentration ranges from about 0.48 to 3.3 M. The box size
varies from8.2 to 4.3 nm,while the number ofwatermolecules changes
from17,613 to 2085. Themolecular dynamics calculations and the anal-
ysis were done using the same parameters, as specified below. As we
Table 1
Correspondence between molar concentration c, packing fraction η, and molar fraction x2 for T

Molar concentration, mol/L
TBA, TMAO

0.27 0.53 1.27

Packing fraction η
TBA, TMAO. D = 0.53 nm

0.013 0.025 0.06

Mole fraction x2
TBA

0.005 0.01 0.02

TMAO 0.005 0.01 0.02
found, there is no noticeable difference between simulation results
from different series. The comparison of the calculated and experimen-
tal densities of the solutions is shown in Fig. 1. One can see quite a good
agreement for all concentrations.

All simulations were performed using the GROMACS package, ver-
sion 5.0.7 [36], on the 4th Generation Intel Core i7 processor with
NVIDIA CUDA GPU acceleration. All-atom force field parameters for
TMAO are taken from [37], and for OPLS-AA model of TBA from [38].
For water, the TIP4P/2005 model was used [39]. The Particle Mesh
Ewald schemewith spacing of 0.12 nmwas utilized for electrostatic in-
teractions, and 1.0 nm short-range interactions cut-offswere used. Sim-
ulations were performed in the NPT ensemble using the v-rescale
thermostat and the Parrinello-Rahman barostat [40,41] with relaxation
times of 1 ps and 2 ps, respectively. Temperature and pressure were
kept at 300 K and 1 bar. All bond lengths were constrained using the
LINCS algorithm and the integration time step was set to 2 fs. Each sim-
ulation involved a 0.1 ns equilibration followed by a 100 ns production
run. Configurations were saved to file each 10 ps.

Since the volume of the system in the NTP ensemble fluctuates, we
use the mean values of the molar concentrations everywhere. The rela-
tive error of the mean molarity did not exceed 0.03% for all simulations
when estimated by the block-averaging method.
2.2. Random spheres

The models of random spheres of different density were created by
random sequential addition of hard spheres into empty simulation
box with periodic boundary conditions. The diameter of spheres D
was chosen to be 0.53 nm and the packing fraction was determined
by the size of the box and by the given number of spheres. (Recall that
packing fraction is the ratio of volume occupied by spheres to the vol-
ume of the system: η = Vsph / Vbox). We have obtained also two series
of simulations containing 160 and 1280 spheres for all densities η. One
can think thatmodelswith hundred of spheres do not allowus to obtain
good sampling. However, all statistical characteristics, in particular the
volumes of Voronoi regions and their variance are practically identical
in both series for all η. The number of independent configurations
used for averaging was 105.

We have chosen the value forD as an optimal size for both the TMAO
and the TBA molecules. This value corresponds approximately to the
mid-point on the left slope of the first peaks of the g(r) both for TMAO
and for TBA, see Fig. 6 in Results section. Thereby, the value of D =
0.53 nm is a good estimate of the “hard core” diameter for both the
TMAO and the TBA. By representing our molecules as spheres of a
givendiameter,we are able to calculate the packing fraction η for the so-
lutions. Thus, we can measure the concentration of the solutions either
inmol/L, or as amole fraction x2=N2/(N2+N1) aswell aswith packing
fraction η, i.e., as fraction of volume occupied by solutemolecules repre-
sented as spheres of a given radius. These values for someof our systems
are shown in Table 1.

System of random spheres with packing fractions ranging from 0 to
0.2 were simulated, in order to cover the whole range of concentration
of the solutions investigated. The system with η = 0 was calculated
using zero sphere diameter D= 0. In this case, the system corresponds
to a random distribution of points, which is broadly studied in
MAO and TBA solutions (only some models are presented).

2.35 3.22 4.05 4.30

0.11 0.15 0.19 0.20

5 0.050 0.075 0.10 0.11

5 0.048 0.070 0.095 0.10



Fig. 2. Pair correlation functions for systemof random sphereswith diameterD=0.53 nm
for packing fractions η= 0.02, 0.05, 0.1, 0.15 and 0.2.

Fig. 4. Distributions of Voronoi region volumes for systems of random spheres with
different packing fractions. All distributions are normalized to the mean volume
(vertical line at 1). Dashed curve corresponds to the distribution of randompoints (η=0).
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mathematics [42]. In Fig. 2 the pair correlation functions for systems of
random spheres at different packing fractions are shown.

