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Molecular Dynamics simulations of concentrated aqueous electrolyte solutions
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Transport properties of concentrated electrolytes haga baalyzed using classical molecular dynamics sim-
ulations with the algorithms and parameters typical of $ations describing complex electrokinetic phenom-
ena. The electrical conductivity and transport numbersedtelytes containing monovalent (KCI), divalent
(MgCls), a mixture of both (KCI + MgCl), and trivalent (LaGJ) cations have been obtained from simulations
of the electrolytes in electric fields of different magnieud he results obtained for different simulation parame-
ters have been discussed and compared with experimentalineezents of our own and from the literature. The
electroosmotic flow of water molecules induced by the ionigent in the different cases has been calculated
and interpreted with the help of the hydration propertidsaeted from the simulations.

I. INTRODUCTION elecrokinetic phenomena is NAME?2 To accelerate the cal-
culations of such large systems, in NAMD?2 the temperature

Understanding the transport properties of electrolytes inT of the system is controlled by using the Langevin thermo-

aqueous solution is important in a wide range of electrdiéne ;ﬁﬂ '(;';tr?:g d(i):]th;g%ﬁg%ggﬁg%?&;? mA(\)I;?) Ctgrgpléfg%n'
phenomena such as streaming current experirherdsic y 9 ’ P P

transport in biological and syntetic nanochan#gler col- :xesg?:létg)gz’sli\éﬁ:\rﬂnlgeitles u:ouras”r)l/oer[nrglr?y:?n\;veltrg;irg#slgggz
loidal electrophoresfe. P P g

. L o longer one for the evaluation of k-space contribution to the
Traditionally, electrokinetic and ionic transport phereama long range electrostatic forces in the PME technique.

hav;a_been des_crlt;eg using pr'T't'Ve m(;ddglsl '”tV_Vh'Ch t;e st0|_ In this paper we study, under different conditions, thegran
vent IS approximatéed as a continuum ot dielectric constant -, 4 properties obtained from Molecular Dynamics simula-

Al.thOUQh. such models provide an accurate de§cr|pt|pn of ions of electrolyte solutions using the same algorithms an
wide variety of phenomena, they fail for cases in which the

: conditions employed in simulations of complex systems. In
discrete nature of the solvent plays a fundamental roleg or t

q ‘ve oh ated t e hvdrati £i particular, we focus our analysis on the transport proper-
escribe pnenomena refated to Specilic hydralion 0T10nS. — jag of 3 monovalent electrolyte (KCI), a divalent electtel

An alternative theoretical approach to understand elec¢mgCl,), the mixture of both (KCh MgCl,) and a trivalent
trokinetic phenomena which circumvents the limitations ofelectrolyte (LaGl) when an external electric field is applied.
primitive models is the use of molecular dynamics simula-\while the use of the KCI electrolyte is standard in molecular
tions of ions in explicit solvent. Due to recent improve- dynamics studies and its transport properties have beefiybri
ments in algorithms and computer power, all-atom moleculagnalyzed from this perspective beférehe reliability of such
dynamics simulatios studies of electrokinetic phenomena isimulations methods in dealing with transport properties o
some realistic systems are now possileFrom such atom-  multivalent electrolytes have not been tested in detaipites
istic descriptions, one can elucidate the microscopic mechof the rich phenomenology that they originsté3.14and their

anisms responsible for macroscopic measurable phenomenge in the simulation of electrokinetic phenomena invavin
For example, Aksimentiev and Schulten studied at atomigivalent and trivalent iorst5=17

detail the permeation of individual ions through the trans-
membrane channel-Hemolysin with the help of molecu-
lar dynamics simulatiods This approach has also been em-
ployed to understand from a microscopic perspective the ele
trophoresis of DNA immersed in multivalent ionic solutions
when an external electric field is applfedhe transport of A. Simulation Methods
monovalent and divalent ions through polymeric and silica

nanopore¥t®, and the ionic selectivity of the OmpF porin bi- e have studied the transport properties of different elec-
ological nanochann&l trolytes by performing molecular dynamics simulationsend

The realistic atomic description of such electrokinetieph external electric fields of different magnitudes. The syste
nomena involves complex systems containing large number afonsidered were ionic solutions of KCI, MgCla mixture of
particles. To be able to cope with such systems using moledCl and MgCh, and LaC}, see Table I. To study the effect of
ular dynamics simulations, the use of algorithms which enthe system size on the ionic transport properties of bul&-ele
hance the computer performance are required. A moleculdrolytes extracted from molecular dynamics simulationg t
dynamics simulation package which has been proven to beubic simulation boxes of different size were uséd;- 4nm
very successful in the description of biological molecided  andL ~ 8nm.

