
1 
 

Charge transfer between water molecules as the possible origin 

of the observed charging at the surface of pure water 

 

Robert Vácha,
a
 Ondrej Marsalek,

b
 Adam P. Willard,

c
 Douwe Jan Bonthuis,

d
 Roland R. 

Netz,
e
 and Pavel Jungwirth

b*
 

 

a
National Centre for Biomolecular Research, Faculty of Science and CEITEC - Central 

European Institute of Technology, Masaryk University Brno, Kamenice 5, 625 00 Brno-

Bohunice, Czech Republic 

b
Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech 

Republic and Center for Biomolecules and Complex Molecular Systems, Flemingovo 

nám. 2, 16610 Prague 6, Czech Republic, 

c
Department of Chemistry and Biochemistry and Institute for Computational Engineering 

and Sciences, 1 University Station A5300, University of Texas at Austin, Austin, Texas 

78712-1167 

d
Physik Department, Technische Universität München, 85748 Garching, Germany 

e
 Fachbereich Physik, Freie Universität Berlin, Arnimalle 14, 14195 Berlin, Germany 

 

 

 

 



2 
 

Abstract 

 Classical molecular dynamics simulations point to an anisotropy of water-water 

hydrogen bonding at the water surface. Approaching from the gas phase, a region of 

primarily dangling hydrogens is followed by dangling oxygens before the isotropic bulk 

region. Using ab initio calculations we translate this hydrogen bonding anisotropy to 

charge transfer between water molecules which we analyze with respect to both 

instantaneous and averaged positions of the water surface. Similarly to the oil/water 

interface we show that there is a region of small net negative charge extending 0.2-0.6 

nm from the Gibbs dividing surface in the aqueous phase. Using a simple continuum 

model we translate this charge profile to a zeta potential which acquires for realistic 

positions of the shear surface the same negative sign as observed experimentally, albeit of 

a smaller absolute value.  

 

Introduction 

The surface of water has distinctly different properties from the aqueous bulk, 

which can lead to an uneven distribution of the inherent water ions – hydronium and 

hydroxide, in the interfacial layer compared to the bulk.
1
 It has been reported in several 

studies, that the surface of small water droplets, as well as air bubbles and oil droplets in 

water carry a negative charge.
2-10

 Although the molecular origin of this charge remains 

elusive (and may even differ from case to case), it has been repeatedly suggested that it is 

due to surface accumulation of OH
-
.
5-10

 However, the deduced surface charge density of  

-5 to -7 μC/cm
2
 would represent a more than a million fold surface enhancement of 

hydroxide concentration in pure water.
9
 This is in conflict with Second Harmonic 



3 
 

Generation (SHG),
11

 Photoelectron Spectroscopy (PES),
12

 and surface tension 

measurements,
13

 as well as with molecular simulations.
1,14,15

 Moreover, it would be 

contradictory for any species to be strongly soluble (solubility of NaOH in water
16

 is 

more than 1000 g/l) and extremely surface active at the same time.  

In a recent paper, we suggested a different physical explanation for the origin of 

the negative charge at the water/oil interface.
17

 Leaving aside the possibility that it could 

be due to accumulation of surface active impurities such as titratable fatty acids,
18

 we 

focused on the potential effect of charge transfer between water molecules.
17,19,20

 In the 

water dimer the asymmetry of the hydrogen bond leads to a charge transfer of 0.002 – 

0.02 e from the hydrogen accepting to the hydrogen donating water molecule,
21,22

 as 

schematically depicted in Figure 1. In the isotropic environment of the aqueous bulk this 

effect cancels out on average, however, this is not necessarily true at the anisotropic 

interface.  

We showed that at the oil/water interface there is indeed a non-zero charge profile due to 

the charge transfer between water molecules.
17

 The interfacial water molecules have an 

increased number of unsaturated hydrogen bonds, the so called dangling hydrogens and 

dangling oxygens
23-27

, which are not distributed isotropically. The top water layer has 

more dangling hydrogens leading to the positive charge due to the charge transfer. This is 

overcompensated by dangling oxygens in the layer below, so the cumulative charge 

changes sign about 3 Å below the Gibbs dividing surface (GDS) between water and oil 

and becomes negative up to about 8 Å, after which it levels off to zero. As a result, in the 

aqueous region between 3 and 8 Å below the GDS there is a region with a net negative 
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charge, which could lead to electrophoretic mobility of the oil particles toward the 

positive electrode.
17

 

In the present study, we focus on charge transfer at the water/vapor interface. 

