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Using molecular dynamics simulation, the diffusions of glycine,
methane, ammonia and carbon dioxide in water were simulated in the
canonical NVT ensemble. This study shows that the molecular number
of the sample and the time step used are two important factors for the
simulation. The diffusion coefficientsincrease with increasing molecular
numbers and gradually approach to the experimental value. When two
samples are big enough that their differenceis not obvious, the sample
with smaller molecules should be applied. Time step also playsasigni-
ficant role in the estimation of diffusion coefficients. The estimated
diffusion coefficientsincrease with time step and reach maximum before
they start to decline. This paper suggests several time steps between 0.1
fsto 1.5 fsbetaken in the simulation of aspecial system and take 70 %
of the time step corresponding to maximal diffusion coefficient value
as the reasonabl e time step.
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INTRODUCTION

In the past few years, the growth of computational power and the devel opment
of theoretical models have increased the possibility of describing various physical
processes by means of computer simulations. It is well known that the diffusion
coefficients play an important role in the description of chemical processesin solution.

Much work has been done to get this parameter. For example, the diffusion
coefficients of amino acids in agqueous solution were estimated using holographic
interferometric technique™? and the diffusion coefficients of L-proline, L-threonine
and L-arginine in agueous solution were estimated using metallic diaphragm cell
method®“. Similarly, Wise and Houghton® measured the diffusion coefficients of
neon, krypton, xenon, carbon monoxide and nitric oxide in water at 10-60 °C by
microscopically following the collapse of small stationary bubbles against a horizontal
wall. Verhallen® has measured the diffusion coefficients of helium, hydrogen, oxygen
and nitrogen in water at temperatures between 10 and 60 °C by taking the permeability
of a stagnant liquid layer in the quasi-steady state method.

However, above methods are time consuming and expensive and still lack
experimental values. If computer ssimulations could present ideal structure of system
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and reasonabl e motion parameter of molecule, we can avoid expensive experiments,
especially for systemsat critical situation which experiment can't implement. Now,
thisfield ismature enough that it can provide reliable predictionsin many instances
and it shows an unprecedented ability to extrapolate prediction from small to complex
molecules, from low to high pressuresand from low temperaturesto high temperatures.
Assuch, molecular simulation is now considered in the chemical industry as capable
of filling the gap between experimental data and engineering models in various
circumstances. unknown chemicals, extreme conditions of temperature or pressure,
toxic compounds, among others’. Many researches have been directed toward studying
small molecule water system in theliterature. An infinite dilute agueous sol ution of
formaldehyde has been carried out by molecular dynamics calculation®®. Mean
sguare displacement is calculated with different potentials and diffusion coefficient
isevaluated from the slope of the mean square displacement according to Einstein's
relationship. A diffusion of 0.6 M potassium nitrate agqueous solution has been
calculated by molecular dynamics and Monte Carlo cal culation™. Molecular dynamics
is used to calculate the pure diffusivities and MC is used to calculate the effective
diffusivities. The diffusion coefficients also follow the Einstein's relationship.

In the molecular dynamics (M D) method, the atomic positions and the velocities
of atoms are evaluated after time steps conveniently small through the numerical
integration of Newton's equation of motion. The sequence of events recorded at
atomistic resolution results in a dynamic representation of the overal transport
phenomena predicting the whole transport process. Mol ecul ar dynamics can in fact
allow the estimation of the fraction of small molecules that can cross the potential
energy barriers between adjacent locations of the water matrix.

The current restriction on fully atomistic modeling is due to the size of the
system studied and to the time scale of the process. Previous studies have taken
periodic boundary condition to make up the lack of fully atomistic modeling. Long
time step is taken to save CPU time in order to broaden time scale of the process.
Periodic boundary condition enables a simulation to be performed using arelatively
small number of particles, in such away, that the particles experience forces as if
they werein bulk fluid. However, the limited number of particles can not represent
thereal system. Thismay bring error to smulation result. Time step isan important
parameter in simulation process, too small and the trajectory will cover only a
limited proportion of the phase space; too large and instabilities may arise in the
integration algorithm due to high energy overlaps between atoms. Till now, there
are no hard and fast rules for calculating the most appropriate time step to usein a
molecular dynamics simulation. In this study, different samples and time stepswill
be taken for severa systems (glycine, oxygen, ammonia, carbon dioxide and methane
in water) and the effects of samples and time steps will be studied.

