
   

ABSTRAKT 

 

Iontově specifické efekty hrají významnou roli v mnoha dějích. Mohou ovlivňovat 

například elektroforetickou mobilitu či rozpustnost proteinů. Tyto jevy mají původ ve 

specifických interakcích iontů a vody s jednotlivými funkčními skupinami molekuly. 

Makroskopické experimenty prakticky neumožňují tyto příspěvky rozlišit a je proto 

vhodné je doplnit počítačovými simulacemi, které poskytují mikroskopický vhled do 

problematiky. Friedman–Altenberger a Kirkwood–Buff teorie dávají do kontextu 

strukturu roztoku s experimentálně pozorovatelnými veličinami – elektroforetickou 

mobilitou a vysolovací (Setchenow) konstantou. Použitím teoretických a simulačních 

metod, které poskytují strukturu roztoku, jsme schopni tyto veličiny nejen modelovat, ale 

zároveň i získat detailní informaci o původu zkoumaného efektu. Použitelnost 

teoretických metod jsme nejprve ověřili na modelových systémech – Na+/Cl- iontech a 

Lennard–Jonesovských koulích. Výsledek simulace, teorie a experimentálních dat ověřil 

jejich použitelnost. V této diplomové práci se dále zabýváme vlivem chloridu sodného na 

malé neutrální molekuly s amidovou funkční skupinou použitím molekulové dynamiky. 

Tato skupina zahrnuje formamid, N – methyl formamid, N, N – dimethyl formamid, 

acetamid, N – methyl acetamid a N, N – dimethyl acetamid. Spočítané elektroforetické 

mobility a vysolovací konstanty dobře souhlasí s experimentálními daty. Simulace navíc 

naznačují, že vliv soli je kombinací vazby Na+ iontu na karbonylovou skupinu, dále 

vazbou Cl- iontu na polární NH skupinu, avšak také kumulací Cl- iontu na hydrofobních 

částech molekuly. Tento poslední zmíněný jev určuje trend elektroforetických mobilit. 

Vypočítané teoretické výsledky se ukázaly být robustní vůči volbě silového pole pro NaCl 

sůl. 

 

  



   

ABSTRACT 

 

Ion specific interactions play important role in many biological processes, but are 

complex in nature. Their macroscopic manifestation can, on the other hand, be quite 

intuitive, such as effect on solubility, or electrophoretic mobility. These effects origin in 

the specific interactions of ions with the solute molecule. Experiments probe whole 

molecule, therefore to decipher atomistic picture is rather hard.  

The Friedman–Altenberger and the Kirkwood–Buff theories connects microscopic details 

in solution structure to experimentally measurable quantities – electrophoretic mobility 

coefficient and salting out (Setchenow) constant. Therefore, computational method like 

molecular dynamics, from which solution structure can be obtained, can be combined 

with experimental methods to provide atomistic details of the problem. First, we tested 

the theories on model systems, such as NaCl salt or Lennard–Jones spheres. Obtained 

results proven applicability of the theories. Next, we investigated effects of NaCl salt on 

a set of neutral amides (formamide, N – methyl formamide, N, N – dimethyl formamide, 

acetamide, N – methyl acetamide, and N, N – dimethyl acetamide) using molecular 

dynamics simulations and compared theoretical results to experimental data. Obtained 

electrophoretic mobility coefficients and salting out constants were found in accord with 

experimental data. Simulations suggest that origin of these subtle effects lays in binding 

of Na+ cation to carbonyl group, binding of Cl- to NH group, and accumulating of Cl- on 

the hydrophobic parts of the solute. The last one dictates the overall trend in mobility 

coefficients of the amides. Conclusions were found insensitive to the choice of NaCl force 

field. 
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Chapter 1 

Introduction 

 

One can try to search through every living organism and look for a one, where ion 

specific interactions do not play a role. One will always fail. Every time it is about an 

interplay between chemical nature of the solute and present ions. This can lead to various 

interesting phenomena such as overcharging of charged solutes,1 salting in, or salting out 

effect.2 Name Franz Hofmeister is closely related to this topic. The story started back in 

late 19th century when Hofmeister studied set of different salts and their effect on 

solubility of hen egg white.3 It turned out that following series of anions can be 

constructed according to their strength to precipitate protein: 

 SO4
2- ~ F - > Cl- > Br- > I- > SCN- , where sulphate decreases the solubility (salting out 

effect), while thiocyanate does exactly the opposite (salting in effect). Cations were found 

to have generally weaker effect than anions. The salting in/salting out effect can be 

experimentally quantified by a Setchenow constant (salting out constant) �� 

 

������� = 	
� �� , (1) 

 

where ����� is the salt concentration, � is the solubility of solute at zero concentration of 

salt, and � stands for solubility at the salt concentration ����� . Over years, salting out 

constants were determined for sparingly soluble molecules such as gasses and 

hydrophobic particles4. Later, the study was extended to more biologically relevant 

molecules such as small amides trying to explain molecular origin of the salting out effect 

on proteins5–7.  First concept was based on an idea of structure making (kosmotropes) and 

structure breaking ions (chaotropes). Kosmotropes were thought to cause long range 
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water structuring, i.e. they are strongly hydrated, while chaotropes should lack this ability 

(weakly hydrated ions). Therefore kosmotropes are ‘stealing’ water molecules, 

essentially causing salting-out effect whereas chaotropes do not. The major problem with 

this approach is that only ions are responsible for whole effect and the protein is left out 

of the picture. This is obviously not true since there are known exceptions where the 

Hofmeister series is completely reversed.8–10 Another major problem no experimental 

evidence for long range water structuring in salty solutions was found11,12. Therefore 

nowadays this idea is being dropped and more sophisticated theory emerges. Many 

publication paved the new way8–10,13–30 and the latest reviews31,32 present situation as 

follows. Large polarizable ions (e.g., iodide I-) are expelled from bulk solution to more 

hydrophobic environment, while strongly hydrated ions do not (small ions with high 

charge density, e.g., fluoride F-). When we switch to hydrophilic surface, the situation 

reverses. The effect is more strongly manifested for anions since they are generally larger 

and more polarizable than cations. Therefore if we consider a protein case we can 

summarize as follows. Cations bind to charged regions such as carbonyl backbone group, 

or charged amino acid residues (glutamate, aspartate, C terminal amino acids), while 

anions not only bind to positively charged regions, but, large polarizable ions are attracted 

also to hydrophobic patches of the protein. Whole effect is then an interplay of 

interactions between cations/anions, water, and different chemical parts of the solute. The 

complementary thermodynamic information can be obtained from calorimetry, dialysis, 

or densimetric experiments. The local information is available from spectroscopic 

experiments such as IR, SFG, or NMR8,10,29. 

Alternative and elegant method, how to investigate subtle salt specific effects, is 

electrophoretic experiment. Since mobility of ion under the influence of external electric 

field is proportional to its charge we can directly measure the effective charge of a solute 

under different salt conditions.1,33–36 For example study of Cugia et al. shown effect of 

background electrolytes and buffers on mobility of lysozyme.34 There are several other 

studies reporting effect of salt on mobilities.37,38 Due to the presence of electroosmotic 

flow in capillary electrophoresis all measured electrophoretic mobilities are reported with 

respect to neutral markers. Lately, it was reported that even neutral molecules could be 
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mobilized.39 An example of separation of neutral molecules (N –methyl acetamide, 

thiourea, and dimethyl sulfoxide) is shown in Figure 1.1. 

 

Figure 1.1. Electrophoreogram  from separation of N –mehyl acetamide (NMA), 

thiourea (TUR), and dimethyl sulfoxide (DMSO) mixture in the solution of 

NaCH3SO3/CH3COONa 4:1, at the total ionic strength I = 250 mM, and applied voltage 

15 kV. Detection was done spectroscopically by measurment of absorbance at different 

wavelengths.39 

 

This is a clear evidence of uneven interaction of anions/cations with the solutes. 

Nevertheless, electrophoretic experiment provide us only with the overall effect of whole 

salt. It is hard to distinguish between effect of cation/anion, or trace dominant interactions 

responsible for mobilization down to functional groups of the molecule. Therefore, 

combined with a theoretical method, electrophoretic experiment provides atomistic 

picture of the problem. Theory, which connects solution structure with electrophoretic 

mobilization of the solute was proposed by Friedman and Altenberger.40 The solution 

structure could be obtained, for example, by molecular dynamics, Monte Carlo 

simulations, or classical DFT methods. The Friedman–Altenberger theory has a compact 

form only for spherical molecules, for non-spherical the simplified form is only 

approximate, and its applicability will be tested here. 
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In 1951 the Kirkwood–Buff theory41 was published, which connects binding or 

depletion of a salt to/from the solute with thermodynamically observable Setchenow 

constant via so-called preferential binding coefficient. Since then the Kirkwood–Buff 

theory was applied to various systems and was established as a valuable tool in 

investigating complex systems and in particular specific effects.4,27,42–45 

 In this thesis we investigate, in several steps, the performance of  

the Friedman–Altenberger theory by means of molecular dynamics simulations. First, 

ideal systems were chosen, for which the theory is exact. These systems were small 

spherical particles like sodium cation/chloride anion and Lennard–Jones spheres. The 

effect was investigated for 1M NaCl salt solution. The electrophoretic mobility 

coefficients were determined from molecular dynamics simulations with two approaches. 

In the first one, the solution structure with Friedman–Altenberger theory was used (1), 

the second, the displacement of the particle in the salt solution under the influence of 

external electric field was directly measured (2). Ideally these two approaches should 

yield the same results, proving Friedman–Altenberger theory consistent. Then a complex 

set of amide molecules, the simplest substances with peptide bond were chosen, in 

particular:  formamide, N-methyl formamide (MFA), N, N-dimethyl formamide (DFA), 

acetamide (AA), N-methyl acetamide (MAA), and N, N-dimethyl acetamide (DAA). 

Both simulation approaches were employed and results compared to experimental data.  

 The second part of this thesis is dedicated to calculation of thermodynamic effects 

of NaCl on the solutes. Within the Kirkwood–Buff theory the salting out Setchenow 

constants were evaluated for model molecules, as well as for the amides, and compared 

with experimental data. In summary, in this thesis we have studied ternary  

system – solute/NaCl/water – and have shown that the solution structure in solute vicinity 

is quantitatively connected to experimental (thermodynamic, electrophoretic) data within 

formally exact Friedman–Altenberger and Kirkwood–Buff  theories. 

We would like to acknowledge VMD46 and Inkscape47 as graphical software used 

in this thesis. 
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Chapter 2 

Computational techniques 

 

 This chapter will be divided into two main sections. Firstly we will go through all 

general concepts of molecular dynamics, briefly mention quantum mechanics and at the 

end we will introduce two main theories used in this thesis – the Friedman–Altenberger 

theory and Kirkwood–Buff theory. The second part is dedicated to all specific simulation 

setting and system preparation/composition. 

 

1. Theory and methods 

 

The main method which was used to investigate kinetic and thermodynamic 

properties is molecular dynamics computer simulation method. It is widely used to 

investigate system on atomistic level where particles are moving according to Newton’s 

equations of motion. We start by introducing general ideas and technical trick that are 

used nowadays. The notations and theoretical framework were taken from  

Frenkel, D., Smit, B.48, Jungwirth, P.49, Allen, M. P., Tildesley, D. J.50 

 

1.1.  Molecular dynamics 
 

Since its development in 1950s molecular dynamics (MD) gained its application 

in fields ranging from chemical physics, material science to modelling of biomolecules. 