Using molecular dynamics (MD) simulations with empirical force fields we analyze the 

hydrogen bonding asymmetry at the surface of pure water employing both laboratory 

frame and intrinsic density profile analyses.
28,29

 By means of ab initio MD simulations of 

bulk water we demonstrate that instantaneous asymmetry in hydrogen bonding is indeed 

directly connected with charge transfer. Finally, using a simple continuum model of 

water surface we show that a region of negative charge in the interfacial layer of water, 

which is due to charge transfer between water molecules, gives rise to a small negative 

zeta potential for realistic positions of the effective shear surface.  

 

Methods 

Classical molecular dynamics 

Classical Molecular Dynamics (MD) simulation was performed using the 

GROMACS program package version 4.0.5.
30

 The system was composed of 6000 water 

molecules placed in a prismatic cell of dimensions 4.0 x 4.0 x 30.0 nm yielding an 

infinite slab with thickness of about 11 nm. After 10 ns of equilibration a production run 

of 50 ns was carried out with a 2 fs time-step. The canonical constant-volume (NVT) 

ensemble was employed keeping the system at around 300 K using the V-rescaling 

thermostat with coupling constant 1.0 ps.
31

 The van der Waals and Coulomb interactions 

were cut-off at 1.0 nm with the Particle Mesh Ewald (PME) method
32

 applied to account 
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for the long-range Coulomb interactions. The SPC/E water model
33

 was employed with 

O-H bonds kept rigid using SETTLE algorithm
34

. 

 

Ab initio molecular dynamics 

 Ab initio molecular dynamics (AIMD) simulations based on density functional 

theory were performed using the CP2K simulation package.
35

 216 water molecules were 

placed in a 15 A x 15 A x 50 A simulation cell. The size in the z direction together with a 

Poisson solver suitable for two periodic and one open dimension
36

 allow simulation of a 

slab with two open surfaces. The Becke correlation functional was used together with the 

Lee-Yang-Parr exchange functional and the second generation of the Grimme dispersion 

correction (BLYP-D2).
37

 Kohn-Sham orbitals were expanded in a triple-zeta Gaussian 

basis set with two additional polarization functions that was optimized for condensed 

molecular systems (molopt-TZV2P).
38

 Electronic density was represented using plane 

waves with a cut-off of 280 Ry. Born-Oppenheimer dynamics was performed and the 

self-consistent field cycle was converged to within 10
-7

 at each 0.5 fs molecular dynamics 

step.  

 The initial condition was obtained from a classical molecular dynamics 

simulation with the SPC/E force field. The system was simulated using AIMD for a total 

of 25 ps and the first 2.5 ps of the ab initio trajectory were discarded as equilibration. The 

temperature of 300 K was imposed using a velocity rescaling thermostat which generated 

the canonical ensemble with a time constant of 50 fs.
31

 The charge density of the system 

was saved on the full resolution grid with dimensions 160x160x512 every 10 steps. This 
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density was then decomposed into molecular charges using Bader population analysis as 

implemented by the Henkelman group.
39

 

  

Model for zeta potential 

Across the air-water interface, the viscosity drops from the water bulk value to the 

value in air, which is close to zero. To calculate the zeta potential, the viscosity profile 

across the interface is needed. The viscosity inside this interface is in general different 

from the bulk water viscosity. Approximating the viscosity profile by a step profile 



(z) w(1(z  z0)),  which was found to be accurate for water at a hydrophobic 

surface,
40

 the charges in the (effective) vapor phase cannot transfer any momentum to the 

air bubble. We take the coupling to the charges in the vapor phase into account by a 

surface friction coefficient, quantified by the slip length 



b, equal to the viscosity divided 

by the friction coefficient. The Stokes equation reads 



(z)u|| (z)  E||(z),        (1) 

with 



(z) the viscosity, 



u|| (z)  the velocity parallel to the surface in response to an applied 

electric field 



E ||  and 



(z) the charge density resulting from the charge transfer. 