The main goal of our molecular dynamics simulations is essentially to make
research of the effects of samples and time steps on diffusion coefficients and to
give deep insight in the mechanism of simulating method.
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EXPERIMENTAL

The simulation was performed by means of MS/Discover software. For the
potential energy, the COMPASS™ force-field is applied to all the simulations. The
calculation is performed on Pentium4 3.0E. Non-bonded interactions are described
as the sum of Lennard-Jones and coulomb interactions. Water in the COMPASS
force-field ismodeled as aflexible molecule with asingle Lennard-Jones site centered
on the oxygen atom and partial charges of -0.82 e on the oxygen and +0.41 e on
each hydrogen.

A residue based cut-off of 10 A isused for all interactions. Molecular dynamics
runs are performed at temperature of 298.15 K for a closed system at constant
volume. The system isthermostated by Andersen method. Periodic vel ocity rescaling
isused to approximate aconstant (NVT) trajectory. Theinitia configuration of this
system is composed of an orthorhombic cell with periodic-boundary in three directions.
Theinitial direction of water is random. The number of configurationsis 10. The
initial position of gasistaken random. Theinitia velocity of each molecular in cell
isset by Maxwell distributing method, then the vel ocity was reconfirmed to ensure
the total quantum of system to be zero. Total simulation timeis at least 40 ps and
frame output every 250 steps. The time step is 0.1 femtosecond, 0.5 femtosecond,
0.7 femtosecond, 1.0 femtosecond and 1.5 femtosecond, respectively when considering
the effect of time step.

During the simulation processes, the cal culation of non-bonded parameter may
take alot of CPU time. In normal situation, atom-based method is chosen for vdwW
interaction and Ewald method for static interaction. Considering that present system
is mainly composed of small molecules, we chose group-based method for both
vdW and static interaction. It has been proved that this method can save much CPU
time without interfering with the precision of simulation result.

Calculation of diffusion coefficient: The MSD (mean square displacement)
curves are usually obtained by analyzing the particle positions recorded in molecular
dynamics simulation. There are two methods for analyzing the MSD curves. the
Einstein model and the differentiation-interval variation method.

According to Einstein model for calculating diffusion coefficient:

D =i|im3§<[r. 01 O >
o o dt oy | |

Dataaveraging isperformed over alargetime scale. However, for MSD curves,
there are always irrational molecule movements as shown in Fig. 1. The Einstein
model treatsthese dataasnormal data. Consequently,they areinvolved inthe calcu-
lation of the final results, leading to errorsin the calculated diffusion coefficients.

Asanew method, the differentiation-interval variation analysis' can overcome
the defects of the Einstein model. In this method, the MSD curves are obtained
through mean sgquared displacement analysis; then the average diffusion coefficient
D can be obtained by analyzing the curves based on Differentiation-Interval variation
analysis.
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Fig. 1. Mean square displacement curves of agueous oxygen solution

In the differentiation-interval variation analysis method, an MSD curveisfirst
divided into n segments. The diffusion coefficient of the jth segment is as follows:
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The diffusion coefficient of the entire system is the average of the above diffusion
coefficients.
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Therestrictive conditions are assumed to be asfollows. The values of [(b-a)/tma]
and b/t are maximaand that of Z isminimum. Then the value of diffusion coefficient
D can be estimated by changing the values of aand b, which are time points on the
simulation line. They also represent the reasonable initial and end times on the
MSD curve.
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RESULTSAND DISCUSSION

Calculation and analysis of the diffusion coefficient of glycine: Three gly-
cine aqueous sol ution systems with different concentrations (0.5, 0.7 and 0.9 mol/
L) weresimulated. The position of every glycine moleculewasrecorded after simu-
lation. The MSD curve is shown in Fig. 2. It is evident that the slope/diffusion
coefficient decreases with the increase of the concentration of glycine in water
from 5 to 25 ps time interval. This is in accordance with experiment. This also
illustrates the fact that simulating method can provide a reasonable value for cer-
tain systems. Relationships between different systems can be described through
the MSD curve.
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Fig. 2. Comparison of mean square displacement curves of aqueous glycine solution with
different concentration