The basic assumption of classical non-polarizable simulations is the apriori knowledge of 

pair interactions, known also as a force field. In molecular dynamics simulations, the 
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atoms are moving according to laws of classical mechanics which is also widely known 

as Newtonian mechanics. Force acting on a particle � at position �� is defined as follows 

  

��(��) = ���(��) = −∇�(��), (2) 

  

��(��) = ����(�)�� , (3) 

 

where �� stands for the total force, �  for the mass of the particle, �� is acceleration,  ∇ is a gradient operator, and �(�) is potential energy at the position ��. Therefore, if we 

know all forces that act on all particles we can evolve this equation in time to obtain future 

positions. Many numerical schemes called propagators exist, here the Verlet propagator 

is used. Potential energy is decomposed into several terms including intramolecular 

interactions and intermolecular interactions. The most common shape of potential is as 

follows 

 

�(��) = � � (� − �!")�
 #$%� + � ��(' − '!")�

�$(�!�
+ � � 12 �$(1 + cos(./ − 0)$%12!%3�� �$(�!�
+ � 4516 78916�16 :;� − 8916�16 :<=1>6 + � ?1?64@5�161>6 , 

(4) 

 

where the first two terms describe bonds and angles and they are represented by harmonic 

potentials. The third term represent dihedral angles and it is expanded in Fourier series. 

The fourth term describe non-bonded van der Waals interactions and it has a form of 

Lennard–Jones 12-6 potential with parameters 516 and 916. However, these parameters are 

usually listed only as 911  and 511 and the cross terms 916  and 516  are calculated 
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by so-called combination rules. The most commonly used one is the Lorentz–Berthelot 

combination rule which reads 

 

916 = 911 + 9662 , (5) 

 

516 = A511566 . (6) 

 

The last term is purely electrostatic and it has a form of Coulomb’s law. A set of defined 

functions and parameters is called a force field. The parameters are obtained by fitting to 

experimental/ab initio data. 

One is usually interested, for example, to simulate a processes in open atmosphere 

where the condition of constant pressure has to be satisfied. Depending on which 

conditions have been satisfied we obtain various so-called ensembles. The most common 

ensembles are microcanonical (NVE), canonical (NVT), isothermal-isobaric (NpT), and 

grand canonical ensemble (µVT). Microcanonical ensemble is defied by constant number 

of particles N, constant volume V, and constant energy E. In canonical ensemble we 

change condition of constant energy E for condition of constant temperature T.  

NpT ensemble is defined in a similar way as NVT ensemble and in µVT ensemble 

condition of constant chemical potential µ has to be satisfied rather than constant number 

of particles. To obtain canonical or isothermal-isobaric ensembles in MD simulations 

thermostats and barostats were developed. Thermostat ensures constant temperature 

whereas constant pressure is maintained by barostat. Several types have been proposed, 

however, in this thesis we use the Berendsen barostat/thermostat51 which simply rescale 

velocities/box dimensions.  

At atomistic scale the surface area vs. bulk ratio is very large for isolated systems, 

thus to simulate bulk properties we would need to make our system enormously large 

which is not possible due to computer resources. A trick how to suppress the surface 

effects is to use periodic boundary conditions which approximate infinity large system. 
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The idea is as follows – we create a small system which we call a unit cell. This unit cell 

is then periodically replicated in all dimension leading to an infinite system. By this we 

save a lot of computational resources, however, one has to be careful about the artifacts 

introduced by this approximation.  

In a system with N particles, the number of pair interactions is N2, however, the 

dominant contributions to forces originate from short range interactions from the local 

pairs. To save computational resources we introduce so-called cut-off. The main part of 

computational time is spent on calculation of non-bonded pair interactions, therefore if 

we truncate the calculations after certain distance, i.e. cut-off, we can speed up the 

calculation. Generally used value of cut-off is ~ 0.9–1.2 nm. The van der Waals term 

usually does not cause any artifacts since it is short range and decays as r-6. However, the 

long range coulomb term is proportional to r-1 and truncation introduces large errors. 

Under the periodic boundary conditions (PBC) there is a method how to deal with this 

problem – Ewald summation.52 With use of PBC the non-bonded interactions have a form 

of infinite sum. This sum is divided into a short range part and a long range part coming 

from periodic images. The short range part can be quickly evaluated in the real space 

whereas the long range part can be elegantly evaluated with the use of Fourier transform 

in reciprocal space. 

Last important parameter for efficient run of MD simulations is the integration 

time step ∆�. When the Newton’s equations of motion are integrated we need to choose a 

time step of integration, which should be the longest possible for efficient sampling.  

But, the time step has to be short enough to properly describe all motions in our system. 

Since the vibrations that contain a hydrogen atom are the fastest, we need to use a time 

step of ~0.5–1 fs, however, if we constrain all bonds that contain hydrogen atoms we are 

able to use a time step of ~1–2 fs. Several algorithms have been proposed like SETTLE53 

or LINCS.54 
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1.2.  Quantum mechanics 
 

In this section we will briefly go through basics of quantum mechanics as it was 

used only because of parameterization of the amide set. Notations and theoretical 

descriptions were taken from Szabo, A., Ostlund, N. S.55  and Cramer, C.56 

We start with non-relativistic time independent Schrödinger equation which reads 

 

DE|ΦH = ℰ|ΦH, (7) 

 

where  DE  stands for the Hamiltonian operator, Φ for the wave function and ℰ  for the 

energy. The Hamiltonian operator for N electrons and M nuclei has a shape of  

 

DE = − � 12 ∇1�
�

1J; − � 12KL ∇L�
M

LJ; − � � NL�1L
M

LJ;
�

1J; + � � 1�16
�

6O1
�

1J; + � � NLNPQLP
M

POL
M

LJ; , (8) 

 

where the first term describe kinetic energy of electrons, the second term describe kinetic 

energy of nuclei R with mass KL, the third terms represents attractive energy between 

nuclei R with charge NL  and electron � that is within the distance �1L, the fourth term 

represents repulsive energy  of electron � and electron S that is within the distance �16, and 

the last term represents nuclear repulsion of a nuclei R with charge NL with nuclei T with 

charge NP  when the distance between them is QLP. Due to the large difference between 

mass of electron and nuclei we can introduce the Born–Oppenheimer approximation 

which allow us to separate motion of electrons and nuclei. Therefore we arrive for given 

configuration of nuclei U��L, N�LV to a so-called electronic Hamiltonian DE!�!W  
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DE!�!W = − � 12 ∇1�
�

1J; − � � NL�1L
M

LJ;
�

1J; + � � 1�16
�

6O1
�

1J; , (9) 

 

which has its place in electronic Schrödinger equation 

 

DE!�!W|Φ!�!WH = ℰ!�!W|Φ!�!WH. (10) 

 

Solution of this equation yields electronic wave function Φ!�!W  with corresponding 

electronic energy ℰ!�!W. Note that the solution leads to matrix formulation, and to get 

matrix coefficients multidimensional integration is needed. To obtain the total energy we 

need to add the repulsion energy between the nuclei 

 

ℰ�#� = ℰ!�!W + � � NLNPQLP
M

POL
M

LJ; . (11) 

 

Since it is impossible to solve analytically equation (10) even for a two electron system 

we need to make further approximations. There are many methods of different 

complexity, which can be applied for solving equation (10). Here we present  

the Hartree-Fock method. One of the approximation is the shape of a wave function. It 

was proposed to use a wave function in a form of a Slater determinant Φ�X 

 

Φ�X(Y;, Y�, … , Y�) = ([!)];� ^̂ _1(Y;) _6(Y;)_1(Y�) _6(Y�) … _`(Y;)… _`(Y�)⋮ ⋮_1(Y�) _6(Y�) ⋱ ⋮… _`(Y�)^̂, (12) 
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where the prefactor is a normalization constant and _1(Y1)  are molecular orbitals. 

Molecular orbitals are expressed as a linear combination of known atomic  

orbitals c` (MO–LCAO). 

 

_1 = � �`1c`
d

`J; . (13) 

 

A set of known atomic orbitals is called a basis set.57,58 Upon inspection of electronic 

Hamiltonian (equation (9)) we see that first two terms are one electron  

problems (3D integration), however, the last term representing electron repulsion leads 

to two electron problem (6D integration) which is computationally demanding. In 

Hartree–Fock approximation we replace this part by introducing so-called Hartree–Fock 

potential efghSi  
 

� � 1�16
�

6O1
�

1J; ≈ efghSi , (14) 

 

which is a mean field potential induced by all of the electrons S. Therefore we now define 

new operator – a one electron Fock operator  kl1  
 

kl1 = − 12 ∇1� − � NL�1L
M

LJ; + efghSi, (15) 

 

and we can write 
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DE!�!W ≈ � kl1�
1J; , (16) 

 

which splits the problem into N coupled one electron equations 

 

kl1|χ1H = ℰ1|χ1H. (17) 

 

Note that even though kl1  is one electron operator, the external potential eD�hSi parametrically depends on all of the other electrons. Therefore these equations 

have to be solved iteratively until self-consistency, which is guaranteed by the variational 

principle, is achieved. 

 With Hartree–Fock method introduced we can now proceed to population 

analysis. By solving Schrödinger equation one obtains a wave function, i.e. electron 

distribution/density. From this wave function it is possible to extract so-called partial 

atomic charges. Unfortunately, partial charges are not physically observable quantity, and 

therefore there is no rigorous method how to obtain them. Nevertheless, it turned out that 

a molecule can be very accurately described within the molecular dynamics by partial 

charges placed on centers of atoms interacting according to Coulomb’s laws. One of the 

most frequently used method how to derive partial atomic charges is to make sure that 

they correctly reproduce electrostatic potential of the molecule. The electrostatic potential 

can be either measured experimentally or calculated from the wave function. An example 

of this methods is CHELPG method.59 A modification of this method which ensures that 

rotationally equivalent atoms have the same partial atomic charges is called Restrained 

electrostatic potential fit method (RESP)60, which is recommended method for partial 

charge parameterization of small molecules in condense phase.61 Moreover the 

electrostatic potential should be calculated in the gas phase at HF/6-31G* level of theory. 

This is because it was empirically found that this level of theory correctly reproduces 

potentials that are found in the solution.  
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1.3.  Electrophoretic mobilization – the Friedman–Altenberger theory  

 

A studies of Einstein62, Smoluchowski63, and Sutherland64 on Brownian motion 

in 1905 lead to an Einstein–Smoluchowski  relation which reads 

 

n = o�Pp, (18) 

 

where n is the diffusion coefficient, o stands for the mobility, �P  is the Boltzmann’s 

constant, and T is the absolute temperature. There are two frequently used special forms 

of the relation known as Electrical mobility equation 

 

n = o"�Pp? , (19) 

 

and Einstein–Stokes relation 

 

n = �Pp6@r�. (20) 

 

In these relations o" is the electrical mobility, ? is charge of the particle, r is the dynamic 

viscosity of media, �  stands for the hydrodynamic radius of the particle. In 

electrophoresis we refer to electrophoretic coefficient rather than to electric mobility.  

