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On the role of relativistic e ects : the bonding in LyF

C. Clavagtera, J.-P. Dognon, P. Pyylé&k Chem. Phys. Lett., 429, (2006), 8-12
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Observations

I Strong 4f (Lu) / 2p (F)
hybridization due to
relativistic e ects

I 4f electrons stay
localized at lutetium

(14electrons f)
14a,

SFO analysis
(Symmetrized Fragment Orbitals)
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4f (Lu) / 2p (F) hybridization

o Relativistic all-electron ZORA/DFT) YES
Non-relativistic all-electro NO

Relativistic Relativistic Non-relativistic

[ 4

Non- relat|V|st|c
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4f (Lu) / 2p (F) hybridization

o Relativistic all-electron ZORA/DFT) YES
Non-relativistic all-electro NO

Relativistic Non- relat|V|st|c Relativistic N'on-relat|v|5t|c
a % )
J

@ Four-component relativistic all-electron DFT YES
Non-relativistic limit (Levy-Leblond Hamiltonian) NO
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4f (Lu) / 2p (F) hybridization

o Relativistic all-electron ZORA/DFT) YES
Non-relativistic all-electro NO

Relativistic Non- relat|V|st|c Relativistic N'on-relat|v|5t|c
a % )
J

@ Four-component relativistic all-electron DFT YES
Non-relativistic limit (Levy-Leblond Hamiltonian) NO

@ MP2 + small core scalar relativistic ECP YES
MP2 + arge core scalar relativistic ECP (4f-in-cor¢) NO €29
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Energetic resonance
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4f (Lu) 2a;+a,+2e band / 2p (F) 2a;+a,+3e band
I '13e' character change from 2p (F) to 4f (Lu)
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Electric Field Gradient (EFG)
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@ Correlation between the 5p hole population and thed°Lu) in LuF;
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Electric Field Gradient (EF
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@ Correlation between the 5p hole population and thed°Lu) in LuF;

@ Rel. and nr.!'  5p (Lu) / 2s (F) with a 5p hole
Rel. only! 4f (Lu) / 2p (F)
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4f orbital in chemical bonding

@ Due to relativistic e ects, an energetic resonance betwdar(4f) and
F(2p) orbitals can occur

I INDIRECT 4f participation in the chemical bonding

I Unusual high percentage of relativistic e ects in the la@thide contraction
(about 23%, 9-14% for the other LnxXmolecules)

@ Recently highlighted in the literature (molecular calctitms or solid state
physics)
Schinzel et al. (J. Phys. Chem. A, 2006), Hargittai M. (Chem. Re, 2000),
etc.

@ Consequences recently observed in experiments for sepanaérties :
structure, chemical reactivity, non-linear optical propies, etc.

Serechal-David K. (JACS 2006), Davies N.W. (Chem. Commun., @06),
Tancrez N., (JACS, 2005), Srechal K. et al. (Chem. Commun., Q04), etc.

€SP
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Heavy elements as constituents of new materials
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A new class of endohedral atomic clusters

@ Sn and Pb cages recently characterized by photoelectrorcispscopy
) Stannaspherene $p et Plumbaspherene By
J. Am. Chem. Soc., 128,(2006), 8390 et J. Phys. Chem. A, 110,(2006), 10169
Lai-Sheng Wang group (PNNL)
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A new class of endohedral atomic clusters

@ Sn and Pb cages recently characterized by photoelectrorcispscopy
) Stannaspherene $p et Plumbaspherene By
J. Am. Chem. Soc., 128,(2006), 8390 et J. Phys. Chem. A, 110,(2006), 10169
Lai-Sheng Wang group (PNNL)

@ Highly stable atomic icosahedral clusters
@ Size of the empty cage similar toge

@ The valencenp band is clearly separated from
the valencens band
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A new class of endohedral atomic clusters

Stannaspherenes endohedral M@Sn

L. S. Wang group (PNNL) Angew. Chem. Int. Ed.45,(2007), 742

o Formation and analysis
Laser vaporization of M/Sn target
Formation of clusters in a He carrier gas
M@Sn, extracted from the cluster beam in a time of ight mass
spectrometer
Photoelectron spectroscopy analysis

@ New class of unusually stable inorganic endohedral clgsable to
encapsulate alkaline, alkaline earth elements and traosimetals

@ Suggested applications : novel cluster-assembled mdtewiéth
continuously tunable electronic, magnetic, or optical perties across the
entire transition series or the f block =9
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A new class of endohedral atomic clusters

9 Icosaedral M@Bb (x=+1,0,-1,-2 et M=Al, Pt, Ni, Pd, Co...)

Some synthesis in solution fromyRbg
Esenturk et al. J. Am. Chem. Soc., 128,(2006), 9178

Mass Spectrometry (LDI-TOF)2°”Pb NMR et X-ray analysis

28
th A»
PU@Pby f\

256 670 2680 290 Tz

* PrigPby
2682

2050 2100 2150 2200 2230 2300 2350 2400 2450 2500 2550 2600 2650 2700 2750
MassCharge

Figure 4. LDI-TOF mass spectra for [K(22.2-crypt) .[Pt@Pbyz] crystals. Arrows denote the potassium-coordinated ion pairs. (Inse)Enlarged view of the
PL@Pby;~ mass envelope along with its simulated pattern

@ Since 2004 : several theoretical (DFT) predictions of Si,, Ga, Pb metal
encapsulated clusters, etc.

