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Polyelectrolyte chains in bulk aqueous solution and at charged 
mineral surfaces: probing charge density and counterion effects  
 

Y. Sakhawotha, A.-L. Rollet, L. Michota, P. Levitza and N. Malikovaa 

aLaboratoire PHENIX, Sorbonne Université, CNRS, Paris, FRANCE 
natalie.malikova@sorbonne-universite.fr 

Recent advances have extended the already rich field of polyelectrolyte applications to the 
very edge of our current technology: polyelectrolytes as part of stimuli-responsive hydrogels 
within artificial biological tissues or conjugated polyelectrolytes as biosensors. The current 
theoretical framework for polyelectrolytes, based on the scaling approach of de Gennes and 
Pfeuty and its extensions by Dobrynin and Rubinstein, cannot encompass all the existing 
phenomena even for simple polyelectrolyte (PE) solutions. We shall demonstrate this on 
aqueous solutions of ionenes, cationic PE chains with a well-defined and tuneable structure.  

Structural properties of ionene solutions, as seen from small angle neutron scattering (SANS) 
data, feature a number of aspects, which clearly deviate from the predictions of the scaling 
theory [1]. A striking trend is the gradual disappearance of the well-known polyelectrolyte 
peak, depending on the chemical nature of the ionene counterion. Arranging the systems in 
the order of increasingly anomalous behaviour, we recover the Hofmeister series for the 
counterions. Local hydration properties of the counterions lie at the heart of the explanation 
and lead to varying degree of counterion condensation onto the polyelectrolyte chain. This is 
clearly seen by NMR and molecular dynamics simulations for ionene solutions with mixed 
counterion clouds [1,2]. We shall equally show the consequences of the counterion 
condensation on the chain dynamics, probed by pulsed-field gradient NMR (PFG-NMR) and 
neutron spin echo (NSE). 

Ionene polyelectrolytes and clay colloids (negatively charged platelets) provide a suitable 
model to study polyelectrolyte-colloid interactions, especially as the relative charge densities 
of the two components can be varied accurately. We have focused on ionene-induced clay 
flocculation. For all systems studied flocculation started consistently at ratios of positive and 
negative charge significantly below 1 (as low as 0.3), indicating highly ionene-deficient 
aggregates [3]. Further, using a combination of small angle X-ray scattering (SAXS) and 
scanning transmission X-ray microscopy (STXM), we see a clear evidence for the formation 
of clay tactoids (regular stacks of clay platelets) within the otherwise loose aggregates. The 
repeat distance within tactoids depends on the relative charge density of the ionene chains. 
 
[1] Malikova N., Rollet A.-L., Cebasek S., Tomsic M. and Vlachy V. On the crossroads of current 
polyelectrolyte theory and counterion-specific effects. Phys Chem Chem Phys 17 (2015), 5650-5658. 
[2] M. Druchok, N. Malikova, A.-L. Rollet, V. Vlachy, Counter-ion binding and mobility in the 
presence of hydrophobic polyions, molecular dynamics simulations and NMR, AIP Advances, 6 (6) 
(2016), pp.065214. 
[3] Y. Sakhawoth, L. J. Michot, P. Levitz and N. Malikova, Flocculation of clay colloids induced by 
model polyelectrolytes, effects of relative charge density and size, Chem Phys Chem 18 (2017), pp. 
2756-2765. 
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Mg-Al Chloride Layered Double Hydroxides: Hydration probed by Near 
Ambient Pressure X-Ray Photoemission Spectroscopy 

Romain Coustela,* Anthony Boucly b, Fabrice Bournel b, Jean-Jacques Gallet b, Arnaud Di 

Bitetto a, Erwan André a, François Rochet b, Cédric Carteret a 

aLaboratoire de Chimie Physique et Microbiologie pour les Matériaux et l’Environnement 
(LCPME)-UMR 7564, CNRS-Université de Lorraine, Villers-lès-Nancy, France,  
bLaboratoire de Chimie Physique-Matière et Rayonnement (LCPMR)-UMR7614, CNRS-
Université Pierre et Marie Curie, Paris, France 
romain.coustel@univ-lorraine.fr 

Due to the short elastic mean free path of electron in gas phase, X-ray electron spectroscopy 
(XPS) has long been restricted to measurements in ultra-high vacuum (10-9 mbar). However, 
recent improvements enable to perform photoemission measurements up to Near Ambient 
Pressure (NAP-XPS, ~10 mbar) by taking advantage of synchrotron light brightness. NAP-
XPS opens the way to characterize, in operando conditions, catalyst surfaces [1] as well as the 
surface of solutions [2] or wet environmental surfaces. For instance, it was shown that NAP-
XPS can be used to probe the chemical environment of interlayer cations in the early stage of 
clay hydration.[3] 

Layered double hydroxides (LDH) consist of positively charged layers separated with 
hydrated anions, thus LDH can be regarded as complementary to the clay family. As 
evidenced from their general formula [MII

(1-x)MIII
x(OH)2][(An-)x/n·yH2O] (where MII, MIII, and 

An- are respectively a divalent metal cation, a trivalent metal cation, and a counteranion, and x 
is typically in the range of 0.2-0.33), LDH present a highly tunable chemical composition, 
which makes them suitable as anion exchange media, adsorbents [4], drug delivery systems 
[5] and so forth. 

LDH functional properties depend on their hydration rate, so we performed at TEMPO 
beamline (SOLEIL synchrotron facility) a NAP-XPS study of the water insertion into the 
archetypal [Mg0.66Al0.33(OH)2][(Cl-)0.33·yH2O] LDH. An increase of water pressure (from 
UHV up to few mbar) leads to a drastic and reversible modification of the Cl 2p spectrum (a 
shift to higher binding energy) that reflects a change in the core-hole relaxation energy due to 
formation of a water solvation shell around the ion NAP-XPS measurements, together with 
vibrational spectroscopy, X-ray diffraction and gas adsorption measurements allow getting a 
further insight to LDH hydration to the early stages of LDH hydration. 
 
[1] Naitabdi A., Fagiewicz R., Boucly A., Olivieri G., Bournel F., Tissot H., Xu Y., Benbalagh R., 
Silly M.G., Sirotti F., Gallet JJ., Rochet, F. (2016) Oxidation of Small Supported Platinum-based 
Nanoparticles Under Near-Ambient Pressure Exposure to Oxygen. Top. Catal. 59 p550-563 
[2] Tissot H., Oivieri G., Gallet JJ., Bournel F., Silly M.G., Sirotti F., Rochet F. (2015) Cation Depth-
Distribution at Alkali Halide Aqueous Solution Surfaces. J. Phys. Chem. C 119 p9253-9259 
[3] Boucly A., Bournel F., Dubois E., Gallet JJ., Koishi A., Marry V., Michot L., Rochet F., Sirotti F., 
Tesson S., 2nd Annual APXPS Workshop @ Berkeley Lab 
[4] Khan A.I., Hare D.O., (2002) Intercalation chemistry of layered double hydroxides: recent 
developments and applications. J. Mater. Chem. 12 p3191–3198 
[5] Choy J., Kwak S., Jeong Y., Park J. (2000) Inorganic Layered Double Hydroxides as Nonviral 
Vectors. Angew. Chem. Int. Ed. 39 p4041–4045 
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Confinement of cationic redox probes in silica mesochannels 