Il. METHODS


http://arxiv.org/abs/1005.2857v1

All simulations have been carried out with the molecularmethod with the piston fluctuation control implemented gsin
dynamics simulation package NAMB2 since it is widely Langevin dynamics as implemented in NAMDR2 & 1latm,
employed in the simulation of biological macromolecules.period of the oscillations of.1ps and relaxation constant of
Water was described using the TIP3P water model as imple3.05 ps). As mentioned above, to speed up calculations the
mented by the CHARMM force field. The ions were mod- NVT runs were carried out by applying Langevin dynamics,
eled as charged Lennard-Jones particles with parameters gi with parameters (also in the NpT ruf)= 296K and a damp-
by the CHARMM force field for K-, Mg?* and for CI-, ing coefficient of1ps~! (using0.2ps~! to test its effect in
while the Lennard-Jones parameters fot Lavere taken from  the dynamics for some cases specified later). Langevingorce

Refl8, were applied to all atoms except for hydrogens, which ther-
The initial configuration of the simulation was constructedmalize through interactions with the rest of the system.
as follows. The ions (K, Mg?* and CI) were inserted at In all cases, the equations of motion were solved using a

random positions by employing thutolonizeplugin of the  multiple time step in order to speed up the simulations. A
Visual Molecular Dynamics (VMD) software packaden- basic time step of 2fs was used for the evaluation of short
side a cube of preequilibrated TIP3P water molecules, obrange interactions and a longer time step of 4fs for the &aicu
tained with the help of th&olvateplugin of VMD (see Fig[QL tions of the k-space contribution to the long range eletits

for a diagram of the system). The faces of the cube are phralléorces in the PME technique.

to the XY, XZ, and YZ planes. In all simulations we employed In the production runs, the instantaneous current induced
periodic boundary conditions in all directions. Lennaoihds by the external electric field applied along the Z-directi®n
interactions were computed using a smooth (10&12:ut- calculated with the help &f

off, as it is customary done in NAMD2 simulatidi®s The N

electrostatic interactions were calculated using theigest 1

mesh Ewald (PME) method with a precision 1f~S using It) = 57 D ailait + At = z(#)] (1)
a128 x 128 x 128 grid and al12 Acutoff for the real space =1

calculation. These are common parameters used to simulajgherez, andg; are the Z-coordinate and the charge of atom
complex and large biological macromoleciles i, respectively.L is the size of the simulation box amk¥ is

the time interval employed to record data, which was chosen
to beAt = 10ps. The average currentis computed by linearly
fitting the cumulative current that is obtained by integrati

of the instantaneous current. To ensure constistency of the
results, the current was also computed by counting the flux
of ions crossing a plane perpendicular to the direction ef th
electric field and located in the center of the simulation.box
The conductivityk of the solution is defined by:

é =kF,
whereA = L? is the cross section area perpendicular to the
electric fieldE. In order to obtain the conductivity of the elec-
trolyte, we have performed simulations at different electr
fields £ and calculated the curreiitinduced by them. In all
cases, an ohmic behaviour has been observed (i.e. corsisten
with a linear relation betweehandE), and a linear fit of the
data to Eq[(R) gives the value of the conductivity

The electromigration of ions in aqueous solutions as atresul

)

FIG. 1: Snapshot of a simulation of the 1M MgGQlectrolyte with
simulation box size of. = 3.82 nm. Chloride ions are represented in

green, magnesium ions in blue, and water molecules in regyéy . S
and white (hydrogen). The yellow arrow points in the direstof of the application of an external electric field is often ateo

the applied electric field, the green arrow in the directibthe flow panied by a net flow O,f water, the so-called electroosmo_tlc
of chloride ions (anions), and the blue arrow in the direciéthe  flOW. The electroosmotic flow has been evaluated by keeping
flow of magnesium ions (cations). track, everyAt = 10ps, of the accumulated number of water
molecules crossing a plane perpendicular to the electtit fie
Crossings of such plane in the direction of the electric field
For each case, the equilibration procedure consisted aire counted as positive, whereas crossings in the oppasite d
50000 steps of energy minimization, a 1ns run in the NpTrection are counted as negative. Hence, the sign of the lbvera
ensemble (withp = latm andl’ = 296K) followed by a 1ns  flow gives the direction of the electroosmotic flow with re-
run in the NVT ensembleT{ = 296K). Production runs in  spect to the elecric field direction. As reported befotae
the NVT ensemble were performed in the presence of difsimulations might give a drift of the whole system which is
ferent electric fields to induce electromigration of theson unphysical since no net force is applied to the system (the
in solution. The NpT simulation runs were performed em-electrolyte is globally electrically neutral). To avoidcuspu-
ploying a combination of the Nosé-Hoover constant prassurrious effects, the computation of the electroosmotic flow ha



TABLE I: Simulation parameters for the simulations perfednof the different electrolytes: cubic box edge length @3mping constant
of the Langevin thermostati(n), number of K™ ions, number of M&™ ions, number of L™ ions, number of CI ions, number of water
molecules, simulation time, external electric field apghliand potential difference between the edges of the cubialumg the direction of
the electric field.

