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Left: the calculated charge distribution of protons in a water droplet with a radius of two nanometres at 
different times after a constant electric field has been switched on perpendicular to it. Red indicates an excess 
of protons and blue a deficit of protons. 
Right: the frequency-dependent dielectric response of protons in a large quantity of water and in water 
droplets with different radii. The response in a large quantity of water is scaled by a factor of 0.0029. 
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1. Scientific results 2013 

The FOM programme 118 'Proton mobility in confinement' is now at approximately two-thirds of 
its planned duration. During the last year we studied the surface of acid solutions with surface 
sum-frequency generation (SFG) (Bakker). It was found that the addition of HCl to water leads to a 
strong increase of the SFG signal of the O-H stretch vibrations of water. This signal increase 
implies the presence of a strong electric field near the surface, likely due to a difference in surface 
propensity of the Cl- ions and the hydrated protons. The energy dynamics of the same surface (3 M 
HCl) was studied with two-dimensional SFG spectroscopy (Bakker and Bonn). 2D-SFG enables the 
surface-specific measurement of the structural dynamics and rate of energy transfer between water 
molecules and hydrated protons. It was observed that the rate of energy transfer at the surface is 
similar to that of pure water, which indicates that the surface water concentration of a 3 M HCl 
solution is not much lower than in pure water. The implication is that hydrated protons would 
have a surprisingly low surface propensity. This point will soon be further investigated with 
phase-sensitive (heterodyne detected) SFG, that allows for an absolute determination of the orien-
tation of the water O-H groups, and thus of the orientation of the surface electric field. This meas-
urement will reveal whether protons are depleted from the surface. 
We also studied the damping of an oscillating cantilever in water close to mica and graphite sur-
faces (Oosterkamp). It was observed that the damping strongly increases when the cantilever 
approaches the surface, indicating an increased structuring of the water near the surface. In the 
near future experiments are planned in which this technique will be used to study the effect of 
protons on the water structuring. 
The dynamics of protons in the aqueous nanochannels of Nafion membranes were studied using 
two-dimensional femtosecond mid-infrared spectroscopy (Bakker). These membranes are used as 
proton conductors in hydrogen fuel cells. It is observed that proton transfer can be induced by 

exciting a proton vibration in the nanochannel with infrared light at a wavelength of 4 m. The 
proton transfer is driven by the adiabatic rearrangement of the water molecules surrounding the 
proton. As a result of this reorganization, the proton vibration changes in character such that the 
proton charge is transferred to other hydrogen atoms of the proton hydration structure. The pro-
ton transfer occurs with a characteristic time constant of 170±20 fs in the direction of the transition 
dipole of the excited proton vibration. This work will soon appear in Physical Review Letters. If 
the degree of hydration of Nafion membrane is increased, proton transfer also occurs spontane-
ously like in liquid water, but still at a rate that is substantially lower than in bulk liquid water. 
The properties of water and protons in water nanodroplets have been studied using dielectric 
relaxation spectroscopy (Woutersen and Bakker). The addition of protons to the water 
nanodroplets leads to an additional resonance in the dielectric response associated with the oscil-
lation of the proton charge. The frequency of this resonance was observed to decrease with 
decreasing size of the water nanodroplet. This trend was quite unexpected, calculations show that 
a decrease in size is expected to lead to an increase of the resonance frequency, provided that the 
mobility of the proton is conserved. Hence, the decrease of the resonance frequency shows that the 
mobility of the proton strongly decreases with decreasing size of the water nanodroplet. 
We also calculated the molecular mobility of water molecules near hydrophobic surfaces. It was 
found that the hydrogen-bond dynamics and molecular reorientation strongly slow down near the 
hydrophobic molecular groups of amphiphilic solutes like tetramethylurea. This slowing down of 
the water dynamics is expected to have a strong affect on the proton mobility. In 2012 we observed 
a strong non-additive effect of protons and other cations (in particular small divalent cations like 
Mg2+) on the polarization response of liquid water. This effect is exclusively observed for combi-
nations of protons with other ions, for all combinations of other (regular) ions the polarization 
response is observed to be purely additive. At present this effect is studied with quantum molecu-
lar dynamics calculations (Meijer and Ensing). One hypothesis is that the effect is related to the 
special delocalized character of the proton in water. The Coulomb fields exerted by other ions, in 
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particular doubly charged cations like Mg2+ and Ca2+, induce a localization of the proton charge, 
thereby changing the effect of the proton on the polarization response of water. 
 