Integrating once with respect to 



z  and using the boundary condition that 



u|| (z)  and the 

integral over all charges vanish in the bulk fluid leads to 



(z)u|| (z)  E||F(z),        (2) 

with 



F(z)  (z) . Integrating Eq. 2 from a position 



zw  in the bulk water to 



z0, where 

the viscosity vanishes, gives 



u|| (z0)  u|| (zw) 
E||

w
(z)

zw

z0

 (z  z0)dz        (3) 
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Now we apply the following boundary condition at 



z  z0 , 



u|| (z0)  bu|| (z) z0
,         (4) 

leading to 



u|| (zw ) 
E||

w
(z)(z  z0 b)dz.

zw

z0

        (5) 

The zeta potential is defined as 



  
wu|| (zw)

0E||
,          (6) 

with 



0 the permittivity of vacuum and 



  the relative permittivity of water, for which we 

take 



  80. Combining Eqs. 5 and 6 gives
41

 

 



 
1

0
(z)(z  z0 b)dz.

zw

z0

         (7) 

Eq. 7 shows that the zeta potential essentially equals the first moment of the charge 

distribution. Note that we have formulated the theory in the moving frame of the bubble, 

i.e., the velocity is zero in the vapour phase. In an experimental situation where the liquid 

is arrested, we therefore predict the vapour phase, that is the bubble, to move. 

 

 

Results and Discussion 

 We used the 50 ns classical MD simulation of the aqueous slab to analyze the 

balance between accepting and donating hydrogen bonds for water molecules at the 

water/vapor interface. A standard hydrogen bond definition , i.e., O-O distance smaller 

than 0.35 nm and H-O-O angle smaller than 30
◦
 was emplyed.

42
 The system was cut in 
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0.05 nm thick layers parallel to interface, in which we assigned water molecules based on 

the actual positions of their centers of mass. In the hydrogen bond counting performed 

over the whole trajectory, we added for each water molecule a value of +1 for each 

accepting hydrogen bond and a value of -1 for each donating hydrogen bond. The 

resulting value, i.e., the excess of accepting over donating hydrogen bonds along the 

surface normal is plotted in Figure 2. The corresponding cumulative sum is then the 

integral of this curve, i.e., the total excess of accepting over donating hydrogen bonds in 

the system above a given depth (by „above‟ we literarily mean „toward the vapor phase‟).  

 Figure 2 shows that the hydrogen bond excess is positive above the GDS (being 

roughly at the position where the water density reaches half of its bulk value), but just 

below GDS (i.e., toward the water phase) it changes sign. The negative values peak at 

0.20 nm below the GDS. The excess then becomes positive again at around 0.4 nm, 

leveling off to zero (i.e., the value corresponding to the symmetric bulk) at less than 1 nm 

below the GDS. The cumulative values, i.e., the integrals of the hydrogen bond excess 

from the vapor phase to a given depth in the interface, are first positive (around GDS), 

but become negative below the GDS with a peak of cumulative hydrogen bond excess of 

-0.6 nm
-3

 at 0.4 nm below the GDS.  

 Using the values of charge transfer per hydrogen bond of 0.002 to 0.04 e, estimated 

from ab initio calculations on small water clusters (dimer in particular),
21,22,43

  we can aim 

at obtaining the corresponding charge profile and its cumulative sum (Figure 2). As in 

our previous study, we have employed here an intermediate value of charge transfer of 

0.02 e per hydrogen bond.
17

 The charge profile is then a “dressed” profile of the 

hydrogen bond excess, with the cumulative negative charge density peaking at a value of 
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0.0013 e nm
-3 

at 0.4 nm below the GDS. Similar, albeit somewhat smaller value was 

obtained also for the water/oil interface previously
17

 (note that in Ref. 
17

 we plotted the 

surface charge density for 0.05 nm thick slices, therefore, a conversion factor of 1/0.05 

should be applied to directly compare to the present data). 