Electrolyte  |[L (nm)|7Lan (ps™1)|Num.|Num. |Num.|Num.|Num. | Simulation Electric AV (mV)
KT |Mg*t|La*" [CI= |H2O |time (ns) [field (mV/nm)
1M KCI 3.88 |1.0 37 |0 0 37 1907 |21.0 14.2 55
3.88 |1.0 37 |0 0 37 1907 |9.0 26.0 109
3.88 [1.0 37 |0 0 37 |1907 |9.0 43.3 168
3.88 [1.0 37 |0 0 37 |1907 |9.0 86.6 336
7.82 |1.0 306 |0 0 306 |157749.0 14.2 111
7.82 |1.0 306 |0 0 306 [157749.0 26.0 203
7.82 |1.0 306 |0 0 306 [157749.0 43.3 339
7.82 |1.0 306 |0 0 306 |157749.0 86.6 677
1M MgCl, 3.82 |1.0 0 37 0 74 11870 |9.0 14.2 54
3.82 |1.0 0 37 0 74 11870 |9.0 26.0 99
3.82 |1.0 0 37 |0 74 (1870 (9.0 43.3 165
3.82 |1.0 0 37 |0 74 (1870 (9.0 86.6 331
7.73 |1.0 0 306 |0 612 |154689.0 14.2 110
7.73 |1.0 0 306 |0 612 (154689.0 26.0 201
7.73 |1.0 0 306 |0 612 (154689.0 43.3 335
7.73 |1.0 0 306 |0 612 |154689.0 86.6 669
7.73 10.2 0 306 |0 612 |154689.0 14.2 110
7.73 (0.2 0 306 |0 612 (154689.0 26.0 201
7.73 10.2 0 306 |0 612 |154689.0 43.3 335
7.73 10.2 0 306 |0 612 |154689.0 86.6 669
0.11M MgCk || 7.83 |[1.0 0 31 0 62 [162939.0 43.3 339
0.33M MgCkL [|7.80 |1.0 0 93 |0 186 |161079.0 43.3 338
0.54M MgCL [|7.79 |1.0 0 155 |0 310 (159219.0 43.3 337
1M MgCl; 7.72 (1.0 306 (306 |0 918 (148569.0 14.2 110
+ 1MKCI 7.72 |1.0 306 |306 |0 918 |148569.0 26.0 201
7.72 |1.0 306 |306 |0 918 |148569.0 43.3 334
7.72 (1.0 306 (306 |0 918 (148569.0 86.6 668
1M LaCls 7.71 |1.0 0 0 308 |924 |1515413.19 14.2 110
7.71 |1.0 0 0 308 [924 |1515410.87 26.0 201
7.71 |1.0 0 0 308 [924 |1515410.12 43.3 334
7.71 (1.0 0 0 308 |924 |1515410.52 86.6 668

been done in the frame of reference of the center of mass afurrent flowing through an electrolyte as a result of the iappl
the whole system. cation of an external electric field is independent of thenea
The electric current flowing in an electrolyte solution is of reference in which it is measured. The ratio of currents an

caused by the motion of anions and cations moving in oppotr@nsport numbers, however, are frame dependent, and their
site directions under the applied field. The fraction of thtatt ~ COMPutation must be done carefully. A proper account of the
current induced by each ion type defines its transport numbefontribution to the total current from every ion in elecytel
which is in general a function of the electrolyte concerrat ~ SCIUtions is important to describe phenomena in other more
The fraction of electrical current carried by cations deittee ~ COMPlex systems in which not only the total electric current
cationic transport number,  and the fraction of the electrical PUt also the flow of each type of ion is relevant (e.g. in the
current carried by anions the anionic transport numherat  Study of the selectivity of ionic channels). Experimenytatie
completely equivalent quantity to transport numbers ig#he relevant frar_ne of referem_:e in V\_/hlch_data of transport num-
tio of the currentinduced by anions (anionic current) oper t P€rs andratio of currents is provided is the frame of refegen
current induced by cations (cationic current), which wil b of the moving fluid. Therefore, to facilitate the comparison
be refered as the ratio of currents throughout the paper. Dudith experimental values, transport numbers and ratio of cu
to the global electroneutrality of the system, the totatele rents will be given in the frame of reference comoving with



the fluid.

B. Conductivity measurements

The electrolyte conductivity measurements were performed

20

15

@

Kk =13.5 S/m

using a MeterLab CDM210 (R) conductivity meter, Radiome-
ter Analytical SAS (France). The solutions were prepared us
ing water from a Water Purification System Millipore Sim- 571
plicity 185. Magnesium Chloride 6-hydrated (MgCI2) and o
Potassium Chloride (KCI) from Panreac in all cases follayin

ACS specifications. Weighting of the compounds were done 0 0.02 0.04 0.06 0.08
with a Mettler Toledo AB104-S, in the quantities necessary t E (V/nm)

achieve a 1M concentration. The conductivity measurement

included a stirring of the solution with a magnetic stirrada (®)

Current (nA)
=
o

heater JPSelecta Agimatic-E, with temperature monitargig 80 K=12.6S/m —
ing a laboratory thermometer at 296.0 K. &
60 | )
<
£
[1l. RESULTS E 40t o
E @
®]
A. Atest case: Transport propertiesof 1M KCI 20 | Ie)
The results obtained from molecular dynamics simulations ‘ ‘ ‘ ‘

fqr th(_a elgctrical properties of the 1M KCI ele_ctrolyte are 0 0 0.02 0.04 0.06 0.08
given in Fig[2 and Tablglll. We have used two different sizes E (V/nm)

for the simulation box. = 3.88nm andL = 7.82nm, to test

the dependence of the results on the simulation’s box sige. AF|G 2: Electric current versus the applled electric fieldfd M KCI

can be seen, the values for the ionic conductivity for the tweelectrolyte in simulations using two different simulatibox sizes
different box sizes do not differ significantly, = 13.4 S/m L. The points correspond to simulation data computed fronflikq.

