M1-NE-PRI12ENP - Integrated Nuclear Engineering Project

Molecular Modeling of Materials for

Nuclear Waste Disposal Applications
Lecture 7 - (Cement Materials and Their Interaction
with Metal lons and Water)

Andrey G. Kalinichev

Laboratoire SUBATECH
IMT-Atlantique

E-mail: kalinich@subatech.in2p3.fr
httos://www.imt-atlantique.fr/en/person/andrey-kalinichev

'u’ 6 bO‘ ech NE-M1-PRI12ENP — g Nuclear Engil ing Project, February-June 2025
LE uoatech “Molecular modeling of materials for nuclear engineering applications” 1

Geological Nuclear Waste Disposal Q43m,
s Description lahalogiquo p:q?:.. . .
== : . Multiple barriers around
| Hrmarioe B the waste package
ki Geological 13m
) barrier
" Waste
package

Engineered barrier (steel, concrete)

Disposal cell

6 ubc\-'l ech NE-M1-PRIT12ENP - g Nuclear i ing Project, February-June 2025
= e “Molecular modeling of materials for nuclear engineering applications” 2

4 nd

IMT Atlantique
Breagne-Pays de s Lowe




Mineral Composition of Callovo-Oxfordian CIayey
Formations
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Time and Length Scales of Cement
Materials Modeling o Continuum
109 mechanics
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¢ Statistical mechanics
& Quantum chemistry

7
10°  710°
nanpmeter, micron  millimeter meter km

Length (m)

& Cementitious materials are truly multiscale

6 Need to keep the big picture in mind

6 There are good models for each individual physico-chemical scale

& The real challenge is to overcome high barriers for linking the models from one scale to another
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On the Historical Durability of Cement and Concrete

The Berlin Wall, builtin Aug. 1961
(Photo taken in Sept. 1990)

Sept. 1990

7o A

— May-2009, Grand Rapids, MI, USA April 2018, Moscow, Russia
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Molecular Modeling of Cement Materials

Current objectives

6 Use statistical mechanics to develop quantitative molecular-level understanding
of cement phases, their interfaces, and water in the pores:
¢ Structure and dynamics of aqueous interfacial species
6 Hydration, adsorption, H-bonding, diffusion
é Atomistic mechanisms of interfacial sorption and transport

Non-trivial problems

& Complex crystal structures, low symmetry, variable
composition

¢ Incompletely and poorly characterized, occur as very fine-
grained material

6 Large unit cells, stacking disorder
6 Layered structures with significant electrostatic fields

¢ Availability of empirical force-field parameters for realistic
molecular modeling
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Molecular-Scale Understanding

of the Structure of Hydrated Cement

C-S-H: A classic nano-structured material

Calcium silicate sheets
with OH- groups

Interlayer space with
physically bound H,0

. Adsorbed H,0

Liquid H,0 in
nanopores

Fundamental Questions
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Properties of solid-fluid nano-composites
Properties of water in confined spaces
Precipitation mechanisms?

C-S-H structure?

Why different morphologies?

Why do the particles not coarsen?

Role of impurities: e.g., Al?

Origin of mechanical properties?

Nuclear Ei

Schematic nanoscale view of ¢

C-S-H particles ¢
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Allen et al., Nature Materials, 6, 311-316 (2007) .
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Calcium silicate oxide Ca3 (Si04) 0

Calcium silicate oxide

Cas3 (Si04) O
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Ca2 (Si04) Larnite, (Belite of Portland cement)
he
Ca2 (Si04) Larnite, (Belite of Portland cement) k.2
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® Ca
® O

o Al

N
Ca9(Ale018) Calcium cyclo-hexa-aluminate LX
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9R Tobermorite  Ca5 Si6 016 (OH)2 7 o ) p
9A Tobermorite Ca5 Si6 016 (OH)2 XY
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Tobermorite 9 A (Ca;Siz0,,°5H,0) structure and interface with KCI solution
(non-crosslinked SiO, chains along b)
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Tobermorite 11 A (Ca,Si;0,,°5H,0) surface
(crosslinked double SiO, chains along b)
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Tobermorite 14 A (Ca;Siz0,,+5H,0) surface
(non-crosslinked SiO, chains along b)
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Si O @ H O

Jennite (CaySigO45(OH)¢+8H,0) surface
(non-crosslinked SiO, chains along b)
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Prog ress Cement and Concrete Research
- - Volume 102, December 2017, Pages 68-89
of Atomistic
Modeli ng cemff: A force field database for cementitious materials
of Cement including validations, applications and opportunities
Materia Is Ratan K_Mishra 22 &, Aslam Kunhi Mohamed P David Geissbahler 2, Hegoi Manzano ©, Tariq Jamil 9, Rouzbeh
Shahsavari © & & Andrey G Kalinichev | ¥ Sandra Gaimarini 9, Lei Tao €, Hendrik Heinz 9, Roland Pelleng " Adri
C.T van Duin', Stephen G. Parker/, Robert J. Flatt 2 Paul Bowen P 2 &
& Show more
https://doi.org/10.1016/.cemconres.2017.09.003 Get rights and content
Highlights
Development of cemff database to improve the accuracy of atomistic simulations and
guide in performance optimization of cementitious systems.
Concepts and atomistic force field parameterizations of cementitious minerals.
Atomistic model validations and comparison between the computed data and
benchmarks (experimental or ab-initio).
Different force fields (ClayFF, IFF, CementFF, ReaxFF and C-S-H FF) are compared.
The benefits and limitations of these approaches are discussed.
Relationships between structure, properties, and applications are discussed.
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ClayFF Force Field

é ClayFF — specialized semi-empirical fully flexible force field model allowing for realistic
exchange of momentum and energy among all atoms — solid substrate and aqueous
solution (Cygan, Liang, Kalinichev, J.Phys.Chem. B, 108 1255-1266, 2004):

Short-range repulsion v-d-Waals Coulombic bond stretching bond bending

é Simple Point Charge (SPC) flexible model for

1000 T T T
i | H,O

§ [ i range (L) é Structural ions: Si, Ca, Al, Fe, Mg, O, OH with
- S0 \ partial charges derived from quantum DFT
g calculations for a number of simple oxides and
B, _ hydroxides
o .
i . é Aqueous species: Na*, K+, Cs*, Mg?+, Ca?+, CI-,
s [ OH-, SO,%, CO4%~, NO4~
g BN 1 & Theoretical models of oxides, hydroxides, clays,
& [~ Coulombic C-S-H and other hydrous materials