 
2. Added value of the programme 

The programme combines several experimental and theoretical techniques that are essential to elu-
cidate the complex structural dynamics of protons in confined aqueous media. The cooperation 
between the participants of the programme is going very well. There is strong interaction between 
the groups of Bakker and Bonn in the study of protons at surfaces using surface sum-frequency 
generation. There is also strong interaction between the groups of Woutersen and Bakker in the 
study of the protons in aqueous nanochannels and nanodroplets, using femtosecond mid-infrared, 
THz and dielectric relaxation spectroscopy. The group of Oosterkamp has experienced electro-
chemical problems with the carbon nanotube electrodes, but have now developed a new method 
to study the structure and dynamics of water layers near a surface with an oscillating AFM canti-
lever. With this technique the effects of protons on the dynamics of water near surfaces will be 
studied, and the results will be combined with the results of surface sum-frequency experiments 
on the same systems by the group of Bakker. The experimentally observed strong effect of hydro-
phobic groups on the dynamics of water has recently been modelled by the groups of Meijer and 
Ensing. This work has result in a cooperative paper that soon will be submitted. The experimen-
tally observed non-additive effect of cations and protons observed in the group of Bakker is now 
being theoretically modelled by the groups of Meijer and Ensing. 
 
On November 15 we organized a second Proton Mobility in Confinement workshop at AMOLF. In 
this workshop all PhD students and post-docs presented their results, and several new projects 
were planned. 
 
3. Personnel 

The open post-doc position in the group of Meijer was filled in November 2013 by appointing 
Dr. Dapeng Sun. Several of the PhD students (Tibert van der Loop, Wagner Homsi-Brandeburgo, 
Liyuan Liu) are close to completion of their PhD thesis work. They all have more than sufficient 
results to graduate. On 1 March 2014 the two-year Marie Curie fellowship of Dr. Niklas Ottosson 
came to an end. This fellowship formed additional external funding for the research of the pro-
gramme. Dr. Ottosson continues his research on protons in water nanodroplets as a postdoc 
appointed on the programme. 
 
4. Publications 

09PMC01 
- W. Ensing, J. Hunger, N. Ottosson, and H.J. Bakker, On the Orientational Mobility of Water Mole-

cules in Proton and Sodium Terminated Nafion Membranes, J. Phys. Chem. C 117, 12930-12935 
(2013). 

- S.T. van der Post, K.J. Tielrooij, J. Hunger, E.H.G. Backus, and H.J. Bakker, Femtosecond study of the 
effects of ions and hydrophobes on the dynamics of water Faraday Discussions 160, 171-189 
(2013). 

 
09PMC02-2 
- Mashaghi, P. Partovi-Azar, T. Jadidi, Tayebeh, M. Anvari, , S.P. Jand, , N. Nafari,, M.R.R. Tabar, 

P. Maass, H.J. Bakker, and M. Bonn, Enhanced Autoionization of Water at Phospholipid Inter-
faces, J. Phys. Chem. C 117, 510-514 (2013). 
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09PMC05 
- W.H. Brandeburgo, E.J. Meijer, and B. Ensing, Multiscale study of the dynamics of water mole-

cules around small amphiphilics, Abstracts of papers of the American Chemical Society 246, 
349-COMP (2013). 

 
5. Valorisation and outreach 

Up to now there have been no concrete contacts with industrial partners within this programme. 
This may change in the near future. In particular contacts could be established with Shell on the 
study of (acid) water near hydrophobic (oil) surfaces. Another potential contact would be with a 
company working on proton-conducting membranes like Nafion. 
 
There has been no concrete outreach yet that can be assigned to this programme. This may change 
when the work on infrared-induced proton transfer in Nafion nanochannels has appeared in 
Physical Review Letters. 
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Fact sheet as of 1 January 2014 

 FOM - 10.0178/5 
 datum: 01-01-2014 
 
 
APPROVED FOM PROGRAMME  
 
 
Number 118. 
  
Title (code) Proton mobility in confinement (PMC) 
  
Executive organisational unit AMOLF & BUW 
  
Programme management Prof.dr. H.J. Bakker 
  
Duration 2010-2016 
  
Cost estimate M€ 2.4 
  
Concise programme description 

a. Objectives 

Main objective: elucidate the molecular-scale mechanism of proton conduction through aqueous 
media in confined geometries, specifically when confinement is limited to 1-dimension (aqueous 
systems at surfaces and interfaces), 2 dimensions (water in wires and channels) and 3 dimensions 
(nanopools / nanodroplets). The key question is to resolve how proton hydration in general, and 
the interruption of the hydrogen bonded network in confined spaces in particular, affect proton 
conduction.  
 
b. Background, relevance and implementation 

Proton transfer in aqueous media is an extremely widespread and important process in nature and 
technology. For bulk water and bulk ice strong indications have been found that protons are not 
transported by ordinary diffusion, but by special conduction mechanisms that strongly resemble 
the mechanism of transport of holes through a semi-conductor. While the fundamental principles 
of proton transport in a uniform bulk environment have recently been established, the most 
interesting and relevant aqueous proton transport processes that occur in complex, strongly 
confined environments, are not understood. 
 
