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ABSTRACT

Classical molecular dynamics simulation techniques were employed to investigate the local solvation structure and related dynamics of the
dimethylammonium cation diluted in liquid water at ambient conditions. The translational and orientational order around the dimethylammonium cation was investigated in terms of the corresponding radial and angular distribution functions. The results obtained revealed
that the first solvation shell of the dimethylammonium consists mainly of two and, less frequently, three water molecules. The two nearest water neighbors form hydrogen bonds with the ammonium hydrogen atoms of the cation, whereas the third neighbor interacts with
the methyl hydrogen atoms as well. The distribution of the trigonal order parameter exhibits a bimodal behavior, signifying the existence of local orientational heterogeneities in the solvation shell of the dimethylammonium cation. The calculated continuous and intermittent residence and hydrogen bond lifetimes for the cation–water pairs have also been found to be longer in comparison with the
water–water ones. The very similar self-diffusion coefficients of the dimethylammonium cation and the water molecules in the bulk dilute
solution indicate that the translational motions of the cation are mainly controlled by the translational mobility of the surrounding water
molecules.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0004204., s

I. INTRODUCTION
Solvation mechanisms and related dynamics in aqueous
electrolytes are complex phenomena, which are of fundamental
importance for a deeper understanding of their physicochemical
properties and applications.1–17 The nature of the intermolecular interactions and the related solvation mechanisms in aqueous
electrolytes depends on the type of the salts and the salt concentration.18–20 Moreover, the interplay between self and collective dynamics in aqueous electrolyte solutions is still unclear, and it is a topic of
active research.20–22
Dilute salt aqueous solutions are often used as prototypes to
investigate the effect of the ion type on hydration effects and,
particularly, the structural changes in the hydration shells around
the ions in comparison with bulk water.23–27 Ions having both
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hydrophobic and hydrophilic groups are extremely interesting
prototypes to study the local structure of water in their hydration shells and effects induced by their specific orientational
ordering around the cations. In this context, the dimethylammonium cation (DMA+ )28 is an excellent example to study ion
hydration at dilute conditions since it contains two hydrophobic groups (–CH3 ) and two hydrogen atoms, which can interact more strongly with the water molecules. Previous studies of
one of the authors have revealed that when DMA+ is used as a
counter cation in anionic metal–organic frameworks, it acts as a
nucleation site for water, playing in this way a very important
role on water adsorption in this type of nanoporous materials.29
The results of that study have indeed revealed the existence of
strong interactions of DMA+ with water under confinement, and
it would be extremely interesting to compare the behavior of the
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DMA+ cations and their interactions with water at bulk liquid
conditions.
An additional motivation for us to study the solvation structure and related dynamics of this specific cation in water is the fact
that a direct comparison can be made with previous studies of one
of the authors, who studied the hydration structure and dynamics of the tetramethylammonium cation (TMA+ ).30 TMA+ has been
used as an ionic model to study hydrophobic behavior in water
solutions, and it would be interesting to investigate the changes
in the cation solvation structure and related dynamics when two
methyl groups are substituted by two hydrogen atoms in the case
of DMA+ . Very recent ab initio molecular dynamics (MD) studies
have also revealed important information regarding the hydration
structure of the ammonium cation.31 In comparison with ammonium and TMA+ , DMA+ is not entirely hydrophobic or hydrophilic
since it contains both hydrophobic and hydrophilic groups. A comparison of the structural modifications induced by the substitution
of two hydrophobic groups by hydrogen atoms might be used as
a springboard toward a better understanding of the solvation phenomena in aqueous electrolytes, particularly related to hydrophobic and hydrophilic hydration effects. Further understanding the
mechanisms of these hydration effects could therefore be crucial in
the rational design of electrolytes for chemical and environmental
applications.
II. COMPUTATIONAL METHODS AND DETAILS
In the present study, the solvation structure of DMA+ at infinite dilution in pure ambient water (T = 298.15 K and P = 1 bar)
has been investigated via classical molecular dynamics (MD) simulations. Inside a cubic simulation box, one DMA+ cation was placed
among 499 water molecules. The initial configuration of the simulated system was prepared by using the Packmol software,32 and
then, the system was equilibrated by performing an initial 5 ns MD
simulation at the isothermal–isobaric (NPT) ensemble. The density
of the equilibrated system was then calculated by a subsequent 2
ns production NPT-MD run. Using the box dimension corresponding to the calculated density of the system at 1 bar, the system was
then re-equilibrated at the canonical (NVT) ensemble for 10 ns, and
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finally, the system properties under equilibrium were evaluated in a
subsequent 5 ns NVT-MD production run. The force field employed
in the simulations for the DMA+ cation was developed in our previous study of water adsorption in the Y-shp-MOF-5 rare-earthbased metal–organic framework.29 The intermolecular interactions
in this model are represented as pairwise additive with site–site 12–
6 Lennard-Jones (LJ) plus Coulomb interactions. The DMA+ cation
was kept rigid during the simulations. The intramolecular coordinates, charges, and LJ parameters corresponding to each type of
atoms of the DMA+ cation are presented in Table I. The development of potential models for water has been a topic of constant interest for the research community over the last few decades, and a very
large variety of force fields have been proposed to describe the thermodynamic, structural, transport, and dynamic properties of water
in a wide range of thermodynamic conditions.33,34 To be consistent
with our previous work,29 we selected the rigid Simple Point Charge
Extended (SPC/E) potential model35 among other force fields to
describe water. This three-site potential model has been successfully
used in previous studies of liquid and supercritical water as well as
in the case of several aqueous mixtures.36–39 This model was selected
in our previous study of confined DMA+ aqueous solutions since it
presented the advantage to consider atomic charges for the hydrogen and oxygen atoms very similar to the ones calculated for the
coordinated water molecules in the anionic cluster of Y-shp-MOF-5,
calculated from our density functional theory (DFT) calculations.29
Therefore, in order to be able to directly compare the behavior of
DMA+ in the bulk solution and under confinement, we used exactly
the same force fields as in our previous study.
The equations of motion were integrated using a leapfrogtype Verlet algorithm40 with an integration time step of 1 fs.
The temperature has been fixed to 298.15 K and the pressure to
1 bar by coupling the system to a Nose–Hoover thermostat41 and
barostat42 with a relaxation time of 0.5 ps, respectively. The rigid
body equations of motion for the DMA+ cation and the water
molecules were expressed in the quaternion formalism.40 A cutoff radius of 12.0 Å has been applied for all Lennard-Jones interactions, and long-range corrections have also been taken into
account. To account for the long-range electrostatic interactions,
the standard Ewald summation technique has been used.40 The