~1000 L s iy i ; 6 Combination with CVFF, AMBER or CHARMM to

o 18 20 s % model mixed organic-inorganic systems
Distance (A)
'“’ il bo‘.i' h NE-M1-PRI12ENP — Integ Nuclear Ei ing Project, February-June 2025
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ClayFF and Crystallographic Parameters
of Cement-Related Phases

Portlandite Hydrocalumite Tobermorite Ettringite Na-kanemite K-kanemite
Ca(OH), (AFm) (C-S-H) Cag[Al(OH)g],* (ASR gel) (ASR gel)
[Ca,Al(OH)ICI-2H,0 CaSigO,(OH),  [soa]y26H,0  NaHSi0-3H;,0 GELD

alA 3.57 10.02 11.16 11.02 5.01 8.13
exp. 3.59 9.979 11.16 11.26 4.95 8.15
bi1A 3.57 5.94 7.26 10.94 19.41 12.54
exp. 3.59 5.751 7.30 11.26 20.50 12.52
clA 4.91 15.99 9.61 21.30 7.34 4.76
exp. 491 16.320 9.57 21.46 7.28 4.89
al® 90.01 90.00 103.47 90.50 89.74 90.00
exp. 90.00 90.00 101.08 90.00 90.00 90.00
Bl° 89.98 102.89 89.46 89.80 89.63 90.00
exp. 90.00 104.53 92.83 90.00 90.00 90.00
170 120.01 90.00 90.13 119.80 89.81 90.00
exp. 120.00 90.00 89.98 120.00 90.00 90.00
v A 543 927.6 757.8 22323 714.46 485.28
exp. 54.82 906.64 763.87 2358.53 737.71 498.97

A Cell parameters < 2%
A Bond distances < 3%

Kalinichev and Kirkpatrick, Chem. Materials, 14, 3539-3549 (2002)
Kirkpatrick, Kalinichev, et al., Mater. & Struct., 38, 449-458 (2005)
Kalinichev, et al. Cement & Concrete Res., 37, 337-347 (2007)
Tararushkin et al. Cement & Concrete Res., 156, 106759 (2022)
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Hydrated Tobermorite as a Model C-S-H Surface

A snapshot from MD simulations (Kalinichev et al., 2002, 2007, 2009)
Ca . O. HQ Cl . K Si )
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“Real” Hydrated Silica Surface vs Idealized Models

Duval et al. (2002) Evidence of the existence of three types of species at the quartz-aqueous solution
interface at pH 0-10. J. Phys. Chem. B, 106, 2937-2945.

Important implications:

Schematic view of idealized atomically smooth

(001) quartz surface in contact with water ¢ Thickness of the interface can be 2-3
a times larger than for a smooth surface
5 _H HE  LH _H 6 More H,O molecules in direct contact

7
| SR D
AN & PNV N §
q/ 0\s_/o O\S_/0 0\q_/0

Si

with the substrate

é Much more diverse H-bonding
environment can be expected

é Mobility of interfacial aqueous species

Schematic view of a real hydrated can be more restricted
quartz surface structure

¢ Interpretation of surface specific
experimental data (SFVS, X-ray
reflectivity) can be trickier than usually

b

5 5 expected
AN
O\S/O RN 6 Molecular scale approach to
' understanding of glass corrosion
V“’ C)ubo‘- . NE-M1-PRI12ENP - Integ Nuclear Engineering Project, February-June 2025
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Tobermorite - Ca;Sig0,(0OH); - An Example of Nano-Structured
Hydrous Material, a Model of “Real” Surface of Silicates, and a
Model of Cement C-S-H Phase

C-S-H: A classic nano-structured material

Calcium silicate sheets | 3 2 k
N - s *"

o § & =@
with OH- groups ; i‘f‘ ;*; " .ﬂ"* L
g s e dy vy A
: Interlayer space with 5 : v to Y ‘ =N ‘ L3 ‘ N ‘ 7Y >
physically bound H,0 o £ ¢ . w ‘ vy - »w W
Adsorbed H,0 ; Y = wy W
1 <& ™ S Re,Re Rd 01

D Liquid H,0 in
Rangpics Fundamental Questions
Properties of solid-fluid nano-composites
Adsorption of water and ions
Precipitation mechanisms?

C-S-H structure?

Why different morphologies?

Why do the particles not coarsen?

Role of impurities: e.g., Al, Sr, Fe ?
Origin of mechanical properties?

Schematic view of nanoscale
C-S-H particles

Allen et al., Nature Materials, 6, 311-316 (2007)

o & & & & & o o
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MD Modeling of Cement-Water Interfaces

Classical Newtonian dynamics
Ny ~ 3,000 — 100,000 atoms
Ngoo ~ 0—-10,000 molecules
ClayFF force field (Cygan et al., 2004)
axbxc ~5x5x10 nm3
Periodic boundary conditions
NVT- or NPT-ensemble T=300K; P =1 bar
t~ 200 - 10,000 ps
(equilibration + equilibrium)
At=0.5-1.0fs
¢ Solution structure:

v" Atomic density profiles (O)

Water 2-7nm
8 “nano-pore” ™~

o & O & & o o

[ 2

:’3?1?7/1 v' Atomic density surface distributions (| |)
-~ |6 Dynamics:
X v Diffusion coefficients (longer time scale)

v’ Spectra of vibrational and rotational
dynamics (shorter time scale)

4 ng < ubbtech NE-M1-PRI12ENP - Integ Nuclear Engineering Project, February-June 2025
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Tobermorite
Ca;Sig0,4(OH), Interface
with ~0.25m KCI Solutig

Relative atomic density

_HH2O
K" x10
4 f? —— CI'x10
0 oy Trr—r—t
5 4 3 2 1 0 1 2 3 4 5
7z I A
4" 5 4 - o
A1 Db e mrzew <“<b> €a> )

Tobermorite Interface

A 3 A-thick layer above the nominal
interface

é The Hg;oy of the bridging tetrahedra are
clearly visible as the dense, ordered
grey contours

¢ Occasional Ca?* (dark blue) that have
diffused out of the channels

6 K+ ( ) from the solution are
also clearly visible

é Dyy0=6.0 x106 cm?/s

Korb et al., Cem. Concr. Res. (2007)
Kalinichev et al., Cem. Concr. Res. (2007)
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Tobermorite Interface

