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Left panel: concentration of slowed down water molecules as a function of the acid concentration 

(HCl). Addition of 0.25 M MgCl2 resulted in a far less rapid increase (less steep curve) of the 
concentration of slowed down water with the acid concentration. Right panel: schematic 

representation of the effect of a positive ion such as calcium or magnesium (orange with +) on the 
delocalised positive charge of a proton in water. 
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1. Scientific results 2014 
The FOM programme 118 'Proton mobility in confinement' is in its final stage. Last year we 
obtained quite exciting results, providing detailed information on the dynamics of water molecules 
and proton conduction in aqueous media on nanometer length scales and subpicosecond time 
scales. 
 
We studied the reorientation dynamics of liquid water confined in nanometer-sized reverse 
micelles of spherical and cylindrical shape (groups of Bakker and Woutersen). We measured the 
reorientation dynamics of the water within the micelles both with GHz dielectric relaxation spec-
troscopy and with polarization-resolved infrared pump-probe spectroscopy on the OD-stretch 
mode of dilute HDO:H2O mixtures. The dielectric response of both the nano-spheres and the nano-
cylinders can be well described as a sum of contributions from the surfactant, the water at the 
inner surface of the reversed micelles, and the water in the core of the micelles. The Debye relaxa-
tion time of the core water increases from the bulk value τH2O of 8.2 ± 0.1 ps for the largest nano-
spheres with a radius of 3.2 nm to 16.0 ± 0.4 ps for the smallest nano-spheres with a radius of 0.7 
nm. For the nano-spheres, the dielectric response of the water is approximately 6 times smaller 
than expected from the water volume fraction and the bulk dielectric relaxation of water. We 
attribute the attenuation of the dielectric response compared to bulk water to a local anti-parallel 
ordering of the water molecular dipole moments at opposite sides of the nano-spheres. For the 
nano-cylinders the dielectric response less attenuated. This difference in attenuation between 
nano-spheres and nano-cylinders indicates that the anti-parallel ordering of the water dipoles is 
less pronounced upon cylindrical than upon spherical nanoconfinement. These results were 
published in J. Chem. Phys. 141, 18C535 (2014). 
 
We also studied the mobility of protons in water nano-spheres using dielectric relaxation spectro-
scopy (groups of Bakker and Woutersen). The diffusion of the confined protons gives rise to a 
broad resonance in the dielectric response, the frequency of which can be used to determine their 
diffusion constant. We find that in water volumes with diameters less than about 5 nm diameter, 
proton diffusion slows down significantly with decreasing size: in volumes of 1 nm diameter, the 
proton diffusion constant is two orders of magnitude smaller than in bulk water. This dramatic 
slowing down of the proton mobility can be explained from the locking of the hydrogen-bond 
structure of the water in the nanoconfined volume, since proton transfer in water strongly relies on 
the collective hydrogen-bond dynamics. These results suggest that varying the water volume 
around this size may have a biological function as a proton-transport regulation mechanism, the 
porin channels (<5 nm) and inter-membrane spaces in mitochondria and in the thylakoid lumen of 
chloroplasts (>5 nm) being cases in point. We have submitted a manuscript on these results to 
Nature. 
 
Last year we also investigated the structural dynamics of the photoactivated molecular proton 
crane 7-hydroxy-8-(morpholinomethyl)quinoline using femtosecond UV-pump IR-probe spectro-
scopy (group of Woutersen). In this study we obtained detailed information on the molecular 
reconfigurations that accompany the proton transfer between different groups of the molecule. 
Upon photoexcitation, the proton of the OH hydroxyl group is transferred within <300 femtose-
cond to the morpholino side group. After this proton transfer, the intramolecular hydrogen bond 
that locks the crane arm breaks with a time constant of 36 ± 1 ps. Subsequently, the protonated 
crane arm rotates with a time constant of 334 ± 12 ps to deliver the proton at the quinoline moiety. 
After the proton crane has returned to its electronic ground state with a time constant 700 ± 22 ps, 
the proton is transferred back from the quinoline nitrogen to the negatively charged O atom. The 
time constant of the back rotation is 39.8 ± 0.2 ns, about 200 times slower than the forward proton 
transfer. This work was published in J. Phys. Chem. B, 118, 12965–12971 (2014). 
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We continued our studies on proton transfer in the aqueous nanochannels of Nafion membranes 
(group of Bakker). We studied the effect of the amount of hydration on the proton transfer and the 
vibrational dynamics of the proton hydration structures and the water molecules. The effect of 
infrared-excitation induced proton transfer persists at high hydration levels. We also observe a 
very strong effect of the vibrational energy relaxation on the local temperature of the water in the 
nanochannels. These results were published in J. Phys. Chem. B 119, 2628–2637 (2015). 
 