Grégoire Herzog,a Tauqir Nasir,a Deomila Basnig, ab Neus Vilà, a Alain Walcalrius a 

a Laboratoire de Chimie Physique et Microbiologie pour les Matériaux et l’Environnement 
(LCPME), UMR 7564, CNRS − Université de Lorraine, 405 Rue de Vandoeuvre, 54600 
Villers-lès-Nancy, France 

b Department of Natural Science, Caraga State University, Ampayon, Butuan City 8600, 
Philippines 
gregoire.herzog@univ-lorraine.fr  

Mesoporous and nanostructured electrode materials have emerged as promising substrates for 
electrochemical sensing.1 Silica films with a thickness ranging from a few tens to a couple of 
hundreds nanometers can be electrogenerated at the surface of electrode materials. The 
presence of surfactants in the starting sol acts as a soft template. Ordered mesochannels with a 
vertical orientation are achieved (Figure 1),2 which allows fast mass transport of bulk species. 
The nanoscale dimension of oriented and organized channels contributes to the concentration 
enrichment of cationic redox probes (e.g. methylviologen) as the mesochannel diameter (2-3 
nm) coincides with the Debye layer thickness.3 We have investigated by electrochemical 
techniques the impact of a variety of parameters (e.g. ionic strength, pH, nature of the counter 
anions, and nature of the redox probe…) on the accumulation of cations within the 
mesochannels in the view of improving sensitivity and detection limits of electrochemical 
sensors. 

 
Figure 1: Transmission electron micrographs of mesochannels formed in a silica thin film (cross-
section, left image). Schematic representation of the accumulation of redox probes (red discs) in a 

single mesochannel; OD is the Debye length (right image). 

 
(1)  Walcarius, A. Chem. Soc. Rev. 2013, 42 (9), 4098–4140. 
(2)  Walcarius, A.; Sibottier, E.; Etienne, M.; Ghanbaja, J. Nat. Mater. 2007, 6, 602–608. 
(3)  Nasir, T.; Herzog, G.; Hébrant, M.; Despas, C.; Liu, L.; Walcarius, A. ACS Sensors 2018, 3 (2), 

484–493. 
 

mailto:gregoire.herzog@univ-lorraine.fr
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Understanding the effect of interfacial hydrodynamics on thermo-

osmosis using molecular dynamics 
 

Li Fua, Samy Merabiaa, Laurent Jolya 

aInstitut Lumière Matière (ILM), Université Claude Bernard - Lyon I (UCBL), Villeurbanne, 
France 

e-mail: li.fu@univ-lyon1.fr 

The fundamental influence of thermal gradients on the flux has received scanty attention until 
only the past decades. Thermophoretic phenomena were firstly studied for numerous 
applications such as optothermal DNA trap [1] or disease-related protein aggregates [2]. On 
the other hand, thermo-osmosis at solid-liquid interfaces is the least studied among the 
osmotic phenomena. It is usually interpreted as a thermal gradient-induced Marangoni flow, 
but the molecular level understanding is still lacking. Using molecular dynamics simulations, 
we measured the thermo-osmosis coefficient by both mechanocaloric and thermo-osmosis 
routes, against different solid-liquid interfacial energies. We show the critical role of 
interfacial hydrodynamics, which can reverse the direction of the flow, and strongly amplify it. 
Notably, we predicted giant thermos-osmotic flows at the water-graphene interface [3]. 
Following this prediction, we explored the practical implementation of waste heat harvesting 
with carbon-based membranes, focusing on model membranes of carbon nanotubes (CNT) [4]. 
Notably, we predicted giant thermos-osmotic flows at the water-graphene interface. 
Following this prediction, we explored the practical implementation of waste heat harvesting 
with carbon-based membranes, focusing on model membranes of carbon nanotubes (CNT) [2]. 
We show that, despite viscous entrance effects and a thermal short-circuit mechanism, CNT 
membranes can generate very fast thermo-osmotic flows, which can be used to desalinate 
seawater.  

 
Figure 1: Illustration of the role of surface wettability on the thermo-osmotic flow 

 
[1] S. Duhr and D. Braun, Phys. Rev. Lett. (2006). 
[2] M. Wolff, J. J. Mittag, T. W. Herling, E. De Genst, C. M. Dobson, T. P. J. Knowles, D. 
Braun, and A. K. Buell, Scientific Reports 6, 22829 (2016). 
[3] L. Fu, S. Merabia, and L. Joly, Phys Rev Lett 119, 606 (2017). 
[4] L. Fu, S. Merabia, and L. Joly, J. Phys. Chem. Lett 9, 2086 (2018) 
 

Francesca Ingrosso




1res Journées Scientifiques du GDR 2035 SolvATE, 16-17 mai 2018,  
Présidence de l’Université de Lorraine, Nancy. 

Ab initio insights into the interplay between electrochemistry and 
solvent at interfaces 

Jean-Sébastien Filhol 

Institut Charles Gerhardt, Université Montpellier 
Montpellier France 
Jean-sebastien.filhol@umontpellier.fr 

The electrochemical interface is fundamental to understand electrochemical reactions either 
for energy conversion applications (fuel cells), corrosion, electroplating or for electrochemical 
energy storages devices such as Li-ion batteries. Nevertheless, it is extremely complex to 
model because of the occurring electrochemical effects, but also because of the complexity of 
the electrode-solvent interface.1 Classical models fairly well reproduce the global behavior of 
such an interface, but they are oblivious to the quantum phenomena occurring at the interface. 
Ab initio approaches can describe this quantum behavior with good accuracy, nevertheless 
most of these approaches are not accounting the full complexity of the electrochemical 
interface as it would necessitate including the solvent (at least hundreds/thousands of 
molecules) and electrolytes in their structural and time-dependent dimension leading to too 
costly calculations.  

We will present an overview of the possible approach for electrochemical interfaces 
modelling and capability of these calculations. We will first discuss how electrochemical 
reactivity can be understood with specific tools such as a conceptual DFT approach4: among 
many descriptors, the Fukui function appears naturally and gives direct information on the 
electrochemical. We will then present a mixed implicit/explicit solvent approach (exemplified 

by Li/Ethylene carbonate (EC) and Mg/Dimethoxyéthane 
(DME) interfaces) that allows recovering the proper 
electrochemical properties at a limited cost.2,3 We will 
discuss how implicit/explicit model could be used in order 
to recover the potential stability for Li/Mg-electrodes in 
solvents. We will also focus on the interface 
electrification and how part of the electrode charge can 
partially delocalized on the closest solvent layer. Finally, 
the impact of the electrochemical dimension on the 
reactivity can also be rationalized by including the solvent 
approach and can gives quantitative insights into an 
interface electrochemical reactivity.5 

 Fukui function for a EC/Li interface. 

