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We study reactivity and leaching at the calcium sodium borosilicate (CNRB&)er interface by means of a

Car Parrinelloab initio molecular dynamics (AIMD) simulation over a simulation time of 100 ps. With an em-
phasis on the comparison between the behavi@af andNa* cations at the CNBS glass-water interface, different
mechanism events during the trajectory are revealed, discussed and correlated with other density functional theory cal-
culations. We show thada’ ions can be released in solution wh@e?* cannot leave the surface of CNBS glass. This
release is correlated with the vacancy energZaf* andNa* cations. Here we found that the CNBS structure with
theNa' cation vacancy is energetically more favorable than the structure witGaHecation vacancy. The calcium
adsorption site has been shown to have a greater af nity for water than can be found in the case of the sodium site,
demonstrating that af nity may not be considered a factor major controlling the release of cations from the glass to the
solution.

I Introduction glass and suggested that under neutral, basic and acidic con-

Borosilicate glass has proven to be a good material for th&itions, the reaction barrier either &——O——B or of
safe long term storage of radioactive wasté It is envi- B ——O——Siis lower thanSi— O —Si, while the re-
sioned that these nuclear glasses will be subject to permaneﬂ?t'on barriers under acidic condltlpns' for the dlssoluylon of
deep geological storage with low permeability and a stabl —— O——B andB——O——3i bridges are consider-
environmertt. However, after a long period of up to thou- ably reduced c;ompa_red tq neutral and basic conditions. From
fMonte Carlo simulations, it has been shown that as the weath-

sands of years, the diffusing groundwater can slowly reach”’ > . ' .
the glass, which will cause a signi cant change in the chem 1nd progresses, a stationary state is reached, in which a pro-

ical and physical properties of gl&s& It is therefore nec- t_ective layer enriched in _silicon atoms forms between the pris-
essary to understand the mechanisms at the origin of the co ne glass f"}‘g_tllge solution after relt_aase .Of sol_ublg elements
rosion of these glasses by the aqueous solution in order oron,.Na ) . From these previous investigations, we
assess their environmental impact and the safety of the ge@f’ln estimate that the+glaswater interface NBS showed the
logical repository. Having a thorough understanding of the "€/€ase of B, Si antia”. S
glass water interface also serves to control many other glass Here we are looking at a more realistic simpli ed model
applications based borosilicate material such as photo multi-of nuclear borosilicate glass that contains calcium oxide and
plier tubes, display technology, biomedical devices, windowssodium oxide, in which the current glass is depicted un-
in architectures,efc!? der the chemical composition as follows 10(CaO)150)a

In our recent Car Parrinelloab initio molecular dynam- 24(B;03)51(SIQ,), denoted by CNBS in the rest of text. In
ics (CP-AIMD) simulations of the sodium borosilicate (NBS) the present work, we have used Bof@ppenheimer MD
glass water interface with an emphasis on the behaviors ofBOMD) simulations to simulate CNBS glass in which we
B andB'V13 sites, we found that the high af nity between Can get a good description of borate-based glass with the pres-
sodium and water dominates the NBS glass interface, whicRnce of boroxol ring® and good distribution oNa* and
leads to such events: i) the release of sodium in liquid waC&"_cations in the borosilicate glass matfix To simulate
ter, i) dissociation of the water molecules on the boron atonfhe CNBS glass interface we performed an AIMD simulation
with 3 coordination since these are the most exposed unitduring which we can assess the events that may appear when
on the surface of the glass which lead both to the formatiorihe CNBS glass interacts with water at a certain temperature.
of boronol and silanol groups. In another study, the ionic exAIMD simulations proved to be a reliable tool for predict-
change (N4 and HO") in a borosilicate glass was investi- ing a glassy state of a borosilicatbased glassy materfd*%.
gated with a static DFT calculatiéhy and the authors sug- CP-AIMD simulations have been widely proven to provide
gested that an ionic exchange initiates a depolymerizatiofeliable results to elucidate watemineral interfac&" and
of the glass network. In another DFT study coupled withSPecially water glass interface”?®%? Static DFT calcula-
NEB calculations, Zapoét al® estimated the reaction bar- tions were also used to provide some insights in terms of af n-

riers for hydrolysis reactions on the surface of borosilicatdty between the water molecule and catidrased adsorption
sites as well as the possibility of cationic vacancy formation.