The Einstein–Stokes equation can be derived from an incompressible  

Navier–Stokes differential equation of continuum mechanics which reads 
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ses� + (e ∙ ∇)e − r ∇�eu = − ∇vu + �, (21) 

 

where e  stands for the velocity of fluid, ∇ represents gradient operator, r stands for the 

dynamic viscosity, u  stands for the density, v is the pressure, and � represents body 

acceleration. If we analyze situation where a sphere is put into a fluid of velocity e and 

consider slow steady flow we can omit both time-dependent and inertial terms giving 

 

∇v = r∇�e. (22) 

 

To solve this equation a boundary conditions at the particle surface have to be defined. 

There are two limiting cases – stick and slip boundary conditions. The stick condition 

refers to radial and tangential velocity of fluid being zero at the surface of the sphere 

whereas the slip condition refers to radial velocity of the fluid being zero at the surface 

of the sphere and that there has to be no shear stress on the surface. Using the stick and 

slip boundary condition, together with differential equation (22), following form for 

diffusion coefficients are obtained65 

 

n��1W` = �Pp6@r�, (23) 

 

n��1w = �Pp4@r�. (24) 

 

Therefore we can rewrite equation (20) as 

 

n = �Pp6@r�(1 − 5). (25) 
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The value of 5 depends on the boundary conditions (5 ∈ (0, ;z)). Values in between are 

often referred as to mixed stick–slip boundary conditions. Although the equation was 

derived for spherical particles which are much larger than solvent molecules it was found 

valid also for small molecules. From equations (19) and (25) following relation for 

electrophoretic mobility coefficient is derived 

 

o" = ?6@r�(1 − 5). (26) 

 

So far, we described mobility and diffusion on mesoscopic level, neglecting the 

microscopic structure of the media. To gain a microscopic insight we apply a framework 

of statistical thermodynamics. Here the solution structure is defined in terms of radial 

distribution functions �(�) which describe local density around a molecule of interest. 

Radial distribution function �16(�)  of particle S  around particle �  can be defined for 

practical applications as follows 

 

�16(�) = u6(�)u6 = [(� + ��) − [(�)4@����u6 , (27) 

 

where u6(�) is the local density at the distance �, u6 is the bulk density, and [(�) is the 

number of particles at the distance � . The prefactor 4@��  originates from spherical 

symmetry of the problem. Therefore the radial distribution function serves as normalized 

effective density. Note that �(�)  is also a probability of finding particle �, S  in  

a distance �. At large separations the particles are uncorrelated and �(�) approaches 1. 

Knowing the �16(�), and bulk density u6, number of particles S within the distance Q 

around � can calculated as 

 



 

Chapter 2: Computational techniques  16 

   

[16(Q) = u6 { �16(�)4@��|
 ��. (28) 

 

In a salt solutions we can further define charge around molecule � as a function of distance Q as follows 

 

?1(Q) = � }~6[16(Q)6J��,�� = { � }~6u6�16(�)4@����6J��,��
|

 , (29) 

 

where we assigned each particle (ion) a charge }~6  according to its valence ~6  and we sum 

over all cations and anions. Since the electroneutrality condition this property approaches 

zero at large distances. It is useful to define integrand of equation (29) as a charge 

distribution around the molecule �  
 

�?1�� (�) = � }~6u6�16(�)4@��
6J��,�� , (30) 

 

since it clearly shows all local contributions. 

If a solute with a charge ? and a hydrodynamic radius � is placed into a salt 

solution an equilibrium structure and charge distribution are formed. The electrophoretic 

mobility coefficient of a solute in the presence of salt concentration u���� is obtained via 

combination of equation (26) and (29)  

 

o"(u1) = ?6@r�(1 − 5) + � { ~1}u1��1(�)4@��6@r�(1 − 5) ���
1J��,�� . (31) 
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The first term is called the electrophoretic mobility coefficient at infinite dilution o 66 

and has its origin in charge of the molecule, and the second term describes the effect of 

salt ∆o(u����). It can be rewritten to a following form 

 

o"(u����) = o + 4}6(1 − 5)r � ~1u1 { ���1(�) − 1�����
1J��,��= o + ∆o(u����), (32) 

 

which is the exact form that was published by Friedman–Altenberger.40 More details 

about rigorous stat-mechanical derivation of equation (31) can be found in their 

publication. 

For practical reasons the integration is performed only in the region where 

correlations take place. This is typically up to Q = 1.5 − 2 nm. Let us note some special 

cases, (1) for a neutral molecules the first term vanishes, (2) in neat water, i.e. at zero salt 

concentration, we obtain mobility at infinite dilution. Note that we usually obtained radial 

distribution functions from non-equilibrium simulations with external electric field  

Ez = 0.1 V nm-1. Figure 1. shows that electric field of this intensity (unlike for  

Ez = 1.0 V nm-1) has no effect on solution structure in 1M NaCl salt solution. Since the 

solution structure is the same as in equilibrium molecular dynamics simulations no errors 

were introduced by this procedure. 

 



 

Chapter 2: Computational techniques  18 

   

 

Figure 1. Structure of 1M NaCl solution in terms of radial distribution functions upon 

applying external electric field of various intensity Ez = {1.0, 0.1, 0.01, 0.001} V nm-1. 

 

 Although the definition of stick/slip boundary conditions is clear on macroscale, 

its interpretation on atomistic level is less intuitive. One may be tempted to connect stick 

to an attractive interactions, however, even in a system without any attractive interactions, 

such as hard spheres the simulation yield 5~0.275 (pure slip → 5 � 0.333�.67 Moreover, 

there are publications inspecting validity of Einstein–Stokes relation on atoms/molecules 

like argon, methane, benzene, or tetramethylsilane and they always report results that are 

in between stick/slip boundary conditions results.68,69 Nevertheless, choice of the 5 
parameter influence only magnitude of the effect, not the order. Therefore stick/slip 

results should only be view as a limiting cases. Another technical issue with equation (31) 

is related to the values of charge ~1 . In nature ion has integral charge, however, in 

simulations it is just a parameter. For example s1 NaCl salt investigated  

here (see Chapter 2, section 2.1. General simulation settings, Table 2.1.) 
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has ~��� = ~��� = 0.75 }. We used three different force fields to describe NaCl salt 

throughout this work (either ~1 = 1.0 } or ~1 = 0.75 }), however, these force fields were 

derived to correctly reproduce the solution structure. Therefore if we want to compare 

between the force fields one has to use the same value of a charge. Similarly as with the 

stick/slip boundary conditions this decision does affect only magnitude of the effect, not 

the ordering. 

When a charged solute is subject to the external electric field Ez it starts to 

accelerate and due to the friction it quickly reaches the drift velocity e!� according to 

following equation  

 

o" = e!��� , (33) 

 

with  o" being the proportionality constant. This is known as a migration of a charged 

particle. The distance travelled by a particle due to the migration in the z axis ~�1( is  

 

~�1( = e!��. (34) 

 

Mean square displacement in the z axis due to the diffusion 〈~�〉%1�� is as follows  

 

〈~�〉%1�� = 2n�, (35) 

 

where n stays for the diffusion coefficient and � for time. However, due to the random 

character of diffusion, i.e. the particle diffuses in both directions, the mean displacement 〈~〉%1�� over many trajectories averages to zero (equation (36)). 
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〈~〉%1�� = 0. (36) 

 

Therefore averaging the displacement of the particle in the z axis over many trajectories 〈~〉 suppress the diffusion and only migration remains (equation (37)). 

 

〈~〉 = e!�� (37) 

 

We can now combine equation (33) and equation (37) to obtain final equation which will 

be used to calculate electrophoretic mobility coefficient through direct simulations with 

external electric field (equation (38)). 

 

o" = 〈~〉��� . (38) 

 

1.4.  Thermodynamic properties – the Kirkwood–Buff theory  

 

The Kirkwood–Buff theory of solutions was developed in 1951.41 Derived for 

multicomponent grand–canonical (open) ensemble (o�p ), it connects local solution 

structure with macroscopic thermodynamic properties such as Setchenow constant, 

partial molar volumes, isothermal compressibility, or chemical potential.42,70 It can be 

applied on analysis of complex systems including biological systems of any number of 

components.4,45,70 Central ingrediences of this theory are the Kirkwood–Buff 

integrals �16 
 

�16 = 4@ {��16���(�) − 1������
 , (39) 
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or equivalently in the fluctuation theory of solutions41 

 

�16 = 〈[1[6〉 − 〈[1〉〈[6〉〈[1〉〈[6〉 − �16〈[1〉, (40) 

 

where [1  stands for mean number of �  particles in the open ensemble and �16  is 

Kronecker delta. The KB integrals use radial distribution function in the grand canonical 

ensemble at the composition of interest. Although KB integrals should be in principle 

evaluated in open systems, in simulation they are usually obtained from NpT or NVT 

ensembles.71 Note that in closed ensemble if we integrate over whole unit cell we obtain �16 = 0 and �11 = −1. Justified by the fact that the interactions are local72 we can use 

closed ensemble of appropriate size (box that is significantly bigger than correlation 

lengths, e.g. L > 4 nm) and virtually decompose the system into a “small” local domain 

in equilibrium with a “large” reservoir (rest of the system). Due to the density flow from 

local to bulk domain, the radial distribution functions have to be rescaled by to show 

correct asymptotic behavior as in the open systems (converge to unity). This is usually 

done by renormalization of  �16 so that it approaches unity near ~1.5–2 nm. Note that 

other methods were also proposed.73,74 With this in mind we define running 

KB integrals �16(�) 

 

�16(Q) = 4@ {��16�w�(�) − 1�����|
 , (41) 

 

which approaches the thermodynamic KB integral value at the distance Q  and the 

oscillations can be used for uncertainty estimate. Physical meaning of these integrals may 

seem elusive, however, multiplying �16  by density u6  one obtains excess coordination 

number [16!�  
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[16!� = �16u6 , (42) 

 

or in terms of number of particles (equation (28)) compared to ideal gas 

 

[16!�(Q) = lim��3(! | [16(Q) − [161%(Q) = 4@u6 { �16(�)����|
 − 43 @Qzu6 . (43) 

 

Therefore it is a difference in number of coordinated particles S (the first term) compared 

to the ideal gas (the second term). Positive value represents adsorption of particle S in the 

vicinity of particle � whereas negative value represents the opposite. However, note that �16 is usually negative due to the excluded volume of the central particle �.  
Various thermodynamic properties can be evaluated from KB integrals, or vice 

versa.75 Therefore it can be also used for parameterization of force fields44,76,77 or 

molecular coarse-graining.78,79 As usual in literature we will adopt subscript 1, 2, and 3 

for the primary solvent, solute, and a cosolvent. In our case we are interested in effect of 

cosolvent, e.g. NaCl salt, on solubility of a solute. This can be quantified using a concept 

of preferential binding which has its origin in dialysis experiments.42 We start with a 

following relation42,70 

 

�s�zs����,��,�� ≈ − �so�soz��,w = Γ�z, (44) 

 

where �1 stands for the species molality. Further it states that change in the chemical 

potential of solute o� with change of chemical potential of a cosolvent oz is related to a 

preferential binding coefficient Γ�z, that can be determined from solution composition of 

the 1, 2, 3 – components. With rearrangement of left hand side of equation we arrive to 
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�so�soz��,w = − 1Qp ⋅ � so�s	.�z��,w = 1Qp ⋅ � so�s	.uz��,w ⋅ 1�s	.�zs	.uz��,w
. 

