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1. Scientific results 2015 
The FOM programme 118 'Proton mobility in confinement' is close to its end. Two of the PhD stu-
dents (Liyuan Liu and Tibert van der Loop) defended their PhD theses successfully in September 
and October of last year.  
We finished our studies of proton transfer and vibrational energy transfer in the aqueous 
nanochannels of proton-conducting Nafion membranes (group of Bakker). Within the programme 
we studied extensively the dynamics of the stretching vibrations of water molecules and proton 
hydration structures contained in these nanochannels. These studies provided important infor-
mation on the molecular mechanism of proton conduction and the vibrational energy relaxation 
dynamics. Last year we studied the vibrational dynamics of the lower-frequency bending mode, 
with a resonance frequency of at 1730 cm-1 (6 µm)), of the proton hydration structures in Nafion 
membranes using polarization-resolved infrared (IR) pump-probe spectroscopy. We observed that 
the main fraction of the excited bending mode vibrations relaxes to an intermediate state with a 
time constant T1 of ~175 fs, and subsequently to a thermally equilibrated state with a time constant 
Teq of 1.5±0.2 ps. For a small fraction (~10%) of the excitations the vibrational relaxation leads to 
ultrafast pre-dissociation of one of the hydrogen bonds donated by the excited proton hydration 
structure. The pre-dissociation leads to a long-living bleaching of the absorption band of the 
bending vibration. This bleaching signal has a high associated anisotropy that decays with a time 
constant of 38±4 ps, as a result of structural relaxation of the water clusters in the Nafion 
nanochannels. We submitted a manuscript on these results to The Journal of Chemical Physics. 
We also studied the vibrational dynamics of protonated water nano-clusters embedded in a matrix 
of deuterated acetonitrile (group of Bakker). The clusters are produced by mixing triflic (trifluoro-
methanesulfonic) acid and H2O in molar ratios of 1:1, 1:2 and 1:3, thus varying the degree of 
hydration of the proton. At all hydration levels the excited O-H stretch vibration shows an ultra-
fast vibrational relaxation with a time constant T1<100 fs, leading to an ultrafast local heating of 
the protonated water cluster. This excess thermal energy, initially highly localized to the region of 
the initially excited proton, first redistributes over the aqueous cluster and then dissipates into the 
acetonitrile matrix. For clusters with a triflic acid to H2O ratio of 1:3 these processes occur with 
time-constants of 320±20 fs and 1.4±0.1 ps, respectively. For a small part of the excitations, the 
relaxation results in a rapid breaking of a local hydrogen bond, similar to what we observed fol-
lowing excitation of the bending vibration of proton hydration structures in Nafion membranes. 
We submitted a manuscript on these results to The Journal of Physical Chemistry. 
We also studied the properties of water molecules at the surface of salt solutions containing 
hydrophobic anions like triflate (CF3SO3–), ethanesulfonate (C2H5SO3–), and butanesulfonate 
(C4H9SO3–) using vibrational sum-frequency generation (VSFG) spectroscopy (group of Bakker). 
The VSFG spectra reveal a surprisingly strong isotope effect in the intra- and intermolecular 
mixing of the water molecules contained in the hydration shells of the hydrophobic anions. The O–
H stretch vibrations of H2O molecules in the hydration shell are strongly mixed, whereas the O–D 
stretch vibrations of hydrating D2O molecules are decoupled. This isotope effect is not observed 
for other ions like perchlorate (ClO4–), and can be explained from the structure of the hydration 
shells of the hydrophobic ions. This work has been published in the Journal of Physical Chemistry 
C. 
We also performed a theoretical study of the molecular origin of properties of (in-homogenous) 
aqueous systems using molecular dynamics simulations (groups of Meijer and Ensing). We 
showed that 1-D confinement of water in palygorskyte (a channel-structured mineral) strongly 
reduces the water diffusion, while showing only a moderate decrease of the proton mobility. We 
could correlate this observation with the occurrence of chain-like water structures.  
We also developed an improved ab initio model that includes a correction for long-range disper-
sion on proton-transfer in aqueous systems (groups of Meijer and Ensing). The simulations 
demonstrated that this correction yields a value for the proton mobility that is closer to experi-
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mental values. The analysis provided a detailed picture of the kinetics of hydrogen-bond rear-
rangement during the proton transfer steps. 
Using molecular dynamics simulations, we also studied the non-linear dependence of the dielec-
tric permittivity of MgCl2/NaCl solutions with respect to the composition ratio (groups of Meijer 
and Ensing). This work was inspired by the experimental observation of a highly nonlinear 
dependence of the dielectric permittivity of mixtures of protons and ordinary cations like Mg2+ and 
Na+ by the Bakker group. We found that this nonlinear dependence can be explained by the 
dynamic behavior of water dipoles in the coupled solvation shell of Mg2+ and Na+ ions. 
 