DFT calculations have shown great success in studying the be-

havior of a water molecule with cationic sites in various silica
@Electronic mail: hicham.jabraoui@cnrs.fr material$0-37
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Our current attempt is to provide the effect of calcium oninitial water CNBS interface model. This interface lls an
the event shown above at the glasgater interface as well as  orthorhombic cell of 17.6715.83 24.98 & (Figure 1). This
to compare the behavior of calcium and sodium with respect tonodel was subjected to the annealing process at 363 K over
water molecules. Noteworthy, the investigation of the CNBS100 ps in the NVT ensemble using CP-AIMD simulation to
glass water interface at atomic scale is, to our knowledge, theobtain the governing event at the CNBS glass-water interface.
rst studied. To run our surface and interface simulation CP-AIMD,

This article is arranged as follows: the second section proPBE+D2 level of theor§f, plane wave basis set and Vander-
vides details on the computational methodology to simulateilt pseudopotentiafé with an energy cutoff of 30 Ry were
the studied borosilicate glass and the glass-water interface, thised. Please note that the2@ semicore electrons are not in-
third section presents and discusses the relevant results of thkided in the valence space for sodium (one valence electrons)
glass CNBS water interface. Finally, we present the main whereas the calcium pseudopotential includes #3@ 3emi-
conclusions. core electrons (ten valence electrons), both pseudopotentials
including nonlinear core corrections. The time step used for
all CP-AIMD simulations was 4.8 a.u. (about 0.116 fs) and a
A. AIMD simulation for CNBS glass modeling ctitious electronic mass of 700 a.u, while the kinetic energy

We used the CP2K packaljeto perform BOMD simu- of ions and electrons was controlled by Noséoover chain
lations in order to model the glassy state of CNBS glassthermOStatS' It should be_ noted that the hydrogen gtom§ 'ha\./e

been replaced by deuterium atoms to preserve adiabaticity in

MD simulations based on DFT are known to reproduce ex- . .
perimental results more accurately than those based on for(t,%e CP-AIMD S|mul_at|0ns. .SChe”?e 1 clearly shows the stages
our methodologies for simulating the glass-wat€ENBS

elds where our subject is to have a good Na/Ca mix-° . . )
ing interaction in bulli and surface struc?u’r%s Here, the Interface. Aiter shedding light on the CP-AIMD trajectory

GGA PBE functional® was used, including D3 dispersion events, static DFT calculgtior_ws using VASP packages (sefa Sl
correctiond! to account for the long range van der Waals in_detalls) were run to quantify single-water molecule adsorption
teractions. TZVP Gaussian Basis 4tsombined to GTH &t CNBS glass surface sites with emphasis on those based on

potentialé® (as provided by the CP2K packages) were used\la+ or Caz++cat|onzz§nd to calculate the vacancy formation
for all atomic species, with an energy cutoff of 41.16 Ry.energy ofNa™ andCa™ cations.
The BOMD simulations were performed using a standardil. Results and Discussion
melt quench procedure of the initial structure generated byA
a classic MD simulation as described in Sl with a composi-
tion of 10(Ca0)15(Ng0)24(B,03)51(Si0,) and a density of In the present study, we rst simulated CNBS glass using
2.53 g/cni: i) The system was rst heated up to 2500 K with BOMD simulations providing a good description of the struc-
a NVT run of 15 ps followed by a NVE run during 10 ps to ture of the boratebased glass with the presence of boroxol
equilibrate the system in the liquid state; ii) quench to 300 Krings’® (see Figure S1) and a good distributiond" and
during 10 ps iii) NPT run at 300 K to equilibrate to system C&* cations in the borosilicate glass maffixSubsequently,
at the glass density (5 ps); iv) nal NVE run at 300 K to fur- the CNBS glass is cleaved in the Z direction and assembled
ther equilibrate the structure at the mean density determinedith a water Im to simulate the CNBS glassvater inter-
from the last ps of the NPT run. The MD timestep was cho-face using a CP-AIMD simulation over 100 ps at 363 K (
sen to 0.5 fs to ensure good energy conservation. The initisdee Scheme 1). Our attempt here is to give a good observa-
classical MD structure is generated using the same force eld§ion of the CNBS glass water interface by emphasizing the
and following the same meltguench procedure as used in our comparison between the behaviors of sodium and calcium. In
previous stud}?. The structural details of our CNBS glass ob- this section, we characterize the environment of the different
tained by BOMD simulation are shown in Table S1. chemical species composing our interface over the whole sim-
ulation time.