(45) 

 

We further define azz  

 

azz = �s	.�zs	.uz��,w, (46) 

 

as a quantity describing non ideality of cosolvent at given concentration. Both Γ�z and azz can be expressed after some algebra in terms of KB integrals as follows  

 

azz = 11 + uz(�zz − �z;), (47) 

 

Γ�z = uz(��z−��;). (48) 

 

Putting all things together one can quantify the effect of cosolute on the solute in terms 

of solution structure, i.e. 

 

� so�s	.uz��,w = −QpΓ�zazz = uz(��z−��;)1 + uz(�zz − �z;). (49) 

 

Since all terms on the right hand side of this equation are accessible by molecular 

dynamics simulations we can quantify the effect of a cosolvent on chemical potential of 

a solute. Moreover preferential binding coefficient can be related to experimentally 

measurable quantity – Setchenow constant �� by following relation 
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���z = − Γ�z	.10, (50) 

 

where �z stands for concentration of cosolvent, e.g. NaCl salt. Note that equation (50) is 

exact only for sparingly soluble solutes. 

 

2. Simulated systems 

 

The first section summarized general concepts of computer modelling (molecular 

dynamics and basics of quantum chemistry) and presented two important theories. The 

second section is dedicated to specific settings, systems, and ideas used throughout this 

thesis. At first we will state general setting of all molecular dynamics simulations. Then 

we will go through simulations of retardation of Na+/Cl- ions by their counterions. This 

will be followed up by neutral Lennard–Jones spheres with enhanced affinity to chloride 

anions and in the end we mention a set of small neutral amides. 

 

2.1.  General simulation settings  

 

We used non-polarizable all atom molecular dynamics (MD) simulations package 

Gromacs 4.6.4.80,81 The systems were studied at ambient conditions (300 K, 1 bar) by 

Berendsen thermostat and barostat.51 All bonds containing hydrogen atom were 

constrained using the LINCS algorithm.53,54 3D periodic boundary conditions were 

applied to avoid finite size effects, and a general cutoff of 1 nm was used. The long range 

electrostatics were accounted for by the particle mesh Ewald method.52 Water molecules 

were described with SPC/E force field82, while NaCl was modelled by NaCl_s1 force 

field (Table 2.1.) To check the robustness of obtained results, another two NaCl 

parameterizations were also tested.  
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Table 2.1. Lennard-Jones potential parameters and charges that were used to model NaCl 

salt, referred as to NaCl_full83, NaCl_s184, and NaCl_s2.84,85  

 

 

We will mainly refer to NaCl_s1 force field through this work, as this one should be the 

most appropriate because the effect of polarizability is implicitly accounted for by 

rescaling charges.86–88 Moreover, the atomic radii were also rescaled to reproduce the 

structural information about NaCl solution from neutron scattering measurements.84 

NaCl_s2 parameterization uses the same Na+ parameterization, however, the parameters 

for Cl- are different. Here, the effect of polarizability is again accounted  for implicitly by 

rescaling charges, however, the chloride was parametrized to match the neutron scattering 

data for CaCl2 solution.89 Third option is classical Dang parameterization with full 

charges.83,90 Lorentz-Berthelot combination rules were used throughout this work. 

 

2.2.  Retardation of Na+/Cl- ions  

 

Molecular dynamics simulations of retardation of Na+/Cl- ions by their 

counterions were performed as following. Simulation of 1M NaCl salt solution was done 

in a unit cell of approximately 6.4 nm3 which consisted of 152 NaCl ions and 8518 water 

molecules. The s1 NaCl force field was used in these calculations (Table 2.1.). The system 

was put under the influence of external electric field Ez = 0.1 V nm-1. At first, the system 

was minimized and then brought to ambient conditions by 100 ps NVT run and 5 ns NpT 

run. The production run was for 500 ns with a time step of 2 fs. Concerning simulations 

at infinite dilution, i.e. simulations of 1 Na+/Cl-, the ion was solvated in a unit  

cell of 4 nm3 containing 2176 water molecules. The system was equilibrated in the same 

Na+ Cl-

q [e] σ [Å] ε [kJ/mol] σ [Å] ε [kJ/mol]

NaCl_s1 0.75 2.115 0.544 4.100 0.493
NaCl_s2 0.75 2.115 0.544 3.784 0.418
NaCl_full 1.00 2.350 0.539 4.339 0.418
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manner as the box of 1M NaCl and the production runs were run for 100 ns using a time 

step of 2 fs.  

 

2.3.  Neutral Lennard–Jones spheres 

 

Mobilization of neutral Lennard–Jones (LJ) spheres was simulated in 1M NaCl 

salt solution upon applying external electric field (Ez = 0.1 V nm-1). The s1 NaCl force 

field was used in these calculations (Table 2.1.). The system composed of single LJ 

sphere, 152 NaCl ions, and 8517 water molecules. After minimization, 100 ps NVT run, 

and 25 ns NpT run where the system was brought to ambient conditions the size of a unit 

cell was approximately 6.4 nm3. This was followed by NpT production run for 500 ns 

with a time step of 2 fs.  

We used LJ spheres of various sizes σ(1.0x) = 3.73 Å, σ(1.5x) = 5.595 Å, and  

σ(2.0x) = 7.46 Å with ε = 1.2301 kcal/mol. To enhance the mobilization effect we have 

increased affinity of chloride anions to LJ sphere by enlarging the ε value  

of LJ-Cl- interaction from normal value ε(normal) = 0.779 kcal/mol to  

ε(2x) = 1.636 kcal/mol or ε(4x) = 3.273 kcal/mol. Together there were 6 independent 

simulations which are listed in Table 2.2.  

 

Table 2.2. List of 6 performed simulations of neutral LJ spheres with enhanced affinity 

of chloride anions to the sphere in 1M NaCl salt solution. Other parameters remained 

unchanged. 

 

simulation

(2x, 1.0x) 1.636 3.730 3.915
(2x, 1.5x) 1.636 5.595 4.848
(2x, 2.0x) 1.636 7.460 5.780
(4x, 1.0x) 3.273 3.730 3.915
(4x, 1.5x) 3.273 5.595 4.848
(4x, 2.0x) 3.273 7.460 5.780
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Note that since we are using the Lorentz–Berthelot combination rules the resulting 

interatomic 9£¤]���(2.0Y) value is only ~1.5× larger than 9£¤]���(1.0Y). 
 

2.4.  Non-spherical molecules – the amides  

 

In this work, following set of amides was considered: formamide (FA),  

N-methyl formamide (MFA), N, N-dimethyl formamide (DFA), acetamide (AA), 

N-methyl acetamide (MAA), and N, N-dimethyl acetamide (DAA). Since there is no 

force field available for all of the amides we parameterized them by ourselves. Moreover 

it has an advantage that all of the amides are parameterized in the same way. Gaussian 

0991, Acpype92 and Antechamber61 programs were employed to obtain topologies for 

studied set of amide molecules. Charges were calculated by a standard HF/6-31G*  

ab initio calculation and generalized amber force field parameters were assigned.93 Two 

types of simulation were performed – simulation of amides in neat water and in 1M NaCl 

salt solution. Three different force fields for NaCl were used in these calculations  

(Table 2.1.). A unit cell of 5.4 nm3 was used, where 8 solute molecules were immersed 

in 5000 water molecules and eventually 90 NaCl ion pairs (illustrative Figure 2.1.) 

 

Figure 2.1. An illustrative unit cell containing 8 solute molecules solvated in 1M NaCl 

salt solution (Na+ - green spheres, Cl- - orange spheres, water molecules – blue color).  
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To obtain structural properties of the salt around the solutes, 100 ns simulations runs were 

performed with a time step of 2 fs and 1 ps sampling frequency. Prior to production run, 

the systems were minimized, slowly heated up to final temperature during 100 ps NVT 

run, and equilibrated to final pressure during 5 ns NpT run. 
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Chapter 3  

Results  

 

This chapter is divided into two sections. The first one presents results related to 

electrophoretic mobility of charged particles and electrophoretic mobilization of neutral 

particles in salt solutions. There, the Friedman–Altenberger theory connects the solution 

structure with electrophoretic mobilization and overall effect is dictated by uneven 

distribution of cations/anions.  

The second section presents equilibrium thermodynamic properties which can be 

obtained from the solution structure with the use of a Kirkwood–Buff theory. Since 

thermodynamics does not distinguish between anion and cation the final effect is related 

to solute–salt vs. solute–water interactions. 

 

1. Electrophoretic mobilization 

 

Charged particles migrate in external electric field. To understand microscopic 

picture of this process, we start with ideal systems, for which the applied 

Friedman–Altenberger theory is rather intuitive. This will be then extended to small,  

non-spherical systems and we will show that for these molecules the approximation holds 

quite well. At the end the theoretical results will be compared to available experimental 

data. 
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1.1.  Mobilization of ideal spherical systems 

 

In this section we will show that the theory introduced by Friedman–Altenberger 

is exact on spherical particles. This will be done in two parts. First, we will study simple 

charged ions (Na+/Cl-) and their retardation due to the finite salt concentration. Second, 

we will study mobilization of neutral Lennard-Jones spheres of different sizes. 

 

Retardation of Na+/Cl- ions by its counterions 
 

Under the influence of electric field, ions start to move in the direction of 

introduced electric field (Figure 1.1.1.). Ions have the biggest mobilities at infinite 

dilution whereas the mobility is reduced as the concentration of salt is increased. This is 

due to the relaxation effect and the electrophoretic effect. The electrophoretic effect arises 

as follows. As the ion move through a viscous medium, it tends to drag along the solution 

in its vicinity. Therefore, the ion has to move with or against the stream caused by other 

ions. The relaxation effect is caused by the disturbance of spherically symmetric ionic 

atmosphere around the ion. It leads to presence of restoring forces which decrease the 

velocity of the ion. 

 

 

Figure 1.1.1 Migration of Na+ (green) and Cl- (orange) ions in a water solution (1M NaCl) 

from its initial unit cell under the influence of external electric field in z direction. 
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Relaxation and electrophoretic effects can be directly observed in molecular 

dynamics (MD) simulations in applied external electric field as decreased mobility of 

ions. We will show that direct MD approach is in agreement with the theory introduced 

by Friedman–Altenberger, where the retardation of ions is calculated from the solution 

structure. However, before we go to MD simulations it is good to show the concept of 

simplified model which is based on mean field description – Debye–Hückel (DH) and  

Onsager–Fuoss (OF) theory. The DH theory has an advantage that analytical form of 

radial distribution functions are known, however, it is inherently mean field 

approximation and therefore it neglects ion–ion correlations. Since the radial distribution 

function are known we can employ Friedman–Altenberger theory. From experimentally 

known66,94,95 limiting mobilities of ions the hydrodynamic radii were derived through 

Electric mobility equation (19). These radii were used as a parameter � (ionic hard sphere 

size) to DH theory to obtain ideal radial distribution functions �(�) through following 

equations 

 

	X = ¥ 5�Pp2}�[�¦§, (51) 

 

c(�) = ~1}4@5 }]3]��¨� , (52) 

 

�(�) = }] "©`ª� . (53) 

 

In these equations 	X  stands for Debye length, 5  for dielectric constant, �T  for the 

Boltzmann’s constant, p for the absolute thermodynamic temperature, [�e for Avogadro 

constant, § for ionic strength, c for potential,  } for elementary charge, ~1 for valence of 

ion, and �P for Boltzmann constant. The mobility coefficients are evaluated from radial 

distribution functions with equation (31) and they are presented in Figure 1.1.2. together 

with results of the OF theory. The OF theory is a semi-empirical theory for o(�����) 
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dependence which reproduces experimental data.  On the other hand, the OF theory 

contains a direct prescription on how much does the electrophoretic mobility coefficient 

change with ionic strength. Figure 1.1.2. shows application of these theories on this 

problem. We see that both theories agree up to 100 mM concentrations, i.e., the limit of 

applicability of DH theory. Therefore to calculate the relaxation and electrophoretic effect 

at higher concentrations, i.e. retardation of ions, we employ MD simulations. 