. d lines are fits of the data to Hd.(2) &)= 3.88 nm (fit gives
for the small box and: = 12.6 S/m for the big one. Both an L
. . ) = 13.4S/m).(b)L = 7.82 fit = 12.6S/m).
results are in good agreement with our measured experlmeﬁ"— 3.4S/m).(b) 7.82 nm (it givesx 6S/m)

tal valuekexp = 11.24 £ 0.01 S/m, being the value of the

larger system closer to the experimental result as it should

be expected. Note that in previous studies of 1M KCI bulk 1
electrolyte (see Ré¥), it was argued that@.2 ps—! damping '
constant is necessary in order to reproduce correctlypahs - o
properties. However, our present results were obtained us- N addition to ionic currents, we also observe a net flow
ing a Langevin thermostat with a damping constant p§ !, of water molecules. In .F|g[] 3, the _accumulated numbe_r of
which is the typical choice for simulations of complex syste ~ Water molecules per unit area crossing a plane perpendicula
in contact with electrolyte (such as protein channels deasil O the electric field is represented as a function of simoifeti
nanochannefd®1y. Our results show that with the standard time. A linear fit of these magnitudes prowde§ the flux of wa-
simulation parameters employed in complex systems the corf€" molecules for every value of the electric field, as shawn i
ductivity of the electrolyte KCl is correctly reproduced. Tablelll. As shown in Figl B and Tablle]ll, the electroosruoti

We have also calculated the ratio of the different contribu-fIOW for the 1M KCl electrolyte is in the direction opposite to

tions to the total current from anions and cations (equivete the gxternal field, that is, in the direction of the flow of chlo
" . ) . rideions.

the ratio of transport numbers). As explained in the previou

section, it is defined as the ratio of the anionic and cationic

currents in the frame of reference of the moving fluid. The

results for such ratio of currents are given in Table Il. As

shown in the table, the values calculated from molecular dy-

namics simulations are in good agreement with the experi- A similar procedure has been followed to obtain the trans-

mental value oflc;/Ix = 1.048 (equivalent to a value of the port properties of a 1M MgGlelectrolyte. The electric cur-

cation transport number. t= 0.4882% for both sizes of the rent induced by the electromigration of ions was obtained fo

cubic simulation box. different values of the electric field using two differertess of

Electoosmotic flow

B. Transport propertiesof 1M MgCl,



TABLE II: lonic contributions to the total current, ratio tife anionic ~ TABLE IlI: Flux of water molecules for the different electypes and
current over the cationic current and cationic transpomioers for  different values of the external electric field.

different values of the applied electric field in the case @VaKCI Electrolyte Electric field (mV/nm)]Water flux (nn 2ns™!)
electrolyte. All these quantities are calculated in theeaof refer-
ence of the moving fluid. IMKCI 14.2 012+0.13
26.0 -0.13+ 0.04
System SizeElectric field (mV/nm)lg (nA) |k (NA)|lal/lk]| t+ 43.3 043+ 0.14
14.2 1.43 | 1.39 |1.03|0.49 86.6 -0.64=+ 0.07
L =3.88 nm 25.98 2.80 | 2.59 |1.08/0.48 1M MgCl, 14.2 0.76+ 0.04
43.3 4.28 | 3.83 | 1.12|0.47| 26.0 1.47+ 0.05
86.6 8.42 | 8.22 |1.02/0.49 433 230+ 0.14
14.2 5.49 | 5.14 |1.07|0.48 86.6 511+ 0.09
L=7.82 nm 25.98 10.35] 10.111.02/0.49 1M KCI + 1M MgCl, 14.2 0.43+0.15
43.3 17.02 | 17.16 | 1.00|0.50 26.0 0.88+ 0.06
86.6 33.57 | 33.17(1.01|0.49 433 1.31+ 0.07
86.6 2.824+0.23
5 ; ; ; ; 1M LaCls 14.2 -0.25+0.11
E=0.0142 V/nm ——
o 4 E = 0.02598 V/nm 1 26.0 -0.28+ 0.25
E =0.0433 V/nm e 1
§ 2 E = 0.0868 Vi ] 43.3 -0.33+ 0.08
2 86.6 -0.89+0.24
3 1
§ 0
3 ; TABLE IV: lonic contributions to the total current, ratio d¢iie an-
g 3 ionic current over the cationic current and cationic tramspumbers
g for different values of the applied electric field in the casea 1M
§ 4 MgCl; electrolyte. All these quantities are calculated in theneaof
o Z reference of the moving fluid.
7

System Electric  |lci (nA)|lvg (NA) [lai/img| t+
Size |field (mV/nm)

0 1 2 3 4 5 6 7 8 9
Simulation time (ns)

14.2 1.60 | 0.72 | 2.23 |0.31
FIG. 3: Accumulated number of water molecules per unit aresse _ 25.08 3.00 | 222 | 1.390.42
. ' . e . L=3.82 nm : : : : :
ing a plane perpendicular to the applied electric field vesmula- 43.3 5.63 356 | 158|039

tion time for the 1M KCI electrolyte. Different lines repesg the

flow of water for different values of the electric field. 86.6 1052 | 7.42 | 1.42|0.41

14.2 5.69 413 | 1.38 |0.42

L=773nm 2598 | 11.31| 8.24 | 1.37 |0.42

43.3 18.05| 13.66 | 1.32 ({0.43

a cubic simulation box[, = 3.82 nm andL = 7.73 nm. The 86.6 3506 | 26.30 | 1.33 |0.43

results of the simulations are given in Figs. 4 and Table IV.