The radial distribution function (RDF) and its accumu-

CPMD software packadé is used to perform lated function can provide the average characterization of the
Car Parrinello ab initio MD simulationd® of the glass water interface over a simulation time in terms of the
water glass interface. CP-AIMD was chosen here foraverage distance between the different species and the dif-
a comparison with previous simulations of the NBS ferent components of the glass and the average coordination
glass water interfac&. For building the structural model number. Figure 2(ab) summarizes the impact of water on
of the CNBS glasswater interface, we rst create the former (Si and B) and modi er/compensator of charge com-
CNBS glass surface using the cleaving process in whiclponents (Na and Ca) where we give in pairs the distances
the CNBS bulk glass simulation box is stretched in a Zbetween these species and the oxygen of water molecules
direction, creating a vacuum above the glass surface. Thand the number of molecules of water involved in the evo-
cleaved CNBS glass surface was annealed at 363 K for 1ition of the latter species. Fdta— Ow, the rst peak is
ps in the NVT ensemble using the CP-AIMD simulation, at 2.33 A, while the position of the secondary peak with a
which is called in the rest of the paper by ndmydrated lower intensity is located around 4.39 A. Foa— Ow, the
CNBS surface. The simulated surface was then concatenatedt peak and the lower second intensity peaks are located at
with a water Im containing 85 water molecules to build the 2.40 A and 4.30 A, respectively. These results are in good

Il.  Computational details

Interface characterisation

B. Modeling of the glass water interface
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agreement with our previous AIMD for the glass-water in-ies for silanol group formatiog°* The formation of silanol
terface NB$2. The second peak that appeared with the twoand boronol groups from the proton op® proceed in two
cations means that the in uence of bofe* ions andNa* stages; the rst stage is an increase during the rst 10 ps
ions is suf ciently extended in the deep layers of the wa-reaching 9 silanol groups and 6 boronol groups while the sec-
ter. This suggests that the rst solvation shell @#*and  ond stage is a plateau evolution where the number of silanols
Na* binds to the second shell via Hbonds of a distance uctuates around 9 silanol groups and 6 boronol groups (see
about 2 A. This is in agreement with previous AIMD simu- Figure 3b). The rst stage is mainly correlated with the oc-
lations of the quartzwater interface in which ions have been cupation of defects on the CNBS glass surface (due to the
shown to rearrange J® molecule$®. NoteworthyNa— Ow cleavage process) by"'Hand OH resulting from water dis-
andCa— Ow distances are close to typical N® distances sociations while the uctuation at the second stage is cor-
found in the bulk glass (see Table 1 Sl). This behavior isrelated with structural Grotthuss diffusion between silanol
more pronounced ilNa—— O thanCa—— O (see Table ), groups and water molecufés’>. Figure 3(c e) shows ger-
which means that water can shi¥e® ions easier thagal* . minal oxygen bearing functional group, boronol and silanol
However, when the water molecules are brought into congroups where two last groups are dominant. These functional
tact with the CNBS surface glass, the water contribute to regroups enhance the af nity between water and CNBS surface
form Na and Ca polyhedra by 1.01 and 0.35yf, respec- glass, which means that when the surface is stabilized by these
tively(see Figure 2(cd)) where ACN of Ca increases from groups, events at the glaswater interface become more pro-
6.522 (non hydrated surface) to 6.871 while ACN of Na in- nounced. Here we found that a water molecule can be ad-
creases from 5.306 (norhydrated surface) to 6.314 (hydrated sorbed on the hydrated surface by forming two H bonds with
surface) (see Table I). This suggests that the water is reforntwo silanols. This observation is in agreement with a previous
ing the vitreous region around Na slightly more than aroundab initio investigation of water in a silicatlite1°.

Ca. _Compared to o_ther glaswater_interfaces, Tiloccat ars B. Sodium calcium release

studied the waterbioactive glass interface using AIMD and ) _ )

they found that main interactions involving water molecules at In our previous study?, we showed the higher af nity of
the interface, in addition to the Hoonds between them, are N&" ions towards water molecules compared to other species
with Na* andC&"* cations, withNa— Ow and Ca— Ow in NBS glass. In this previous investigation, we assumed that
distances of about 2.34 and 2.45 A, respectively, which aréhis strong af nity can be directly involved in the mechanisms
close to that presented in their glass B&f. of dissolution of glass, in which a sodium ion was seen to
For the glass former elemer®— Ow andB — Ow, the =~ €merge from the surface thanks to its hydration and the par-
rst peaks are at 1.655 A and 1.375 A, respectively. It is alsoticipation of sodium atoms on the surface in the process of
shown a shoulder with low intensity at 1.365 A before havingPenetration of water molecules in the rst layers of the NBS
a ne peak ofB—— Ow which is attributed to reforming of glass®. . . _

B! units with an insigni cant amount at the surface where the 1N our current study, we aim at comparing the behavior of
ne peak is attributed to reforming &' units at the surface Sodium and calcium in borosilicate glass when in contact with
of the glass. By comparing the effect of water on Si and orvater molecules. Herein, we found that a sodium.ion.can be
B, we found that as the water being in contact with the CNBJ€lease from the CNBS glass surface as shown in Figure 4.
surface glass —— O bonds length take values close to what The release of sodium in liquid water takes place in three
can be found in the CNBS bulk. However, tBe— Obond  Stages throughout the simulation:

is independent of the presence of water where we have the
same distance in both the nohydrated and hydrated surface
as in the original bulk before the cleavage process.