TABLE I. Intramolecular coordinates, LJ parameters, and charges corresponding to each atom type of the force field employed
in the MD simulations to model the DMA+ cation.

Atom type
CM
HM
HM
HM
CM
HM
HM
HM
N
HN
HN

x (Å)

y (Å)

z (Å)

σ (Å)

ε (K)

q (|e|)

1.256 416
1.254 139
1.254 120
2.113 924
−1.256 421
−1.254 164
−2.113 920
−1.254 092
0.000 001
0.000 007
0.000 005

−0.277 080
−0.898 056
−0.898 110
0.394 560
−0.277 080
−0.898 022
0.394 568
−0.898 137
0.543 762
1.160 928
1.160 892

0.000 001
0.894 676
−0.894 639
−0.000 028
0.000 001
0.894 700
−0.000 077
−0.894 618
0.000 001
0.817 276
−0.817 303

3.50
2.50
2.50
2.50
3.50
2.50
2.50
2.50
3.30
...
...

15.096 7
7.548 3
7.548 3
7.548 3
15.096 7
7.548 3
7.548 3
7.548 3
85.547 9
...
...

−0.227
0.154
0.154
0.154
−0.227
0.154
0.154
0.154
−0.042
0.286
0.286
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simulation runs were performed using the DL_POLY simulation
code.43
III. RESULTS AND DISCUSSION
A. Local hydration structure
The solvation structure of the DMA+ cation in ambient liquid
water was first investigated in terms of the center of mass–center
of mass (c.m.–c.m.) radial distribution functions (RDF) g (r) and
the corresponding local coordination number N(r). The DMA+ –
water c.m.–c.m. RDF and the corresponding coordination number are presented as a function of the intermolecular distance in
Fig. 1(a). The calculated c.m.–c.m. RDF exhibits a peak at 2.98 Å,
followed by a minimum at 3.38 Å, which identifies the radius of
the first solvation shell. The average coordination number corresponding to the radius of the first solvation shell has been found to
be 2.4. Our analysis revealed that the majority of the obtained first
solvation shell configurations (around 66.12% of the total configurations) contain two water molecules, and there is a significant fraction (around 27.92% of the total configurations) of configurations
containing three water molecules in the first solvation shell. Significantly lower fractions of configurations containing one and four
water molecules in the first solvation shell have also been observed.
Therefore, the results obtained clearly reveal the existence of a first
solvation shell with a radius of 3.38 Å containing mainly two or
three water molecules. Following our previous studies, to obtain
more detailed insight about the packing of water molecules around
the DMA+ cation at short distances, the total c.m.–c.m. RDF was
expressed in terms of the sum of the different contributions arising
from nearest neighbors around the cation. The c.m.–c.m. RDF can
indeed be expressed as a sum of the RDF g n (r),44–46 where the index
n corresponds to the n-th nearest neighbor around the reference
cation,
∞

g(r) = ∑ g n (r).

(1)

FIG. 1. (a) Calculated DMA+ –water c.m.–c.m. RDF and the corresponding coordination number. (b) Contributions of the four nearest neighbor RDF gn (r) to the
DMA+ –water c.m.–c.m. RDF.

n=1

The contributions to the overall c.m.–c.m. RDF corresponding to
the first four nearest neighbors are shown in Fig. 1(b). Here, we can
4

