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✦ Obtain)informa=on)on)radionuclide)mobility)in)the)environment

✦ Experimental)data)on)radionuclides)have)some)limita=ons
✴ Radioac'vity+

✴ Scarce+gas1phase+data+

✴ Most+data+are+in+the+condensed+phase

✦ Main)goals)of)theore=cal)modeling)is
✴ Improve+our+understanding+of+exis'ng+compounds

✴ Help+the+interpreta'on+of+current+experimental+data

✴ Predict+proper'es+for+unknown+species+or+species+difficult+to+manipulate+
experimentally+(Plutonium,+….)

XIIIe journées nationales de radiochimie et de chimie nucléaire 2

Challenges(for(theore5cal(modeling(in(ac5nide(science

cf#poster#J.#Champion#et#al.
“Combined+ experimental+ and+ theore'cal+ inves'ga'ons+ of+
the+heavy+highlight+electromobility.+(I5)+and+At5).”
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Goals:
✦ System)studied:)Thorium(IV))and)Curium(III)

✦ Establish)a)predic=ve)model

✦ inves=gate)the)counter5ion)effect

✦ Comparison)to)available)experimental)data:
✴ X1Ray+spectroscopy:+EXAFS,+HEXS

✴ NMR+for+structural+proper'es+and+ligand+exchange+dynamics
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Electronic structure calculations
Quantum chemical methods
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Approach(to(the(theore5cal(modeling(in(ac5nide(science

4

“Real” large-scale 
systems

Macroscopic scale

Microscopic

“Simpler”, 
“Model” systems

Hybrid quantum/classical methods
Classical methods

Macroscopic & Embedding effects

Hybrid quantum/classical methods
Ab initio molecular dynamics
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Theore5cal(models(for(solva5on

5

✦ Why)not)using)ab)ini=o)MD)(Car5Parinello)MD)?

✦ too)short)=me)scales)(~100)ps)

✦ problems)with)the)accuracy)of)density)func=onal)theory)(DFT))for
✴ water1water+interac'ons

✴ ion1water+interac'ons+(most+func'onals+overes'mate+M1ligand+interac'ons)
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Why(developing(classical(polarizable(forceAfields?

6

✦ Solve)the)Newton’s)equa=ons.

✦ Parametrized)Mn+5L)interac=on)poten=als:)
✴ repulsion

✴ electrosta'c

✴ polariza'on

✴ metalAoxygen(bond((covalency)

X"#

M+#

Uint ( X - H2O ) 
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Why(developing(classical(polarizable(forceAfields?

7

✦ Solve)the)Newton’s)equa=ons.

✦ Parametrized)Mn+5L)interac=on)poten=als:)
✴ repulsion

✴ electrosta'c

✴ polariza'on

✴ metalAoxygen(bond((covalency)

✦ No)experimental)data)used)to)parametrize)the)force)field

✦ Build)a)predic=ve)force)field)using)ab)ini=o)quantum5chemical)reference)
data)
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⇥µH2O

XIIIe journées nationales de radiochimie et de chimie nucléaire 

Polarizable(water(model

8

-2q

+q +q

M. Masella and P. Cuniasse, J. Chem. Phys. 119, 1866 (2003)

tcpep water model: 1 polarized center
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Polarizable(force(fields(for(ionAligand(interac5on

9
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M. Masella and P. Cuniasse, J. Chem. Phys. 119, 1866 (2003)

Electrostatic

Repulsion
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Polarizable(force(fields(for(ionAligand(interac5on
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Polarizable(force(fields(for(ionAligand(interac5on
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Electrostatic

Repulsion

Friday, October 5, 12



XIIIe journées nationales de radiochimie et de chimie nucléaire 

Polarizable(force(fields(for(ionAligand(interac5on

10

✦ F.J. Vesely, J. Comput. Phys., 24, 361 (1977) 

✦ B.T. Thole, Chem. Phys., 59, 341-350 (1981)