 The analysis in terms of density profiles of hydrogen bond excess or charge 

performs a lateral averaging which smears out local fluctuations due to surface 

roughness. The liquid-vapor phase boundary is made rough by thermal fluctuations which 

serve to smear out properties computed relative to the GDS. Furthermore, since the 

amplitude of interfacial fluctuations depend on the wave vector, the amount of smearing 

depends to some extent on system size. The instantaneous interface does not include 

contributions from fluctuations in interfacial position and is at each moment in contact 

with the vapor phase. Therefore, we have also constructed the hydrogen bond excess and 

charge profiles with respect to the instantaneous water surface using a procedure 

designed recently.
28

 The results presented in Figure 3 show that the analysis with respect 

to the instantaneous surface enhances the hydrogen bond excess in the interfacial layer. 

Both the positive and negative peaks of the hydrogen bond excess increase several fold 

compared to the averaged values in Figure 2. Also the cumulative excess becomes more 

pronounced, both on the positive side near the GDS and on the negative side between 0.2 

and 0.6 nm below the GDS, with the negative region being now broader and about twice 

as deep. This effect directly translates to the charge profiles in which there is a rather 

broad region of negative cumulative charge density of more than 0.02 e nm
-3 

at 0.2 - 0.5 

nm below the GDS (Figure 3). This charge thus has the same sign as that deduced from 

macroscopic measurements,
6,9

 albeit its absolute value is smaller. Also, assuming a weak 
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surface affinity of hydronium cations,
44

 it is clear that this negative charge could be 

titrated out at acidic conditions, as observed in the experiment.
6,9

 

 The charge transfer effect at the water/vapor interface could, in principle, be 

directly obtained from AIMD simulations. However, classical MD simulations show that 

one needs nanosecond simulations of hundreds of water molecules in order to converge 

the hydrogen bond excess and, consequently, also the charge profiles. This is hardly 

feasible within AIMD, nevertheless, this method can be used to verify the above 

assumption concerning the relation between the hydrogen bond excess and charge 

transfer. To achieve this it is sufficient to perform a much smaller and shorter bulk 

simulation and extract charges on water molecules with different numbers of hydrogen 

bonds. Such a plot using the Bader charge analysis for water molecules with a balanced 

vs. unbalanced number of donating and accepting hydrogen bonds is presented in Figure 

4. As expected, the total charge distribution, as well as the charge distribution for water 

molecules with the same number of donating and accepting hydrogen bonds peak at zero, 

with distribution width of about 0.02 e. More importantly, water molecules with 

(transient) hydrogen bond asymmetry also acquire an asymmetric charge distribution, as 

anticipated from the case of an isolated water dimer. This distribution, which is again 

rather broad, peaks at ±0.01 e for water molecules with an excess of donating or 

accepting hydrogen bonds. AIMD simulations thus confirm the relation between 

hydrogen bond asymmetry and charge transfer derived from the water dimer, agreeing 

also semi-quantitatively on its absolute value.     

In Fig. 5a we plot the zeta potential of an air bubble in water calculated from 

Eq. 7 using the instantaneous charge density profile (Figure 3). The position z0 of 
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the effective shear surface is varied between a position in vacuum, corresponding to 

an interfacial region with bulk viscosity, and a position up to several atomic layers 

inside the fluid, where all water properties are expected reach bulk values.23 

Simultaneously varying the slip length b, we cover all different interfacial viscous 

properties that may be expected based on simulations of water at hydrophobic 

surfaces.40 Clearly, the zeta potential depends strongly on the value of 



b. If the transfer 

charge density is non-zero at the position of the effective shear surface 



z0, the bubble 

surface will not be stress-free because of the hydrogen bonds spanning across 



z0. In 

addition, every air bubble has a non-zero slip length due to its curvature.
45

 The effective 

slip length 



b is given as 



1

b

1

b0

1

a
,with 



b0  being the "intrinsic" slip length which is 

controlled by hydrogen bonds across the dividing surface as well as friction due to 

interacting water molecules and charges in the vapor and liquid phases, and a the 

curvature of the bubble surface. Because of the large number of hydrogen bonds 

across the effective plane of shear, we expect b_0 to be small for z_0<0.1 nm. On the 

other hand, for z_0>0.1 nm the water density is very small and b_0 is expected to be 