 
[1]  M. Mamatkulov,  J.-S. Filhol Phys. Chem. Chem. Phys., 13 (2011) 7675 – 7684 
[2] N. Lespes and J.-S. Filhol, J. Chem. Theory Comput., 11 (2015) 3375-3382 
[3] N. Lespes and J.-S. Filhol, Surf. Sci. 631 (2015) 8-16 
[4] J.-S. Filhol and M.-L. Doublet Phys. Chem. C 118 (2014) 19023-19031 
[5] S. Steinmann et al. ChemPhysChem 16 (2015) 2307-2311 
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In the context of solar energy exploitation, dye-sensitized 
solar cells (DSCs)1 and dye-sensitized 
photoelectrosynthetic cells (DSPECs)2 offer the promise 
of cost effective sunlight conversion and storage, 
respectively. Dye-functionalization of p-type 
semiconductors (like NiO) can be either exploited to 
build p-type DSC architectures (Figure 1) or employed in 
a water splitting cell at the photocathode for water 
reduction. Despite the huge interest in developing 
efficient p-type electrodes, up to now the solar-energy-to-
electric-energy conversion efficiency of the n-type DSC 
is still one order of magnitude higher than the inverse 
counterpart.3 Moreover, the characterization of the 
electronic and structural properties of the complex 
NiO/solvent/dye/electrolyte (catalyst) interface is still 
poor when compared to the level of understanding 
reached for TiO2 sensitized photoanodes, from both the experimental and computational point 
of view.4,5 In an effort to improve the predictive power of theoretical simulations and the 
fundamental understanding for these systems, here we tackle the dynamical modelling of a 
full dye-sensitized NiO heterointerface, including the water environment.6 We will discuss the 
main methodological limitations of state-of-the art DFT methodologies in predicting the 
energy level alignment across the dye/semiconductor interface and the challenging definition 
of a proper structural model needed to reliably capture the interface complexity.  
 
References. 
[1] M. Grätzel, Acc. Chem. Res., 42, 1788 (2009). 
[2] W. J. Youngblood, S.-H. A. Lee, K. Maeda, T. E. Mallouk, Acc. Chem. Res., 42, 1966 
(2009). 
[3] F. Odobel, L. Le Pleux, Y. Pellegrin, E. Blart, Acc. Chem. Res., 43, 1063 (2010). 
[4] M. Pastore, F. De Angelis, Top. Curr. Chem., Springer Berlin Heidelberg: 1- 86 (2014) 
[5] M. Pastore, F. De Angelis, J. Am. Chem. Soc. 137, 5798 (2015) 
[6]  S. Piccinin, D. Rocca, M. Pastore (in preparation) 
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Figure 1: Scheme of a p-type DSC 
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Metal/water interfaces are key in many natural and industrial processes. Their description at 
the atomic level is thus of paramount importance to fully understand, for instance, corrosion, 
atmospheric or environmental chemistry and aqueous phase heterogeneous catalysis. 
Experimentally, the structure of these interfaces is not well established, which explains the 
long history (dating back to the 1980s[1]) of computational approaches aiming at shedding 
light on these intriguing systems. However, the size and metallic nature of these systems 
makes (near) linear scaling DFT approaches inapplicable and, hence, the use of full ab initio 
approaches is restricted to short (~10 ps) trajectories for interfaces with a reasonable size 
considering the length of the interfacial zone (~ 10 Å). Therefore, the only practical approach 
to date is to perform force field simulations.[2] In contrast to biological force fields, the 
experimental data is not precise enough to restrict the functional form and, therefore, over the 
years various very different force fields have been proposed. Our newly developed GAL17 
force field[3] provides a significant improvement over previously existing force fields for 
Pt(111)/H2O interactions as revealed by extensive benchmarking against first principles 
computations. Furthermore, we have used GAL17 in combination with our approximate 
QM/MM strategy[4] to determine free energies of solvation of butanediols and their 
dehydrogenation products at the Pt(111)/H2O interface. We show that the explicit solvation 
provides a fiercer competition between water and the organic molecule adsorption than the 
implicit solvation model. 

This work benefited from the support of the project MuSiC ANR-14-CE06-0030 of the French 
National Research Agency (ANR). 
 
[1] Spohr, E.; Heinzinger, K. Molecular Dynamics Simulation of a Water/Metal Interface. Chem Phys 
Lett1986, 123 (3), 218. 
[2] Limmer, D. T.; Willard, A. P.; Madden, P.; Chandler, D. Hydration of Metal Surfaces Can Be 
Dynamically Heterogeneous and Hydrophobic. Proc Natl Acad Sci USA 2013, 110 (11), 4200. 
[3] Steinmann, S. N.; Ferreira de Morais, R.; Goetz, A. W.; Fleurat-Lessard, P.; Iannuzzi, M.; Sautet, 
P.; Michel, C. A Force Field for Water over Pt(111): Development, Assessment and Comparison. 
Under revision in J Chem Theory Comput. 
[4] Steinmann, S. N.; Sautet, P.; Michel, C. Solvation Free Energies for Periodic Surfaces: 
Comparison of Implicit and Explicit Solvation Models. Phys Chem Chem Phys 2016, 18 (46), 31850. 
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Water at the interface with hydrophobic media is of utmost importance in many fields, from 
the air/water interface playing a key role in atmospheric processes, to the graphene/water 
interface in electrochemistry, and more generally hydrophobic silica/water interfaces (with 
low density of silanols) of relevance in geochemistry and pharmaceutical applications, just to 
cite a few examples. 

We provide a full rationalization of the molecular arrangement of water at the interface with 
different hydrophobic media, by coupling Density Functional Theory (DFT) based Molecular 
Dynamics simulations (DFT-MD) and vibrational Sum Frequency Generation Spectroscopy 
(vSFG). We have shown in our recent work1 the existence of a very specific 2-Dimensional 
H-Bond network (denoted 2DN afterwards) made by the water molecules at the interface with 
air. All water molecules located in the topmost layer at the interface with the air are connected 
within a H-Bond network parallel to the water surface. Once the 2DN structure is unraveled, 
many specific structural (water density, orientation), physical (surface potential, surface 
tension, vSFG response) and chemical (charge separation at recombination, proton trapping 
and proton hopping) properties of the air/water interface could be rationalized. We have 
unraveled the same 2DN at the water/α(0001)-Alumina interface2.  

In this presentation, we will review these works and more recent works at several 
mineral/water interfaces where we show how and why the structural organization of 
interfacial water evolves from a very organized 2-Dimensional network to other 
organized/less organized networks, depending on the hydrophobicity/hydrophilicity properties 
of the mineral surfaces.  

 
[1] Pezzotti, S.; Galimberti, D. R.; Gaigeot, M.-P.  J. Phys. Chem. Lett. 2017, 8, 3133–3141. 
[2] Pezzotti, S.; Potier L.; Gaigeot, M.-P.  in preparation 
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Hydrated ions are ubiquitous in environmental and biological media. Understanding 
the perturbation exerted by an ion on the water hydrogen bond network is possible in the 
nano-drop regime by recording vibrational spectra in the O-H bond stretching region. This has 
been achieved experimentally in recent years by forming gaseous ions containing tens to 
hundreds of water molecules and recording their infrared photodissociation spectra [1].  