✦ M. Masella and P. Cuniasse, J. Chem. Phys., 119 1866 (2003)
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Polarizable(force(fields(for(ionAligand(interac5on

10

✦ F.J. Vesely, J. Comput. Phys., 24, 361 (1977) 

✦ B.T. Thole, Chem. Phys., 59, 341-350 (1981)

✦ M. Masella and P. Cuniasse, J. Chem. Phys., 119 1866 (2003)
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Polarizable(force(fields(for(ionAligand(interac5on

10

✦ F.J. Vesely, J. Comput. Phys., 24, 361 (1977) 

✦ B.T. Thole, Chem. Phys., 59, 341-350 (1981)

✦ M. Masella and P. Cuniasse, J. Chem. Phys., 119 1866 (2003)

⌅pi = µsat
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L( 3�iEi

µsat
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Polarizable(force(fields(for(ionAligand(interac5on
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ab initio
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Electrostatic term
Polarisation term
Repulsion term
CT term

Metal-Oxygen bond 
MetOx

RVS 
decomposition 

analysis
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Polarizable(force(fields(for(ionAligand(interac5on

12

Coopera=ve)character)of)the)
MetOX)contribu=on

Non-additivity of MetOx 
bond effects

Damping factor of 2-body 
MetOX effects

Coopera've+character+of+the+MetOx+bond+
contribu'on+with+an+explicit+31body+term

The sum runs over the set of (i, j) water molecules surrounding the ion, r
i

and r

j

are the

corresponding ion/water distances, and r

ij

the distance between the set of water molecules

(i, j). Such a term was used since 1991 by Dang et al.47 to investigate the hydration of Na+

and Cl�, for instance, with the following analytical form

U

3b
ct = A

3b
ct

X

i>j

exp(��

3b
ct · ri)⇥ exp(��

3b
ct · rj)⇥ exp(��

3b
ct · rij). (8)

Note the latter authors used such a term in conjunction with an induced dipole moment

polarization term. A similar term was used by Schwenke et al.48 to investigate the solvation

of Ca(II) and more recently by Atta-Fynn et al.36 to investigate the solvation of Cm(III).

However, both the latter authors did not consider a polarizable approach.

Our third model type, M3body, is based on a similar approach as the latter ones. We

add to the two-body energy component Uct defined Eq. (4) a three body one U

3b
ct , whose

analytical form corresponds to that of Eq. (7). However, the function f3 is taken as a linear

function of the distance r

ij

U

3b
ct

=
X

i>j

exp(��

3b
ct · ri)⇥ exp(��

3b
ct · rj)⇥ (a1 · rij + a2). (9)

This choice arises from our own quantum study of the three-body energy contribution in the

hetero trimer [Cm(H2O)2]3+. For di↵erent ion/water distances r
i

= r

j

, we plot in Figure 2

the energy di↵erence �E3body between quantum results and those derived from our non-

additive charge-transfer modelMnocoop for a set of water/water distances rij corresponding to

angles O-Cm-O included within 60 and 180� (the model parameters are assigned as follows,

concerning the quantum level used, see above). A linear dependence of �E3body on the

water/water distance r

ij

is shown, especially for distances corresponding to angles O-Cm-O

smaller than 150�, irrespective from the distances (r
i

, r
j

). Moreover, the �E3body linear

interpolation parameters (a1,a2) both decrease exponentially as the distances r
i

, r

j

increase,

so that they are almost negligible for distances (r
i

,r
j

) greater than 4 Å. This supports the

analytical form proposed Eq. (9), and clearly suggests that only water molecules in ionic

first hydration shell are involved in cooperative charge-transfer e↵ects a↵ecting ion/water

interactions. This is our working hypothesis for the adjustment of both analytical forms of

the non-cooperative charge-transfer component.