The values for the ionic conductivity of the two differentdo

sizes do not differ significantly, being = 14.2 S/m for the  pe expected. Such results show that the anionic contribtdio

small box ands = 11.9 S/m for the big one. Both results the currentis significantly larger than the cationic cdnttion

agree well with experimental values, being the result frombeing a factor of 1.4 between them). In our simulationsehes

the larger simulation box much more accurate. Accordingifferences in the anionic and cationic contributions dhr-

to Phang and Stok&S rexp = 11.4 S/m at [MgCL]=0.9674  rent can be attributed, to a large extent, to differencesfin d

M and 7' = 298.15K. A recent critical revie provides fusion coefficients between both ions. In order to diseritang

a sligthly larger value ofexp = 11.6 S/m at [MgChk]=1  the diffusional and correlation contributions to the tams

M andT = 25°C. Our own measurements give a value of number, we have evaluated the translational diffusionfcoef

Kexp = 11.92 S/m. cient of each ion by computing the mean square displacement
The ratio between the different contributions of anions andf each ion in a 2ns long NVE simulation run with no exter-

cations to the total current has been evaluated. The rdsults nal field applied. The results ddyg = 0.95 x 107> cm?/s

such ratio of currents are given in Tablg IV. These results emand D¢y = 1.69 x 10~° cm?/s for the diffusion coefficients

phasize the need for using a large enough simulation box. Thef Mg?+ and CI-, respectively, lead to a ratio between the

values for the ratio of currents and transport numbers obthi  diffusion coefficients ofD¢)/ Dyg = 1.8.

for the cubic simulation box of sizé = 3.82nm exhibit a spu- Experimentally, both diffusion coefficients and transport

rious dependence on the applied electric field. For the targenumbers can be obtained, so we can compare both simulation

simulation box, the results are not field dependent, as dhoulesults with experimental data. Using NMR, Struis e¥¥aib-
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TABLE V: lonic contributions to the total current, ratio dfié¢ an-
ionic current over the cationic current and cationic tramspumbers
for different values of the applied electric field in the cadea 1M
MgCl; electrolyte,L = 7.73nm, and using a damping constant of

Current (nA)
N
o
ja)

200 O | the Langevin thermostat 6f2 ps—!. All these quantities are calcu-
ou lated in the frame of reference of the moving fluid.
0 : : : : Electric field (V/nm)lci (NA) [Img (NA)|lci/Ivg| t+
0 002 004 006 008 14.2 588 | 525 | 1.12|0.47
E (V/Inm)
25.98 11.49 | 9.56 | 1.20|0.45
FIG. 4: Electric current versus applied electric field fo\a MgCl, 43.3 19.82 | 15.03 | 1.32 (0.43
electrolyte in simulations using two different simulatibox sizes 86.6 3859 | 31.15 | 1.24 |0.45

L. The points correspond to simulation data computed fron(IEq.
and lines are fits of the data to Hd.(2) (&)= 3.82nm size cubic
simulation box (fit givesc = 14.2S/m). (b)L = 7.73nm (fit gives

% = 11.9S/m) electrolytes and are not clearly observed in our simulation

so its molecular origin remains unclear.

The effect of the damping constant of the Langevin thermo-
stat was investigated by performing molecular dynamics sim
tained Dyg = 0.93 x 10~° cm?/s andD¢ = 2.94 x 1075 ulations on the same system of size= 7.73nm and same

cm?/s (at 28C and 0.985 mol/Kg concentration), so the ex- conditions but using a Langevin thermostat with a damping
perimental ratio isDc;/Dyg = 3.16. The simulations re- constant ofiay, = 0.2 ps* (instead of the damping constant
ported here reproduce with good accuracy the diffusion-coefof 1 ps™* employed in all other simulations). The electrolyte
ficient for Mg?* but the diffusion coefficient for Clis greatly ~ €xhibits an ohmic behaviour, with conductivity= 13.5 S/m,
underestimated. Concerning transport numbers, ele@meh Which slightly differs from the value obtained before anahfr
around 0.3, so the experimental ratio between anionic andamping constant is in the different ionic contributionstte
cationic currents is 2.3. The difference between the ratio of total current, as can be seen in Figl. V. In comparison to the
transport numbers obtained by electrochemical methods ari@sults of the simulations with ., = ps™', it is evident that
the ratio between diffusion coefficients obtained by NMR canthere is a spurious dependence of the ratio of the anionic cur
be interpreted in several ways. First of all, thermodynamid€nt over the cationic current on the magnitude of the agplie
argument# show that some experimental procedures mixecelectric field.

up different reference frames, so the electrochemicalltsesu

have to be interpreted with caution. If the difference bemwe

both ratios is indeed physical, the difference can be atieith 1. Electoosmotic flow

to electrokinetic processes (not accounted by diffusiaffeo

cients) which are supposed to affect the transport numifers o The electroosmotic flow induced by the ionic current was
each ioR°. In any case, these electrokinetic processes weralso computed. In Figl]6, the accumulated number of water
predicted in the framework of classical, continuum thedry o molecules per unit area crossing a plane perpendiculaeto th



TABLE VI: Hydration of the different ions

Number of attached £
Electrolyte lon |Hydration = = 10 ps|7 = 100 ps|= = 1000 ps
+
1M KC K 6.4 1.88 0.070 0.0012
Cl~ 7.3 2.41 0.11 0.0033
2+
1M MgCl Mg 6.0 541 5.35 5.31
ClI~ 7.3 2.99 0.19 0.005
Mg?*| 6.0 5.33 5.22 5.13
IMKCI & IMMgCl2| g+ 6.9 1.95 0.11 0.003
ClI~ 7.0 3.04 0.25 0.009
3+
1M LaCls La 8.4 6.98 4.65 0.27
Cl~ 6.9 3.50 0.35 0.009

electric field is represented as a function of simulatioretim of Mg?™, the latter ion is much more effective dragging water
The flux of water molecules for each electric field is given inmolecules (its hydration layer is much more robust over fYime
Table[dIl. It is interesting to note the different directiand  so the net electroosmotic flow is in the direction of the flow of
magnitude of the water flow obtained for 1M KCI and for 1M Mg?* along the applied electric field.