I will present the capabilities of a modelling strategy based on an extension of the 
AMOEBA polarizable force field [2] to implement water atomic charge fluctuations along 
with those of intramolecular structure along the dynamics. This supplementary flexibility of 
non-bonded interactions improves the description of the hydrogen bond network and 
therefore, the spectroscopic response [3].  

Finite temperature IR spectra are obtained from 
molecular dynamics simulations. Simulations of one to 
two nanoseconds are required for extensive sampling in 
order to reproduce the experimental spectra. Furthermore, 
bands are assigned with the driven molecular dynamics 
approach [4]. This method package is shown to compare 
successfully with experimental spectra for various ions in 
water drops containing 36 to 100 water molecules. In 
particular, band frequency shifts of the free O-H 
stretching modes at the cluster surface are well 
reproduced as a function of both ion charge and drop size. 
 
 
[1] Prell, J. S.; O’Brien, J. T.; Williams, E. R. J. Am. Chem. Soc. 2011, 133, 4810−4818.  
[2] Ren, P.; Ponder, J. W. J. Phys. Chem. B 2003, 107, 5933− 5947.  
[3] Thaunay, F.; Jana, C.; Clavaguéra; C.; Ohanessian, G. J. Phys Chem. A 2018, 122, 832—842.   
[4] Thaunay, F.; Dognon, J.-P.; Ohanessian, G.; Clavaguera, C. Phys. Chem. Chem. Phys. 2015, 17, 
25968−25977. 

Figure 1: Structure of [SO4(H2O)80]2−  
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For many years, ionic liquids (ILs) have appeared as alternative solvents to traditional organic 
solvents. These solvents have been studied in many applications ranging from synthesis to 
extraction through electrochemistry or biocatalysis. For 10 years, we have been developing 
these solvents in two applications: the absorption of volatile organic compounds (VOCs) and 
the extraction of biomolecules. 
Extraction: The aim of the extraction study is to develop innovative methods to accelerate 
(qualitatively and quantitatively) the selective extraction of lichen compounds. Lichen 
secondary metabolites are usually unique molecules which are not found in other types of 
organisms (scheme 1). [1,2] 
VOCS absorptions: VOCs treatment is one the current challenge for reducing atmospheric 
pollution. For about 40 years, many international agreements have been established but only 
few viable answers have been proposed concerning hydrophobic VOCs. Our work consists to 
real scientific advances owing to the use of ionic liquids in a gas-liquid absorption process 
with the aim of removing VOCs from a polluted gas phase and solvent regeneration by a 
biological process (scheme 2)[3–5]. 
	

    
Scheme 1: Extraction process        Scheme 2: VOCs TPPB treatment 
 
In recent years, controversies about the green side of ionic liquids have emerged. In addition, 
the price of ionic liquids still remains a real obstacle to the industrial development of these 
solvents. For these reasons we are now interested in a new class of solvents, deep eutectic 
solvents.[6] 
	
[1] S. Bonny, L. Paquin, D. Carrié, J. Boustie, S. Tomasi, Anal. Chim. Acta 2011, 707, 69–75. 
[2] S. Komaty, M. Letertre, H. D. Dang, H. Jungnickel, P. Laux, A. Luch, D. Carrié, O. Merdrignac-

Conanec, J.-P. Bazureau, F. Gauffre, et al., Talanta  2016, 150 
[3] A. S. Rodriguez Castillo, S. Guihéneuf, P.-F. Biard, L. Paquin, A. Amrane, A. Couvert, Int. J. 

Environ. Sci. Technol. 2018, 15 
[4] T.-V.-N. Nguyen, A. S. Rodriguez Castillo, S. Guihéneuf, P.-F. Biard, L. Paquin, A. Amrane, A. 

Couvert, Int. Biodeterior. Biodegrad. 2017, 117 
[5] A. S. Rodriguez Castillo, S. Guihéneuf, R. Le Guével, P. F. Biard, L. Paquin, A. Amrane, A. 

Couvert, J. Hazard. Mater. 2016, 307, 221–230. 
[6] S. Fryars, E. Limanton, F. Gauffre, L. Paquin, C. Lagrost, P. Hapiot, J. Electroanal. Chem. 2017. 
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Abstract :   Aqueous biphasic systems “ABS”, based by definition on water as single 
solvent, play an important applications in many domains like the separation, extraction and 
purification of biological systems or treatment of waste water polluted by organic molecules 
or ions. Generally, ABSs form by mixing two aqueous phases containing, respectively either 
two polymers, or a polymer plus a salting-out inducing salt, or specific salt-salt combinations, 
at sufficient concentrations and temperature. An interesting class of ABS based on aqueous 
solutions of ionic liquids « ILs » to which salting-out inorganic salts are added and separate 
into two phases was first demonstrated by Rogers et al [1]. In practice, IL-based ABS have 
many advantages like low viscosity, little emulsion formation, quick phase separation, high 
extraction capabilities, and benefit from a potentially “infinite” panoply of IL components 
designed for a given use. [2]  

We report here some molecular dynamics simulations results performed in order to gain 
microscopic insights into the formation of ABS. We studied some typical IL-ABS systems, 
based on conventional salts which can be either organic or inorganic. We will mainly focus on 
the key aspects of the structure and phase separation of these complex solutions compared to 
“traditional” liquid/liquid biphasic systems.  

 

 
[1] K. E. Gutowski, G. A. Broker, H. D. Willauer, J. G. Huddleston, R. P. Swatloski, J. D. 
Holbrey and R. D. Rogers, J. Am. Chem. Soc., 2003, 125, 6632–6633 
[2] see the review on the subject: M. G. Freire, A. F. M. Cláudio, J. M. M. Araújo, J. A. P. 
Coutinho, I. M. Marrucho, J. N. C. Lopes and L. P. N. Rebelo, Chem. Soc. Rev. 2012, 41, 
4966-4995. 
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Carbon dioxide is a cheap, renewable and easily accessible source of carbon for producing 
high-value fine chemicals and monomers.[1] In the last years, many academic and industrial 
researches have been devoted to the development of novel and sustainable synthetic pathways 
to convert CO2 into cyclic carbonates. In particular, α-alkylidene 
cyclic carbonates, that are intermediates of great interest in 
organic and polymer synthesis[2] are synthesized by the catalytic 
coupling of CO2 with propargylic alcohols.[3]  

In an effort to push away the limitations of organocatalysts to promote this reaction while 
fullfilling environmental policies, this communication report about the use of a series of n-
tetrabutyl ammonium (TBA) salts with various anions as catalysts for the coupling of CO2 
with 2-methyl-3-butyn-2-ol to form α-methylene cyclic carbonate. In particular, TBAOAc and 
TBAN3 enable the selective and quantitative synthesis of α-methylene cyclic carbonate with 
98% yield in less than 10 hours at 353K and 3 MPa under solvent free conditions. [4] Detailed 
kinetic investigations were performed by in situ Attenuated Total Reflectance (ATR)-Infrared 
(IR) spectroscopy by using the most active and selective catalysts. The unusual kinetic 
profiles and the frequency shifts of the anion peak evidenced by online ATR-IR spectroscopy 
and elucidated by DFT calculations are related to a remarkable evolution of the hydrogen 
bonding solvation of the catalyst during the reaction. Such mechanistic study has allowed us 
to propose novel simple organocatalysts for the facile and selective synthesis of libraries of α-
alkylidene cyclic carbonates from CO2 and propargylic alcohol.[5]	 
 
[1] C. Maeda, Y. Miyazaki, T. Ema, Catal. Sci. Tech. 2014, 4, 1482-1497. 
[2] S. Gennen, B. Grignard, T. Tassaing, C. Jérôme, C. Detrembleur, Angew. Chem. Int. Ed. 2017, 

56, 10394-10398. 
[3] Q.-W. Song, L.-N. He, in Advances in CO2 Capture, Sequestration, and Conversion, Vol. 