12

Friday, October 5, 12



1 2 3 4 5 6 7 8 9 10
r (Cm-OH2) Å

-100

-80

-60

-40

-20

0

E 
(k

ca
l/m

ol
)

✦ Need)of)a)large(set(of(ab(ini5o(reference(data)computed)with)the)highest)
accuracy:
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How(to(op5mize(forceAfield(parameters?

13

Metal-ligand interaction curve
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How(to(op5mize(forceAfield(parameters?

13

Metal-ligand interaction curve

[Cm(H2O)8]3+,(H2O)2 [Cm(H2O)9]3+,(H2O) [Cm(H2O)10]3+

Metal-ligand clusters

Friday, October 5, 12



XIIIe journées nationales de radiochimie et de chimie nucléaire 

Choice(of(the(ab(ini5o(method

14

Table 3: Binding energies of the Th(IV)/water dimer in kcal/mol at 2.22 Å, computed with
different multi-reference and single-reference correlated methods.

WFT DFT
HF MP2 CCSD(T) MRCI+DC BP86 B3LYP MX06-HF MX06-L MX06-2X
145 155 155 156 173 165 163 167 161

41

✦ K. E. Gutowski, D. A. Dixon, J. Phys. Chem. A, 110, 8840–8856 (2006)

✦ P. Wahlin, et al. J. Chem. Theory Comput., 4, 569–577 (2008)

✦ J. P. Austin, et al. Phys. Chem. Chem. Phys., 11, 1143 (2009)
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Ab(ini5o(An3+AH2O(pair(poten5al

15

Calibration of the fit
∆E < 0.1kcal/mol

Need for charge transfer term in the potential

MRCI+DC
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Parameters(adjusted(on(the(clusters(and(accuracy(of(the(fit

16

✦ RECPs+for+An
✦ Ab+ini'o+structures+=+DFT1BP86+
✦ Binding+energies+=+MP2

Classical+
+binding+energies

[Cm(H2O)8]3+,(H2O)2 [Cm(H2O)9]3+,(H2O) [Cm(H2O)10]3+

✦ An(H2O)n
✦ An(H2O)n51...(H2O)

Adjustment)of)the)many5body)terms
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Parameters(adjusted(on(the(clusters(and(accuracy(of(the(fit

16

✦ RECPs+for+An
✦ Ab+ini'o+structures+=+DFT1BP86+
✦ Binding+energies+=+MP2

Classical+
+binding+energies

[Cm(H2O)8]3+,(H2O)2 [Cm(H2O)9]3+,(H2O) [Cm(H2O)10]3+

Error ≃ 2 kcal/mol 
< 1% of the total binding energy

✦ An(H2O)n
✦ An(H2O)n51...(H2O)

Adjustment)of)the)many5body)terms
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✦ For each parameter set, 10 ns molecular dynamics with starting 
points

✦ Th(IV) and Cm(III) embedded in 1000 water molecules with 
periodic boundary conditions

XIIIe journées nationales de radiochimie et de chimie nucléaire 

Simula5on(protocol

17

M. Masella (CEA Saclay)
Polaris Code

[Cm(H2O)8]3+,(H2O)2 [Cm(H2O)9]3+,(H2O) [Cm(H2O)10]3+
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Thorium((IV)(and(Curium(III)(aqua(ions
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Coordina5on(of(Cm(III)

19

Parameter)set CN r(Cm5O) p(8) p(9) p(10) CN2

Mnocoop 9.0 2.41 0.1 98.8 1.2 20.9

Mdens 8.9 2.49 13.9 85.3 0.8 19.7

M3body 8.8 2.49 26.4 73.5 0.1 18.8

Mdens 8.4 2.49 62.0 36.9 1.1 20.4

M3body 8.2 2.49 80.8 19.2 0.0 20.3

Average)MD 8.6)±)0.3 2.49 19.8)±)0.6

Average)Exp 859 2.4552.48 13(4)

F. Réal et al. accepted to J. Comput. Chem.
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Parameter)set CN r(Cm5O) p(8) p(9) p(10) CN2