A 3 A-thick layer into the crystal
(below the nominal interface)

é The chains of SiO, tetrahedra run
top to bottom in this view, with
triangles of oxygens (dark red
dots) clearly visible

é Ca?* (blue) and H,0 (O —red, H—
dashed black) occur in the
channels between the tetrahedra

é Dyy0=5.0 x107 cm?/s

Korb et al., Cem. Concr. Res. (2007)
Kalinichev et al., Cem. Concr. Res. (2007)
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Mobility of Water at Tobermorite Surface

0.5

Van Hove self-correlation functions G

Bulk water

0.3

PGt

Gy (r,t) = %<Z Slr+r,0) -1, (z)]> —

6 47r’Gy(r,dris the probability to find an
atom at distance r after a time tif the
position of this atom was at the origin r=0
attimer=0

41PGrt)

6 Fourier transform of Gy(r,r) is the
incoherent scattering function, ,,.(Q.f),
which is measured in incoherent quasi-
elastic neutron scattering experiments

Surface H,O only
(first 2 monolayers)

42PGyrf)
o
w

and contains detailed information
concerning the single-particle dynamics 01
0.0 -
o 5 10 15 20
r /A
'u' Subo-'. och NE-M1-PRI12ENP - g Nuclear i ing Project, February-June 2025
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Mobility of Water at Tobermorite Surface

White cement (kitton) WIC=0.4

R1 time normalised
S b

4

1 1
Frequency (MHz)

Surface residence

time, t,

Paramagnetic qr
impurities

Surface
molecule

Surface
diffusion
correlation
time, t,,

Pore Surface

& D, /Dy, ~ 1/50 - consistent with

¢ Surface residence time 7,~ 1 s

2D T,-T, NMR relaxation correlations
(Korb et al., Cem. Concr. Res., 2007)

¢ Surface correlation time 7,,~ 1 ns

MD

0.6
Surface H,0 only
0.5 (first 2 monolayers)
0.4 4|
£
Q)
o 03 i
* |
& | 7,~0.8ns
0.2
0.1 Ihn=6A
0.0 = —
0 5 10 15 20
r/ A

l,~6A
& Dyys / Doy ~ 1/50

¢ Consistent with NMR and the H-bonding length scale

MD simulations (Kalinichev et al., Cem.Concr.Res., 2007)

¢ “Jump” diffusion with characteristic time 7, ~ 0.8 ns and length
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Comparison of H,0 Surface Diffusional Dynamics

Idealized (001) surface of a-quartz

Idealized (001) surface of tobermorite

1.0 |
M1 — o « < w < 10
Surface layer of H,0 on quartz | — 2ps : : — otps
08 \ 4 ) S S S All “surface-related” L
’ 20ps 7 7 ? 14 08 H,O on tobermorite — o
ps
g 0.6
%
o
Cd
& 04
0.2
0.0
0
1.0 J T
‘ = I &
2ps | .
o Bulk water ] 0s |l ; First 2 monolayers
’ — 2 || of HxO on tobermorite
— tope I
— |
= fﬁggﬁi < 06 h“\ =0.8
T 06 600 ps. [ | i) m=0.8ns
LTS/’ 800 ps o m i )
e % \ In=55A
& 04 \ K o04 \
02 ~\ X 0.2
00 ) " 00 = _
0 1 10 | Ice-like patterns? | 0 2 4 6 8 10
rl A
'“ ' NE-M1-PRI12ENP — Integ Nuclear ing Project, February-June 2025
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Effect of Surface Charge on Water Structure - Metal
Hydroxide Interfaces

Ca(OH), Ca,Al(OH),CI-H,0 - LDH

Zero Structural Charge Positive Structural Charge

‘\
. 4 “Cl-site”
H y

O s O H @® Na
® o ® ca @ cl 5

anion-H,0 interlayers /

4V 5 4 6 wroch NE-M1-PRI12ENP - Nuclear Engineering Project, February-June 2025
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Adsorption of Cs* and CI- lons
at the Surface of Ca-Hydroxide (Portlandite)

Atomic density maps
of the adsorbed surface species

- 16

8

6

4
Mobility of surface OH groups is important for 3 Jeo S5 2 AR 2l
realistic modeling of H-bonding at the sorption 0 2 4 6 B 10 12 14 16 18 20 22 24
sites x | A

Cc@@ O@®@ H@®@ Cl @ Cs O

l 6qul ech NE-M1-PRI12ENP — Integ Nuclear g Project, February-June 2025
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H,0 Density Profiles and H-Bond Network
at Water-Hydroxide Interfaces

Ca-hydroxide 25

¢ Surface H,O can
both donate and
accept H-bonds to
surface OH

¢ Local H,O environ-
ment is similar to
bulk water :

Ca,Al LDH

20

| charged | 25

¢ Surface H,O can
only accept H-
bonds from surface
OH

é Local H,0O
environment is
different from bulk.
water

20

—— O,, on Portlandite
—— 9oo(R) in bulk water

ow

— 0,,0n Ca,Al LDH
9oo(R) in bulk water

Plp,

25

25

20 —— H,, on Portlandite
9ou(R) in bulk water

— H,, on Ca,AlLDH
9Ion(R) in bulk wate

4 nd

NE-M1-PRI12ENP — Integ
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Fluid Structure as Function
of Water Density in a Nanopore (proxy of RH)
25
ow Portlandite H,, Portlandite = 1.0 p,
=20 — 104, 15 =
= — 0.75p, £ -
S — 0.50p, 2 —_
] — 0.25p °
. g s —o10g, | £10-
Portlandite 2 . s
Ca(OH), B g
© B 0.5 -
%05 °
| neutral |
0.0 0.0
0 2 4 6 8 10 12 14 0
z 1 A z I A
2
—— 0.75p, — 0.75p
= Surface Oy | 0550, Z3 Surface Hypo | —— 0.50a,
2 2
()
T o°
L o
= &
Ca,Al-LDH 2 g
o o
= =
5 5!
2 ®

z /A

o 2 4 6 8 10 12 14

z /A
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lon Adsorption as Function
of Water Density in a Nanopore (proxy of RH)