also observe that the sum ∑ g (r) adequately describes the shape of
n

n=1

the DMA+ –water c.m.–c.m. RDF up to the first minimum located at
3.38 Å. Interestingly, the peak of g 3 (r) is located in the boundary of
the first solvation shell, indicating that the third nearest water neighbor alternates between the first and the second solvation shell of the
DMA+ cation.
A second peak located at 4.42 Å, followed by a clear minimum at 6.08 Å, can also be observed in the shape of the calculated DMA+ –water c.m.–c.m. RDF in Fig. 1(a). This finding clearly
indicates the existence of a second solvation shell with a radius
of 6.08 Å and a corresponding coordination number Nc = 29.
Comparing the local intermolecular structure around the DMA+
cation, we can notice an important difference with the local hydration structure around the TMA+ cation, which was investigated in
a previous study of one of the authors.30 In that study,30 it was
found that the first solvation shell of TMA+ , corresponding to the
first minimum of the N–Ow RDF, which is very similar to the
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c.m.–c.m. one, is located at 6.25 Å and contains 30 water molecules.
The existence of two methyl groups and two hydrogen atoms in
DMA+ leads to the creation of a first solvation shell at short distances, which is absent in the case of TMA+ . On the other hand,
the location of the second solvation shell is very similar in both
cations, as well as the calculated coordination number.30 To compare with the hydration structure of the NH4 + cation as well, the
results of a very recent ab initio Born–Oppenheimer molecular
dynamics simulation study31 were taken into account. According
to the findings of this work, the first solvation shell of NH4 + is
located at 3.54 Å and contains, on average, 5.2 water molecules.
What was also found in this work is that the first solvation shell
of NH4 + is formed by four tightly bound water molecules and a
fifth water molecule that is exchanged between the first and second solvation shells. The structure around NH4 + was also found
to be much more ordered, and the four nearest water molecules
that reside within the first solvation shell are hydrogen bonded with
the hydrogen atoms of ammonium, which together form a distinct
tetrahedral cage around the ion. All these findings indicate the very
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significant modifications in the hydration structure of these particular ions, caused by the substitution of hydrogen atoms with methyl
groups.
The calculated atom–atom RDFs for DMA+ –water pairs, presented in Fig. 2, can provide additional insight regarding the appearance of the characteristic first hydration shell in the case of DMA+ .
As can be observed from Fig. 2, the HN –Ow RDF exhibits a sharp
peak at 1.58 Å, followed by a minimum at 2.28 Å. This is a very
clear indication of the formation of hydrogen bonds between the
DMA+ cation and its nearest water neighbors, and it is the main
reason for the appearance of the first hydration shell in the case
of DMA+ . On the other hand, the shape of the HM –Ow RDF is
very different in comparison with that of the HN –Ow one, exhibiting only a weak shoulder at around 2.9 Å, followed by a weak
peak at 3.38 Å and a minimum at 3.38 Å. This is a clear indication that the hydrogen bonding (HB) interactions between the
methyl hydrogen atoms of the cation and the water molecules are
not very strong. However, the existence of strong HN –Ow HB interactions is also reflected on the shape of the N–Ow RDF, which
is very different in comparison with the one obtained in the case
of the TMA+ cation. It exhibits a sharp peak at 2.58 Å, followed
by a first minimum at 3.08 Å, whereas the second minimum is
located at 5.83 Å. The existence of the first minimum in the N–Ow
RDF is directly related to the HN –Ow HB interactions, which are
absent in the case of TMA+ where only a minimum at 6.25 Å was
observed in the previous studies.30 All these findings are clear evidences of the strong effect of the DMA+ –water HB interactions on
the local hydration structure observed in the dilute DMA+ aqueous
solution.
Further insight on the interactions of the DMA+ cation with
its nearest neighbors can be provided by calculating the probability distribution functions P(r) of the distance between specific
atom pairs of the cation and the surrounding water molecules. The
probability distribution functions for the distances between the HN
hydrogen atoms of the DMA+ cation and the water oxygen atoms
FIG. 3. (a) Calculated probability distribution functions for the distances between
the HN hydrogen atoms of the DMA+ cation and the water oxygen atoms rHN –Ow
of each one of its three nearest water neighbors. (b) Corresponding probability
distribution functions for the rHM –Ow distances.