Mnocoop 10.0 2.43 0.0 2.1 97.9 17.5

Mdens 8.0 2.42 96.3 3.7 0.0 20.0

M3body 8.0 2.44 99.7 0.3 0.0 14.6

Mdens 9.0 2.48 0.5 98.6 0.9 21.2

M3body 9.0 2.47 5.0 95.0 0.0 16.3

Average)MD 8.5)±)0.25 2.45)±)0.02 18.0)±)2.0

Average)Exp 8512 2.4552.51
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Coordina5on(of(Th(IV)

20

F. Réal et al. accepted to J. Comput. Chem.
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Temporal(proper5es

21

Parameter)set Mcoop M3body Mcoop M3body Average Exp.

DCm)(1055)cm2)s51) 0.59 0.53 0.52 0.58 0.55)±)0.03 0.6

mrt1)(ps) 140 510 240 670 520)±)200 830,)940)for)Gd(III)

mrt2)(ps) 7.7 8.7 7.5 9.9 8.5)±)1.1 ?

DTh)(1055)cm2)s51) 0.70 0.54 0.58 0.59 0.60)±)0.05 ?

mrt1)(ns) >)10 >)10 >)10 >)10 5 <)20)ns

mrt2)(ps) 17.7 15.6 18.6 29.6 20.5)±)4.7 ?

Cm(III)

Th(IV)

F. Réal et al. accepted to J. Comput. Chem.

AZa1Fynn+et+al.+J+Phys,+Chem+A.+2011+
For+Cm3+:

•+AIMD++mrt1+=+?+++not+computed+due+to+lack+of+sta's'c
•CMD+3b+or+LJ+(no+MetOx+Bond)+≈+3ps.
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Water(polariza5on(near(the(ca5on

22

Cm(III) Th(IV)

Need for polarizable force fields!
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Modeling(counterAions(effects(ex:(halides)
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Modeling(counterAions(effects(ex:(halides)

24

X"#

M+#

Uint ( X - H2O ) 
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Accuracy(the(of(Anion/Water(polarisable(poten5als

25

000000-6 Trumm et al. J. Chem. Phys. 136, 000000 (2012)

TABLE I. Anion hydrated cluster binding energies BE in kcal mol−1 from ab initio calculations (CCSD(T) for F− and
Cl−, and MP2 for Br−), force-field values in parenthesis, and total electrostatic charge qX (in e) of the halide calculated
by a natural population analysis (NPA). −− means that a cluster with all water molecules interacting with the halide
center is not stable.

F− Cl− Br−

Cluster BE qX BE qX BE qX

[X(H2O)2]− 47.6 (49.3) −0.83 29.2 (29.2) −0.90 26.7 (26.4) −0.91
[X(H2O)3]− 66.5 (67.1) −0.83 45.6 (45.5) −0.89 42.7 (41.6) −0.91
[X(H2O)4]− 81.6 (81.9) −0.83 59.6 (60.3) −0.89 57.0 (56.2) −0.91
[X(H2O)5]− 95.1 (93.8) −0.84 69.3 (69.8) −0.90 66.0 (64.4) −0.91
[X(H2O)6]− 108.3 (106.5) −0.86 81.5 (80.5) −0.91 77.5 (73.4) −0.91
[X(H2O)7]− . . . . . . 93.7 (92.0) −0.90 91.9 (86.0) −0.92
[X(H2O)8]− 128.1 (136.4) −0.89 105.3 (102.6) −0.92 102.7 (98.2) −0.93