€SP
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The 18-e principle

@ Why are the molecules or complexes with e ectively 18 vakeetectrons
around a transition metal atom particularly stable ?
@ 18 valence electrongn  1)d*°ns?np® = rare gas

< In the formation of coordination compounds of the rst row trarsition metals,
compounds are often formed such that the metals obtain the eleohic

con guration of the rare gas which follows it in the periodiclassi cation

(n  1)d*°ns®np®. This is known as thel8 electron rule. >

@ Electron counting :
Electrons(n 1)d*ns’ from transition metal

Electrons from the ligands
Total charge of the compound
Suggested in 1921 by Langmuir

For a new explanation : P. Pyyleék J. Organomet. Chem., 691,(2006), 4336-40
€SP
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Beyond 18 electrons ?

@ First part of the actinide series : thef shell is chemically available until
about Am

) Possibility of going beyond 18 electrons
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Beyond 18 electrons ?

@ First part of the actinide series : thef shell is chemically available until
about Am

) Possibility of going beyond 18 electrons
@ Some recent works

Thorocene Th(GHs): : 20 electrons,P. Pyykke, J. Organomet. Chem., 691,
(2006), 4336-40

Metalloactinyl IrThir> or PtThir : 24 electrons,P. Hrolarik et al., Chem.
Phys. Lett., 431, (2006), 6-12
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Beyond 18 electrons ?

@ First part of the actinide series : thef shell is chemically available until
about Am

) Possibility of going beyond 18 electrons

@ Some recent works

Thorocene Th(GHs): : 20 electrons,P. Pyykke, J. Organomet. Chem., 691,
(2006), 4336-40

Metalloactinyl IrThir> or PtThir : 24 electrons,P. Hrolarik et al., Chem.
Phys. Lett., 431, (2006), 6-12

Pu@Pl, : the rst 32-e species?
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Pbf, speci cities

e Pb [Xe] 4f 145d106s%6p2
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Pbf, speci cities

e Pb [Xe] 4f 145d106s%6p2

o PbZ, : 26 electrons §p band) = 12*2 +2

Ih Symmetry : g tiw Qu hg
Central f-element : 6 electrons provided by th&f shell with t;, symmetry

) & tiww hg gu tau 32 electrons con guration
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Pbf, speci cities

e Pb [Xe] 4f 145d106s%6p2

o PbZ, : 26 electrons §p band) = 12*2 +2

Ih Symmetry : g tiw Qu hg
Central f-element : 6 electrons provided by th&f shell with t;, symmetry

) & tiww hg gu tau 32 electrons con guration

e From all-electron ZORA/DFT calculations we propose stab@PB,
clusters that could be characterized as a 32-e systems

I J.P. Dognon, C. Clavagtera, P. Pyylé&k Angew. Chem. Int. Ed.46,
(2007), 1427-30

€SP
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Some theoretical results

Molecule  Point group symmetry  m pp (A) HOMO-LUMO (eV)

Pbi, In 3.14 3.08
Yb@Ph, In 3.28 0.80
Th@PH, Cs 3.61 and 4.52 1.26
U@P8, Dsh 3.48 and 4.05 1.26
Np@Ph,* Dsn? 3.48 and 4.15 1.20
Pu@Ph, In 3.33 1.93
Am@PH, In 3.35 245
Cm@P§; Ih 3.37 0.85

& one imaginary frequency remains

Cage PH, U@Pt, Pu@Ph;, 0
Ih symmetry Dsh symmetry Ih symmetry e
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Valence molecular orbitals

Pu@Phy,
strong participation of the
central-atom orbitals in the g,
Ou, hg, t1y and t, valence
molecular orbitals

Similar results for
Am@PB,

Jean-Pierre Dognon (DSM/DRECAM/SCM) Lanthanide and actinide theoretical chemistry 16/ 42



Density of states for the, Iclusters

e "6s"and "6p"blocks of molecular orbitals shifted deeper in energy
@ Pu and Am : strong5f (An)/ 6p(Pb) hybridization

@ Cm : strong5f stabilization
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Electron Localization Function (ELF) for Pu@#b

@ Electron Localization Function (ELF)

@ Non-negligible deformation of the density PbPu and local electron
maximum between Pu and the Pb atoms of the cage

o [AM@Pk,]** : similar electron localization
e [Cm@Pk,]™? : not observed
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Pu@Ph : Spin-orbit e ects
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Pu@Ph, properties : electronic spectra
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Pu@Ph, properties : vibrational spectra
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e Pb?, is experimentally known as a
sti shell structure

@ Could an endohedral actinide atom,
like PU?* bring in six more electrons
and a b, orbital? A : Yes!