 

 

Figure 1.1.2. A – Comparison of Onsager–Fuoss (OF) and Debye–Hückel (DH, in 

combination with Friedman–Altenberger theory) theory to calculate the retardation of 

Na+/Cl- ions in NaCl salt solution. Mobilities at infinite dilution were taken from 

experimental data.66,94,95 DH theory was used in combination with Friedman–Altenberger 

theory therefore there are stick and slip boundary condition results. B – Example of 

calculated radial distribution functions from DH theory using equation (53) with different 

ionic strengths and using �(Na+-Na+) = 5.7 Å and � (Na+-Cl-) = 4.8 Å. 

 

To calculate the electrophoretic mobilities of Na+ and Cl-  ions by the direct 

approach three systems were investigated – 1M NaCl salt solution and separate ions at 

infinite dilution. All systems were subject to external electric field Ez = 0.1 V nm-1.  

Figure 1.1.3. shows displacement of Na+ and Cl-  in z axis as a function of time. The 

average velocity of ions in the z direction is higher at infinite dilution than at the 1M NaCl 

salt solution. Electrophoretic mobilities were calculated according to the equation (38) 

and the values are summarized in a Table 1.1.1. Electrophoretic mobilities at infinite 
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dilution are µ∞Na+ = 57.3 ± 1.9  e.u., µ∞Cl- = -65.8 ± 2.8 e.u. and in 1M NaCl salt solution 

µNa+(1M NaCl) = 49.0 e.u., µCl-(1M NaCl) = -55.3 e.u. Therefore Na+ ions are retarded 

by -8.3 ± 1.9 e.u. and Cl- ions are retarded by 10.5 ± 2.8 e.u. The errors of mobilities 

calculated at 1 M NaCl salt solution are negligibly small due to the sufficient sampling. 

However, the errors of mobilities at infinite dilution were calculated from three 

independent calculations. They are reported as standard errors of the mean. 

 

 

Figure 1.1.3. Retardation of Na+/Cl- ions by its counterions calculated the direct approach 

(average result over 3 independent trajectories). Displacement of Na+ and Cl- ions in the 

1M NaCl solution and at infinite dilution (0M NaCl). Electric field of value  

Ez = 0.1 V nm-1 in the z direction was used. NaCl s1 parameterization was used. 

 

To predict the retardation by Friedman–Altenberger theory solution structure 

around the ion of interest is needed. Solution structure of 1M NaCl salt solution in form 

of radial distribution functions around Na+/Cl- ions is presented in Figure 1.1.4.A. These 

radial distribution functions can be subtracted and converted to a charge distribution 

(equation (30)) around considered ion as depicted in Figure 1.1.4.B We can see from 

radial distribution functions and from charge distribution that structuring of solution at 

1M salt goes up to 1.0 – 1.2 nm due to the use of explicit solvent. Beyond 1.2 nm the 

charge distribution exponentially decays to zero as in Debye-Hückel theory. Figure 

1.1.4.C shows charge of ion plus integrated charge distribution (equation (29)) as function 

of the distance. Because of the electroneutrality condition the charge has to go to zero.  
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Figure 1.1.4. Retardation of Na+/Cl- ion by its counterions calculated from the solution 

structure. A – radial distribution functions of Na+/Cl- around Na+(left), or around Cl-

(right); B – charge distribution around the ion of interest as a function of distance 

(equation (30)); C – overall charge of the ion as a function of distance (equation (29)). 

Note that s1 NaCl force field use charge q = 0.75 e; D – retardation of the ion of interest 

in terms of electrophoretic mobility difference (stick boundary conditions considered, 

equation (31)). The mobility coefficients are extracted from end region. S1 NaCl 

parameterization was used. 
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Note that the scaled charges were used in this simulation and therefore the charge of 

model ions is q = 0.75 e. Figure 1.1.4.D finally shows calculation of electrophoretic 

mobilities (in this case retardations) of Na+/Cl- ions considering the stick boundary 

condition (equation (31)). Retardations in terms of electrophoretic mobilities are then 

extracted from the end region (2 nm) of the graph. This results to values  

of ΔµNa+(rdf – stick) = -10.5 e.u. and µCl-(rdf – stick) = +12.1 e.u. Retardations using slip 

boundary conditions results in the values of retardation ΔµNa+(rdf – slip) = -15.8 e.u. and 

ΔµCl-(rdf – slip) = +18.2 e.u. All results are summarized in the Table 1.1.1. 

 

Table 1.1.1. Summary of electrophoretic mobilities and retardations of Na+/Cl- ions 

caused by its counterions. Direct measurement and result from solution structure. 

µ∞ – mobility of ion at infinite dilution; µ(1M NaCl) – mobility of ion in 1M NaCl salt 

solution; Δµ(direct) – difference in mobilities calculated by the direct approach; 

Δµ(rdf – stick/slip)  – difference in mobilities calculated from the solution structure 

considering stick/slip boundary conditions;. S1 NaCl parameterization was used. Results 

from extended Onsager-Fuoss theory are shown for comparison. 

 

 

Considering statistical errors of performed calculations very good agreement between 

direct calculation of retardations and the Friedmann–Altenberger theory is found. 

Moreover results obtained by using Onsager–Fuoss theory fits in between stick and slip 

boundary conditions results. If we think of stick and slip boundary conditions as limiting 

cases we can say that the results are in good agreement between each other.  

Note that results from the MD simulations were calculated with use of charge 

q = 0.75 e.  This is because the comparison was done to the direct MD approach where 

Na+ 57.3 ± 1.9 49.0 -8.3 ± 1.9 -10.5 -15.8 -14.6

Cl- -65.8 ± 2.8 -55.3 10.5 ± 2.8 12.1 18.2 -12.8



 

Chapter 3: Results – Electrophoretic mobilization 36 

   

the velocity is linearly proportional to charge through equation (33) and equation (26). 

However, if one would like to compare to the experimental results a charge q = 1 e must 

be used. 

        

Mobilization of Lennard-Jones spheres  

 

In the previous section we have shown that the Friedman–Altenberger theory can 

be reasonably well applied to predict electrophoretic mobility changes of Na+/Cl- ions in 

1M NaCl salt solution. In this section we show that neutral particles with uneven affinities 

to cation/anion get mobilized under the influence of electric field. To test  

the Friedmann–Altenberger theory neutral Lennard-Jones (LJ) spheres of various sizes 

(1.0x – 3.73Å, 1.5x – 5.595 Å, and 2.0x – 7.46 Å; sigma values) with enhanced affinity 

to Cl- were used. To strengthen the effect the LJ ε(LJ sphere – Cl-) value was chosen two 

times bigger (2x) and four times bigger (4x). Similarly as for the charged particles we 

wanted to prove that calculation of electrophoretic mobilities by the direct and indirect 

(from radial distribution functions) approach is equivalent. 

The neutral LJ spheres with above stated parameters in explicit SPC/E water and 

1M NaCl were simulated for 500 ns under the influence of electric field Ez = 0.1 V nm-1. 

Trajectory was divided into 20 block of 25 ns trajectories and average displacement of LJ 

sphere was measured. Figure 1.1.2.1. shows average displacement in z and in x, y axes  

with standard deviations. We can see clear mobilization in anion direction in simulations 

of all LJ sphere sizes and both enhanced affinities. The neutral LJ sphere is always 

mobilized in the negative direction of z axis while in x and y axes the usual diffusive 

behavior is found. Furthermore larger affinity leads towards a bigger displacement. 

Average velocities of neutral LJ spheres were obtained by the linear regression using least 

squares fitting method and electrophoretic mobilities are summarized in Table 1.1.2. 
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Figure 1.1.5. Mobilization of neutral Lennard-Jones (LJ) spheres under the influence of 

electric field (Ez = 0.1 V nm-1) in 1M NaCl (s1 parameterization) salt solution. Various 

sizes (1.0x, 1.5x, 2.0x) of LJ spheres with enhanced affinity (2x, 4x) of chloride anions 

were used. Average distances travelled in 25 ns in z and x, y directions (bold curves) with 

standard deviations (average over 20 trajectories) are shown. Due to the diffusion the 

distance travelled in x, and y axis cancels out, however, due to the external electric field 

in the z axis mobilization remains (equation (38)). 

 

Within the indirect approach the electrophoretic mobilities were calculated by the  

Friedmann–Altenberger theory in several steps. First, radial distribution functions 

describing the solution structure around the LJ sphere were obtained and are presented in 

Figure 1.1.6.A and Figure 1.1.6. B for LJ sphere – Na+ and LJ sphere – Cl- respectively. 

These radial distribution functions are then subtracted and converted to the charge 

distributions (Figure 1.1.6.C, equation (30)). We can see that sphere of a bigger size can 

accumulate more negative charge in the first layer, however, as the overall charge must 

be zero, longer tail of positive charge is observed. This is the crucial fact for mobilization 

of the LJ spheres because charge localized closer to the sphere contributes more to the 

overall mobilization than the charge that is localized in the distant parts. Figure 1.1.6.D 

shows calculation of electrophoretic mobilities of neutral LJ spheres considering the stick 

boundary conditions (equation (31)). We can see that all spheres are mobilized in the 

negative direction, which is in agreement with the direct simulations. 
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Figure 1.1.6. Mobilization of neutral Lennard-Jones (LJ) spheres of various sizes  

(1.0x, 1.5x, 2.0x) in 1M NaCl (s1 parameterization) solution with artificially enhanced 

affinity (2x – left, 4x – right) of chloride anions to the LJ sphere calculated from the 

solution structure. A – radial distribution functions of Na+ around the LJ spheres; 

B – radial distribution functions of Cl- around the LJ spheres; C – charge distribution 

around the LJ spheres (equation (30)); D – electrophoretic mobilities of the LJ spheres 

(stick boundary condition, equation (31)). The mobility coefficients are extracted from 

end region. Average values are shown by bold curves with standard deviations (average 

over 10 trajectories (50ns)).  
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Furthermore spheres mobilization increases both with the sphere size and chloride 

affinity. Values of electrophoretic mobilities are summarized in the Table 1.1.2. 

 

Table 1.1.2. Summary of electrophoretic mobilities of neutral LJ spheres (1.0x, 1.5x, 

2.0x)  in 1M NaCl (s1 parameterization) solution with enhanced affinities (2x, 4x) of 

chloride anions to the LJ sphere calculated from the direct measurement (µ(direct)) and 

from the solution structure (µ(rdf)). Electric field of value Ez = 0.1 V nm-1 was used. Two 

different boundary conditions were considered – stick and slip. Errors are expressed as 

standard errors of the mean. 9£¤]«¬ represents sigma value of LJ sphere when interacting 

with water molecule. It is shown solely to point out that 2x LJ sphere is only ~ 1.5 larger 

than 1x LJ sphere. 