10| Surface CI Portlandite 1.0 | Surface Cs* Portlandite
£ H
(72}
2 2
3 3
. ° °
Portlandite E s
£o5 £
Ca(OH), 2 B
= kS
[neutral | © i
0.0 -
08 1.0
2z Surface cI' |~ 275 z Surface Na*
206 — 0.50p, a
K} —— 025p, ko]
cé — 1.0p, E
04 05
o
Ca,Al-LDH 2 2
o o
2 2
= 02 b
0.0 00
o 2 4 6 8 10 12 14 o 2 4 6 8 10 12 14
z /A z 1A
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Effects of Temperature
- -
on the Adsorbed Water and lons Density Profiles
at the Ca,Al LDH Interface
: 0.75 o
Surface O — 0.75p, @ 300K Surf. cr
o | SureeOmo | e NN L | TS o sen
= 050, @ 300 K G 08 _ oson e
< ... 050p, @ 373K 2 7y @ 300 K
51 Py @ ... 0.50g,@373K
S — 025p,@ 300K S il
L . 025p,@373K 006 —— 0.25p, @ 300 K
g i £ 0.25p, @ 373 K
© © o4
2 2
% © 02
0 0.0
0 0 2 4 6 8 10 12 14
z /A |charged | z /A
Surface Hyoo 075 300 K + —— 0.75p, @ 300 K
> 0 75@% 373K = I - 0750, @ 373K
bk —— 0.50p,, @ 300 K k4 —— 050p, @ 300K
S 0.50p, @ 373K S - 050p, @ 373K
h — Oggm @ ggg E Sos —— 0.25, @ 300K
2, 250, @ g . 0.25p, @373K
S L
b= ©
2 2
£ K
g [2
0.0
0
o 0 ] 12 14
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Interlayer Structure of Hydrocalumite,
Friedel’s Salt, [Ca,Al(OH);]CI- 2H,0 - (AFm)
» Positional and orientational ordering of the H,O - CI-

H-bonding structure in the interlayer
» No H,0-H,0 bonds present

» Each interlayer H,O is strongly
coordinated to Ca in the structure,
making Ca 7-coordinated

| MD simulations (Kalinichev et al., 2000, 2002, 2005, 2017) |

4V 5 4 6 wroch NE-M1-PRI12ENP — Nuclear Engineering Project, February-June 2025
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Time- and Space Averaged Interlayer Structure
of Hydrocalumite (AFm) - MD vs NMR

RS

MAJL/\M__,N”130°C
W,J\/\\,w“_ﬂo%
_.‘,\,MJ\’J\W 90°C
.__.Mj\r‘/\\,\_,_,__ 70°C

—J\ 50°C

30°C
10°C

0°c

‘_,_A,/\\_____ -10°%C
w._./\‘\_...“ 30°C
_w//\,_M 50°C
_._.,.//\\A__,A 70°¢

0 2 4 6 8 10 12 14 16 18 20

1500 1000 500 O -500 -1000 -1500 A
ppm x I
35C] NMR (Kirkpatrick et al., 1999) Cc@¢ OC® H®e Cdeo
27Al NMR (Andersen et al., 2002)
> Astructural phase transition at 7~30°C MD simulations
> Athigh T the CI site has almost uniaxial symmetry | (Kalinichev et al., 2000, 2002, 2005, 2017)
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Time- and Space Averaged Interlayer Structure
of Hydrocalumite (AFm) - MD vs NMR

w/u\,\, 130°C
M,_M_/\/\M__ﬂo%
,.,MMJL—/LW__ 90°C
,_.w,m/w\w 70°C
,_J\MW 50C

30°C
10°C
0°c
__*./\\A“ -10°C
__M_,//\\“_ 300

-50°C

T ey -70°C

0 2 4 6 8 10 12 14 16 18 20
1500 1000 500 O -500 -1000 -1500

R x | A
35C] NMR (Kirkpatrick et al., 1999) Cc@ OC® H® (e
27Al NMR (Andersen et al., 2002)
> Astructural phase transition at 7~30°C MD simulations
> Athigher T the CI site has almost uniaxial symmetry | (Kalinichev et al., 2000, 2002, 2005, 2017)
'u’ e NE-M1-PRI12ENP — Nucl i ing Proje Febi -Ji 2025
T et s Sumlem “Molecular modeling of ma:Ie‘ii:Iasrfor nuclear e:gi;‘;l:rfntb a;pﬁlé:\%n;ne

Librational Dynamics of H,0 in Hydrocalumite (AFm):
Rotational “Hopping” vs “Flipping”

i

; I o

120

60 “""Mmm i | H2
0

Angle ()

-120

0 10 20 30 40 50 60 70 80 90 100
Time (ps)

» There are two major mechanisms of H,O reorientation in the
interlayers of hydrocalumite

; i » When a water molecule “hops” between two different

e" 3 orientations, both H-bonds to the neighboring CI- ions need

i to be broken and reformed

oF - » By the“flipping” mechanism, only one H-bond switches to
e - "'0 & """ E another CI- ion, whereas the second H-bond remains intact

l Subql ech NE-M1-PRI12ENP — Integ Nuclear g Project, February-June 2025
e o 5 ' “Molecular modeling of materials for nuclear engineering applications”
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Chloride Sorption and Dynamics on the Surface of
the AFm Hydrocalumite [Ca,AlI(OH)¢]CI- 2H,0

Two types of surface sites

22
20
18
16 4
14
s
"Cl-site" - + "H,0-site" - * =g
8
Ca-hydroxide |[Ca,Al-hydroxide 6
Fraction of 4
surface-bound Cl- 43 85% 5
Fraction of T R .
surface-bound 60-85% 0% 2 4 B 8 10 12 14 16 18
counterions ¥ b A
ISl [t e ~20 ps ~50 ps Atomic density maps of the first surface
3 layer (“inner-sphere” complexing)
Cl surface 1%10-5 2%10-%
diffusion (cm?/s) c® 0 HD ca®
'“’ e bQ‘-‘ & NE-M1-PRI12ENP — g Nuclear Engi ing Project, February-June 2025
e oo S alote _dubatech “Molecular modeling of materials for nuclear engineering applications” a1
CI- Diffusion Coefficients (cm?/s)
under Ambient Conditions
Portlandite | Hydrocalumite | Ettringite
Interlayer N/a << 107 N/a
Surface (inner sphere)| 3.6x107° 1.6x107° 2x107°
Surface (outer sphere) | 1.5x107° 7.2x107° 3.8x107°
Total surface-bound 1.1x107° 1.9x107° 3.5x10°°
In bulk NaCl solution, and in contact 2.3x10°°
with tobermorite
& No bound CI- were observed on the surface of tobermorite
¢ In ettringite, ~20% of surface SO, can be substiruted by CI-
'“' Al bo‘.-‘ W NE-M1-PRIT12ENP - g Nuclear ing Project, February-June 2025
T Aontioue _dubatech “Molecular modeling of materials for nuclear engineering applications” 42
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Interlayer and Surface Properties of Hydrocalumite
(AFm), [Ca,Al(OH)¢] x* 2H,0 (x=CI, I')