In order to get the accurate diffusion coefficient value, MSD data need to be
analyzed by differentiation-interval variation analysis. The curves produced from
this method are shown in Fig. 3a. The value of Z is at the minimum and that of
[(b-a)/tma] IS at the maximum when aand b are 0.375 and 34.125 ps, respectively,
tmx 1S40 ps. D isthefinal diffusion coefficient. Diffusion coefficients of different
concentrations can also be derived using the same method (Figs. 3b and c). Table-1
shows the contrast of simulation values and experimental values of glycine in water.
The last column lists the simulation values of the three different concentrations and
the second column lists the corresponding experimental values. The simulated values
are only a little smaller than the experimental values, with an error of less than
+7%.
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Fig. 3. Differentiation-interval variation analysis curves of agueous glycine solution at
different concentrations. Panel (a), (b) and (c) show the curves at the concentration
of 0.5, 0.7 and 0.9 mol/L, respectively
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TABLE-1
SIMULATION VALUESAND EXPERIMENTAL VALUE OF GLYCINE IN WATER

Experimental value (10°cnm?s?)  Simulation value (10°cm?s™

Concentration (mol/L) [Ref. 3] (298.15K) (298.15K)
05 9.73 9.62
07 957 954
0.9 9.43 9.23

Effect of sampled molecular numbers. Periodic boundary conditions enable
the ssimulation to be performed using arelatively small number of particles. However,
the limited number of particles might not represent the real system. In order to
examine whether the sampled molecular numbers can affect the simulation result
in the periodic boundary condition and to know the extent of this effect, two glycine
systemswith different concentrations (0.7 mol/L, 0.9 mol/L) weretaken for simulation.
Different molecular numbers were used for the two systems. 3, 5, 7, 10 and 12
molecules were used for the 0.7 mol/L glycine and 4, 7, 9, 13 and 15 molecules
were used for the 0.9 mol/L glycine. In order to ensure constant density of the
system, water molecules were added proportionably. The results show that for both
of the systems, the values of diffusion coefficients increase with the number of
molecules and approach to a constant value gradually (Fig. 4). Take the 0.7 mol/L
glycine system as an example, the diffusion coefficients of the system with 10
moleculesisnearly equal to that with 12 molecules (9.43 and 9.54 for the sampling
of 10 and 12 molecules, respectively).
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Fig. 4. Effect of molecule number sample on diffusion coefficient (glycine system)
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Effect of timestep: The selection of timestepisvital for the accurate estimation
of diffusion coefficients. For the molecular dynamics simulation process, a time
step that's too small will cause the trgjectory to cover only alimited proportion of
the phase space. On the other hand, atime step that'stoo large will lead to instabilities
in the integration algorithm due to high energy overlaps between atoms. However,
time step has not been regarded as an important parameter for simulation before.
For the systems that are mainly composed of small molecules, small time steps
such as 0.5 fs have been widely used to avoid high speed circle and ensure
the stability of function. In this study, the role of time steps on the estimation of
the diffusion coefficients are tested. An aqueous methane system is used as an
example.

First the time step of 0.5 femtosecond is used. The resulting MSD curve is
shown in Fig. 5 and the corresponding differentiation-interval variation curve is
shownin Fig. 6. The estimated value of D is1.17, whichisnot very ideal compared
with the experimental value of 1.49.
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Fig. 5. MSD curve of methane in water

When the time step of 0.5 fsis used, there may be two reasonsfor the error. One
isthat 0.5 femtosecond time step istoo long for this system, small time step should
be taken the other is that 0.5 femtosecond is too short for this system. Simulating
time is extended to make up for the error of small time step. The total simulating
time is extended to 80 ps. Diffusion coefficient value is 1.23, there is no obvious
difference between 40 ps and 80 ps total simulating time, which means that total
time has no effect in final result over 40 ps. Thetotal timesin following simulation
are all set 40 ps.
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Fig. 6. Differentiation-interval variation curve of methane in water

Time steps of 0.1, 0.7 and 1.0 fs were then used for the system. All of their
simulated values and corresponding experimental valuesare shownin Table-2. The
results show that the time step has an obvious effect on diffusion coefficient of
certain system. When 0.1 fsis used to make up for the error of large time step, the
result is even worse than when the time step of 0.5 fsis used (Table-2). It seems
that times steps of 0.7 and 1.5 fs, which produce results that are most close to the
experimental values, are more appropriate than other time steps.

TABLE-2
SIMULATING VALUE OF DIFFUSION COEFFICIENT OF
METHANE IN WATER WITH DIFFERENT TIME STEP

Time step (fs) 01 05 05 07 10 15
Simulating time (ps) 40 40 80 40 40 40
Simulating vaue of diffusion coeff. (10°m?s”) 045 117 123 145 194 152
Exp. value of diffusion coeff. (10°n?s?) 149 [Ref. 13]

The estimated diffusion coefficients increase with time steps and maximize at
about 1.0 fs, after which, they start to decline (Fig. 7). The diffusion coefficients
when the time steps of 0.7 and 1.5 fs are used (neighboring on the maximum) are
most close to the experimental value.