MgCl, electrolytes. Indeed, while in the presence of 1M KCI
the direction of the net flow of water is opposite to the di-

T T T T

the average number of water molecules in its first coordimati
shell (as defined by the first minimum of the radial distribu-
tion function, see Figs[17 arid 8). We have also computed
the average number of water molecules which have remained ;
a timer in the first coordination shell of each ion to test the . ‘ . . ‘ . . .
robustness of the hydration layer, see Table VI. The values o 1 2 3 4 5 6 7 8 9
given in Tabld_Vl do not show any dependence on the value Simulation time (ns)

of the electric field applied in the simulations. The repdrte FIG. 6: Accumulated number of water molecules per unit areass

results for the hy(_jratlon values of the dlﬂerentza(;r;gs agrik ing a plane perpendicular to the applied electric field v@smula-
results from previous molecular dynamics stugiesand Ab  tion time for the 1M MgC} electrolyte. Different lines represent the

initio calculationg®. The results for the average number of fiow of water for different values of the electric field.
water molecules that spend a timen the first coordination
shell of the different ions are also in agreement with previ-
ous computational studies, in which residence times of wate
molecules in the first coordination shell of the orderofOps
were obtained for K and CI- and of the order of- 10ns

for Mg?*. Such difference in the robustness of the hydration
layer of Mg?*+ and the other ions is a broadly accepted fact,
established by ab initio and DFT calculatié®€ as well as

by NMR, Raman spectroscopy, and X-ray adsorption spec-
troscopy experiment$3°:3t

rection of the electric field, in the presence of 1M Mg@ie 50 E_: 0.0142 Vinm ——
) LY 2 E = 0.02598 V/nm
net flow of water goes in the direction of the applied field. ¢ E = 0.0433 V/AM -
The magnitude of the net flow of water also differs signifi- 5 40 | E =0.0866 V/inm
cantly in both cases, being much larger (almost an order of%
magnitude) for the 1M MgGlelectrolyte. These differences £ 30 |
can be understood from the hydration properties of the ions £
involved. For each ion, we have computed its hydration, i.e. € 20}
>
£
[%]
]
o

Hence, from the analysis of the hydration properties of the
ions it is possible to understand the difference in the sdest
motic flow between the 1M KCI and 1M Mgg&Electrolytes.
For the 1M KCI electrolyte, the anionic current is slightly
greater than the cationic current and the hydration of @l
higher than that of K so it exhibits a net electroosmotic flow
in the direction of the flow of Ct. For the 1M MgC} elec-
trolyte, although the current of Clis greater than the current



5 ' ' ' ' 3 ' ' ' ' TABLE VII: Total current, electrical conductivity, ionicantribu-
@ ®) tions to the total current, ratio of the anionic current aver cationic
current and cationic transport numbers for different valofghe con-
centration of the MgGl electrolyte.

w
T
!

9ko(n
IkH(")

2r 1 L c(M)|Itot (NA) k(S/m) Iug (NA) Icr (NA) lan/icat t.
r 0.1 8.0 3.01 4.0 4.0 1.00 0.p
0 b 0 e 03| 1997 755 942 1054 1.12 047
A A 05| 28.79 10.97 1290 1588 1.23 045
I IR R ) ® 10| 31.70 1225 13.66 18.05 1.32 043
3+ R 3 1
82 1 32 1 in Table[VII and Fig.[®. In Fig.[19, the conductivity of the
q L electrolyte obtained from molecular dynamics simulatifoms
each concentration is compared with experimental rédults
°c 2 4 6 8 1 ‘o 2z 4 6 & 1 and the Kohlrausch’s limiting law. The results obtainedriro
") ) MD simulations reproduce well the dependency of the elec-
FIG. 7: The ion-oxygen and ion-hydrogen radial distribatfanc- trolyte_ conductivity on the C(_)ncentratlon, as compared t
tions for the 1M KCl electrolyte experimental tendency. Besides, the absolute values ekthe

perimental and simulated conductivities agree well witthea
other, especially for high and low salt conditions. In Hig. 9
we represent the ratio of the anionic current over the cation
current as a function of the Mggtoncentration. The results

20 _— 7 : . R oo
@ s from MD simulations indicate that the contribution of the an
By ] st ions becomes more prominent with increasing concentration
3 0l 1 54 of electrolyte. This tendency agrees with the experimdreal
s s ot haviour for2 : 1 electrolyteg’.
ol ] L
1 L
0 L L L 0 20 T T T T - T
0o 2 4 6 8 10 0 Molecular Dynamics O
rA) Experimental —<—
5 T T T T 4 , Limiting Kohlrausch law
(c) (d)
al ] .| | 15 + |
8 L[ 1 8 g |
A ) 10
ir N3
0 N S o L
0 2 4 6 8 10 0 2 4 6 8 10 5 i
1A r(A)
FIG. 8: The ion-oxygen and ion-hydrogen radial distribntfanc-
tions for the 1M MgC} electrolyte 0 ‘ ‘ ‘ ‘ ‘ ]
0 0.2 0.4 0.6 0.8 1 1.2
c(M)