@ This theoretical proposal is the rst
32-electron species

I J.P. Dognon, C. Clavagtera, P.
Pyykke, Angew. Chem. Int. Ed.,
2007,46, 1427

@ How general the concept is ?
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Summary

Wang et al. experiments for Sf, clusters
Theoretical suggestions for P clusters
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From atomic and molecular f element systems
to condensed phase
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Application areas of f element chemistry

@ Medical diagnosis

Contrast agents in Magnetic Resonance Imaging (MRI)
Luminescent probes for protein

@ Catalysis and organic synthesis
@ Nuclear waste management

@ Nuclear toxicology
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Contribution from theoretical chemistry

@ A better knowledge of the structural, dynamical and thermymical
properties of lanthanide or actinide ions solvated and/a@meplexed with an
organic ligand

@ Requisite for a realistic modeling of the local complexatjgroperties i.e.

An accurate representation of important physical interaains
The characterization of water exchanges, etc.

@ One way : classical molecular dynamics

@ The model potential (force eld) must reproduce accuratelye interaction
with heavy elements

Di cult to build
) Fitted to ab initio data only, i.e. without introducing any experimental data
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Which force eld?

@ Highly charged ions systems with solvent and ligand

@ For a complete knowledge of the local complexation propestit is
necessary to take into account many body e ects

I Polarization, charge transfer

La®** H,0
(Hartree-Fock)

@ Polarizable force eld with an accurate electrostatic mdde

Parameters can be directly transferred from gas phase to saiv
Parameterize ions using gas phase water ion dimer (e. g" WH,0)
High level ab initio calculation could be used
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Which force eld?

@ Philosophy opposed to force elds as AMBER, CHARMM, etc. ulhiare
not applicable

Simple repulsion-dispersion 12-6 Lennar-Jones potential
Simple electrostaticq ¢ =r(ij )

o Literature : recent development of force elds answering#e criteria
Works of Berne, Ponder, Xantheas, Ross B.O., etc. groups

o AMOEBA (Atomic Multipole Optimized Energetics for Biomatalar
Applications) force eld selected

P. Ren, J. W. Ponder, J. Phys. Chem. B107,(2003), 5933
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AMOEBA force eld framework

@ Very well suitable for the description of ion solvation

@ Description of intermolecular forces

Electrostatics : distributed multipole analysis (DMA) withcharge, dipole,
quadrupole on each atom derived from quantum calculations

Explicit polarization via a non additive model (e ects of envonment)
Repulsion-dispersion :\bu ered 14-7 potential”

1+ L .
ust =y 2  withn =14andm =7
I i + i'j“+

@ Full intramolecular exibility : derived from MM3 force el including
anharmonicity
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Polarization model

@ Induced dipole on each site i
nd = jE;, ( 2fx;y;zg) i : atomic polarizability Ej; : electric eld i

o Mutual polarization by self-consistent iteration (all ates included) : sum
of the elds generated by both permanent multipoles and ieéd dipoles

. " L0 .
nd = i T + i T J!'}f T : interaction matrix
fig fi%
| —{z—} I {z }
induced dipole on site i by interaction dipole on site i
the permanent multipoles of by the other induced dipole

the other molecules
@ Thole polarization model : apply damping to avoid polarimat catastrophe

Charge distribution model : = j—aexp au®

is the e ective distance as a function of the atomic polariza -
bilities of sites i and j

a is a dimensionless parameter which controls the strengh of t he damping

u=Rj=(i )
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Extension to lanthanides

o Data needed to obtain parameters in the AMOEBA framework
lon dipole polarizability
Basis set superposition error corrected potential energyréace (PES) for
M"* -H,O dimer
I Sampling varying M* -O distance and the orientation of the water molecule

@ Ab initio reference calculations for lanthanides
Uncontracted basis set
All electrons 4-component : Dirac Fock
All electrons 2-component Douglas-Kroll approximation
1-component calculations with quasi-relativistic energyoasistent e ective
core potentials including core polarization e ects
Non-relativistic DFT with ECP is not usable to obtain the regired properties

I Many thanks to : M. Dolg (Univ. Cologne, Germany), K. F gri (biv.
Oslo, Norway),T. Saue (Univ. Strasbourg, France)
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One illustration : molecular dynamics simulations
of hydrated Gd(lIl) ion
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Simulation details