FIG. 2. Calculated atom–atom RDFs for DMA+ –water pairs.
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rHN –Ow of each one of its three nearest water neighbors are presented in Fig. 3(a). Two intense peaks located at 1.58 Å and 1.63 Å
are observed in the distribution functions corresponding to the two
nearest water neighbors, followed by a second lower peak at about
3.03 Å. On the other hand, in the case of the third water neighbor, a
very weak shoulder is observed at 1.83 Å, followed by two peaks at
3.08 Å and 4.63 Å, respectively. These findings clearly indicate that
the DMA+ cation forms hydrogen bonds with its nearest two water
molecules. The probability distribution functions for the distances
between the HM methyl hydrogen atoms of the DMA+ cation and
the water oxygen atoms rHM –Ow are also presented in Fig. 3(b). From
this figure, it can be clearly observed that the third nearest water
neighbor to the DMA+ cation prefers to interact with the methyl
hydrogen atoms. This is clearly indicated by the appearance of a
first peak observed at 2.58 Å, which is absent in the case of the
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distance distributions corresponding to the first and second water
neighbors. The third nearest water neighbor also exhibits some
weaker short-range interactions with the HN atoms, reflected in the
lower intensity peaks at short range depicted in Fig. 3(a). However,
the highest intensity peak is located at 4.63 Å, further indicating
that the interactions of the third nearest water neighbor with the HN
atoms are weak. All these findings clearly indicate that the two nearest water neighbors of the DMA+ cation approach the two HN atoms
of the cation and form hydrogen bonds with them, whereas the
third water neighbor interacts mainly with the methyl groups of the
cation.
The estimation of the number of HN ⋯Ow hydrogen bonds
formed between the DMA+ cations and the water molecules, with
the –NH2 group of the cation acting as a hydrogen bond donor, was
performed using geometric criteria defined in our previous studies
of confined DMA+ aqueous solutions.29 According to the employed
geometric HB criterion, a hydrogen bond between DMA+ and H2 O
exists if the interatomic distances are defined as follows: d(N. . . O)
≤ 3.05 Å and d(HN . . . O) ≤ 2.25 Å, and the donor–acceptor angle is
such as HN –N. . . O ≤ 30○ . The calculated fractions of DMA+ acting
as HB donors and forming from 0 to 3 hydrogen bonds with water
were thus estimated. According to our analysis, in about 90% of
the simulated configurations, the cation forms two hydrogen bonds,
whereas in about 9.7% of them, it forms just one bond. The fractions
of the configurations where the cation forms zero or three hydrogen bonds are almost negligible (0.25% and 0.05%, respectively).
The average number of DMA+ –water HN . . . Ow hydrogen bonds
formed per DMA+ cation was estimated to be about 1.9, which is the
same as in the case of the simulated confined DMA+ aqueous solutions in metal–organic frameworks, as was observed in our previous
studies.
The local orientational structure around the DMA+ cation has
also been investigated in terms of angular probability distribution
functions P(cos θ). In Fig. 4(a), the distribution of the cosine of
the angle formed between the nitrogen atom of the cation and the
oxygens of the two nearest water neighbors (O1 –N–O2 angle) is
presented. This particular distribution exhibits a peak at a cosine
value of −0.26 corresponding to an angle of about 105○ . The dependence of this distribution on the distance of the first and second
water neighbors from the c.m. of the cation (r 1−Cation and r 2−Cation ,
respectively) has been further investigated in Figs. 4(b) and 4(c),
where the contour plots of the distributions P(cos θ, r 1−Cation ) and
P(cos θ, r 2−Cation ) are presented. The shape of these plots is quite
similar with the distributions exhibiting the maximum probability values for the first and second neighbor distances of about 2.95
Å and 3.05 Å, respectively. The local orientational structure of
the third nearest water neighbor around the cation has also been
studied in terms of the angular probability distribution function
P(cos θ). The probability distribution functions of the angle formed
between the nitrogen atom of the cation and the oxygen atom of
the third nearest water neighbor with either the oxygen atom of
the first (O1 –N–O3 angle) or the second (O2 –N–O3 angle) nearest water neighbor are presented in Fig. 5(a). The contour plots of
the corresponding P(cos θ, r3−Cation ) probability functions for each
one of the aforementioned angles are also presented in Figs. 5(b)
and 5(c) (r3−Cation is the distance of the third nearest water neighbor
from the c.m. of the cation). From all these calculated probability
distribution functions, it can be clearly observed that the preferred
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FIG. 4. (a) Calculated cosine distribution for the angle formed between the nitrogen
atom of the cation and the oxygens of the two nearest water neighbors (O1 –N–O2
angle). (b) Contour plot of the distribution P(cos θ, r1−Cation ). (c) Contour plot of the
distribution P(cos θ, r2−Cation ) for the O1 –N–O2 angle.

angles are either in the range close to 65○ or higher than 150○ ,
obviously depending on which is the methyl group that interacts
with the third nearest water neighbor. These probabilities are maximized for the third water neighbor distances being in the range
3.40 Å–3.45 Å.
The local orientational structure in liquids can, in general,
be also investigated in terms of a widerange of orientational
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and it takes a value of one for the perfectly ordered case and of zero
for a random distribution. Here, ϕjik is the angle formed by the vectors ⃗rij and ⃗rik connecting the c.m. of the anion i to the c.m. of two
of the three nearest water neighbors j and k. In the perfectly ordered
case, the ideal angle φjik takes the value of φjik = 120○ . The calculated
probability distribution for q3 is presented in Fig. 6. From Fig. 6, it
can be clearly observed that the calculated distribution function is
bimodal, exhibiting two peaks, one observed at q3 = 0.16 and the
second at q3 = 0.74. Therefore, solvation structures with low and
high trigonal symmetries can be observed. This finding is in agreement with the bimodal character of the distributions presented in
Figs. 5(b) and 5(c), indicating that there are two preferential configurations for the O1 –N–O3 and O2 –N–O3 angles. We have characterized as low-q3 solvation structures the ones having q3 ≤ 0.46, which is
the value corresponding to the minimum observed in the calculated
probability distribution function presented in Fig. 6. The structures
having q3 > 0.46 have been characterized as high-q3 solvation structures. Our analysis has revealed that the fractions of the low- and
high-q3 solvation structures are about 0.59 and 0.41, respectively.
Our previous studies on Li+ solvation in mixtures of organic carbonate electrolytes exhibiting high tetrahedral ordering around the Li+
cation50 had revealed a strong effect of the local orientational ordering around Li+ on the magnitude of the total local dipole moment of
the solvent molecules in the first solvation shell around the cation.
For this reason, we decided to further investigate the effect of the
local trigonal order of the three nearest water neighbors (i = 1–3) of
3

⃗ tot neib 1–3 = ∑ ⃗
the DMA+ cation on their total dipole moment M
μi .
i=1

The probability distribution function of the magnitude of the total
⃗ tot neib 1–3 ∣ of the three nearest water
dipole moment Mtot neib 1–3 = ∣M
+
neighbors of the DMA cation for low- and high-q3 solvation structures is presented in Fig. 7(a). From this figure, it can be clearly seen
that the appearance of a strong local trigonal order around the cation
leads to the decrease in the magnitude of the total dipole moment
Mtot neib 1–3 . The calculated average values corresponding to the

FIG. 5. (a) Calculated cosine distributions for the O1 –N–O3 and O2 –N–O3 angles.
(b) Contour plot of the distribution P(cos θ, r3−Cation ) for the O1 –N–O3 angle. (c)
Contour plot of the distribution P(cos θ, r3−Cation ) for the O2 –N–O3 angle.