1194, American Chemical Society, 2015, pp. 47-70. 
[4] R. Méreau, B. Grignard, A. Boyaval, C. Detrembleur, C. Jerome, T. Tassaing, ChemCatChem 

2018, 10, 956-960. 
[5] B. Grignard, C. Ngassamtounzoua, S. Gennen, B. Gilbert, R. Mereau, C. Jerome, T. Tassaing, 

C. Detrembleur, ChemCatChem 2018, doi:10.1002/cctc.201800063. 
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Our group is originally devoted to the understanding of the leeching of substances by 
materials in contact with food. Most of the effort was focused on the management of 
contaminations from plastics in contact with fatty food until we discovered that any kind of 
food (aqueous or dry) could be contaminated significantly by materials (plastics, paper and 
board….) even without direct contact. We developed many concepts, including multiscale 
modeling [1], to cope with the diversity and complexity of situations. Besides the needs of a 
general molecular theory of diffusion in polymers [2], the prediction of the chemical affinity 
in polar food simulants (water, water-ethanol mixtures) is a chief priority. The problem of 
mass transfer is so general and unresolved that we received the demands of various entities i) 
to substitute glass materials by plastic ones, for example, for alcoholic beverages (i.e. light 
and safe packaging barrier to water and ethanol), ii) to predict the contaminations of food 
after a major nuclear accident or a terrorist attack [3]. We combine various methods to infer 
excess chemical potentials from molecular structures: thermodynamic integration, off-lattice 
Flory-Huggins approximations at atomistic scale [3], Kirkwood-Buff Integrals [4], etc. They 
have their pro and con, but they remain computationally expensive and their validation 
depends as much from the quality of the approximations than from the quality of the 
experiments used for validation. This talk will illustrate the extent of societal and industrial 
needs in Europe and US, and will encourage interdisciplinary collaborations in the field of 
mass transfer. 
 
 
[1] Nguyen, P.-M., A. Goujon, P. Sauvegrain and O. Vitrac (2013). "A Computer-Aided Methodology 
to Design Safe Food Packaging and Related Systems." AIChE Journal 59(4): 1183-1212. 
[2] Fang, X., S. Domenek, V. Ducruet, M. Refregiers and O. Vitrac (2013). "Diffusion of Aromatic 
Solutes in Aliphatic Polymers above Glass Transition Temperature." Macromolecules 46(3): 874-888. 
[3] Larese, D., B. Sweeney, A. Wetherby, C. Wei and O. Vitrac (2018). "A general model to predict 
the contamination of harvested and processed food after a nuclear incident. Part 1: fruits and 
vegetables." Journal of Environmental Radioactivity submitted. 
[4] Nguyen, P.-M., W. Guiga, A. Dkhissi and O. Vitrac (2017). "Off-lattice Flory-Huggins 
approximations for the tailored calculation of activity coefficients of organic solutes in random and 
block copolymers." Industrial & Engineering Chemistry Research 56(3): 774–787. 
[5] ]Nguyen, P.-M., W. Guiga and O. Vitrac (2017). "Molecular thermodynamics for food science and 
engineering." Food Research International 88, Part A: 91-104. 
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Direct electron transfer between proteins and electrodes is of great interest from basic point 
of view (to study the redox properties of the biomolecules) and for developing mediator-free 
biosensors, biofuel cells or bioelectronics devices.1,2 Howevre, this usully requires a specific 
engineering of the electrodes surfaces. Direct and fast electron electron transfers between a 
glassy carbon electron and heme proteins (myoglobin, hemoglobin and cytochrome c) are 
obtained by using a mixture a water and imidazolium-based ionic liquids as electrolyte, 
without the need of specifically functionalizing the electrode surface.3  

The ionic liquid is found to play a key role for observing the direct electron transfer, 
depending on the final concentration of the liquid salts in the mixture. Rationalization of this 
behavior is proposed through the combination of electrochemical analyses with spectroscopic 
studies and molecular simulations. Interesting localized changes in the proteins’ conformation 
are evidenced and lead to a specific solvation of the proteins in the ionic liquid/water mixture. 
Interestingly, this is especially useful for directing electrocatalytic activities of the 
hemoproteins towards the activation of oxygen. 

 
Figure 1: Direct facile electron transfer between a redox protein and a bare glassy carbon electron in 

a water-ionic liquids mixture 

 
[1] F.A. Armstrong, H.A.O. Hill, N.J. Walton, Account of Chemical Research 21 (1998) 407 
[2] C. Léger, P. Bertrand, Chemical Reviews 108 (2008) 2379  
[3] G. Loget, S. Chevance, C. Poriel, G. Simonneaux, C. Lagrost, J. Rault-Berthelot, ChemPhysChem 
12 (2011) 411 
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Interface water molecules are of great importance for the recognition between biological 
molecules, but such hydration layers can be transient and thus difficult to observe1. The large 
binding pocket in Fatty Acid Binding Proteins (FABPs) is a special case. Indeed it traps, 
along with a fatty acid, a water cluster which mediates the interaction between the ligand and 
the protein. High-resolution X-ray and neutron diffraction data (0.98 and 1.90 Å resolution, 
respectively) of fully deuterated heart-FABP in complex with oleic acid have been measured 
at room temperature2. These data provided very detailed structural information, up to the 
unambiguous orientation of the water molecules in the FABP cavity. Most of these water 
molecules appear in tetrahedral environment, and together form a dense and well-ordered 
cluster localized between the internal wall of the cavity and the fatty acid. The jointly refined 
X-ray/neutron structure of heart-FABP was complemented by a transferred multipolar 
electron-density distribution built using the parameters of the ELMAMII library3. The 
resulting electron density allowed a precise determination of the electrostatic properties in the 
protein binding pocket. As a result, a significant alignment of the permanent dipoles of the 
water molecules with the protein electrostatic field was observed.  