 

 

We can see that all mobilities, which were calculated by the direct approach lay in 

between stick/slip boundary condition results within the statistical uncertainty. Moreover 

in case of 2x enhanced chloride affinity the results from stick approximation are closer to 

the direct approach, while in case of 4x enhanced chloride affinity it is the opposite. 

 

  Simplified model of electrophoretic mobilization of LJ spheres 
 

 We propose an idea that structure of solution from the surface of the sphere 

actually does not depend on the size of the sphere. With this assumption all charge 

enhanced affinity 2x 4x
LJ sphere size 1x 1.5x 2x 1x 1.5x 2x

0.345 0.438 0.531 0.345 0.438 0.531

-2.0 ± 0.2 -2.9 ± 0.2 -3.1 ± 0.3 -3.7 ± 0.3 -3.8 ± 0.4 -4.4 ± 0.4

-2.9 ± 0.3 -4.4 ± 0.3 -4.7 ± 0.4 -5.4 ± 0.5 -5.7 ± 0.6 -6.6 ± 0.6

-2.4 ± 0.8 -3.4 ± 0.6 -2.9 ± 0.8 -5.0 ± 0.7 -5.6 ± 0.6 -5.6 ± 0.8
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distributions normalized to the surface area of the sphere should be the same. If this is 

true then the calculation of charge distribution only for a sphere of one size is needed and 

the others would be accessible from the model. To test the model we normalized obtained 

charge distribution from Figure 1.1.6.D (4x enhanced mobility) to the surface area of a 

sphere of a size 9£¤]��� (size of a sphere in interaction with chloride anions, 4@ omitted 

for sake of simplicity). Figure 1.1,7.A shows normalized and shifted charge distributions 

of the LJ spheres.  

 

 

Figure 1.1.7. A – normalized and shifted charge distributions of LJ spheres with 

4x enhanced affinity to Cl- ions. Normalization was done by means of 

 
%"
%3 ��� � %"

%3 ��� ;
®¯°�±²�³ . Shifting is performed to overlap the charge distributions and the 

shift is of value σLJ(i)/2 in the negative direction of r axis. B – Visualized Lennard-Jones 

potentials of LJ spheres with σLJ(1.0) = 0.373 nm, σLJ(1.5) = 0.5595 nm, σLJ(2.0) = 0.746 nm. 

The potentials are shifted in the r axis by σLJ(i)/2. 

 

The normalized charge distributions are similar for all three sphere sizes. The minor 

differences are most likely caused by a different shape of LJ potentials which is depicted 

in Figure 1.1.7 B.  Now, if we assume the model of negative charge q-(x0) located at the 

distance x0 and positive charge q+(x0+k) located at the distance x0+k from LJ sphere 

(Figure 1.1.8.) 
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Figure 1.1.8. Simplified mobilization model of neutral LJ sphere. 

 

 we are able to calculate for electrophoretic mobility o� of LJ sphere of any size x. We 

start with the following equation 

 

o� = }
6@r{

?���
�

�


�� � }
6@r ´

?]�Y�Y & ?µ�Y & ��Y & � ¶. (54) 

 

Because of the electroneutrality condition ?]�Y� � ?µ�Y & �� � ?�Y�  and since the 

surface available for ions is proportional to x2 we can say that charge at any different 

position ?�Y� is  

 

?�Y� � ? ⋅ � YY�
�. (55) 

 

With use of equation (55) we arrive to the final equation 

 

o� � }
6@rY� ·�

?�Y� ⋅ Y�Y & ?�Y� ⋅ Y�Y & � ¸ � �}�?�Y�6@rY� ¹ Y
Y & �º. (56) 

 

we see that mobilization takes place always in the negative direction and in the limit of 

infinite sphere size the electrophoretic mobility coefficient is 
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lim�→�o� � �}�?�Y�6@rY� . 
 

(57) 

When reasonable parameters are introduced in we can predict electrophoretic mobilities 

of neutral LJ spheres of various sizes. Molecular dynamics simulation can be source of 

such parameters. For example, ?  was taken as maximum value of charge that was 

observed, e.g. from integrated charge distributions. Parameters � and Y were extracted 

at the distances where 
"
"» � ;

� as illustrated in Figure 1.1.9. 

  

 

Figure 1.1.9. Extraction of parameters x0, k, and q0 for equation (56) from graph of 

integrated charge distribution. The parameters are obtained from molecular dynamics 

simulation of neutral LJ sphere of size 2.0x with artificially enhanced affinity to chloride 

anions (4x). 

 

Table 1.1.3. and Figure 1.1.10 summarize obtained parameters and fits from simulations 

of neutral LJ spheres with 2x/4x enhanced affinities. Although agreement of model with 

simulation results is not very good, it is able to capture the trend in the qualitative way. 

We can see that the mobility coefficient non-linearly rises with size of the sphere and at 

the large distances (~25 nm) it reaches its plateau (not shown). Mean plateau values of 
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electrophoretic mobility coefficients are µ(2x enhanced affinity) ~ -7.5 e.u. and  

µ(4x enhanced affinity) ~ -11.8 e.u. Better agreement with simulation results could be 

achieved by fitting the MD simulation data, however, that was not the purpose of this 

section. 

 

 

Figure 1.1.10.  Plotted equation (56) with parameters listed in the Table 1.1.3. One set of 

parameters {qi,ki,xi} results into single curve. Results obtained with parameters derived 

from 2x enhanced affinity calculations are shown by green colors whereas results 

obtained from simulations with 4x enhanced affinity are shown by blue colors. Results 

from MD simulation shown for comparison (blue and green crosses). 

 

Table 1.1.3.  Sets of parameters ?, Y and � for equation (56). Parameters were extracted 

from MD simulations of neutral LJ spheres in the 1 M NaCl solution with 2x/4x enhanced 

affinity of chloride anions to the sphere as depicted in Figure 1.1.9.  
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1.2.  Mobilization of non-spherical molecules  

 

So far, we were dealing with spherical particles which are well described with  

Friedmann–Altenberger theory. However, we would like to apply this theory to complex 

structured molecules too. A set of small biologically relevant molecules that contains a 

peptide bond (Figure 1.2.1.) was chosen to test Friedmann–Altenberger theory on non-

spherical systems. This set contains the simplest possible species with amide  

bond – a formamide (FA), and its methylated analogues N – methyl formamide (MFA); 

N, N – dimethyl formamide (DFA); acetamide (AA); N – methyl acetamide (MAA), and 

N, N – dimethyl acetamide (DAA).   

 

 

Figure 1.2.1. A set of studied amides. This set ranges from the smallest – formamide 

(FA) and through step-by-step methylation to the largest N, N – dimethyl acetamide 

(DAA). Abbreviations represents: N-methyl formamide (MFA); N, N-dimethyl 

formamide (DFA); acetamide (AA); N – methyl acetamide (MAA). 

 

From this set the smallest and most hydrophilic – formamide and the bulkiest and most 

hydrophobic N, N – dimethyl acetamide were chosen as a test cases for comparison of 

direct and indirect approach for electrophoretic mobility coefficient determination. A unit 

cell containing 8 molecules of amide in 1M NaCl salt solution was propagated in time for 

1 µs under the influence of electric the field Ez = 0.1 V nm-1. Resulting visualized 

trajectories of all molecules and their displacement is shown in Figure 1.2.2. Similarly to 

neutral LJ spheres – also non–spherical neutral molecules are mobilized suggesting the 
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non – isotropic ion distribution around the amide molecules. We can see that formamide 

molecules are mobilized in the opposite direction than N, N – dimethyl acetamide 

molecules. Figure 1.2.3. shows average displacement of FA/DAA molecules with 

standard deviations. Average velocity of FA/DAA molecules was obtained by the linear 

least squares method (fitting to equation ~ = e�� ) and the electrophoretic mobility 

coefficients were calculated using equation (38) resulting in µFA(direct) = 1.4 ± 0.5 e.u. 

and µDAA(direct) = -1.0 ± 0.4 e.u. We see that the mobilization is even lower than in the 

case of neutral LJ spheres with 2x increased affinity of chloride anions to the LJ sphere. 

Moreover this effect is very small compared to mobilization of charged  

particles (~50x smaller). 

 

 

Figure 1.2.2. Visualized trajectories of formamide (FA) and N, N – dimethyl  

acetamide (DAA) under the influence of electric field (Ez = 0.1 V nm-1) in 1M NaCl (s1 

parameterization) solution. Starting position is depicted by red color while blue color 

shows the final position after 1 µs. In both simulation boxes there were 8 molecules of 

interest (FA/DAA).  



 

Chapter 3: Results – Electrophoretic mobilization 46 

   

 

Figure 1.2.3. Average displacement of formamide (FA), and N, N – dimethyl acetamide 

(DAA) molecules under the influence of electric field (Ez = 0.1 V nm-1) in  

1M NaCl (s1 parameterization) solution with marked standard deviations. 

 

 The second part was to test the Friedman–Altenberger theory whether it is in 

agreement with the direct approach. Therefore the radial distribution functions were 

calculated describing the solution structure around the molecules. Because molecules are 

no longer spherically symmetric, radial distribution function from center of geometry was 

used. Figure 1.2.4.A shows radial distribution functions of water molecules (OW), Na+, 

and Cl- around formamide and N, N – dimethyl acetamide. We see that the sodium cation 

binds only to the carbonyl CO group and is depleted from the rest of the molecule. In 

contrast, chloride anion not only binds to amide NH group but its occurrence is also 

weakly enhanced around the hydrophobic patches. Such behavior od NaCl was also found 

at air/water interface and at hydrophobic interfaces13–17. There, Cl- is less strongly 

depleted compared to the strongly depleted Na+. As the accessible hydrophobic surface 

area is increased (upon methylation), the amount of vicinal chloride (vs. sodium cation) 

is also increased. Figure 1.2.4.B shows charge distribution (equation (30)) around the 

molecules where we can clearly see contributions to positive, or negative direction of 

mobilization of both molecules. Formamide has a peak of positive charge near 3 Å which 

results from binding of sodium cation to carbonyl group. This contributes to the positive 

mobilization. From 4 Å chloride anions are more abundant, which results in a peak of 

similar height, but of a negative sign (see blue and red color in 1.2.4.B).  
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Figure 1.2.4. Mobilization of neutral molecules formamide (FA), and N, N – dimethyl 

acetamide (DAA) in 1M NaCl (s1 parameterization) solution calculated from the solution 

structure. A – solution structure around the molecule of interest in terms of radial 

distribution functions and visualized spatial distribution functions (Na+ – green, Cl- – 

orange). The contours are shown at 3x (opaque) and 1.5x (transparent) of the bulk ion 

density. B – resulting charge distributions around the solutes. Blue color shows positive 

parts of volume (sodium cation overwhelms chloride anion), while red color shows 

negative parts of volume (chloride anion overwhelms sodium cation). C – calculated 

electrophoretic mobilities (stick boundary conditions, Ez = 0.1 V nm-1, q = 0.75 e).  
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From 5 Å and on there are only minor oscillating contributions to the overall mobilization, 

which compensate each other. When we now look on the case of N, N – dimethyl 

acetamide (right column of Figure 1.2.4.), the situation is different. A positive peak 

resulting from binding of a sodium cation to the carbonyl group is present, however, it is 

smaller than in the case of formamide. This can be also attributed to the less accessible 

C=O group, upon methylation. From 4 Å a chloride anion dominates again, but the peak 

is much bigger and broader. Similarly to the LJ spheres we can also see a long positive 

tail due to the electroneutrality condition. The strength of binding of ions is similar that 

of the neutral LJ spheres with 2x increased affinity of chloride anions to the LJ spheres. 