99% of the charge corresponding to the distribution shown in

Q3

483

Eq. (9) ranges from 3.2 to 3.6 Å if we consider the parameters484

κ summarized in Table II for anion/oxygen interactions.485

In Table I, we also summarize the electrostatic charge qX486

located at the anion nuclei, as computed from the natural pop-487

ulation analysis (NPA) method,56 at the levels of theory de-488

tailed in Sec. II. In all clusters, we note a strong depletion489

δqX of the anionic charge qX (from 0.07 to 0.17 e), δqX be-490

ing transferred to the anti-bonding orbitals of the water clus-491

ter OH bonds. Moreover and regardless of the cluster size,492

the charge qX decreases in our halide series and, whatever the493

halide, it also decreases as the cluster size increases. Lastly,494

the charges qX are very close for both the Cl− and Br− an-495

ions, whereas they differ more significantly for F− (they are496

smaller in absolute values than for the two heavier anions, by497

up to 0.08 e, especially in small clusters).498

The magnitude of the charges qX in our clusters matches499

the magnitude of the main parameters of the energy term500

USHB: the weaker is qX the larger is the parameter de, and the501

larger is the variation of qX in the halide cluster series, the502

larger is the parameter ξ (cf. Eq. (8), all latter qX values and503

model parameters are here discussed in absolute values). This504

suggests the energy term USHB to be related with the electronic505

charge transfer effects occurring in the strong hydrogen bond506

X− · · · H–O.507

TABLE II. Adjusted model parameter values. They correspond to
anion/water-oxygen interactions (in parentheses to anion/water-hydrogen).
The parameters Arep and βrep correspond to the model repulsive energy term
Urep = Arepexp (− βrep · r). κ : polarization damping parameter (cf. Eq. (9)).
de, re, γ r, γ ψ , ξ and γ ′

rt : parameters of the anisotropic cooperative energy
term USHB (cf. Eqs. (6)–(8)).

Parameters F− Cl− Br−

βrep (Å−1) 5.128 (6.782) 3.610 (5.400) 3.663 (4.413)
Arep (kcal mol−1) 939 601 (35 596) 210 000 (55 000) 392 766 (16 725)

κ (Å−3) 0.085 (0.156) 0.060 (0.091) 0.058 (0.102)
de (kcal mol−1) 5.40 2.30 1.60
re (Å) 1.41 2.38 2.60
γ r (Å2) 0.89 2.10 1.55
γ ψ (rad2) 1.727 1.100 0.830
ξ 0.438 0.060 0.022
γ ′

rt 0.2273 0.3000 0.3000

To assess the accuracy of both our ab initio data and our 508

interaction model, we compare in Table III our theoretical in- 509

cremental enthalpies 'H 0
n corresponding to the reaction (1) 510

to experimental data for 1 ≤ n ≤ 6. The theoretical 'H 0
n s are 511

computed from the classical thermodynamic contributions, 512

treating the vibrational levels in the harmonic approximation. 513

Whatever the theoretical approach considered, unscaled vi- 514

brational frequencies are used. Our theoretical values are in 515

good agreement with the experimental ones, however, notice- 516

able differences as high as 3 kcal mol−1 between theory and 517

experiment are observed for some particular reactions. Such 518

differences between quantum and experimental data are usu- 519

ally reported for small monoatomic ion/water clusters (see, 520

for instance, Refs. 57–60). As compared to the recent Drude 521

oscillator-based model proposed by Yu et al.,16 our modelled 522

'H 0
n values are in a much better agreement with experiment: 523

our model is able to reproduce the experimental decreasing 524

trends of the latter values for the three anions we consider in 525

the present study. However, we note that both our ab initio and 526

model 'H 0
n s for Cl− and Br− are larger for n = 3 compared 527

to n = 2, at most by about 1 kcal mol−1. Experimentally, the 528

opposite result is shown. However, as the Cl− and Br− 'H 0
n 529

values are very close for 2 ≤ n ≤ 4, the latter discrepancy be- 530

tween our theoretical results and experiment could originate 531

from the harmonic approximation used to compute the ther- 532

modynamic vibrational contributions. 533

TABLE III. Experimental (Expt.), theoretical ab initio (QM) (CCSD(T)
for F− and Cl−, and MP2 for Br−), and model (MM) enthalpy changes
−'H 0

n (expressed in kcal mol−1) for the gas phase hydration reactions
[X(H2O)]−n−1 + H2O → [X(H2O)]−n , estimated at ambient conditions (i.e.,
1 atm and 298.15 K).