Simulation values of ammonia and carbon dioxide agueous systems show a
similar trend (Tables 3 and 4). For the ammonium system, 0.5 femtosecond and 1.0
femtosecond are reasonable time steps (Table-3). For the carbon dioxide system,
0.7 femtosecond and 1.5 femtosecond are reasonable time steps. One shared feature
of al these systems is that the ideal time steps are all close to the time step that
produces maximum val ue.
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Fig. 7. Curve of diffusion coefficients with different time step

TABLE-3
SIMULATING VALUE OF DIFFUSION COEFFICIENT OF AMMONIA IN
WATER WITH DIFFERENT TIME STEP

Time step (fs) 0.1 0.1 0.1 05 0.7 1.0

Simulating time(ps) 40 80 120 40 40 40
Simu. value of diffusion coeff. (10°m?s™) 055 052 062 137 224 141
Exp. value of diffusion coeff. (10°n?s?)  1.64 [Ref. 13]

TABLE-4
SIMULATING VALUE OF DIFFUSION COEFFICIENT OF CARBON
DIOXIDE IN WATER WITH DIFFERENT TIME STEP

Time step (fs) 0.1 05 0.7 10 15 10
Simulating time (ps) 40 40 40 40 40 40

Simu. value of diffusion coeff. (10°m?s™) 054 107 136 307 189 141
Exp. value of diffusion coeff. (10°n?s?) 1.92[13]

Considering the effect of time step in the simulation, this paper advises several
time steps between 0.1 fsto 1.5 fsbetaken in the simulation of aspecial system and
take 70 % of the time step corresponding to maximum diffusion coefficient value
as the reasonable value.

Conclusion

The study was intended to find a good simulation method for deriving diffusion
coefficient of certain kinds of molecules. The molecular numbers of the sample
and the time steps are considered as important factors. Using molecular dynamics
(MD) simulation, diffusion of glycine, oxygen, methane and ammoniain water are
simulated in congtant (NVT) ensemble trgjectory. Results showed that differentiation-
interval variation analysis method is effective for analyzing simulating data.
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Molecular numbers of the sample has an evident effect on diffusion coefficients.
Thevalue of diffusion coefficient increases with the number of sampled molecules
and approaches to a constant value gradually. In most cases, the sample with the
most molecules produces values most close to the experimental value than other
molecular numbers. Since moretime will be consumed for big sample system than
small sample systems, when two samples are big enough that their differenceis not
obvious the small sample should be applied.

Different time steps are chosen in the simulation process. Result showsthat the
value of time step has an evident effect on diffusion coefficient. The estimated
diffusion coefficients increase with time step and maximize before they decline.
The two time steps that are about 70 and 150 % of the time step corresponding to
the maximal diffusion coefficients, produce diffusion coefficients that are most
closeto the experimental value. Considering the effect of time step in the smulation,
this paper advises severa time steps between 0.1 fsto 1.5 fsbe taken in the smulation
of a specia system and take 70 % of the time step corresponding to maximum
diffusion coefficient value as the reasonable value.

We demonstrate that in order to capture the sensitive dependence of the
diffusivities on molecular number sample and time step, it is necessary to use system
with larger molecular number for simulation and run simulations with multiple
time steps to find the reasonable time step for a certain system. This study shows
that 0.5 and 0.7 fs time step might be typical for small molecular system.

Nomenclature

ab The certain time among simulating process, b > aas usual, ps

D, Dq, D Mean diffusion coefficient value of differentiation-interval variation
analysis method, diffusion coefficient value of Einstein method,
diffusion coefficient of the jth time space of differentiation-interval
variation analysis method, A2ps?

Eedec Evaw Static interaction energy, vdW interaction energy, kcal mol™

€ Dielectric constant

n The number of segment divided in differentiation-interval variation
analysis method

Nq Atom number in system

0? The square difference of D; and D, m?

d, g Interactive charge

iy, Tio)s Tij The displacement at t time, the initial displacement, the effective
radii of vdW interaction, A

tex Simulating time, ps

Xj-15 Xjy Xj41 Value of different time on mean sgquare displacement curve, ps

Yi-t, Vi, Vi1 Corresponding value of mean sgquare displacement with different
time, A2

Z User-defined function.
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