In many cases proton conduction takes place in confined water volumes. Examples are proton 
transfer along (biological) membranes, in small embedded water pools within proteins, through 
water channels like that of the channels of nafion membranes in hydrogen fuel cells, and through 
trans-membrane protein pores. Our understanding of the intricate process of proton conduction in 
these confined geometries is essential to comprehend - and ultimately control - the many 
important biological and technological systems that rely on this process. Despite the apparent 
fundamental and technological relevance of understanding proton conduction in confinement, the 
molecular-scale mechanism of proton conduction has remained a largely unexplored area of 
research. The reason for this lag in our knowledge is clearly not the lack of relevant questions, but 
the limited number of experimental and theoretical techniques that are sufficiently sensitive and 
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specific to probe proton conductivity in confined spaces. Thanks to recent advances in 
experimental and theoretical techniques, this study has now become possible. 
 

Funding 

salarispeil cao per 01-07-2012 

 
a. Via AMOLF  

bedragen in k€ < 2012 2014 2015 2016 2017 2018 > 2019 Totaal 

FOM-basisexploitatie 1.102 165 72 - - - - 1.339 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 1.102 165 72 - - - - 1.339 

 
b. Via BUW 

bedragen in k€ < 2012 2014 2015 2016 2017 2018 > 2019 Totaal 

FOM-basisexploitatie 92 122 - - - - - 1.084 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 962 122 - - - - - 1.084 

 
 
Source documents and progress control 

a) Original programme proposal: FOM-09.1543 
b) Ex ante evaluation: FOM-09.1708 
c) Decision Executive Board: FOM-10.0176 
 
 
Remarks 

The final evaluation of this programme will consist of a self-evaluation initiated by the programme 
leader and is foreseen for 2016. 
 
 
 
 
 
 
 
 
 MG par. HOZB 
 
 
Subgebied: 100% COMOP  
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Historical overview of input en output 

 

Input 
personnel (in fte)  finances* (in k€ ) 

WP/V WP/T PhD NWP 

2010 - 0.7 1.5 0.7 456 

2011 - 2.8 3.8 0.5 547 

2012 - 1.6 3.0 0.5 408 

2013 - 1.2 3.0 0.8 278 

 

Output 
PhD theses refereed publications other publications & 

presentations 
patents 

2010 - 5 2 - 

2011 - 9 26 1 

2012 1 9 8 - 

2013 - 6 12 - 

* After closing the financial year. 
 
 
PhD defences 

2010 
None. 

2011 
None. 

2012 
L. Piatkowski, 27 January 2012, AMOLF. 

2013 
None. 

 
 
Patents (new/changes) 

2013 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-A-28 

Leader Prof.dr. W.J. Buma 

Organisation University of Amsterdam 

Project leader Dr. S. Woutersen 

Programme Proton mobility in confinement 

Project (title + number) 
Femtsecond spectroscopy of the mechanism of aqueous proton transfer 
09PMC03 

 

FOM employees on this project 

Name  Position Start date End date 

T.H. van der Loop PhD 01 March 2010 31 October 2014 

 
 
Workgroup FOM-L-35 

Leader Prof.dr.ir. T.H. Oosterkamp 

Organisation Leiden University 

Programme Proton mobility in confinement 

Project (title + number) Spanning probe microscopy of proton conduction 09PMC02-2 

 

FOM employees on this project 

Name  Position Start date End date 

M.H. van Es postdoc 01 August 2011 28 February 2014 

 
 
Group Bakker 

Leader Prof.dr. H.J Bakker 

Organisation FOM Institute AMOLF 

Programme Proton mobility in confinement 

Project (title + number) Proton mobiliy confinement at AMOLF 09PMC01 

 

FOM employees on this project 

Name  Position Start date End date 

R. Kemper TP/V 01 March 2012 31 May 2013 

L. Liu PhD 01 July 2010 30 June 2014 

H.C. Schoenmaker TP/V 01 January 2013 31 July 2013 

N.E. Ottosson postdoc 01 March 2012 28 February 2014 

 
 