A

Concentration profile |

relative concentration

relative concentration

5 z
I Glushak, Tararushkin, Smirnov, Kalinichev, Appl. Geochemistry, 170, 106089 (2024) I

' “ ' S‘Jb’é[.e ch NE-M1-PRI12ENP — Nuclear i ing Project, February-June 2025

“Molecular modeling of materials for nuclear engineering applications”

Adsorption of CI- and I-
on the Surface of Hydrocalumite (l)

CI-

U5 00 c0Bebe -0 |
35590200 eV 50000 a9
Pio@e coFS coO MO «
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Y90 °9 00808
0120_13@‘39060@3@@
2P0 c0d8 2000 0B
15_1@0@@@9@@@@@@@@
P rgro Do Be +8 20 ¢
06" 00 a9 90 V@
Fo+ec@ *0°0 000
5_1@"@@@'@@@@@0@@@
rP@o4e 0680 6 20 ¥
[0 ®g® P e®0®gbg
0 5 10 15 20 25 30 35 40

X,
I Glushak, Tararushkin, Smirnov, Kalinichev, Appl. Geochemistry, 170, 106089 (2024) I
m ' Subét ik NE-M1-PRI12ENP - Integ Nuclear g Project, February-June 2025
IMT Attant = “Molecular modeling of materials for nuclear engineering applications”
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Adsorption of Cl- and I-
on the Surface of Hydrocalumite (Il)

il @ .

| [ - Cl .
[=} : -
N =
@ ol ! /\-—/_'—_\ﬂ———%

g :
£ |
=
=3 :th. T T T T T T T T T
0 1 2 3 4 5 6 L 8 9 10 11 12
rA
Svst D, 107° cm?/s D, 107% cm?/s
ystem a sl
Surface 0.25 0.36
Solution 1.15 1.30

I Glushak, Tararushkin, Smirnov, Kalinichev, Appl. Geochemistry, 170, 106089 (2024) I
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IMT Atiantique
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Hopping Mechanism of CI- and I- Interlayer Diffusion

in Hydrocalumite

0 @! ®: @
0> 0000
® @ 4

v
@ @ 5 @
00 00— O
@ @ @

@ anion site @ H,O site

» The height of the energy barrier for the Cl- system at transition
points is ~5 kcal/mol for the transition from the CI- to H,O site, and
for the transition from the H,O site to the initial vacancy site

» The height of the energy barrier for the |- system at transition
points is ~5 kcal/mol for the transition from the I to H,O site, but it
is only

~4 kcal/mol for the transition from the H,O site to the vacancy site

-1

0 i 2
ax, A

0

P

|low/[eay ‘s34

Jow/|eay ‘s34

I Glushak, Tararushkin, Smirnov, Kalinichev, Appl. Geochemistry, 170, 106089 (2024) I
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Effects of M-O-H Bending Vibrations on the Structure

and Properties of Cementitious Hydrous Phases

» Ettringite, Cag[Al(OH)],[SO,]5-:26H,0, plays an important
role in cement chemistry as the primary cause of sulfate
corrosion in cement

> Ettringite formation leads to volume expansion, cracking
and mechanical damage to concrete

M-O-H orientation and H-bonding | © . )
network structure in ettringite

Columnar structure of ettringite
crystal in two projections

I E.V.Tararushkin, V.V.Pisarev, A.G.Kalinichev (2022) Cement and Concrete Research, 156, 106759 I

d_xd 6Ubo£e<-w NE-M1-PRI12ENP - Integrated Nuclear Engi

IMT Atiantique
Ersagne.Paye 0 s Lova

ing Project, February-June 2025
“Molecular modeling of materials for nuclear engineering applications”

Intra-Crystalline Hydrogen Bonding in Ettringite

Geometrical definition for H-bond

Ry =3.335A
or
Roy<245-25A
and

B <30°

Lifetime of H-bonds

Continuous time autocorrelation functions of H-bonds

[es)
(R(0) - H(t)) T= f S(t)dt
S() = 7(}1) 0
I Tararushkin, Pisarev, Kalinichev, Cement and Concrete Research, 156, 106759 (2022) I
L"L".,."g-! 6”50;3@ NE-M1-PRI12ENP — Nuclear ing Project, February-June 2025

g
“Molecular modeling of materials for nuclear engineering applications”
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H-Bonding Characteristics in Ettringite

1 T T e T Average number of H-bonds per donor, nyg,
! — -Hw=Oh and the average lifetime of H-bond, 7,
— _Hw*-Oh 1
" _Hh-Ow
I 2 1 Donor- nyg Ty, PS
w Hh--Ow*
-- 1
< ac;zli’rﬂr ClayFF | ClayFF- | ClayFF | ClayFF-
1 -orig MOH -orig MOH
L | Hw--Ow | 0.59 0.58 0.35 0.38
'l e Hw*--Ow* | 0.30 0.26 0.43 0.36
oL —
0 1000 2000 3000 4000 5000 | HW-Ow* | 0.09 0.09 038 0.37
Time, fs Hw*--Ow | 0.75 0.70 0.36 0.38
. . . > >
Continuous TCF of H-bonds for H,0 HwOs | 138 | 138 10 10
molecules and structural -OH groups: Hw*--Os | 0.81 0.83 >10 >10
> Solid lines — ClayFF-orig Hw--Oh | 0.01 ~0 023 0.01
> Dashed lines — ClayFF-MOH Hw*~Oh | -0 -0 | o0 ou
Hh-:-Ow 0.74 0.89 0.29 >10
Tararushkin, Pisarev, Kalinichev, Hh:--Ow* 0.06 0.05 0.26 >10
Cement and Concrete Research, 156, 106759 (2022)
Hh---Os ~0 ~0 0.06 0.01
'N’ 6Ub0-‘-‘° ch NE-M1-PRI12ENP — g Nuclear Engi ing Project, February-June 2025
T et s . “Molecular modeling of materials for nuclear engineering applications”

CsCIl and Csl Aqueous Solutions on the Ettringite Surface

Ettringite
crystal
supercell

Atomic density profiles for ionic species

» Interface of ettringite with
aqueous solution

V(II): (I —Cs (CsCl aqueous solution) |
] —Cl (CsCl aqueous solution)

> Numbers and blocks_

indicate the first 3.5 A (1) i ~Cs (Csl aqueous solution)
and second 3.5 A 2) > -1 (Csl aqueous solution)
layers of solution next to @
the surface. .