Figure 1.2.4.C shows calculation of the electrophoretic mobilities (equation (31), 

employing stick boundary conditions) and the final mobility coefficient is extracted from 

the end region. We see that the Friedmann–Altenberger theory predicts positive 

mobilization in case of formamide while negative mobilization in case of N, N – dimethyl 

acetamide which is in agreement with the direct approach. The electrophoretic mobility 

coefficients are µFA(rdf – stick) = 1.0 ± 0.3 e.u. and µDAA(rdf – stick) = -0.9 ± 0.3 e.u. The 

results are summarized and compared to the results from the direct approach in a Table 

1.2.1. 

 

Table 1.2.1. Summary of electrophoretic mobilities with standard errors of the mean of 

neutral molecules formamide (FA) and N, N – dimethyl acetamide (DAA) in 1M NaCl 

(s1 parameterization) calculated by the direct measurement of displacement under the 

influence of electric field µ(direct) and from the solution structure µ(rdf) with use of stick 

boundary conditions.  

 

formamide (FA) N, N – dimethyl acetamide (DAA)

1.0 ± 0.3 -0.9 ± 0.3

1.4 ± 0.5 -1.0 ± 0.4
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The direct approach was found in accord with the Friedman–Altenberger theory. We will 

now apply the Friedman–Altenberger theory on the rest of the amides. Figure 1.2.5. 

shows the spatial distribution functions of Na+/Cl- ions around the amides.  

 

Figure 1.2.5. Structural properties of 1M NaCl (s1 parameterization) around amides 

presented in terms of spatial distribution functions. Sodium cation is depicted by a lime 

green, while chloride anion is depicted by orange. The contours are shown at 3x (opaque) 

and 1.5x (transparent) of the bulk density. Abbreviations: formamide (FA);  

N – methyl formamide (MFA); N, N – dimethyl formamide (DFA); acetamide (AA);        

N – methyl acetamide (MAA), and N, N – dimethyl acetamide (DAA).   

 

Sodium cation always binds only to carbonyl group and this binding is further suppressed 

by adjacent methyl groups. This contrasts with the localization of chloride anions, which 

tend to accumulate on hydrophobic patches. It should be noted, that while the affinity to 

hydrophobic regions is low, their abundance is much larger thus their role is substantial. 

Therefore as the hydrophobic surface area is increased a chloride anion overwhelms 

sodium cation and we observe the negative mobilization. The role of hydrophobic surface 

area is documented in Figure 1.2.6., which compares calculated electrophoretic mobilities 

for the set of amides. 
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Figure 1.2.6. Calculated electrophoretic mobilities of the amides in a solution of 1M 

NaCl (s1 parameterization) from solution structure. The mobility coefficients are 

extracted from end region. Same abbreviations as is Figure 1.2.5. are used. 

  

For qualitative interpretation, it is convenient to subdivide the set of amides with respect 

to number of methyl groups.A group with no methyl group – formamide, a group with 

one methyl group – acetamide, N – methyl formamide, a group with two methyl  

groups – N – methyl acetamide, N, N – dimethyl acetamide, and the last one is molecule 

with three methyl groups which is N, N – dimethyl acetamide. Results are summarized  

in Table 1.2.2.  

 

Table 1.2.2. Summary of calculated electrophoretic mobilities of the amide set in 1M 

NaCl (s1 parameterization) using the Friedmann–Altenberger theory with stick boundary 

approximation. Values in parenthesis denotes solvent accessible surface area 

(hydrophobic/hydrophilic) in Å2. 
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We see that methylation leads to negative mobilization (increase of hydrophobic surface 

area), however, the effect is not linear as the effect also depends on the size of the 

molecule. 

We presented absolute electrophoretic mobilities for the set of amides in NaCl 

solution, however, in electrophoretic experiment only relative electrophoretic mobilities 

with respect to one reference species are accessible. In Figure 1.2.7. the electrophoretic 

mobilities are presented relative to formamide and compared to the experimental data. 

  

  

Figure 1.2.7. Graph summarizing calculated (MD) electrophoretic mobilities µAMIDE  

relative to electrophoretic mobility of formamide µFA in 1M NaCl solution and 

comparison to experimental results (Krizek et al, unpublished results). Three different 

parameterizations of NaCl salt were used – s1, s2, and full. MD results are adjusted to 

0.25 M salt solution (scaled by a factor of 0.25). Unscaled results are shown 

in Figure 1.2.6. and Table 1.2.2. 

 

Note that we have calculated the electrophoretic mobilities in the 1M salt solutions for 

sampling reasons, while experiments were performed at 0.25 M. Since the 

binding/depletion interactions are weak, we can assume that the radial distribution 

function does not depend on concentration (at least in this concentration range).  
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Same procedure was used in our earlier study Krizek, Electrophoresis, 201439. Next, we 

have also employed the other force fields (s2 and full parameterizations) for NaCl salt to 

check the robustness of results. The agreement between theory and experiment is very 

good for all force fields. 
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2. Thermodynamic properties  
 

The electrophoretic mobility, studied in previous section is related to the 

competition of cation/anion affinity for the solute. In contrast, thermodynamic properties 

are determined by competition of salt vs. water for the solute. If the interactions of ions 

are stronger, i.e. more ions are found around the solute then expected from their bulk 

density, the chemical potential of solute decreases and it prefers to stay in the solution. 

This regime is also called preferential binding. If the situation is opposite, the solute is 

preferential hydrated, its chemical potential increases, and it is easier to take solute out of 

the solution. The Kirkwood–Buff (KB) theory connects the solution structure to 

thermodynamic properties, such as preferential binding coefficient, chemical potential, 

or Setchenow constant. For illustration, we start with neutral LJ spheres in order to 

demonstrate the KB theory approach. Then we will apply the theory on amides. At the 

end we will compare calculated results with the experimental ones. Following indices 

will be used throughout this section: primary solvent (water molecules) – 1;  

solute (amide, LJ sphere) – 2; cosolvent (1M NaCl salt) – 3. 

 

2.1.  Neutral Lennard–Jones spheres 
 

LJ spheres are ideal to illustrate how does the KB theory connects the structure of 

solution around the spheres to salting out constant. The spheres have enhanced affinities 

(4x) to chloride anions. First, radial distribution functions of LJ sphere to salt and LJ 

sphere to water molecules were calculated (Figure 2.1.A) from simulations  

of single LJ sphere in 1M NaCl salt solution (s1 parameterization). Due to the enhanced 

affinity of chloride anions to the LJ sphere there is adsorption of salt on the surface of LJ 

sphere. In the second step the radial distribution functions are converted to  

Kirkwood–Buff (KB) integrals Gij (equation (41)) which is depicted in Figure 2.1.B. 

A clear trend can be seen for Gij for both salt, and water. As the meaning of these integrals 

may look at first sight elusive we multiply KB integrals by density in the bulk and obtain 

excess coordination numbers (equation (42)) which is shown in Figure 2.1.C.  
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Figure 2.1. Calculation of Kirkwood-Buff (KB) integrals (equation (41)) and 

corresponding excess coordination numbers (equation (42)) of salt and water molecules 

around neutral LJ spheres in 1M NaCl salt solution (s1 parameterization). Affinity of 

chloride ions to the LJ spheres was enhanced 4x. A – radial distribution function of 

salt(left) and water molecules (right) around the LJ spheres. B – calculated KB integrals. 

C – corresponding excess coordination numbers.    

 

We see from first peak in Figure 2.1.A that number of salt molecules around the 

LJ sphere is always higher in the local environment than that can be found in ideal liquid. 
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This is an outcome of artificial enhancement of affinity of chloride anions to the LJ 

spheres. With purely repulsive interactions this would go to excluded volume times the 

density. Excess coordination number of water molecules around the LJ sphere is always 

lower than zero and essentially tells us how many water molecules were replaced by LJ 

sphere. Before calculating thermodynamic properties of the systems we need G33 and G31. 

Corresponding radial distribution functions and KB integrals are shown in Figure 2.1.2. 

Summary of all KB integrals with corresponding excess coordination numbers is 

presented in Table 2.1.1. 

 

 

Figure 2.1.2. A – radial distribution functions of water molecules around salt and salt 

around salt (1M NaCl – s1 parameterization). B – corresponding Kirkwood-Buff running 

integrals (equation (41)). Numerical value of KB integral is obtained from end  

value at 2 nm. 

 

Table 2.1.1. Summary of the Kirkwood-Buff integrals Gij and excess coordination 

numbers Nij for neutral LJ spheres with 4x enhanced affinity to chloride anions. Presented 

results are calculated for NaCl_s1 parameterization. 
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Central to thermodynamic description of salt effect on solute stability is preferential 

binding coefficient. Running integrals of this quantity are shown in Figure 2.1.3.  

 

 

Figure 2.1.3. Calculation of preferential binding coefficient (equation (48)) of neutral LJ 

spheres in 1M NaCl salt solution (s1 parameterization) with 4x enhanced affinity of Cl- 

ions to spheres. Numerical value of preferential binding coefficient is extracted from end 

value. 

 

We see that even though the differences in KB integrals are large between 1.0, 1.5x, and 

2.0x LJ spheres, resulting preferential binding coefficients are similar within the 

simulation errors. Another interesting fact is that with artificial enhancement of affinity 

of chloride anions to the LJ sphere a normally hydrophobic particle shows salting in 

effect. From preferential binding coefficient we can calculate both derivative of solute 

chemical potential with the salt concentration and Setchenow constant. Table 2.1.2. 

summarizes all thermodynamic quantities of LJ spheres in 1M NaCl salt solution. 
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Table 2.1.2. Summary of calculated thermodynamic properties of neutral LJ spheres in 

1M NaCl (s1 parameterization) salt solution. Kirkwood-Buff integrals Gij, non-ideality of 

NaCl salt a33, preferential binding coefficient Γ23, and derivative of chemical potential 

with salt concentration ( ¼�³¼�$½�)�,w are shown.  

 

 

2.2.  Non–spherical molecules – the amides  
 

Detailed approach how to obtain thermodynamic data from solution structure was 

presented in the previous section. In this part we will summarize results for a following 

set of amides: formamide (FA); N – methyl formamide (MFA); N, N – dimethyl 

formamide (DFA); acetamide (AA); N – methyl acetamide (MAA), and N, N – dimethyl 

acetamide (DAA). Calculations were performed in 1M NaCl salt solution with use of 

three different parameterizations of NaCl salt (s1, s2, and full). Table 2.2.1 shows 

calculated Kirkwood–Buff integrals Gij, non–ideality of NaCl a33, preferential binding 

coefficients Γ23, and Setchenow constants. Similarly as before following indices will be 

used: solvent (water molecules) – 1; solute (amide) – 2; cosolvent (1M NaCl salt) – 3. 