structural order parameters.47 In this particular case, taking into
account the fact that the three nearest water neighbors play an
important role in the stabilization of the solvation structure around
the cation, we decided to calculate the trigonal order parameter,48,49
which is defined in terms of the three nearest neighbors of the
reference cation i,
4 2 3
1 2
q3 = 1 − ⟨ ∑ ∑ (cos ϕjik + ) ⟩,
7 j=1 k=j+1
2
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(2)

FIG. 6. Calculated probability distribution function for the trigonal order parameter
q3 of the water molecules around the DMA+ cation.
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low- and high-q3 solvation structures are 3.88 D and 3.02 D, respectively. According to simple vector calculus, the minimum value for
the magnitude of the total dipole vector is zero, which is the case
where the molecular dipole vectors are aligned in a perfect trigonal order. The maximum value for the magnitude of the total dipole
vector is 7.05 D, which is three times the magnitude of the dipole
moment of the SPC/E water molecule (2.35 D). The existence of a
strong trigonal ordering around the cation therefore causes dipole
cancellation effects, and the magnitude of the total dipole moment
Mtot neib 1–3 decreases. The local orientational dipolar ordering of the
three nearest water neighbors around the cation can also be reflected
in the local finite Kirkwood factor,
⃗ tot neib 1–3 ) ⟩
⟨(M
2

GK local =

⟨3⃗
μ2 ⟩

.

(3)

The local Kirkwood factor provides a measure of the local orientational properties of the water dipole vectors, and how this
local orientational structure is reflected on the total dipole vector.
The average calculated value of GK local was 0.86, where the calcu⃗ 2⟩
⟨M

FIG. 7. (a) Probability distribution function of the magnitude of the total dipole
⃗ tot neib 1–3 ,
moment of the three nearest water neighbors of the DMA+ cation, M
for low- and high-q3 solvation structures. (b) Calculated TCFs corresponding to
⃗ tot neib 1–3 and the total dipole moment of all the water molecules in the system
M
⃗ tot . (c) Reorientational TCFs of the molecular dipole moment vectors of each
M
one of the three nearest water neighbors of the cation at t = 0.
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lated bulk value of the finite Kirkwood factor GK = ⟨N⃗μ2 ⟩ , taking into account all the water molecules in the system, was 3.36.
The calculated values of GK local for the low- and high-q3 solvation structures were 1.02 and 0.63, respectively. This finding further
indicates the strong effect of the local orientational order on the
local dielectric properties of the environment around the DMA+
cation.
The investigation of the local Kirkwood factor in liquids is
very often studied in the literature.46,51,52 We should note, for
instance, one of our previous works46 where we evaluated the significant differences in the local Kirkwood factor in polymorphs of
the plastic crystal phase of water, which, of course, are reflected
on the significant differences observed in the dielectric constant of
these polymorphs. In the case of electrolyte solutions, as also mentioned above, we had also revealed that the local dipolar orientational symmetry of organic solvent molecules around the lithium
cations can play an important role in the local dielectric properties of battery electrolytes and is possibly correlated with the local
preferential solvation of lithium cations in mixed electrolyte solvents.50 All these are clear indications of the importance of the
investigation of local dielectric effects in liquids. From an experimental point of view, it is not trivial to measure local dielectric
properties, and for this reason, molecular simulation can be a very
useful tool. However, there are experimental studies in the literature53 where they have revealed the importance of local dielectric
effects, particularly in the case of nanocomposite materials. In these
experiments, it has been revealed that the local dielectric properties
are strongly correlated with the properties of the interface formed
between nanoparticles and polymers. The necessity to develop novel
experimental techniques to study local dielectric properties has been
pointed out.
B. Dynamic properties
Apart from the static description of the local structure around
the DMA+ cation, the dynamics of the local solvation structure were
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also investigated. The time correlation function (TCF) of the time
dependent total dipole moment of the three nearest water neighbors
⃗ tot neib 1–3 was calculated and compared with the one corresponding
M
to the total dipole moment of all the water molecules in the system
N

⃗ tot = ∑ ⃗
M
μi ,
i=1

⃗ tot (0) ⋅ M
⃗ tot (t)⟩
⟨M
CM (t) =
.
⃗ tot (0)2 ⟩
⟨M

,

(6)

i = nth nearest neighbour of the cation at t = 0, n = 1, 3.
The calculated TCFs are presented in Fig. 7(c), where it can be seen
that the dipole moment vector of the third nearest water neighbor reorients slightly faster in comparison with the first and second
ones, probably due to the fact that its interactions with the cation
are slightly weaker. On the other hand, the decays of the Cμ 1 (t) and
Cμ 2 (t) TCFs corresponding to the first and second nearest neighbors are very similar. These findings are more clearly reflected on
the calculated relaxation times of these TCFs, which have been estimated to be 7.5 ps, 7.4 ps, and 6.1 ps for the first, second, and
third nearest water neighbors of the cation, respectively. As can be
seen, the relaxation times corresponding to the two nearest neighbors are larger than the one corresponding to the third neighbor,
possibly due to the fact that they form hydrogen bonds with the –
NH2 group of the ion. The relaxation times are also significantly
higher than the reorientational relaxation time of the total dipole
⃗ tot neib 1–3 , indicating that the cross correlation functions
vector M
of the dipoles of the nearest neighbors have an important effect
on the dynamics of the total dipole and actually speed up these
dynamics.
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.