Cluster model : up to 230 kD

©

©

In uence of the cluster size

@ Simulation time : 1 or 2 ns (time step 1 fs)

[

Temperature : 300 K (Berendsen thermostat)

[

Cluster con ned by rigid spherical boundary conditions
van der Waals soft wall (12-6 potential)
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Simulation details

@ Coordination number (CN) and water exchange phenomena

@ Residence time of water molecules

Concept of persisting coordination
For example : R.W. Impey & al. J. Phys. Chem87,(1983), 5071
nion (t) average number of solvent molecules which remain longer than a
time t in a given solvation shell
Residence timé
Exponential decay
h i
f2(t) = nd, exp 1+ 1=

@ Charge transfer
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Experimental results for Bh hydration

@ CN from 9 (La®*) to 8 (Lu®")

@ Maximum exchange rate foBd3*

170 NMR, L. Helm, A.E. Merbach (1999)

CN = 8 (SQA) CN =9 (TTP)

@ There are no simulation which gives simultaneously the dawtion
number and the residence time of water molecules in inneresph
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G hydration

CN 8.62 0.02
d(Gd-O) (1t sphere) 2.44 0.01A
CN=9/8 63 %/37 % 2%
n(H20) (2" sphere) 181 0.2A
d(Gd-0) (2" sphere) 465 0.01A
Residence time 372 12 ps

Experimental
15t sphere : CN = 7.5 { 9.9, d(Gd-O) = 2.37 { 2.48A and = 666 { 1000 ps
2"d sphere : no data

C. Clavagtera, F. Calvo, J.P. Dognon, J. Chem. Phy$24,(2006), 074505
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@ In uence of the ion : strong radial
alignment of the water molecules in the
rst and second shell

<20 for the 1% sphere
<25 for the 2" sphere

@ Probability distribution of the

short-time averaged persistence time in

coordination 8 (in black bars) and 9 (in

grey bars)
The average time spent at
coordination 9 is signi cantly longer
than the one spent at coordination 8
This time can be correlated to the
duration of the exchange
phenomenon
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Existence of charge transfer

@ Our goal : estimation of the charge transfer e ects in the hgtion process

@ Method
Analysis of the trajectories with a uctuating charge model jost-treatment)
Parameters from ab initio calculations (QCISD Mulliken chaes)

@ Fluctuating charge model
Electronegativity equalization formalism of Rappe and Gathrd
2 parameters per element : electronegativity and hardness
At a given nuclear con guration, the charges carried by alltams are
determined to minimize the global electrostatic energy undehé constraint
that the total charge of the system is kept xed
ab initio charge for small clusters were used to t the parameters of the
uctuating charges model
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Existence of charge transfer

@ ab initio charges (QCISD, Mulliken) for 1 to 8 $D clusters

qGd)  g/H20 q(0)
GF* (H,0) +2.75 0.25 -0.63
Gd** (H,0), +2.54 0.23 -0.65
G (H,0); +2.21 0.20 -0.62
Gt (H,0)s +1.58  0.18 -0.59

@ Results

Charge transfer about 1 e-
Bimodal behavior of the
gadolinium charge
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@ Correlation between the Gd charge and
the coordination number

@ Correlation between the Gd charge and
exchanges phenomena

) Coexistence of 2 stable chemical

species
) Existence of an intermediate species
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To get potential parameters in the framework of a polarizablegential, it is necessary,

To calculate lon atomic polarizability (no experimental td
To obtain potential energy surface for the dimer"™M-L (L=solvent, ligand)

@ Major problems for an application to actinides

Relativistic e ects (scalar and spin-orbit)
Electronic correlation

Multireference systems

Accuracy vs. CPU time

@ Can one really simulate such actinide compounds with ctadsnolecular
dynamics ?
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The actinides : actual situation

e Uranyl ion UG*
First polarizable potential : 'Modeling of Uranyl Cation-Véter Clusters"”
Clavaguera-Sarrio C., Brenner V., Hoyau S., Marsden C.J.,ilNé P.,
Dognon J.P., J. Phys. Chem. B,107,(2003) , 3051-60

Similar polarizable potential framework with our charge trasfer model and
periodic boundary conditions : "The Coordination of Uranyin Water : A
Combined Quantum Chemical and Molecular Simulation Study"
Hagberg D., Karlstrom G., Roos B. O., Gagliardi L., J. Am. ChenSoc.,
127,(2005) , 14250-56

e Cm*

A Quantum Chemical and Molecular Dynamics Study of the Coondation
of Cm(Ill) in Water"

Hagberg D., Bednarz E., Edelstein N. M., Gagliardi L., J. Am. l&&m. Soc.,
129,(2007) , 14136-37

@ Work in progress : other actinides within a collaborationtlveen our
groups and Lille group (V. Vallet, F. Real)
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