The poorest sampling is for G23, which thus determines the values of error. By comparison 

of G23 and G21 values we can see that methylation leads to increase in G21 by ~30 Å3, 

however, this does not translate linearly to G23. Larger and more hydrophobic molecules 

shows large negative values of preferential binding coefficient whereas hydrophilic 

formamide shows positive value. This translates to chemical potential and Setchenow 

constant. We see that the most hydrophilic formamide shows salting in behavior while 

rest of the molecules show salting out effect. 
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Table 2.2.1. Summary of thermodynamic properties of the amide set.  

Kirkwood–Buff integrals Gij (equation (41)), non-ideality of NaCl salt a33 (equation (46)), 

preferential binding coefficient Γ23 (equation (48)), derivative of chemical potential with 

salt concentration ( ¼�³¼�$½�)�,w	(equation (49)), and Setchenow constant kS (equation (50)). 

Various NaCl parameterizations were used – s1, s2, and full. Error from calculating G21, 

G33, and G31 is small compared to error of G23. Errors of G23 are presented as standard 

errors of the mean. 

 

  

Setchenow constant is experimentally measurable quantity and therefore direct 

comparison to experimental data is shown in Figure 2.2.1. We see that agreement with 

experimental values is not as good as in the case of electrophoretic mobilization 

coefficients. However, we need to consider errors of G23 KB integrals which are large, 

and the fact that we did not performed any amide force field tuning. Overall, MD 

simulations robustly captured trend that hydrophilic molecules (formamide) shows 



 

Chapter 3: Results – Thermodynamic properties 59 

   

salting in effect whereas molecules that are more hydrophobic (N, N – dimethyl 

acetamide) shows salting out effect. 

 

 

Figure 2.2.1. Graph summarizing calculated (MD, equation (50)) and experimentally 

measured5,6 (exptl) Setchenow constants for the set of amides in 1M NaCl salt solution. 

Three different parameterizations of NaCl salt were used – s1, s2, and full.  

 

 Another more direct approach how to monitor salting out/salting in effects is to 

measure potential of mean force between two solute molecules in water and in presence 

of salt. If a salt causes salting in molecules ought to solubilize in the solution, while if 

effect is opposite, i.e. salting out effect of the salt, more clustering should occur. In 

potential of mean force language – salting in effect should flatten the free energy profile 

while salting out effect should deepen the contact minima of the free energy profile.  

Formamide and N, N – dimethyl acetamide molecules were chosen as they stay on the 

opposite sides of the salting in/out effects in the amide series. Figure 2.2.2. shows 

potentials of the mean force between center of two molecules of interest either in neat 

water, or in 1M NaCl salt solution (s1, s2, full parameterizations were used). When we 

compare effect of salt on formamide we see that the free energy profile will always a little 
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bit flatten with addition of 1M NaCl salt. However, in case of N, N – dimethyl acetamide 

the potential of mean force profiles did not deepen, which contrasts with Setchenow kS 

value.  

 

 

Figure 2.2.2. Effect of 1M NaCl salt on effective interaction potential between two 

molecules (formamide or N, N – dimethyl acetamide). Three different force fields were 

used (s1, s2, full). 

 

It is the most probably caused by insufficient sampling of radial distribution functions. 

This technical problem could be solved by using advanced sampling methods, e.g. 

umbrella sampling method. Nevertheless, the effects are weak and therefore difficult to 

capture in simulation.
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Chapter 4  

Discussion   

 

1. Electrophoretic mobilization  
 

Solution of Navier–Stokes differential equation yields two possible solutions 

depending whether one use stick or slip boundary conditions.65 On molecular level one 

should view stick and slip boundary conditions results more like a limiting cases. In case 

of retardation of Na+/Cl- ions the stick boundary condition results are in better agreement 

with the direct simulation. Employing the Onsager–Fuoss theory yields result which lays 

between the stick and slip boundary condition results. Therefore we can conclude that for 

this simple case the theory performs well. Moreover, calculation of electrophoretic 

mobilities from the solution structure can give us more detailed information than the 

direct approach. The retardation originates from local ion–solute correlations in  

the first ~15 Å layer. Beyond this layer the contribution of interactions to the mobility is 

marginal and can be viewed as a noise. 

The second test case was mobilization of neutral Lennard–Jones (LJ) spheres with 

increased affinity of chloride anions to the sphere in the 1M NaCl salt solution. Here it 

was proven that even a neutral particle could be mobilized if the interactions of 

anions/cations with the solute are uneven. Agreement of results from the solution 

structure with the direct ones is fairly good within the statistical errors of the calculations. 

The LJ spheres with lower affinity to chloride anions follow the stick condition relation 

while spheres with bigger affinity do the opposite. Nevertheless, the results fall in 

between the stick and slip boundary condition results, hence we can conclude that  

Friedman–Altenberger is a useful theory which agrees with the direct simulation quite 

well. From the structural point of view the increased strength of LJ – Cl- interactions 

causes chloride anion to accumulate on the surface of the LJ sphere. Sodium cation has 
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to compensate this negative charge in further solvation layers because of the global 

electroneutrality condition. Since the mobilization depends inversely on the distance the 

weight of the negative charge, which is closer to the solute, is bigger. Consequently, 

solute is mobilized in the negative direction. Concerning the size of LJ sphere we have 

shown that a charge distribution that is normalized to the surface of the LJ sphere, and 

shifted is the same for all LJ spheres. Moreover, a simplified model, predicting behavior 

of LJ spheres of any size was developed. It shows that even though the total charge 

accumulated on the surface scales as r2 and mobility coefficient as charge/r, the 

electrophoretic mobility coefficient reaches its maximum value around ~25 nm. 

After exploring the applicability of Friedman–Altenberger theory on ideal spherical 

systems we used it to calculate electrophoretic mobility of small amides which are the 

simplest models of peptide bond that is prevalent in nature. The validity of theory for 

non-spherical systems was at first documented on the most hydrophilic formamide and 

the most hydrophobic N, N – dimethyl acetamide. Similarly to Na+/Cl- ions and neutral 

LJ spheres we compared both direct approach and the Friedmann–Altenberger theory. 

The results of the direct approach proved that both molecules are mobilized, but in the 

opposite directions. The Friedman–Altenberger theory predicts the same and the 

magnitude of mobilization agree within the errors of the calculations. With the use of 

radial and spatial distribution functions the origin of the mobilization effects can be 

traced. The sodium cation effectively binds only to the carbonyl group and the binding is 

further diminished by steric hindrance of methyl groups in larger amides. On the other 

hand chloride anion binds to NH amide group, and it is less expelled from hydrophobic 

surface than sodium cation. In the next step we used the theory to calculate electrophoretic 

mobility coefficients for the rest of the amides. As was expected, the degree of 

hydrophobicity (level of methylation) correlates with the negative mobilization. In case 

of neutral LJ spheres the situation is simple as the accumulated charge scale 

approximately as r2. However, real molecules are not spherical and therefore increment 

of chloride binding does not directly translate into the mobilization coefficient. To test 

the robustness of calculated results we have also employed other force fields for NaCl 

salt (s2 and full parameterizations). Although there were some minor differences, overall 

agreement between used force field is good. At the end the calculated results were 
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compared with present experimental results. The agreement is excellent, considering the 

way of deriving the force field for amides, which was not subject to any benchmarking 

nor optimization. 

 

2. Thermodynamic properties 
 

Thermodynamic properties like effect of salt on chemical potential of the solute 

are obtained within Kirkwood–Buff theory. At first, the theory was applied to simple 

systems, which were of an interest in the electrophoretic mobility section (neutral 

Lennard–Jones spheres with enhanced affinity to chloride anions) to show the usual 

workflow of the procedure. A normal hydrophobic methan–like sphere without any 

artificial enhancement of affinity to ions shows salting out effect in NaCl salt. 

Interestingly the enhancement of chloride affinity reverses the effect and spheres of all 

sizes show salting in effect. 

 Next, the theory was applied in the same manner to a set of small  

amides – formamide and related methylated species. Similarly to the electrophoretic 

section – all three force field for NaCl salt were used calculate salting out constants of 

amides. It turned out that the most hydrophilic formamide is salted in whereas more 

hydrophobic molecules are salted out. We have shown that all NaCl force fields were 

robust enough to clearly distinguish between formamide (salting in) and N, N – dimethyl 

acetamide (salting out). Moreover, molecular dynamics simulation results were 

confronted with available experimental results. It is rather surprising how well the 

experimental values are followed, if we take in account the way of deriving force field 

for the amides.  For sure, with proper parameterization one could obtain better agreement 

with experiment. To summarize, the effects responsible for salting in/salting out are 

strong enough to be captured in simulations and molecular dynamics is valuable tool in 

interpretation and prediction of these properties.
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Chapter 5  

Conclusions   

 

Main goal of this thesis was to investigate weak effects of NaCl salt on neutral 

solutes. First property investigated, was mobilization of particles in salt solution in the 

influence of external electric field. This problem was tackled by molecular dynamics 

simulations using either the Friedman–Altenberger theory or the direct measurement of 

displacement of a particle in time. We found that for spherical particles (Na+/Cl- ions and 

neutral Lennard–Jones spheres) these two approaches are in good agreement. The theory 

was further applied on a set of small neutral amides. The direct non-equilibrium approach 

and indirect Friedman–Altenberger theory agreed well. Moreover, the simulations were 

found in accord with experiment. Several different NaCl force field were checked, and 

obtained results were found robust to the choice of force field.  

We have also employed the Kirkwood–Buff theory of solutions to obtain 

thermodynamic properties of the studied systems. It allows us to predict effect of addition 

of NaCl salt to a solute solubility. Concerning Lennard–Jones spheres we shown that if 

we enhance the affinity of chloride anions to the spheres we reverse the usual salting out 

effect of hydrophobic particles to salting in effect. More interestingly we calculated 

Setchenow constants which are experimentally measurable quantities and compared them 

to the available experimental data. We were able to correctly predict salting in effect of 

formamide and salting out effect of N, N – dimethyl acetamide. Furthermore this was 

conserved even with the use of different forces field for NaCl salt. 

By summarizing all obtained results we derived the most important conclusions 

of this thesis. Even though all investigated effects are weak we were able to correctly and 

quantitatively capture them in our molecular dynamics simulations. Moreover, the effects 

of NaCl salt were quite robust and independent of the choice of the force field. Most 



 

Chapter 5: Conclusions  65 

   

importantly, even with simple parameterization of the amide set, and without any further 

refinement or benchmarking for the experimental or ab initio data, we obtained results, 

which were in a good agreement with kinetic and thermodynamic experimental data. 

Therefore molecular dynamics simulations in combination with theory can be used to 

predict electrophoretic mobilization and thermodynamic properties of small molecules. 

Moreover simulations provide molecular insight into the subtle effects and help with 

interpretation of the experimental results. The last is especially valuable as in the 

electrophoretic experiment whole molecule is probed, however, the effects originates 

from ion interaction with individual chemical groups.  
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List of abbreviations 

 

LJ – Lennard–Jones 

KB – Kirkwood–Buff 

FA – formamide 

MFA – N – methyl formamide 

DFA – N, N – dimethyl formamide 

AA – acetamide 

MAA – N –methyl acetamide 

DAA – N, N – dimethyl acetamide 

HF – Hartree–Fock 

MD – molecular dynamics 
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