(7)

The corresponding residence time is defined as
∞

(5)

⃗ tot neib 1–3 and the total
The calculated TCFs corresponding to M
⃗ tot are predipole moment of all the water molecules in the system M
sented in Fig. 7(b), where it can be clearly observed that the TCF
of the total dipole moment of the three nearest water neighbors
⃗ tot neib 1–3 decays much faster. This is also reflected on the calcuM
lated relaxation times of these TCFs. The values of τ M obtained for
⃗ tot neib 1–3 and M
⃗ tot were 3.9 ps and 10.1 ps, respecthe dynamics of M
tively. This is a clear indication that the reorientational dynamics
of the total dipole moment of the three nearest water neighbors of
the cation take place at smaller time scales, whereas the value of τ M
obtained for the total dipole moment of all the water molecules of
the system is larger and close to the Debye relaxation time of bulk
liquid water.54
The reorientational dynamics of the molecular dipole moment
vectors of each one of the three nearest water neighbors at t = 0 were
also investigated by calculating the corresponding TCF,

⟨⃗
μi (0)2 ⟩

⟨nij (0)2 ⟩

τres = ∫ Cres (t) ⋅ dt.

0

⟨⃗
μi (0) ⋅ ⃗
μi (t)⟩

⟨nij (0) ⋅ nij (t)⟩t∗

(4)

∞

Cμ n (t) =

The interaction of the water molecules with the DMA+ cation
has also been investigated in terms of their c.m.–c.m. pair residence dynamics. According to the literature, the residence TCF
inside a solvation shell around a central molecule (or ion) i could be
defined as14,55,56
Cres (t) =

The relaxation time associated with the time decay of this TCF can
be calculated using the following relation:
τM = ∫ CM (t) ⋅ dt.

scitation.org/journal/jcp

(8)

0

The variable nij takes the value nij (t) = 1 if molecule j is inside the
solvation shell of molecule i at times 0 and t and molecule j has not
left, in the meantime, the shell for a period longer than t∗ . Otherwise, it takes the value nij (t) = 0. Of course, using this definition,
the calculation of Cres (t) depends upon the selection of parameter t∗ . The two limiting cases arising from this definition are (a) if
t ∗ = 0, which represents the so-called continuous definition, and
(b) if t ∗ = ∞, which represents the intermittent definition. We
have to mention that these two definitions describe very different
aspects of residence dynamics since, according to the continuous
definition, the exits of molecule j outside the shell of molecule i
during the time interval [0, t] are not allowed. On the other hand,
in the intermittent case, the persistence of molecule j in the solvation shell of i at time t is investigated, regardless of multiple exits
and entrances of this molecule in the shell during the time interval
[0, t]. In the present work, we have calculated both the continuous and intermittent residence functions Cres C (t) and Cres I (t) for
the first solvation shell of the DMA+ cation, which are presented
in Fig. 8(a). The calculated continuous and intermittent residence
lifetimes τres C and τres I have been found to be 2.6 ps and 12.1 ps,
respectively.
In a similar way, the dynamics of the DMA+ –water hydrogen
bonds were also investigated in terms of the corresponding CHB (t)
time correlation functions (TCFs),14,55,57
CHB (t) =

⟨hij (0) ⋅ hij (t)⟩t∗
⟨hij (0)2 ⟩

,

(9)

while the HB lifetime τ HB is defined as
∞

τHB = ∫ CHB (t) ⋅ dt.

(10)

0

The variable hij is such as hij (t) = 1 when molecule j is hydrogen bonded with molecule i at times 0 and t, and the corresponding hydrogen bond persists for a period longer than t∗ ; otherwise,
hij (t) = 0. As in the case of residence dynamics, t ∗ = 0 corresponds
to the continuous HB dynamics, and t ∗ = ∞ corresponds to the
intermittent one. The calculated continuous and intermittent TCFs
CHB C (t) and CHB I (t) are presented in Fig. 8(b), and the estimated
continuous and intermittent HB lifetimes, τHB C and τHB I , were 1.9 ps
and 10.7 ps, respectively. These lifetimes are very similar to the
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calculated using the relation
∞

τq3 = ∫ Cq3 (t) ⋅ dt.

(12)

0

The calculated TCF Cq3 (t) is presented in Fig. 9. From this figure, it can be observed that the time decay of this TCF is very
fast, something that is also reflected on the calculated correlation
time τq3 which has the value of 0.17 ps. This finding indicates that
the local orientational order around the first solvation shell of the
cation changes very rapidly. This finding is also consistent with the
findings of our previous work on pure liquid water,58 where it was
found that the dynamics of the tetrahedral order parameter in liquid
water take place at a similar time scale, indicating that small deviations in the local orientational ordering of the nearest neighbors
around an ion or a water molecule can cause significant changes in
the corresponding order parameters and significantly speed up their
dynamics.
The reorientational dynamics of the DMA+ cation was also
studied in terms of the Legendre reorientational TCFs for specific
intramolecular vectors of the cation,
⃗i (t)⟩.
CℓR (t) = Pℓ ⟨⃗
ui (0) ⋅ u

(13)

The corresponding Legendre reorientational correlation times can
be calculated using the following equation:
∞

τℓR = ∫ CℓR (t) ⋅ dt.

(14)

0

FIG. 8. (a) Calculated continuous and intermittent water residence functions
Cres C (t) and Cres I (t) for the first solvation shell of the DMA+ cation. (b) Calculated continuous and intermittent TCFs CHB C (t) and CHB I (t) for DMA+ –water
hydrogen bonds.