At these densities, our systems can be considered as “a gas” or “a
fluid” of hard spheres. Recall that for random points with uniform spa-
tial distribution the pair correlation function g(r) is equal to 1 for all r.
For hard spheres at low packing fractions, g(r) is also almost equal to
1 for all r N D. However, if the packing fraction is a few percent, one
can discern the appearance of the first peakwhich is growingmonoton-
ically with packing fraction, see Fig. 2. However, packing effects leading
to oscillations of g(r) do not appear yet. For the highest density η=0.2,
only a very weak minimum can be recognized after the first maximum.
One can only see a small hint to the appearance of a minimum after the
first maximum.
3. Methods

3.1. Voronoi regions

To investigate the mutual spatial arrangement of particles, one can
use the Voronoi-Delaunay tessellation [34,35]. In the present work, we
calculate volumes of Voronoi regions. Recall that the Voronoi region de-
fines the volume of space, which is closer to a given atom than to any
other atoms of the system. Fig. 3 illustrates 2D Voronoi regions for dif-
ferent systems. One can see that they are sensitive to the spatial distri-
bution of particles.
Fig. 3. Two-dimensional illustration of Voronoi tessellation for systems of random points an
inhomogeneously distributed spheres.
The distributions of Voronoi volumes for random spheres are shown
in Fig. 4. In order to compare distributions for models with different
packing fraction we normalized our distributions to the mean Voronoi
volume for each system. Thereby the mean value for each distribution
is equal to 1 in Fig. 4 (marked by vertical line). One can see that the
denser the system the narrower andmore symmetrical the distribution;
as it can also be observed in Fig. 3. To compare random sphere systems
with our solutionswe use the dispersion of the normalized distributions
of Voronoi volumes: Var[v/v0]〈(v/v0−1)2〉, where v0 is the mean vol-
ume of Voronoi regions in the system. When the density increases, the
dispersion decreases strongly (about six times in our range of densities,
see below).

Whenworkingwith the solutions,we calculated theVoronoi regions
for the centers of solute molecules. The nitrogen atom and the tertiary
carbon atom were chosen as molecular centers for TMAO and TBA, re-
spectively. Water molecules were ignored in these calculations, i.e., we
carried out the decomposition of solution volume using the solute mol-
ecules only. The Python libraries mdtraj [43] and tess [44,45] were
employed for the calculation of Voronoi tessellation from themolecular
dynamics trajectories.
3.2. Clusters

The problem of cluster detection and analysis in systems of particles
is well known in physics and related sciences [32,33]. In our study, we
use a simple method to define clusters: the cluster is formed by those
d spheres with finite radius. a) system of points, b) homogeneous random spheres, c)



Fig. 5.Molecule-molecule pair correlation functions for TMAO (a) and TBA (b) aqueous solutions at different concentrations. Central N and C atoms are used as the centers of TMAO and
TBA molecules.
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particles which are spaced apart closer than the given cutoff distance,
i.e., if the particle is close to at least one particle of the cluster, it also be-
longs to this cluster. Determination of clusters was performed using the
program clustsize from the GROMACS 5.0.7 package [36]. All clusters
and their size (number of particles in the cluster) were identified for
each model configuration. The mean cluster size for a given model
was calculated by averaging over many configurations of the model:
105 independent configurations for random spheres for each packing
fraction, and 104 frames of a molecular dynamics trajectory for each so-
lution. Note that the calculation of the mean cluster size also takes into
account clusters of size 1, i.e., isolated particles, which do not have close
neighbors.
4. Results

Primary information about the spatial organization of the system of
particles can be obtained via the pair correlation functions. Pair correla-
tion functions calculated for the centers of themolecules in solution are
shown in Fig. 5.

Firstly, let us note that the first peak for TMAO is very low. It is lower
than the second maximum of the TMAO and substantially lower than
the first maximum for TBA. In both cases, the heights of the first peaks
increase with increasing concentration, but the subsequent oscillations
behave differently. In TMAO they practically do not change, and in the
TBA solution, the second and third peaks begin to merge into one, see
3.2 M curve in Fig. 5b. A small prepeak at values of around 0.45 nm on
TBA-TBA g(r) curves (Figs. 5b and6) corresponds to thehydrogen bond-
ed TBA molecules.
Fig. 6.Comparisonof thepair correlation functions of TMAO(red), TBA (blue) and randomhard
xTBA = 1%) (a), η = 0.15 (cTMAO = cTBA = 3.2 M, хTMAO = 7%, хTBA = 7.5%) (b).
In order to understand the change of g(r) with concentration aswell
as differences between TMAOand TBA, let us compare g(r) of TMAO and
TBA with random spheres, Fig. 6.

The presence of the second and third peaks in g(r) for solutions is
caused by the structuring effect of the solvent. The structure of water
defines some preferential distances between solute molecules.
The first peak is obviously determined by direct van der Waals
contact of the molecules. In this case, each molecule is located in
the hydration shell of another molecule. The second peak can be
attributed to the “overlap” of hydration shells, i.e., to the case when
only a “monolayer” of hydrated water molecules remains between
the solute molecules. The third maximum, one might think, corre-
sponds to the distance when themolecules “touch”with their hydra-
tion shells. Note that these preferential distances have nothing to do
with the laws of packing of solute molecules alone. Indeed, the
second and third maxima in solutions exist already at very low con-
centrations, at which the system of random spheres does not even
exhibit the first peak, Fig. 6a.