 
 
[1] Raschke TM. Water structure and interactions with protein surfaces. Curr Opin Struct Biol. 2006, 
16(2), 152-9 
[2] Howard EI, Guillot B, Blakeley MP, Haertlein M, Moulin M, Mitschler A, Cousido-Siah A, Fadel 
F, Valsecchi WM, Tomizaki T, Petrova T, Claudot J, Podjarny A. High-resolution neutron and X-ray 
diffraction room-temperature studies of an H-FABP-oleic acid complex: study of the internal water 
cluster and ligand binding by a transferred multipolar electron-density distribution. IUCrJ.  2016, 3, 
115-26. 
[3] Domagała S, Fournier B, Liebschner D, Guillot B, Jelsch C. An improved experimental databank 
of transferable multipolar atom models--ELMAM2. Construction details and applications. Acta 
Crystallogr A. 2012, 68, 337-51.  
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Polygalacturonic acid (polyGal) is the main component of pectin, a natural polysaccharide 
that is often used as a gelling agent in food and pharmaceutical industries. The ionotropic 
gelation of polyGal originates from the formation of ionic bridges between the carboxylate 
groups of polyGal mediated by divalent cations. In this study, we compared the interactions 
between polyGal and four divalent cations (Ba2+, Ca2+, Mg2+, and Zn2+) that differ in size and 
affinity for water by means of isothermal titration calorimetry (ITC) and molecular dynamics 
(MD) simulation [1]. The titration profiles obtained with ITC differ strikingly from each 
other, and the binding free energy is found more favorable for Ca2+ than for Mg2+ and Ba2+ 
(that of Zn2+ could not be determined). Moreover, Mg2+ does not bind to polyGal over a 100-
ns-long simulation, in contrast to Ba2+, Ca2+, and Zn2+ (Figure 1a), and the cross-links formed 
between polyGal chains in the presence of Ca2+ or Ba2+ are more labile with the latter (Figure 
1b). Based on these results, we proposed mechanisms for the association between polyGal and 
the four divalent cations.  

     
Figure 1: Time evolution of (a) the number of cations bound to polyGal and of (b) the number of 
cross-links formed between polyGal chains determined from simulations of an aqueous solution with 
two octameric polyGal chains in the presence of divalent cations (either Ca2+, Zn2+, Ba2+, or Mg2+). In 
the initial configurations (t = 0 ns), the two polyGal chains are dissociated from each other and no 
divalent cation is bound to them. 

 
[1] U. T. D. Huynh, A. Lerbret, F. Neiers, O. Chambin, A. Assifaoui, Binding of divalent cations to 
polygalacturonate : a mechanism driven by the hydration water, J. Phys. Chem. B (2016) 120, 1021-
1032. 
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So far, substances of pharmacy (active pharmaceutical ingredients and excipients) are most 
often prepared in the crystalline state (ordered) for obvious reasons of stability. Many 
pharmaceuticals, either by accident or design, may also exist in a total or partially amorphous 
state (disordered). This situation is encountered more and more frequently due to the 
increasing complexity of synthesized molecules. The amorphous state has a lower stability but 
a higher solubility than the corresponding crystalline forms. The formulation of active 
substances in the amorphous state, has thus motivated a strong interest in the last decade to 
increase the solubility of poorly soluble drugs1. 

In this study, the amorphisation process and the amorphous state of lactulose (C12H22O11), a 
disaccharide of pharmaceutical interest, have been investigated by combining a wide range of 
experimental and numerical techniques in order to probe structural, dynamical and 
thermodynamical physical properties. The amorphous compounds obtained by milling were 
compared to other amorphous forms designed by alternative amorphisation routes such as 
melt-quenching, freeze-drying and spray-drying2. In this lecture, chemical differences induced 
by water and their impact on the physical properties of the amorphous samples will be 
presented. 

This project has received funding from the Interreg 2 Seas programme 2014-2020  
co-funded by the European Regional Development Fund under subsidy contract 2S01-
059_IMODE. 

 

 
 
[1] G. P. Johari and R. M. Shanker, On the solubility advantage of a pharmaceutical’s glassy 

state over the crystal state, and of its crystal polymorphs, Thermochimica Acta 598, 16 (2014) 
[2] J. F. Willart and M. Descamps, Solid State Amorphization of Pharmaceuticals, Molecular 

Pharmaceutics 5, 905 (2008) 
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For the study of the heaviest elements of the periodic classification, molecular modeling 
approaches have shown their capacities to be a source of complementary information to 
experiments that can be carried out, such as those using EXAFS, HEXS or TLRFS... 
However, for these elements, especially for actinides, their properties depend largely on their 
interactions with their environment.1-5 As such, a relevant modeling should explicitly take into 
account the effects of the medium (interaction with the nearest ligands and beyond, effects of 
temperature, ...).  
Our group develops and uses numerical tools based on quantum or classical models known as 
"ab initio", that is to say independent of any experimental input data to calibrate them, in 
order to better understand and better characterize the properties related to dynamic processes 
and those related to the electronic structure (UV-Vis spectroscopy, magnetism) of ions, 
molecules, or complexes containing radioelements in liquid medium. 

Pursuing our efforts initiated to simulate the Th(IV) and Cm(III) in aqueous solution and the 
bulk water properties6,7,8, we present here a coherent force-field model adjusted to state-of-
the-art ab initio calculations, i.e., without using any experimental input, for the early 
tetravalent actinides series from thorium to berkelium, and the associated results coming from 
bulk simulations. 
 
[1] N. Torapava, I. Persson, L. Eriksson and D. Lundberg (2009). Inorg. Chem. 48: 11712-11723 
[2] N. al Banik, V. Vallet, F. Réal, R. M. Belmecheri, B. Schimmelpfennig, J. Rothe, R. Marsac,  P. Lindqvist-
Reis, C. Walther and M. A. Denecke (2015).�Dalton Transactions, 45: 453-457 
[3] C. Hennig, J. Tutschku, A. Rossberg, G.  Bernhard, A. C. Scheinost, (2005). Inorg. Chem., 44: 6655-6661� 
[4] A. Ikeda-Ohno, C. Hennig, A. Rossberg, H. Funke, A. C. Scheinost, G. Bernhard and T. Yaita (2008). Inorg. 
Chem. 47: 8294-8305 
[5] J. Rothe, C. Walther, M. Denecke, T. Fanghänel (2004). Inorg. Chem., 43: 4708–4718. K. Dardenne, A. 
Seibert, M. Denecke and C. Marquardt (2009). Radiochimica Acta, 97: 91-97 
[6] F. Réal, M. Trumm, B. Schimmelpfennig, M. Masella and V. Vallet. (2013) J. Comput. Chem., 34: 707–719 
[7] F. Réal, V. Vallet, J.-P. Flament and M. Masella (2013) J. Chem. Phys., 139:114502 
[8] F. Réal, M. Trumm, B. Schimmelpfennig, M. Masella, V. Vallet and J.-P. Flament (2010). J. Phys. Chem. B, 
114:15913–15924 
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We present Molecular Dynamics simulations of aqueous iron (II) systems in the presence of 

polyacrylic acid (PAA) under extreme conditions that take place in the secondary coolant circuit of 

nuclear power plant [1]. The aim of this work is to understand how the oligomer can prevent iron (II) 

deposit and to provide molecular interpretation. We show how, to this purpose, not only the 

complexant ability is necessary but also the chain length compared to iron (II) concentration. When 

the chain is long enough, a hyper-complexation phenomenon occurs that can explain the specific 

capacity of the polymer to prevent iron (II) to precipitate.  