large. For values of b of  



b of several nanometers, which we consider as an upper limit 

since this is the value for very hydrophobic surfaces, we find a zeta potential of several 

milivolts, i.e., about an order of magnitude smaller than the zeta potential of about -35 

mV measured for air bubbles in water.
6
 Assuming that the transition from bulk-like to 

vapor-like hydrodynamic properties occurs effectively at one molecular layer beneath the 

surface, which is realistic in the view of the high self-diffusion constant of the top water 

layer found in molecular dynamics simulations,
46,47

 the zeta potential is negative. A 
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negative peak is found at 



z0  0.28  nm, i.e., about one water layer below the surface, 

effectively leaving the air bubble with a net negative charge (compare the net charge at 

this depth in Figure 3). However, the zeta potential varies depending on the 

hydrodynamic properties of the interfacial region, and a positive peak is obtained at a 

very small value of 



z0  0.10  nm. In addition, in Figure 5b we show the zeta potential 

profiles with respect to the laterally averaged GDS (i.e., using charge profiles from 

Figure 2). Qualitatively, the graph shows the same features as Figure 5, but the amplitude 

of the zeta potential is lower due to the smearing of the charge by lateral averaging.  A 

calculation of the hydrodynamic flow that would take takes the laterally inhomogenous 

interfacial water structure into account is expected to produce  results in between those 

presented in Figures 5a and 5b.  

 

Conclusions 

Classical molecular dynamics simulations in conjunction with ab initio 

calculations point to a hitherto unappreciated charge transfer between water molecules at 

the surface of water, similarly to the situation at the oil/water interface discussed 

recently.
17

 Approaching from the gas phase, the charge transfer effect leads to a region of 

positive charge around the Gibbs dividing surface which, however, becomes 

overcompensated 0.2-0.6 nm below the GDS, leading to a net negative charge in this 

region. Deeper into the solution the net charge approaches fast the bulk value of zero. A 

simple continuum model shows that this charge transfer leads to a non-zero zeta 

potential, which is negative amounting to about -2 mV for realistic positions of the 

effective shear surface about one water layer below the GDS. This is the same sign of 

zeta potential as that as observed in the experiment,
6
 however, the absolute value is 
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significantly smaller. To improve the current model, the viscosity profile across the air-

water interface would have to be calculated explicitly. 
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Figure Captions 

Figure 1: A schematic picture of the charge transfer from the hydrogen bond acceptor to 

the hydrogen bond donor in the water dimer. The charge transfer leaves the hydrogen 

bond acceptor molecule slightly positively charged (δ+) and the hydrogen bond donor 

molecule slightly negatively charged (δ-). 

Figure 2: The hydrogen bond balance between accepted and donated hydrogen bonds at 

the water/vapor interface calculated in the 0.05 nm thick layers averaged over the whole 

production run and normalized per frame (blue). The cumulative profile shows the excess 

of hydrogen bonds present in water above (i.e., toward the vapor) the given point. The 

cumulative profiles are multiplied by a factor of 10 in order to fit in the same graph. 

Charge profile and its cumulative value that originate from charge transfer is depicted 

with employed value of charge transfer 0.02 e per hydrogen bond. Note that there is a net 

negative surface charge of -0.13 me nm
-2

 at 0.4 nm below the GDS. For clarity a water 

density profile in arbitrary units is also depicted.  

Figure 3: Instantaneous surface plot of excess and cumulative values of hydrogen bonds 

and the related charge profiles at the water/vapor interface. As in Figure 2, the cumulative 

profiles are multiplied by a factor of 10 in order to fit in the same graph and a value of 

charge transfer 0.02 e per hydrogen bond was employed.  

Figure 4: Correlation between H-bond asymmetry and charge on water molecules from 

AIMD. 

Figure 5: The zeta potential calculated from Eq. 7 as a function of the shear surface 

position 



z0, using the charge density profile. The position 



z0 is defined with respect to the 
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Gibbs dividing surface GDS. Charge distribution from a) instantaneous surface analysis 

(Figure 3) and b) averaged surface analysis (Figure 2). 
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Figures 

 

Figure 1. 
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Figure 2. 
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Figure 3:  
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