2. Concentration dependence of transport properties of MgC FIG. 9: Electric conductivity of a MgGl electrolyte versus its salt
concentration for an electric field = 43.3mV/nm. Blue dots repre-

sent results obtained from MD simulations, red crossesrerpetal

For the MgC} electrolyte we have also tested the depen-ja21 and the green dashed line is Kohlrausch's limitingZaw

dency of the conduction properties of the electrolyte on its

concentrationc. We have performed simulations at differ-

ent concentrations of Mgglfor a fixed value of the applied

electric field £ = 0.0433V/nm in a cubic simulation box of

side L ~ 8nm (see TablE | for precise values). The summaryC. Transport propertiesof mixture composed of 1M KCI and

of the results are given in Table VIl and Figuigs 9 10. IM MgCl,
Here, for each value of the electrolyte concentration the co
ductivity has been obtained from a single pdift£'), under We have also studied the transport properties of an elec-

the assumption that the electrolyte exhibits an ohmic hiehav trolyte composed of 1M KCl and 1M Mggl The addition of
(suggested by the studies at 1M concentration, see[Big. 4jonovalent ions to a system immersed in a multivalent elec-
As expected, the electrical conductivity, of the MgCL so-  trolyte is sometimes used experimentally to screen the elec
lution increases with increasing concentration, as careba s tric charge of the multivalent ioAs This effect is also used



15 j j j j j TABLE VIII: lonic contributions to the total current, ratiof the an-
ionic current over the cationic current and cationic tramspumbers
14 1 for different values of the applied electric field in the casan elec-
- trolyte composed by 1M MgGland 1M KCI. All these quantities
1.3t 1 are calculated in the frame of reference of the moving fluid.
S 1ol ©) ] Electric field (V/nm)Ici(nA) |1k (NA) [ Img(NA) | lan/lcat| t+
s ' 14.2 7.6 | 3.27 | 2.04 | 1.43(0.4]
11 L ©) ] 25.98 18.14| 5.12 | 4.98 | 1.30(0.43
43.3 21.69| 9.29 | 7.89 | 1.26 |0.44
1+ O 1 86.6 43.36| 17.11| 15.59 | 1.32|0.43
09 1 1 1 1 1
0 0-2 04 0,'6 08 ! 1. Electroosmotic flow
Concentration (M)
FIG. 10: Ratio of the contribution to the electric Curremadf/lgCIg The results for the net flow of water induced by the ionic

electrolyte by anions and cations versus its bulk concgatravhen - rrent are given in Fig_12, in which the accumulated number
an electric fieldz = 43.3mV/nm is applied. of water molecules per unit area crossing a plane perpendicu
lar to the electric field is represented as a function of samul
tion time. The flux of water molecules for each electric field
. . . . . is given in TabléTll. Similarly to the case of the 1M MgCl
n experlment_and simulations to determine whether e.IeCtrOelegctrolyte the net electroogmotic flow is in the directi%cr:\
static correlations are responsible for a certain macisco T . X )

the flow of cations, in spite of being smaller than the net flow

effect!:32.33 . ; )
The analysis is similar to the analysis done for the previ—of anions (see Table VIll). We interpret this resuilt along th

ous electrolytes. The electric currents caused by the afrift same lines as with the case of 1M Mg@lectrolyte. As it
ions have been obtained for four different values of the apIS shown in Tabl€ VI, the hydration layer of Mg is much

" i + -
plied electric field. In this case, a single cubic box of sizemo'® robust than the hydration of Cind K*, so the elec

L = 7.72 nm was employed. The results for the conductivitytroosmouc flow induced by the flow of Mg’ dominates.
are summarized in Fig__11, which results in a value for the

conductivityx = 14.8 S/m. Our own experimental measure- 20 E = 0.0142 Vinm — v ,
ments gives = 16.83 + 0.01 S/m. The different contribution ~ _ E = 0.02598 V/nm
to the total current of the different ions, as well as thearat "¢ 45|  E=00433Vinm oo o
. . € E =0.0866 V/nm
transport number are given in Table VllI for every value gfth = ,
applied electric field. L
8 10 1
]
T T T T =
K =14.8 S/m - g 5t A
©
80 & 2
¥ <
g op
. 60 B [
<
o
‘\E/ -5 L L L L L
5 4ol . ] 0 1 2_ _ 3 _ 4 5 6
3 - Simulation time (ns)
20 | Q 1 FIG. 12: Accumulated number of water molecules per unit area
e crossing a plane perpendicular to the applied electric Vietdus sim-
A ulation time for an electrolyte composed of 1M Mg@ind 1M KCI.
i ) ) ) ) Different lines represent the flow of water for differentwes of the
0 0.02 0.04 0.06 0.08 electric field.