 

Figure 1: Structure optimized of the oligomer and 5 ions from DFT simulations  

with a COSMO model [2]. 

 
[1] Ricardo D’Angelo, Thierry Pauporté, Marion Roy, Sophie Delaunay, Carine Mansour, Dominique 
You, François Foct, and Frédéric Miserque. Study of curative effect of dispersant containing 
polyacrylic acid on fouling and blockage in pressurized water reactor steam generators. Journal of 
Nuclear Materials, submitted 
[2] A. Klamt. Conductor-like screening model for real solvents: A new approach to the quantitative 
calculation of solvation phenomena. The Journal of Physical Chemistry, 99(7) : 2224–2235, 1995.  
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Photoelectron spectroscopy is a powerful approach to determine the electron binding energies 
in molecular species and materials. These, together with electron affinities, are essential 
quantities for understanding reactivity in gas phase and in solution, as well as the structure of 
the solvent around a solute1. Here we present a protocol, based on a combination of classical 
molecular dynamics (CMD) with polarizable force fields2 and electronic structure calculations 
(EOM-IP-CCSD, SAOP) with the frozen density embedding (FDE) approach, which can yield 
accurate information on both the solvent and solute binding energies at a reasonable 
computational cost while accounting for specific interactions such as hydrogen bonding. We 
apply the protocol to the determination of the photoelectron spectra in the valence region of 
halide ions (X-, X = F–At) in aqueous solution, which show a rather large solvent effect that 
cannot be captured with implicit models3. The CMD simulations are made for a droplet model 
with 50 water molecules and the halogen ions4, which reproduce the radial distributions 
obtained from periodic calculations5. As relativistic effects5 become increasingly important 
along the series notably due to the increased strength of spin-orbit coupling that splits the 
partially filled p orbitals of the halogens we employ the two-component molecular mean-field 
(X2Cmmf) Hamiltonian available in the Dirac program6 for the EOM-IP-CCSD calculations. 
We show our fully quantum mechanical treatment of the electronic structure for the droplet 
does indeed yield accurate results while considering only the halide as the solute, with the 
exception of F−, whose valence p orbitals strongly mix with those of the closest water 
molecules. It was nevertheless important to relax (in the FDE treatment) the densities of the 
water molecules in both first and second solvation shells, due to the long-range influence of 
the charged halide species. 
This work has been supported by the French national agency for research, contract ANR-11-LABX-0005 
chemical and physical properties of the atmosphere (CaPPA). 
 

[1] R. Seidel, B. Winter, S. E. Bradforth, Annu. Rev. Phys. Chem., 67, 283 (2016); T. Lenzeret al, J.  
Chem. Phys., 110, 6714 (1999) 
[2] F. Real et al, J. Chem. Phys., 144, 124513 (2016) 
[3] B. Winter et al, J. Am. Chem. Soc., 127, 7203 (2005) 
[4] F. Real et al, in preparation (2018) 
[5] T. Fleig, Chem. Phys., 2, 395 (2012); T. Saue, ChemPhysChem, 12, 3077 (2011) 
[6] http://diracprogram.org 
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The  accurate  modeling  of  the  environment  response  is  a  fundamental  challenge  for  accurately

describing the photophysics and photochemistry of molecules both in solution and in more complex

embedding.  [1]  When  large  rearrangements  of  the  electron  density  occur  after  an  electronic

transition[2], state-specific formulations [3],  such as the Vertical Excitation Model (VEM) [4],  are

necessary to achieve a proper modeling of the processes. Such a state-specific model is fundamental

not only to obtain accurate energies, but also to follow the geometrical relaxation accompanying the

evolution of the excited-states. [2,5] This study presents the analytical expression and implementation

of the gradients of the VEM approach by a Lagrangian formulation in the TD-DFT framework. [6]

Representative organic chromophores in solution are used to test the reliability of the implementation

and  provide  comparisons  with  the  linear  response  description.The  delicate interplay  between  the

response scheme and the exchange–correlation functional is discussed as well, and we show that using

an inadequate functional in a SS framework can yield to dramatic overestimations of ES properties.

[2,5]

Figure 1: The environment response to the electronic excitation of the QM system can be carried out in two main formalisms: state-

specific and linear response.

References:

[1]  C. A. Guido and S. Caprasecca, On the description of the environment polarization response to electronic 
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The behavior of molybdate ions in complex environments is a matter of great interest due to 
its wide use in industrial processes [1,2]. Nuclear magnetic resonance (NMR) is an appealing 
method for the characterization of such species in solution, due to its non-invasive, non-
destructive nature. The theoretical modeling of NMR spectra in (non)aqueous solution is a 
rather difficult task, due to the need perform configurational averaging (via molecular 
dynamics such as Car Parinello Molecular Dynamics (CPMD) since the sensitivity to 
hydrogen bonding on the magnetic properties makes it difficult to use continuum models. 
Second, the computational cost of property calculations with electronic structure methods on 
the supersystem (solvent + molybdate) can quickly become prohibitive.  
This work explores the Frozen Density Embedding (FDE) method for the calculation of NMR 
shieldings for the molybdate ion in aqueous solution. In FDE the supersystem is still treated 
by quantum mechanics, but computational cost is kept low by its fragmentation into 
interacting subsystems. In our NMR calculations we have taken 514 snapshots from the 
CPMD calculations of Nguyen [3]. We have considered the ion as one subsystem and the 
waters as individual subsystems, and calculated the NMR shielding with the ZORA (scalar, 
spin-orbit) and Dirac-Coulomb Hamiltonians [4]. Our results show that FDE yields results in 
very good agreement with calculations on the supersystem. We discuss the remaining 
discrepancies in terms of the differences of the calculated NMR shielding densities between 
the models. 

                                           
Figure 1: subsystem representation of MoO4

2- in water (left) and its shielding density (right) 

This work has been supported by the French national agency for research, contract ANR-11-LABX-0005 
chemical and physical properties of the atmosphere (CaPPA). 
 
 

[1] R. F. Sebenik et al., Molybdenum and molybdenum compounds. Ullmann’s Encyclopedia of 
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[3] T. T. Nguyen et al., Inorg. Chem., 54 :7673–7683, aug 2015. 
[4] M. Olejniczak et al., Phys. Chem. Chem. Phys., 2017, 19, 8400. 



1res Journées Scientifiques du GDR 2035 SolvATE, 16-17 mai 2018,  
Présidence de l’Université de Lorraine, Nancy. 