L2

£

50

<

0
0 5 10 15 20 25 30
Z, A

(1) —first slice, (ll) — second slice, (lll) — bulk of interlayer space.

'“ ; 6qu.":‘t" NE-M1-PRI12ENP — Integ Nuclear Engineering Project, February-June 2025
et - el “Molecular modeling of materials for nuclear engineering applications” 50




Alkali-Silica Reaction: Kanemite Model of the
Structure and Energetics of ASR Gel Expansion

Field Gels
Kirkpatrick, Kalinichev, Hou & Struble, ‘
Mater.Struct.Concr.Sci.Engr., 38, 449-458 (2005) jk\* Na/Si L‘*‘_“
A T A
é Structure: silicate and hydrated b R S
mterlaygrs. J " om
¢ EnergethS. 80 -80 -100 120 140 10 20 2 4 o e 70
6 Connections to laboratory data: XRD, Synthetic Na-Gels
NMR, and hydration. JM st A
. . f\:*: 0.99
6 MD computer simulations of the structure |+ <« s B
and energetics of kanemite, :1 u
MHSi,O5 nH,0, M=Na, K, Li, Cs. W*Jw == un AN Seea
¢ Evaluate energetics to determine J‘“
expansion potential. o A Mt
¢ Compare to experimental results. O e
¢ Evaluate structure to understand origin of Synthetic and In-Service ASR Gels:
hehaviar 295j NMR and XRD
L{-‘"g"! 6Ub°" ech NE.MF“PMFgrezchﬁf r:\odel ing of mg;'le‘iilglasrfor n u.clear. e:;i, ;ggﬁbg;gﬁlé:%:;ne 22 51

Kanemite Structure: 3 H,0/Formula Unit
In Excellent Agreement with Known Structure

Na-kanemite
air dried at room temp.

AWV M

30 40 50

simulated NaHS$i,05-3H,0
based on Garvie et al. (1999)

10 20 30 40 50
20 in Degree

Kirkpatrick, Kalinichev, Hou & Struble,
Mater.Struct.Concr.Sci.Engr., 38, 449-458 (2005)

'“ I Subql ech NE-M1-PRI12ENP — Integ Nuclear g Project, February-June 2025
B tos e el “Molecular modeling of materials for nuclear engineering applications” 52
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K-kanemite - KHSi, 04

T
K-kanemitepaste i
I
1l
|
|
i
)
Na* 10 20 3}0 40 50
K-k it |
air dried at room temp. }
|
|
| L
10 20 30 40 50
simulated KHSI,0; based on | |
Le Bihan et/al. (1971) i i i
I I I
I I I
I i I
| J,\ Ao
K+ 0 10 20 30 40 50
20 in Degree
Kirkpatrick, Kalinichev, Hou & Struble,
s Mater.Struct.Concr.Sci.Engr., 38, 449-458 (2005)
'u’ : e _ I . s
T et s Sum(em NEMT “PNIFzrezch’Imeodeling of mg;'le‘iilglasrfor nuclear e:;;iﬁﬁbi;ﬁﬁ%:%:;ﬂe 22 53
Swelling of Kanemite MHSIi,0,-nH,0 (M=Li,Na,K,Cs)
Energy of Hydration per H,0 Molecule Added
é Li* - common addition used to prevent ASR expansion
" 6 Why does it work?
S 5
_E Kanemite
ﬁ -6 9 —-@- L crystallite
== ¥ Na
~ 7] & K
—-Cs
ON ——- energy of bulk
T -8 SPC water
5 Pore water +
=% hydrated
2 ions
=
)
& Li prevents swelling of
5 crystallites and
s — probably among
5 crystallites
B3 ~1nm v
T
n
4 n d s M- _ .
m%ygw_ SUbO[G(h NEMT f:viﬁz:|1e2t:Eu’|\e'1I.:mcudel‘i.'ng of mg:le‘iilzlasrfor nuclear e;;rﬁgleerﬁ’gifzgﬁ‘;:%rﬁne 202 54
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Modeling Surface Chemical Reactivity

Silica fragment
¢ Mostly been done using traditional

quantum chemical methods

4 H,0O
HO" — *ﬂ é Calculations for configurations along a
& A reaction path of optimized structures
including solvating H,O molecules
é Yields:
*‘ é Activation energies
- 6 Critical reaction steps
Q3 Si

¢ Limitations:
¢ Very small systems
6 Cannot account well for effects fluid
structure and dynamics
H* (H;0*) Attack on a Silica Surface:

Criscenti et al., J. Phys Chem. A, 110, 198 (2006)

4" 5 4 6 irodh NE-M1-PRI12ENP — Integrated Nuclear Engineering Project, February-June 2025
S fentue, _ubat ! “Molecular modeling of materials for nuclear engineering applications” 55

Particle Edges: Quantum (Ab Initio) Molecular
Dynamics to Address the Chemical Reactivity

Use Q.M. to calculate energies at each time step (Schrédinger equation)
Allows for chemical reaction

Follow reactions through time

Very expensive computationally

~nx100 atoms; ~15x15x15 A periodic box; t ~ 10-50 ps

YV VYV

Pyrophyllite (010) surface: DFT-AIMD methods

H-Exchange Between Silicate Surface and H,O

6 H-exchange among surface sites occurs by a
proton channel (wire) of H-bonds involving
surface —OH- and H,O

6 Rate of H-exchange controlled by rate of H,O
rearrangement near surface, not individual
H-exchange reaction

S.V.Churakov, Geochim. Cosmochim. Acta, 71, 1130-1144 (2007)
S.V.Churakov, P.Mandaliev, Cem. Concr. Res., 38, 300-311 (2008)