E (V/Inm)

FIG. 11: MD results for the electric current versus applitsteic

field for an electrolyte composed of 1M KCI and 1M MgCh a

cubic simulation box ofL = 7.72nm. The points correspond to

simulation data computed from Eg.(1) and lines are fits otitta to D. Transport propertiesof 1M LaCl;
Eq.[2) (fit givesk = 14.8S/m)

The lanthanum cation 24 is a highly charged and polar-
izable ion which, for most problems, requires the use of Ab
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. _— . 1. Electroosmotic flow
TABLE IX: lonic contributions to the total current, ratio tiie an-

ionic current over the cationic current and cationic tramspumbers ] o
for different values of the applied electric field in the caé¢he 1M The results for the net flow of water induced by the ionic

LaCls electrolyte, withL = 7.71nm. All these quantities are calcu- currentare given in Fig. 14, in which the accumulated number
lated in the frame of reference of the moving fluid. of water molecules per unit area crossing a plane perpendicu

lar to the electric field is represented as a function of samul

Electric field (vinm) lei (nA) [1a (NA)]loilial te tion time. The flux of water molecules for each electric field
14.2 5.51 5.00 | 1.10|0.48 is given in Tabl&TIl.
25.98 10.72| 9.89 | 1.13|0.47 The hydration properties of the 1M LaCtlectrolyte are
43.3 17.55| 14.94 | 1.17/0.46 summarized in TablEVI. In spite of the limitations of the
86.6 35.00 | 31.06 | 1.12|0.47 non-polarizable model used to describe'Lathe values ob-

tained for the hydration of I’ are close to the values given
in the literature (hydration- 8 — 9 and a residence time of
hydrated water in the first coordination shell-oflns®). As
showed in Fig.[[I4, the electroosmotic flow obtained for the
&M LaCl; electrolyte is in the direction of the flow of chlo-

initio calculations or polararizable force fields to prdpete-
scribe its interaction with water and ic¥is However, there
are systems for which only its electric charge and size are’™" - ) et : )
relevant to describe certain electrokinetic phenorfengior ~ "de€ ions, opposite to the direction of the applied eledteid.
such cases, I’4 can be modeled as a charged Lennard-Jone®! this case, the higher hydration of thais not enough to
particle and one can obtain the transport properties of d4.aC compensate th_e higher flow of chloride ions versus the flow of
ionic solution by using classical molecular dynamics calcu 12nthanum cation L&

lations. The Lennard-Jones parameters used here to describ
the lanthanum cation & were taken from Re®

The electrical transport properties of the 1M La@lec-
trolyte in the presence of an external electric field areiobth
using molecular dynamics simulations which employ a non-
polarizable force field (described above). The summaryef th
results is given in Fig.13 and Taljle]IX. The electrolyte show
an ohmic behaviour (see Higl13), with an electrical conduc-
tivity of k = 12.8 S/m. Considering the limitations of the
description, this value is quite satisfactory comparedht® t
experimental value ofexp = 15.3 S/m®. The ionic contri-
bution, the ratio of currents and the cationic transport bem

are given in Tabl&IX for each value of the external electric i e
0 1 2 3 45 6 7 8 9 10 11 12 13 14

E =0.0142 V/inm ——
L E =0.02598 V/nm
E =0.0433 V/nm
E = 0.0866 V/nm

oo & A N O N M O

Crossing water molecules/nm?®

=
o

field.
Simulation time (ns)
80 : : : FIG. 14: Accumulated number of water molecules per unit area
K=12.8 5fm - crossing a plane perpendicular to the applied electric fieldus
© simulation time for an electrolyte composed of 1M LadDifferent
60 - o lines represent the flow of water for different values of thexgic
field.
g
£ 40t
5 ol
© IV. CONCLUSIONS
20 t je;
foul Classical molecular dynamics simulations of various elec-
trolytes (KCI, MgCl, KCI + MgCl,, LaCl) in external elec-
0 0 0‘02 0‘04 0‘06 0‘08 tric fields were performed to study their transport progsti
E (Vinm) We have employed algorithms and parameters typically used

in simulations of complex electrokinetic phenomena to test
FIG. 13: MD results for the electric current versus appliteteic ~ against experimental data their validity in the descriptid
field for a 1M LaCk electrolyte in a cubic simulation box df =  transport properties of electrolytes. The electrical comtid-
7.71nm. The points correspond to simulation data computed fronity and transport numbers (ionic contributions to the totat
Eq.(3) and lines are fits of the data to £4.(2) (fit gives: 12.85/m)  rent) of electrolytes containing monovalent (1M KCl), diva
lent (1M MgCk, 1M MgCl, + 1M KCl ), and trivalent (1M
LaCls) cations were computed from the simulated ion trajec-
tories. Itis shown that in all cases the electrical condit@s
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FIG. 15: The ion-oxygen and ion-hydrogen radial distribntfunc-
tions for the 1M LaCJ electrolyte

11

electrolyte 1M MgCl}, there is a significant discrepancy be-
tween the transport numbers obtained from MD simulations
and the experimental values, probably due to the poor result
for the self difusion coefficient for anions provided by the
Lennard-Jones parameters used in the simulations. That effe
of the simulation box size on the electrical transport prope
ties was also explored. It is found that a big enough simarati
box is needed to avoid spurious effects of the simulation.

The electroosmotic flow of water induced by the ionic flow
has also been computed from the MD trajectories. It is shown
that the direction and magnitude of the water flux depends on
the electrolyte: while the flux is in the direction of the cati
flow for electrolytes containing Mg, it is in the opposite di-
rection and weaker for all the other cases. These resulis-are
terpreted with the help of the hydration properties of thesjo
which are calculated and successfully compared with pusvio
studies on the subject.
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