⃗i is a unit bond vector associated with a molecule
In Eq. (13), u
(or ion) i, and Pℓ is a Legendre polynomial of order ℓ. The
calculated first, second, third, and fourth order Legendre reorientational TCFs for the N–H and N–C vectors of the DMA+
cation are presented in Figs. 10(a) and 10(b), and the estimated

corresponding residence lifetimes for the first solvation shell of the
cation, signifying the strong effect of the DMA+ –water HB interactions on the dynamic reorganization of the water molecules in
the first solvation shell of DMA+ cation. Note that in our previous studies,29 the calculated intermittent HB lifetime τHB I for the
DMA+ –water hydrogen bonds under confinement in the Y-shpMOF-5 porous material was 63.9 ps, signifying that HB dynamics
at the bulk solution are significantly faster.
The dynamics of the local orientational structural order have
also been investigated in terms of the TCF Cq3 (t) of the trigonal
order parameter q3 ,
Cq3 (t) =

⟨δq3 (0) ⋅ δq3 (t)⟩
⟨δq3 (0)2 ⟩

, δq3 (t) = q3 (t) − ⟨q3 ⟩.

(11)

The corresponding correlation time τq3 associated with the relaxation of the corresponding orientational order parameter has been
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FIG. 9. Calculated TCF Cq3 (t) corresponding to the trigonal order parameter q3
of the water molecules around the DMA+ cation.
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TABLE II. The calculated first, second, third, and fourth order Legendre reorientational
correlation times for the N–H and N–C vectors of the DMA+ cation.

Vector
N–H
N–C

τ 1R (ps)

τ 2R (ps)

τ 3R (ps)

τ 4R (ps)

10.8
9.6

4.5
2.8

1.7
1.4

0.9
0.7

diffusive model. The calculated reorientational correlation times
for the N–H and N–C vectors of DMA+ in bulk water are also
larger than the corresponding values for the dipole moment vectors of its three nearest water neighbors, already presented above,
indicating that the rotational motions of the cation are slightly
slower.
The translational dynamics of the water molecules and the
cation have been investigated in terms of the oxygen atom and the
c.m. velocity TCFs, respectively,
Cv i (t) =

⟨⃗vi (0) ⋅ ⃗vi (t)⟩
⟨⃗vi (0)2 ⟩

.

(15)

The associated spectral densities, Sv i (ω), were also calculated by
performing a Fourier transform,
∞

Sv i (ω) = ∫ cos(ω ⋅ t) ⋅ Cv i (t) ⋅ dt.

(16)

0

FIG. 10. Calculated first, second, third, and fourth order Legendre reorientational
TCFs for the (a) N–H and (b) N–C vectors of the DMA+ cation.

corresponding correlation times are presented in Table II. From
these figures, it can be observed that the decay of these reorientational TCFs is significantly faster in comparison with the corresponding dynamics of the cation under confinement, as was
revealed in our previous studies. This difference in the reorientational dynamics in the bulk solution is more clearly reflected on the
calculated reorientational correlation times. For instance, using as
a model fitting function, a sum of three exponential decay functions, the estimated first order Legendre reorientational time τ 1R
of the N–H vector of the cation in the bulk solution and under
confinement in the Y-shp-MOF-5 porous material29 was 10.8 ps
and 83.8 ps, respectively. There is also a very clear deviation of
the calculated Legendre reorientational correlation times from the
trends expected when using the Debye diffusion model of reorientational relaxation59–61 (τ 1R = 3 ⋅ τ 2R , τ 1R = 6 ⋅ τ 3R , and τ 1R =
10 ⋅ τ 4R ). This finding indicates that the reorientational dynamics of the investigated vectors cannot be described in terms of a
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Here, Sv i (ω) have been calculated by numerical integration using
a Bode rule and also applying a Hanning window. In this way, the
intermolecular vibrational dynamics and rattling dynamics of ions
within a temporary cage made of neighboring solvent molecules
can be studied in an efficient way. The calculated c.m. velocity
TCFs and corresponding normalized (Sv i (ω)/Sv i (0)) spectral densities are presented in Figs. 11(a) and 11(b). From these data, it may
be observed that the differences in the time decay of the calculated
velocity TCFs depicted in Fig. 11(a) can be clearly reflected on the
obtained spectral densities [Fig. 11(b)]. More specifically, the low
frequency peak observed at 35 cm−1 in the case of the DMA+ cation
is shifted to higher frequencies in the case of water (48 cm−1 ). A
shoulder and a small peak are also observed at around 250 cm−1 in
both the water and DMA+ spectral densities. The first low-frequency
peak reflects more the cage effects, whereas the second band could
be interpreted as more closely related to the mixture of underlying
mechanisms, including hydrogen bridge bonds and cage effects.58,62
The stronger HB interactions of the –NH2 group with the water
molecules in comparison with the methyl ones are also reflected on
the higher frequency part of the spectrum (185 cm−1 –350 cm−1 )
corresponding to the atomic velocity TCFs of the HN and the HM
hydrogen atoms [Fig. 11(c)]. In that particular frequency range, several peaks are observed in the spectral density corresponding to the
HN atoms, which are absent in the case of the HM hydrogen atoms.
This is a clear indication of the existence of intermolecular vibrational motions due to the formation of HB dimers with the nearest
water molecules.
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FIG. 12. Calculated (a) oxygen atomic velocity TCFs of the three nearest neighbors
of the cation at time t = 0 and (b) their corresponding normalized spectral densities
[Sv i (ω)/Sv i (0)].