'u’ gubc\’.@(" NE-M1-PRI12ENP — Nuclear i g Project, February-June 2025
T Aontioue = = ! “Molecular modelmg of materials for nuclear engineering applications” 56
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ClayFF Parametrization for Clay Particle Edges

| M.Pouvreau, PhD Thesis, Dec. 2016 | » Brucite, gibbsite, kaolinite edges
» 3D periodic boundary conditions
[ Basal surface } [Edge surface ] > Cells size:

v N,ioms ~100 for DFT+parametrization;

V" Nyioms ~ 2500 for classical MD
18 &7258
> < ¢ ¢ N
Gibbsite
Species adsorbed basal
on edge surface - ¢
87A g ,' Vacuum
; ) & 20A

New special ClayFF M-O-H bending terms §: .
=) J

UCIayFF-MOH = UCIayFF-orig + Upon =

= Ugiayrr-ong * K (6-6))2 . oo 3¢
kand  have to minimize the differences Lfg( %5 Ldgs:e Kaolinite <

between DFT and ClayFF-MOH results d
edge ans
I Pouvreau, Greathouse, Cygan, Kalinichev, J.Phys.Chem.C, 2017, 121, 14757-14771; 2019, 123, 11628-11638 m@

,

'u’ 6 bO‘ ech NE-M1-PRI12ENP — g Nuclear Engil ing Project, February-June 2025
I Atartioue, ugated “Molecular modeling of materials for nuclear engineering applications”

Reactivity of Supercritical CO, with Portlandite
Surfaces (AIMD + Metadynamics)

Ca(OH), + CO, — CaCO; + H,0

AN R T By
L¢SS5 e,
¥ pS eSS S
L‘FA‘?}\Y‘A‘(&VJ\

¥

a) (100) b) (110) 9 (001) a
° 0.0/, .. : $,"
I AT P AR
° °
Fracsice 2 's;}"; T B s
o » @ B
3o ©.,0.0 T ovn0riocs podbsssids £
% ) % 22042V Dws @ [TTYTITETS? T
& Qe 2003Q8s0%s b o bBog by T
kj g ;F -a.o\JO-‘Qcta 06°9°§?§?° B
6.,'» 2| ©02s0¢208230e0 777 : R
o £i9enQae0baf 05530805800
Py ’ég\' QO’;"QO&&QGKYBM !po??é?!vv e
" ©° © %o sody 00 o, e C atom coord. number
'“' 6 bC\" ch NE-M1-PRIT12ENP - g Nuclear i ing Project, February-June 2025
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Hydrated Tobermorite as a Model C-S-H Surface

A snapshot from MD simulations (Kalinichev et al., 2002, 2007, 2009)
Ca . O. HQ Cl . K Si )

'“’ ol bo‘- ot NE-M1-PRI12ENP - Integ d Nuclear Engii ing Project, February-June 2025
Aot x5 2 5 “Molecular modeling of materials for nuclear engineering applications” 59
.. CIS ratio of the C-S-H Phase
“‘ [ 1.Androniuk, Ph.D. Thesis (2017) |
]
[l
I\ C/S=1.4
n‘ W\ " cis=1.6
sl || el o a0
h a  a a o a  a
T wf“‘\r“w o sss, Q1> Q2
|
\"‘-ﬂ
e I R - Cc/S=1.0
ety o Mg/ l A~ Q2
H | o @ @ a a  a
H‘r" QZ ~ Ql
Al cis=10 —]
R —— ‘Ww,'w-wwww%
i L C/S = 0.83
I °>»Q
. s ““\m\“,ﬁi‘li Q2 Q?
/\\ Q2 Q2 Q2 Q2
/e
Al At A ot L/ﬂ "'v.ww.wwf-,/fﬂ:ﬁw
I 295G MAS NMR data serve as a guideline
295i MAS NMR spectra of G—S—H: for elimination of tetrahedra from the Si layer
C/S =0.6,0.8, 1.0, 1.2, 1.5, 1.6 [Beaudoin, 2009] of initial tobermorite structure.
< bétech NE-M1-PRI12ENP - Integ Nuclear Engineering Project, February-June 2025
2u ' “Molecular modeling of materials for nuclear engineering applications” 60
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Protonation of the C-S-H surface

@

pH of the equilibrated

solution (experimental): . g ]
Schematic view on the C-S-H surface with
C€/50.83 — 102 the investigated surface OH sites shown in
C/S10 — 115 blue. The hydrogen atoms participating in the
deprotonation reactions are colored in yellow
C/S14 — 123

(Churakov et al., 2014).
M'Mg’ C)ubo-: - NE-M1-PRI12ENP -

Nuclear Engi g Project, February-June 2025
“Molecular modellng of materials for nuclear engineering applications” 61

Realistic modeling of C-S-H surfaces at different
stages of cement degradation @

k o . Je g
o E‘».. [ 1.Androniuk, Ph.D. Thesis (2017) |

\! ’L! “agr T

(g m“:. .'.,.x. TP

Realistic C-S-H (tobermorite) surfaces with variable C/S ratios are created by:
1. Elimination of bridging tetrahedra in the Si layer.

2. Introducing additional Ca?* ions.

4" 5 4 Al 3 NE-M1-PRI12ENP —

T Atantique —ubatech
Bricne Pon o ok

Nuclear i ing Project, February-June 2025

g
“Molecular modeling of materials for nuclear engineering applications” 62
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o New More Realistic C-S-H models
H [ 1.Androniuk, Ph.D. Thesis (2017) |
Ca Three computational models of C-S-H surfaces were build

e e

representing different C/S ratios (0.83,1.0 and 1.4)

C/S=0.83

» less defected Si layer » only dimers in the Si layer

. B r
> less Ca?* ions on the surface mo)r/e Ca?* ions on the Zurface

) Ly . »
» hydroxyls of bridging Si and one of the > all surface O are deprotonated

. r .
pairing are deprotonated. P
'“ ' Ll bo‘- = NE-M1-PRI12ENP — g Nuclear Engi ing Project, February-June 2025
Aot x5 _ubatech “Molecular modeling of materials for nuclear engineering applications” 63

C-S-H / Uranyl / Gluconate System

Atomic density profiles normal to the C-S-H-1.4 | Ph.D. Thesis of luliia Androniuk, Feb. 2017 |
surface for the solution containing gluconate/UO,%* o .
o — o Distribution of ions on the C-S-H-1.4 surface-1
=—Hw
o ==t oo ? @ "o | [ Carboxyl oxygen
5 « # v
01 —:;-:r::z:‘curl-u‘)iglnul’ oot o@. b . H Deprotonated site
Tooe 0.008 @ % L4 Cca
E ‘ ‘ Hydroxyl oxygen
Eam M‘ 0.006
. \ /\/\\N -
/ N
002 Fy 0.002
o BB A / i ) ‘\