The fraction of random spheres in contact increases with increasing
density, as seen in Fig. 2. The same effect can be observed, for the TMAO
and TBA solutions, in Fig. 5. Thus, the increase in the height of the first
peak of g(r) has a geometric cause. It largely determines the behavior
of the first peak for TMAO. However, specific intermolecular interac-
tions also govern the structure of the solutions. In particular, TBAmole-
cules can formhydrogenbondswith eachother.Moreover, the so-called
hydrophobic interaction appears between them in water. This leads to
the fact that the proportion of close molecules is greater than for a ran-
dom distribution in space, and it explainswhy the first peak of g(r) is so
high in TBA solution even at low concentrations.
spheres (black) at different concentrations. η=0.025 (cTMAO=cTBA=0.53M, xTMAO=1%,



Fig. 7. Variance of normed Voronoi cell volume distributions for TBA (blue squares) and
TMAO (red triangles) solute molecules in solution compared with random spheres
(black line). Filled symbols correspond to models of solutions with 160 solute
molecules, open symbols – 100 molecules, see text. Errors are estimated by block
averaging method over the MD trajectory.
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Using only the information from the g(r) it is difficult to judge the
distribution of molecules in space as a whole. The direct information
about it can be obtained from the analysis of the Voronoi-Delaunay tes-
sellation. Fig. 7 shows the variance of the Voronoi volumes depending
on the concentration. To compare the solutions with the system of ran-
dom spheres we estimated the degree of space filling for dissolvedmol-
ecules, see Table 1. One can see that the curve for TMAO solutions agrees
very well with the curve for the random spheres. This means that the
TMAO molecules are arranged randomly in the solution over the
range of the investigated concentrations. The presence of small oscilla-
tions on the g(r) function in the solution (which are not present in ran-
dom spheres), as we see, does not affect the general character of the
distribution of molecules in space.

In the TBA solutions, the variance of Voronoi volumes behaves quite
differently, at first it slightly decreases but then begins to grow. This be-
havior is understandable since the growth of the dispersion indicates
Fig. 8. Voronoi volume distribution for TMAO (a) and TBA (b) in solutions of different concent
densities.
the emergence of inhomogeneities, which arise from the association of
TBA with increasing concentration.

What is surprising is that TMAO behaves like a system of random
spheres, in spite of all intermolecular interactions, which can happen
between real molecules. Fig. 8 shows the distribution of Voronoi region
volumes.

It is clear that for both low and high concentrations there is a very
good agreement between the distributions for TMAO and random
spheres, as opposed to the TBA case, where there is a significant differ-
ence in the distribution.

Fig. 9 shows the results of our cluster analysis of the solutions and of
the system of random spheres. For cluster selection, we use the distance
criterion.

First, we considered two particles as being connected if the distance
between their centers was less than 0.58 nm (it is an approximated po-
sition of the first peaks at g(r) for both TMAO and TBA solutions). As the
second criterion,we took a distance of 0.72 nm, (first minimum of g(r)).
In this case, any particle in the nearest shell of the molecule is meant to
be included into the cluster.

Regardless of the criterion used, we get a very interesting result: the
mean size of the clusters in TMAO solutions is almost the same as in the
system of random spheres for all densities. On the contrary, the size of
clusters in TBA solution is much larger. Thereby, this statistical analysis
also shows that TMAOmolecules are distributed in solution like random
spheres at the same packing fraction. By this property, TMAO solutions
strongly differ from TBA, where due to specific intermolecular interac-
tions, the spatial distribution of molecules is different.

5. Conclusions

We investigated the general character of the spatial distribution of
TMAO molecules in aqueous solution at rather low (biologically rele-
vant) concentrations and compared it with TBA solutions and with ran-
dom spheres. For this purpose, we used themolecular dynamicsmodels
of the solutions at different concentrations and the systems of random
spheres with the corresponding densities.

It was shown that TMAO molecules are distributed in the solution
like random spheres. This result follows from the coincidence of Voronoi
volumes of the molecules in solutions and in the systems of random
spheres, aswell as from the coincidence of themean size of the clusters.
However, for TBA solutions, the calculated characteristics differ substan-
tially from random spheres. This phenomenon is related to the known
property of TBA to form associates in the solution. The first peak of the
rations (solid lines) in comparison with random spheres (symbols) at the corresponding



Fig. 9. The mean size of the clusters in TMAO (red) and TBA (blue) solutions, and in the system of random spheres (black line) vs. density of the system. Cutoff distances for including
particles into cluster were 0.58 nm (a) and 0.72 nm (b).
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center-center pair correlation function g(r) for TMAO is weak and even
lower than the second one at low concentrations. The growth of this
peak with concentration repeats the trivial behavior of the first peak
in the system of random spheres. In the TBA solution, the first peak is
much higher, resulting from the specific interactions between TBA
molecules.

In solutions, the pair correlation function shows also a marked sec-
ond and third peak. For the system of random spheres at the studied
densities, these peaks are absent. Such preferred distances in solutions
are caused by the structuring effect of water. However, the influence
of water on the “local” order of the solute molecules does not affect
the global structure of the solutions.

The sensitivity of the spatial distribution of random spheres to the
change of density, even at low packing fractions, shows that one should
compare structural properties of the solution with the system of ran-
dom spheres (bodies) rather than with the system of random points.
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