2. Added value of the programme 
The programme combined several experimental and theoretical techniques that are essential to 
elucidate the complex structural dynamics of protons in confined aqueous media. The cooperation 
between the participants of the programme went very well. There has been 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. This cooperation 
is continued in a new project on the protonic quantum Hall effect. There is also a strong and 
ongoing 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. Last year the groups published a paper together in which experimental and theoretical 
results on the effect of hydrophobic molecular groups on the reorientation dynamics of water 
molecules are combined. Two years ago, 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 pro-
tons dissolved in liquid water. The groups of Meijer and Ensing are modelling these results with 
quantum molecular dynamics simulations.  
 
3. Personnel 
Two of the PhD students Liyuan Liu (group of Bakker) and Tibert van der Loop (group of 
Woutersen) successfully defended their PhD theses. The third PhD student, Wagner Homsi 
Brandeburgo (groups of Meijer and Ensing), is presently writing his thesis manuscript. His gradu-
ation is scheduled in September 2016. Post-doc Dapeng Sun (groups of Meijer and Ensing) will 
continue his work until October 2016, focusing on the establishment of a molecular scale picture of 
proton transfer and the dielectric response of aqueous (ionic) solutions. 
 
4. Publications 
09PMC01 
- Strong Isotope Effect in the Vibrational Response of the Hydration Shells of Hydrophobic Ions, L. Liu, 

S. Strazdaite, and H.J. Bakker, J. Phys. Chem. C 119, 27363-27369 (2015). 
 
09PMC05 
- On the slow down mechanism of water dynamics around small amphiphiles , W. Homsi 

Brandeburgo,S.T.vanderPost,E.J.Meijer,and B.Ensing, Phys. Chem. Chem. Phys. 17, 24968-24977 
(2015). 

 
5. Valorisation and outreach 
We are in the process of contacting potential industrial partners to start a cooperation in which we 
apply our expertise to the study and improvement water adsorption and proton mobility in 
nanoporous materials. 
There has been no concrete outreach that can be assigned to this programme.  
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Fact sheet as of 1 January 2016 

 FOM - 10.0178/7 
 datum: 01-01-2016 
 
 
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 one-dimension (aqueous 
systems at surfaces and interfaces), two dimensions (water in wires and channels) and three 
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 01-01-2016 
 
a. Via AMOLF  

bedragen in k€  ≤ 2015 2016 2017 2018 2019 2020 ≥ 2021 Totaal 

FOM-basisexploitatie 1.339 - - - - - - 1.339 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 1.339 - - - - - - 1.339 
 
b. Via BUW 

bedragen in k€ ≤ 2015 2016 2017 2018 2019 2020 ≥ 2021 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. 
 
 
 
 
 
 
 
 PT par. HOZB 
 
 
Subgebied: 100% COMOP 
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Historical overview of input and 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 

2015 - 1.1 1.0 - 198 

 

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 - 

2015 2 4 5 - 

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

2011 
None. 

2012 
L. Piatkowski, 27 January 2012, AMOLF. 

2013 
None. 

2014 
None. 

2015 
Liyuan Liu, 28 October 2015, AMOLF. 
Tibert van der Loop, 15 September 2015, UvA. 

 
 
Patents (new/changes) 
2013 
None. 

2014 
None. 

2015 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-A-08 

Leader Prof.dr. E.J. Meijer 
Organisation University of Amsterdam 

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 
 
 
Group Bakker 

Leader Prof.dr. H.J Bakker 
Organisation FOM Institute AMOLF 
Project (title + number) Proton mobility confinement at AMOLF 09PMC01 
 
FOM employees on this project 
Name  Position Start date End date 
L. Liu PhD 1 July 2010 30 June 2015 
N.E. Ottosson postdoc 1 March 2014 31 January 2015 
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