= ST ————— ()
005 1|15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 ¢ 95 10
T,/

Distribution of ions on the C-S-H-1.4 surface-2

B T ° Carboxyl oxygen
lu
Deprotonated site
Ca o
| 2 Hydroxyl oxygen o
.

v

,
Iax | Androniuk et al. Phys.Chem.Earth A/B/C, 99, 194-203 (2017) |

'“' il ' NE-M1-PRI12ENP -

INT Atiantique Jubatech
fidasis

Nuclear i ing Project, February-June 2025

g
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Competition of UO,2* and CaZ2* for Adsorption Sites
on the C-S-H Surface

Potential of mean force: adsorption free energy profile between the interfacial Ca2* and
UO,2* ions and a deprotonated silanol group of the bridging Si-tetrahedron on the C-S-H
surface with and without a gluconate ion.

6 6

Ca2+ (without gluconate) -
Uranyl (without gluconate)

a —— Caz+ (with gluconate) ! —— Uranyl (with gluconate)

i

E‘"n 142 38 5 6 7 8 5 101112131 E_Do 1 zl‘\/\a‘-\a 5k i1 8 a\r\nxf:—tj/].:a
g’ 9 ¥4
3 3 U022+
N d, A ’ d A
» Presence of gluconate anion in the first coordination sphere C-S-H
R LT L -S-H surface
of cations significantly weakens the surface binding of both \V4 v
U0, and Ca?
'“’ C 5l be‘.'- & NE-M1-PRI12ENP — g Nuclear Engi ing Project, February-June 2025
Aot x5 _dubatech “Molecular modeling of materials for nuclear engineering applications” 65
Competition of UO,2* and Ca2* for Adsorption
Sites on the C-S-H Surface
Adsorption free energy (PMF) as a
. function of distance between UO,2-,
P - Ca?+ and deprotonated silanol group
3 = of the bridging Si tetrahedra on the
3 ‘ l\ C-S-H surface at C/S = 0.83
::_ o . L - - gt
= 0 2 S 6 7T 8 910111213 « . .
£, ; \;l\ | » High energy barrier between the
inner-sphere (IS) and outer-
T sphere (OS) surface complexes
“ » Approximately the same depth
e e of the potential wells for both IS
> A
y = and OS
< , @
i | iy
. o » lon exchange and competition
Y . A P for the same surface sites are
SN ; AR B very likely
| I. Androniuk, A.G.Kalinichev (2020) Applied Geochemistry, 113, 104496. |
VN' ol bcr. b NE-M1-PRI12ENP - Nuclear ing Project, February-June 2025
T Aontlen, _Aubatech “Molecular modeling of materials for nuclear engineering applications” 66
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Surface Sorption Sites on C-S-H with High C/S Ratio

“Defect” site i The po.tennal qf mean force as
a function of distance between

—_—
@ M b Ca?* and the sorption sites
30

Ca - defect

20 — Ca - Sipair

—* “Pair Si” site
@ m b — Ca - interchain
10
ghk—» “Interchain” site

01 2 3 6 7 8 9 10 11 12 13

AG, kcal/mol
o

-10
\
. . . . . . -20
» At C/S > 1.4, Si chain are mainly built of paired Si,
surface silanol groups are deprotonated (pH > 12)
-30
» Ca?*is strongly bound to C-S-H surface.
» 3 most important sorption sites were identified. -40 d,A
'“’ C 5l bo‘.' = NE-M1-PRI12ENP — g Nuclear Engi ing Project, February-June 2025
T et s _ubatech “Molecular modeling of materials for nuclear engineering applications” 67

Effect of Gluconate on Ca?* Binding to the C-S-H Surface

. 10 10
5 5 ~\
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> The binding of Ca?*to the C-S-H surface becomes much weaker and potentially may result in a
higher probability of substitution for a competing solution cation (e.g., Na* or UO,(OH)3’).

» Effect of gluconate is the same for all the sorption sites studied.

» Even though the adsorption energy decreases, complexation between Ca-gluconate
and C-S-H surface remains stable.
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Sorption of UO,2* Hydroxo-Complexes
on C-S-H at High C/S Ratio *

===- UO2(OH)3 - Si pair
~—— UO2(OH) - Si pair

UO,(OH); UO,(OH),>

AG, keallmal
o

./ \ A P
; 6 1 2 3 4\5f 9 10 11 12 13 14
5 ke

¢

o ) 10 aA
- 4 A

---- UO2(OH)3 - defect

} E 5 —— UO2(OHM - defect
< " E
’ g 1 2 N TR
- -5
» UO,(OH)s and UO,(OH),* are the
dominating species at high pH range B sk
» UO,(OH); surface binding is more 15 UO2(OH)3 - interchain
energetically stable for all sorption sites 3 10 UO2(OH 4 - interchain
studied H s
> UO,(OH),2 has to exchange hydroxyls in g, ;
order to bind to the C-S-H surface P § YR OB NGOG, R 1
-10 d, A
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Questions for the final paper/ report on one of the ~26 topics,
e.g., 1 - clays; 2 - cement; 3 - TiO, surfaces; 4 - corrosion;

5 - organics, etc. https:/moodle.imt-atlantique.fr/course/view.php?id=407#section-11
(Please use only as a guidance)

& What molecular modeling method was used and why?
¢ Wasiit a fully atomistic simulations, or some simplified models were used?
& What other approximations were used in the modeling?

6 What was the number of particles in the simulations? Was it big enough for the specific
problem? Was it small enough to make the simulations computationally efficient?

6 How long-range electrostatic interactions were handled in the simulations? Was it important for
the given problem?

6 What kind of boundary conditions were applied to the simulation box? Why?
& What properties of the system were calculated from the molecular simulation?

6 Make a qualitative assessment of the accuracy for the calculated properties given the number
of atoms in the simulated system and the duration of the simulation.

¢ What other properties would you additionally calculate from the same simulations for the same
system?

¢ Formulate 2 or 3 strong points of the given molecular simulation paper and 2 or 3 weak points
of the paper.
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