Using Molecular Density Functional Theory to study electron 
transfer reaction in water  

Guillaume Jeanmaireta,d, Maximilien Levesquec, Daniel Borgisb,c, Benjamin Rotenberga, Mathieu 

Salannea,b,d 

aSorbonne Université, CNRS, Physico-Chimie des Électrolytes et Nanosystèmes Interfaciaux, PHENIX, F-75005 
Paris, France  
bMaison de la Simulation, USR 3441 CNRS-CEA-Université Paris-Saclay, 91191 Gif-sur-Yvette 
cPASTEUR, Département de chimie, École normale supérieure, PSL University, Sorbonne Université, CNRS, 
75005 Paris 
dRéseau sur le Stockage Électrochimique de l’Énergie (RS2E),�FR CNRS 3459, 80039 Amiens Cedex, France 
and�Réseau sur le Stockage Électrochimique de l’Énergie (RS2E), FR CNRS 3459, 80039 Amiens Cedex, 
France  
 

e-mail of the presenting author: guillaume.jeanmairet@gmail.com 

The Marcus theory of charge transfer reactions in solution has provided a very simple two-
chemical state picture, based on two intersecting parabola [1]. It has been widely used in the 
electrochemical community because it made possible to understand the experimental data, to 
interpret them quantitatively but also to make predictions. Originally, the theory modeled the 
solvent by a dielectric continuum. The response of the solvent to the charged solute is linear 
which implies that the free energy curves of the reactant and product are quadratic, with the 
same curvature. The validity of this assumption can be tested by computer simulations, either 
using force field molecular dynamics (MD) or ab-initio MD [2]. However, this is rather costly 
since it requires to continuously transform the reactants into products to have a proper 
sampling of the solvent configurations, thus it is necessary to run several simulations to study 
one electron transfer reaction. Most of the computational times being spent to compute 
solvent-solvent interaction, it seems promising to have an implicit description of the solvent.  
I will introduce Molecular Density Functional Theory (MDFT), an implicit solvent method 
that retains the molecular description of the solvent [3]. In this framework, a functional of the 
spatial and orientational solvent density is defined. This functional can be minimized with 
respect to the solvent density and it equals the solvation free energy at its minimum which is 
reached for the equilibrium solvent density. This procedure allows to access the solvation free 
energy in water of any given solute with a computational cost that is several orders of 
magnitude lower that MD.  
Following the framework that has been proposed for Reference Interaction Site Model 
(RISM) [4], another implicit solvent method, I will show how MDFT can be used to study 
simple electron transfer reaction and address the validity of Marcus theory assumptions. The 
drastic reduction in computational cost would allow to efficiently and systematically tackle 
systems for which MD simulations would be challenging [5].  
 
[1]  Marcus, R. A. (1956) The Journal of Chemical Physics 24, 966–978. � 
[2]  Warshel, A & Parson, a. W. W. (1991) Annual Review of Physical Chemistry 42, 279–309. � 
[3]  Jeanmairet, G, Levesque, M, Vuilleumier, R, & Borgis, D. (2013) The Journal of Physical 

Chemistry Letters 4, 619–624. � 
[4] Chong, S.-H & Hirata, F. (1996) Molecular Simulation 16, 3–17.  
[5] Breuer, M, Zarzycki, P, Blumberger, J, & Rosso, K. M. (2012) The Journal of the American 

Chemical Society 134, 9868–9871.  



1res Journées Scientifiques du GDR 2035 SolvATE, 16-17 mai 2018, 
Présidence de l’Université de Lorraine, Nancy.

Molecular  Density  Functional  Theory  Coupled  with  Machine
Learning  for  Rigorous  and  Efficient  Solvation  Free  Energy
Predictions

Sohvi Luukkonena, Luc Bellonib, Daniel Borgisa,c  and Maximilien Levesquec

aMaison  de  la  Simulation,USR  3441  CNRS-CEA-Université  Paris-Saclay,  91191  Gif-sur-
Yvette
bLIONS, NIMBE, CEA, CNRS, Université Paris-Saclay, 91191 Gif-sur-Yvette
cPASTEUR,  Département  de chimie,  École normale  supérieure,  PSL University,  Sorbonne
Université, CNRS, 75005 Paris

e-mail of the presenting author: sohvi.luukkonen@u-psud.fr

We address the problem of predicting solvation free energies rigorously with an unmatched speed

compared to simulations with the Molecular Density Functional Theory (MDFT)1, a liquid state theory

and high performance code developed within the group. MDFT can predict solvation free energies,

typically within few kJ/mol of state of the art molecular dynamics based alchemical transformations

while gaining up to four orders of magnitude in simulation time, that is in few minutes at most. The

gain in time is, in our case, due to the DFT framework and approximations in the functional that I will

also discuss. Furthermore, these results can be drastically improved by coupling MDFT with machine

learning (ML) approaches without increasing the calculation time. For the FreeSolv database, small

drug-like molecules, state of the art alchemical transformations, MDFT-HNC and MDFT+ML give an

error of 4.2, 5.2 and 2.5 kJ/mol, respectively, when compared to experimental values. We will discuss

some perspectives of MDFT, for instance as a potential replacement for implicit solvent methods, such

as PCM, in the field of classical and ab initio simulations.

Figure 1: Correlation between hydration free energies measured experimentally and predicted with
state of the art simulation based alchemical transformation (left) and with MDFT coupled with

machine learning (right) for all small drug-like molecules of the FreeSolv database.

[1]  Lu  Ding,  Maximilien  Levesque,  Daniel  Borgis,  and  Luc  Belloni.  Efficient  molecular  density

functional theory using generalized spherical harmonics expansions. The Journal of Chemical Physics
147, 094107, 2017. (Scilight 2017 and one of JCP Editors’ choice)
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The Gibbs energy of solvation of a solute is defined as the chemical-potential change when 
transferring at fixed temperature and pressure, one molecule of solute molecule from a perfect 
gas solution to a real liquid mixture. This property can be considered as a key for the 
understanding and the modelling of solvation phenomena. In practice, it is used to 
discriminate among several molecule candidates for various applications such as, e.g., the 
selection of an appropriate solvent for a chemical synthesis or of a stationary phase for a gas-
phase chromatography. On a more theoretical point of view, Gibbs energy of solvation is a 
reference property for benchmarking molecular solvation models.  

In addition, this quantity is of particular interest for generating kinetic mechanisms of 
hydrocarbon liquid-phase oxidation process which involve thousands of species and reactions. 
Note that liquid-phase oxidation plays a key role in the conversion of petroleum feedstock 
into valuable organic chemicals, in thermal stability studies of fuels and petroleum-derived 
chemicals, in aging studies of lubricants, in valorisation processes of organic wastes … 

Unfortunately, the low availability of experimental Gibbs-energy-of-solvation data is today a 
real obstacle to the generation of detailed chemical kinetic models for liquid-phase oxidation. 
Yet, although not straightforwardly measurable, Gibbs energies of solvation can be easily 
estimated from a series of measurable thermodynamic quantities for which, many data are 
reported in the literature. These are, e.g., vapour-liquid equilibrium compositions at given 
temperature and pressure, Henry’s law constants or activity coefficients at infinite dilution for 
mixed solutes; for pure species, the simple knowledge of vapour pressure and saturation 
liquid density data is enough to estimate Gibbs energies of solvation. 

With the aim of filling the lack of reliable and numerous Gibbs-energy-of-solvation data, it 
has been decided to compile nearly-exhaustively all the thermodynamic data available in the 
literature making it possible to create a large databank of Gibbs-energy-of-solvation data. The 
proposed databank contains more than 13,000 different systems (2,000 pure components and 
11,000 binary mixtures). When possible, entropy of solvation and enthalpy of solvation data 
were provided. 

Francesca Ingrosso
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