F− Cl− Br−

n QM MM exp. QM MM Expt. QM MM Expt.

1 27.9 26.8 23.3 14.4 13.7 13.1/14.7 12.4 12.4 12.6/11.7
2 19.3 20.0 16.6/19.2 12.9 12.5 12.7/13.0 11.9 10.9 12.3/11.6
3 16.9 17.0 13.7/15.3 13.4 12.9 11.7/11.8 13.1 12.8 11.5/11.4
4 13.2 13.2 13.5/13.9 11.3 12.0 11.1/10.6 12.6 12.0 10.9/11.0
5 10.1 9.9 13.2/12.3 7.6 8.5 9.5 8.0 7.9 10.8
6 9.9 8.2 10.9 8.8 5.4 8.8 6.8 7.0 10.3

Enthalpy for gas-phase reactions
[X(H2O)n-1]- + H2O ⇌[X(H2O)n]-

M. Trumm et al. J. Chem. Phys. 136, 044509 (2012)

Same procedure for halides: X-H2O interaction
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M. Trumm et al. J. Chem. Phys. 136, 044509 (2012)

D. Laage and J. T. Hynes, J. Phys. Chem. B 112, 7697 (2008)

F5)(6.7)water))bidentate)HBs

Cl5)(7.0)water))monodentate)HBs

Br5)(7.6)water))monodentate)HBs

F"#

Cl"#

Br"#

Extend)the)study)to)the)
heavier)halides.)cf)poster.
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MD Exp

F- to Cl- 31.0 29-30

Cl- to Br- 9.5 ± 0.5 6 and 9
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Differences in free hydration 
energies kcal/mol

M. Trumm et al. J. Chem. Phys. 136, 044509 (2012)

D. Laage and J. T. Hynes, J. Phys. Chem. B 112, 7697 (2008)

accurate modelling!!!

water time MD simulations
F- 28.1 ps
Cl- 11.8 ps 6 ps
Br- 10.4 ps
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✦ Classical)force5fields)allow)for)long5=me)dynamics

✦ Strengths)of)our)force5field)model
✴ Completely+ab+ini'o

✴ Adjusted+to+reproduce+many+different+physical/chemical+situa'ons

✴ efficient+MD+code+enables+us+to+explore+various+models/parameter+sets
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✦ Classical)force5fields)allow)for)long5=me)dynamics

✦ Strengths)of)our)force5field)model
✴ Completely+ab+ini'o

✴ Adjusted+to+reproduce+many+different+physical/chemical+situa'ons

✴ efficient+MD+code+enables+us+to+explore+various+models/parameter+sets

✦ Uncertain=es)of)the)force5field)models
✴ impact+CN+number+(±+0.3)

✴ impact+first1hydra'on+shells+distances+(±+0.02+Å)

✴ impact+mean1residence+'mes+(±+0.10+ns)

✴ do+not+impact+diffusion+coefficients
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✦ Classical)force5fields)allow)for)long5=me)dynamics

✦ Strengths)of)our)force5field)model
✴ Completely+ab+ini'o

✴ Adjusted+to+reproduce+many+different+physical/chemical+situa'ons

✴ efficient+MD+code+enables+us+to+explore+various+models/parameter+sets

✦ Uncertain=es)of)the)force5field)models
✴ impact+CN+number+(±+0.3)

✴ impact+first1hydra'on+shells+distances+(±+0.02+Å)

✴ impact+mean1residence+'mes+(±+0.10+ns)

✴ do+not+impact+diffusion+coefficients

✦ Strong)influence)of)second5shell)Bromide)counter)ions
✴ We+need+to+understand+how+Br+influence+the+hydra'on+shell+around+the+anion
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