Last year we also studied the dynamics of proton hydration structures in protonated water clusters 
dissolved in acetonitrile using two-dimensional femtosecondmid-infrared spectroscopy (group of 
Bakker). We observe that proton transfer can be induced by exciting a proton vibration of the 
water clusters with infrared light at a wavelength of 4 µm, similar to what we observed before for 
the nanochannels of Nafion membranes. The proton transfer is followed by a fast vibrational exci-
tation relaxation process, leading to a strong local heating effect, and for a small percentage to dis-
sociation of a hydrogen bond of the protonated water cluster. Following the vibrational relaxation 
and local heating, the protonated clusters cool by energy transfer to the acetonitrile solvent. Pre-
sently we are writing an article on these results that will be submitted to the Journal of Physical 
Chemistry.  
 
We calculated the interaction of protons and strongly hydrating cations in water using quantum 
molecular dynamics simulations (Meijer and Ensing). Last year we experimentally 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. The simulations are now complete and an article is in 
preparation. Presently we are working on the modelling of the proton mobility in palygorskite 
channels. We also developed a novel analysis method to calculate pump-probe spectra, to facilitate 
the comparison with the experimental results, and we tested the performance of a dispersion cor-
rected functional for proton transport. At present a paper on this later study is in preparation. 
Finally, we are working together with the group of Mikhail Katsnelson of Nijmegen University on 
the modelling of proton transport through graphene and boron nitride monolayers. 
 
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 a strong interaction 
between the groups of Woutersen and Bakker in the study of the dynamics of water molecules and 
proton conduction in water nano-spheres and nano-cylinders, using femtosecond mid-infrared 
spectroscopy, transient THz spectroscopy and dielectric relaxation spectroscopy. There is also a 
strong cooperation between the groups of Bakker, Meijer and Ensing in the study of the effects of 
hydrophobic molecular groups and ions on the rate and mechanism of proton transfer in liquid 
water. The groups are preparing a paper in which experimental and theoretical results on the 
effect of hydrophobic molecular groups on the reorientation dynamics of water molecules are 
combined. Last year, the group of Bakker published a paper in JACS reporting that strongly 
hydrating ions like Mg2+ decrease the amount of delocalization of the charge of protons dissolved 
in liquid water. The groups of Meijer and Ensing have finished their quantum molecular dynamics 
simulations on this system and a paper is in preparation. 
 
3. Personnel 
Two of the PhD students Liyuan Liu (group of Bakker) and Tibert van der Loop (group of 
Woutersen) have finished their thesis manuscripts. Both are scheduled to graduate in September 
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2015. The third PhD student, Homsi Brandeburgo(groups of Meijer and Ensing), is presently wri-
ting his thesis manuscript. His graduation is scheduled in December 2015. Post-doc Niklas 
Ottosson (group of Bakker) has finished his work on the dynamics of protons in nanoconfinement 
and in concentrated salt solutions. Part of his appointment has been paid through a EU Marie-
Curie Fellowship. Post-doc Dapeng Sun (groups of Meijer and Ensing) will continue his work on 
the theoretical modelling of the effects of ions on aqueous proton transfer until December 2015. 
 
4. Publications 
09PMC01 
- Vibrational Excitation Induced Proton Transfer in Hydrated Nafion Membranes, L. Liu and H.J. 

Bakker, J. Phys. Chem. B 119, 2628–2637 (2015). 
- Water-mediated interaction between trimethylamine-N-oxide and urea, J. Hunger, N. Ottosson, K. 

Mazur, M. Bonn and H.J. Bakker, Phys. Chem. Chem. Phys. 17, 298-306 (2015). 
- Effect of Cations on the Hydrated Proton, N. Ottosson, J. Hunger and H.J. Bakker, J. Am. Chem. 

Soc. 136, 12808–12811 (2014). 
- Infrared-Activated Proton Transfer in Aqueous Nafion Proton-Exchange-Membrane Nanochannels, L. 

Liu and H.J. Bakker, Phys. Rev. Lett. 112, 258301 (2014). 
- Conformation of the neurotransmitter gamma-aminobutyric acid in liquid water, N. Ottosson, M. 