FIG. 11. Calculated (a) c.m. velocity TCFs and (b) corresponding normalized
[Sv i (ω)/Sv i (0)] spectral densities. (c) Normalized [Sv i (ω)/Sv i (0)] spectral densities corresponding to the atomic velocity TCFs of the HN and the HM hydrogen
atoms of the cation.

In order to provide more detailed information about the behavior of the water molecules inside the first solvation shell of the
cation, the oxygen atomic velocity TCFs of the three nearest neighbors of the cation at time t = 0 and their corresponding spectral
densities were also calculated, and they are presented in Fig. 12.
As may be observed, the differences in the calculated velocity TCFs
are clearly reflected on the behavior of the corresponding spectral
densities in the frequency range from 150 cm−1 to 350 cm−1 . In
the case of the first water neighbor, the calculated spectral density
exhibits a shoulder at 146 cm−1 , followed by a peak at 255 cm−1 and
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another shoulder at 325 cm−1 . In the case of the second neighbor,
two clear peaks are observed at 186 cm−1 and 260 cm−1 , whereas
the shoulder at about 325 cm−1 is much less pronounced. Finally,
the spectral density corresponding to the third neighbor exhibits a
shoulder at about 155 cm−1 , followed by a weak peak at 222 cm−1 .
Taking into account our previous findings, revealing the preferential stronger HB interactions of the two nearest water neighbors
with the –NH2 group of the cation, the higher frequency modes
observed at about 325 cm−1 should be related to these particular
HB interactions. On the other hand, the lower frequency modes
in the range 147 cm−1 –186 cm−1 should be more closely related
to the weaker interactions of the three nearest water molecules
with the cation. The modes observed in the region 222 cm−1 –
260 cm−1 , which exhibit similarities with the behavior of the average
spectral densities for all the water molecules, should be therefore
more closely related to the interactions of hydrogen bonded water
dimers.
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The translational mobility of the water molecules and the
DMA+ cation was also investigated by extracting the translational
mean square displacements from the MD trajectories. These data
were further used to calculate the translational self-diffusion coefficients of both species via the well-known Einstein relation,
DS =

1
1
lim ⟨∣⃗ri (0) − ⃗ri (t)∣2 ⟩.
6 t→∞ t

(17)

The calculated self-diffusivities for H2 O and DMA+ are DS (H2 O)
= 2.4 ⋅ 10−9 m2 s−1 and DS (DMA+ ) = 2.1 ⋅ 10−9 m2 s−1 , respectively.
When comparing with the corresponding values under confinement
in the Y-shp-MOF-5 nanoporous material,29 we may observe an
order of magnitude increase in the diffusion coefficient of water and
two orders of magnitude increase in the diffusion of the cation. Such
a finding indicates that at the bulk solution, at dilute concentrations,
the translational motions of the much larger cation are not as much
restricted as under confinement, and they are mainly controlled
by the translational mobility of the water molecules in the bulk
liquid.
IV. CONCLUSIONS
In the present treatment, classical molecular dynamics simulation techniques were employed to investigate the local solvation
structure and related dynamics of the dimethylammonium cation
diluted in liquid water at ambient conditions. The existence of two
methyl groups and two hydrogen atoms in DMA+ leads to the
creation of a first solvation shell at short distances, which differs
substantially from the TMA+ case.30 On the other hand, the location of the second solvation shell is very similar in both cations,
as well as the calculated coordination number. The average coordination number corresponding to the radius of the first solvation
shell has been found to be 2.4. Our analysis revealed that the majority of the obtained first solvation shell configurations contain two
water molecules, and there is a significant fraction of configurations containing three water molecules in the first solvation shell.
It has also been revealed that the two nearest water neighbors of
the DMA+ cation approach the two HN atoms of the cation and
form hydrogen bonds with them, whereas the third water neighbor interacts mainly with the methyl groups of the cation. The local
hydration structure around DMA+ is substantially different from the
one recently reported31 for NH4 + as well, with a first solvation shell
located at 3.54 Å formed by four tightly bound water molecules and
a fifth water molecule that is exchanged between the first and second
solvation shells. The recently reported hydration structure around
NH4 + was also found to be very ordered, and the four nearest water
molecules that reside within the first solvation shell are hydrogen
bonded with the hydrogen atoms of ammonium, which together
form a distinct tetrahedral cage around the ammonium ion. The
local orientational structure around the DMA+ cation in the mixture
was also investigated in terms of angular distributions and the trigonal order parameter. The results obtained have revealed a bimodal
probability distribution function for the trigonal order parameter,
indicating the existence of solvation structures with low and high
trigonal symmetries of the water molecules around the cation. It has
also been observed that the local orientational structure around the
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DMA+ cation affects strongly the local dielectric properties of its solvation shell, an effect which is clearly reflected on the behavior of
the calculated local Kirkwood factor. All these findings indicate the
very significant modifications in the hydration structure of DMA+ ,
TMA+ , and NH4 + caused by the substitution of hydrogen atoms with
methyl groups.
The calculated HB, local orientational order, and reorientational dynamics have also revealed a significant speed-up of
these relaxation phenomena in comparison with the corresponding DMA+ aqueous solutions under confinement. Interestingly, a
two-order of magnitude increase in the self-diffusion of the cation
was observed in the bulk solution in comparison with the confined one. A corresponding one-order of magnitude increase was
observed for the self-diffusion coefficient of water. The observation
of very similar self-diffusion coefficients for the DMA+ cation and
the water molecules in the bulk dilute solution indicates that the
translational motions of the much larger cation are not as much
restricted as under confinement, and they are mainly controlled by
the translational dynamics of the water molecules.
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