Pastorczak, S.T. van der Post, and H.J. Bakker, Phys. Chem. Chem. Phys. 16, 10433-10437(2014) 
 
09PMC03 
- Structure and dynamics of water in nanoscopic spheres and tubes, T.H. van der Loop, N. Ottosson, S. 

Lotze, E. Kentzinger, T. Vad, W.F.C. Sager, H.J. Bakker and S. Woutersen, J. Chem. Phys. 141, 
18C535 (2014). 

- Unraveling the Mechanism of a Reversible Photoactivated Molecular Proton Crane, T.H. van der Loop, 
F. Ruesing, S. Amirjalayer, H.J. Sanders, W.J. Buma and S. Woutersen, J. Phys. Chem. B 118, 
12965–1297(2014). 

 
09PMC05 
- Complex Reaction Environments and Competing Reaction Mechanisms in Zeolite Catalysis: Insights 

from Advanced Molecular Dynamics, K. De Wispelaere, B. Ensing, A. Ghysels, E.J. Meijer, and V. 
Van Speybroeck, Chem. Eur. J. 2015, 21, 1–13. http://dx.doi.org/10.1002/chem.201500473 . 
('Hot paper') 

- Slowdown mechanism of water dynamics around small amphiphiles, W. Brandeburgo, S. T. van der 
Post, E.J. Meijer, and B. Ensing, Submitted to PCCP. 

- Insight in the effect of water on the methanol-to-olefins conversion in H-SAPO-34 from molecular 
simulations and in-situ micro-spectroscopy, K. De Wispelaere, C.S. Wondergem, B. Ensing, K. 
Hemelsoet, E.J. Meijer, B.M. Weckhuysen, V. Van Speybroeck, and J. Ruiz-Martínez, Submitted 
to Angew.Chem.Intl.Ed. 

 
5. Valorisation 
Contacts have been established with BP on the study of (acid) water near oil surfaces. A coopera-
tive has been defined that has been granted in the form of an Industrial Partner Programme (pro-
gramme leader Prof. dr F. Mugele). We are also exploring the possibilities of continuing the 
research on proton conduction through aqueous nanochannels with a new project on metal-
organic frameworks. In this project we hope to include an industrial partner. 
 
6. Outreach 
There has been no concrete outreach yet that can be assigned to this programme.  
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Fact sheet as of 1 January 2015 

 FOM - 10.0178/6 
 datum: 01-01-2015 
 
 
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 inter-
esting 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 fun-
damental 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€ < 2014 2015 2016 2017 2018 2019 > 2020 Totaal 

FOM-basisexploitatie 1.267 72 - - - - - 1.339 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 1.267 72 - - - - - 1.339 
 
b. Via BUW 

bedragen in k€ < 2014 2015 2016 2017 2018 2019 > 2020 Totaal 

FOM-basisexploitatie 1.084 - - - - - - 1.084 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 1.084 - - - - - - 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 

2014 - 2.2 2.6 - 335 

 

Output PhD theses refereed publications other publications & 
presentations 

patents 

2010 - 5 2 - 

2011 - 9 26 1 

2012 1 9 8 - 

2013 - 6 12 - 

2014 - 9 6 - 

* After closing the financial year. 
 
 
PhD defences 
2010 
None. 

2011 
None. 

2012 
L. Piatkowski, 27 January 2012, AMOLF. 

2013 
None. 

2014 
None. 

 

 
 
Patents (new/changes) 
2013 
None. 

2014 
None. 

 
  



 
 
 

 
 
 - 9 - 
 

Overview of projects and personnel 

 
Workgroup FOM-A-08 

Leader Prof.dr. E.J. Meijer 
Organisation University of Amsterdam 
Programme Proton mobility in confinement 

Project (title + number) Multiscale modelling of proton conduction in water nanostructres 
(09PMC04) 

 
FOM employees on this project 
Name  Position Start date End date 
D. Sun WP/T 21 October 2013 20 October 2015 
W. Homsi Brandeburgo PhD 15 January 2011 14 July 2015 
 
 
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 30 April 2014 
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Group Bakker 

Leader Prof.dr. H.J Bakker 
Organisation FOM Institute AMOLF 
Programme Proton mobility in confinement 
Project (title + number) Proton mobility confinement at AMOLF 09PMC01 
 
FOM employees on this project 
Name  Position Start date End date 
L. Liu PhD 01 July 2010 30 June 2015 
N.E. Ottosson postdoc 01 March 2012 31 January 2015 
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