 Over the rst 5 ps; the N4 ion adsorbs around two
water molecules near the surface at a distance of
2.42 Aand vibrates around its initial position (see Fig-
Forgn og(r), the rst peak is at 1.00 A representing the ure 5a).
formation of isolated silanol groupsSiOgH) and boronol
groups B—— OgH) and one germinal silanol group (see Fig-
ure 3a). The appearance of germinal groups with insignif-
icant amounts compared to other types of oxygeearing
functional groups is also shown in the long simulation tra-
jectory by the ReaxFF MD simulation of the sodium alumi-

From 5 ps to 50 ps; Nagoes away from its initial posi-
tion at a distance of about 2 A during which the sodium
is surrounded by 34 water molecules at an average
distance of 2.38 A (see Figure 5b).

From 50 ps to the end of our simulation, this sodium

nosilicate glasswater interface’. A second peak located continues to penetrate deeply into liquid water in a lin-
at 1.64 A assigned for Hbonds. The formauqn of iso- ear fashion up to 4.75 A over 19 ps, then nally this hy-

lated silanol anq boronol groups serves as”? signature both  4rated N4 ion slightly returns towards the surface; dur-

for the occupation of the defect formed(") after the ing this step the number of surrounding water molecules
cleavage process and for the depolymerization of the struc- is about4 5 H,O molecules at a distance of 2.35 A (see
ture by breaking th&&i—— O——SiandSi— O0——B Figure 5c).

after dissociation of water molecules. This observation is

in good agreement with previous ICRES (induced cou- In addition to this rst example, another sodium ion has

pled plasma—atomic emission spectroscopy) studies and M&imilarly been released in solution (see Figure S2). In gen-
simulation$? for boronol group formations and NMR stud- eral, the releaseMa’ ion into the solution can be surrounded
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ergy for each cation is computed as the average of the energy

TABLE I. Pairwise interatomic distances and average coordinatiorb1E four CNBS glass con gurations with one-missing cation

number (ACN) of B O, Si O, Na O, and Ca O bonds in CNBS
bulk glass, in the nonhydrated CNBS surface (cleaved surface with-

out the presence of water molecules), in the hygirated surface (eXI:ABLE Il. Different coordination numbers (CN) and the average
tract from the trajectory of the CNBS glaswater interface). For coordination number of Na and Ca at the interface with respect to

the non hydrated surface glass and the bulk glass (before the cleav=

2 o - oxygen of water molecules calculated over the last 45 ns. See the
age process), RDF (short interatomic distance) and their accumulril:-orreS onding curves in Fiqure S3. Figure S4 and Figure S5. as indi-
tive functions (ACN) are obtained after running a NVT relaxation P 9 g ' 19 9 '

simulation at 363 K over 5 ps, while the values corresponding to thé:ated the coordination numbers were computed for a cutoff of 3A.

hydrated area (interface) were calculated over the last 50 ps of theCN 0 1 2 3 4 5 6 ACN
NVT simulation at 363 K. Na% 52.6 202 91 6.2 59 44 17 11
Bulk Non hydrated surface Hydrated surface Ca% 499 144 117 145 95 3 } 12
Pair d(A) ACN d(A) ACN d(A) ACN

B_*O 141 3.36 1.38 3.12 1.38 3.24 V. Conclusion

Si—O 1.66 4.04 1.66 3.91 1.66 4.00 )

Na—O 235 6.45 2.34 531 234 631 In the context of the degradation of nuclear waste forms,

Ca—O 238 691 231 6.52 2315  6.87 our study attempts to better understand the reactivity and
ACN 0.1 & interatomic distancgf 0.05. leaching at the CNBS glassvater interface. This study

sheds the light on a basic machanism that take place during
glass alteration and that was poorly understood. By corre-

by 4 to 6 water molecules, as shown in Figure 5 and Table 11ating the AIMD trajectory and DFT calculations, we show

This is in good agreement with previous AIMD simulatighs ~ that theCa* andNa" ions behave differently at the glass
other AIMD simulation&”-62and experimental investigations CNBS water interface in which thila™ ion can be released

of the hydratedNa® ion<$2-66 Our previous ReaxFF MD sim- into water whileCa* remains on the surface of CNBS glass
ulation of the NAS glasswater interface showed that the re- but adsorbs more water molecules than sodium on the surface

lease of théla* ion is due to the initial exchange of Na H* of CNBS glass. The higher af nity between calcium and wa-

at the interface involving the dissociation of water close to d€" than between sodium and water is also con rmed by the
Na* — NBO paif°l. fact that the gas phase water molecule adsorbs more onto cal-

cium adsorption sites than onto sodium. The susceptibility of

Regarding the behavior @& ions with water at the in- di be rel di h b lated with th
terface, our trajectory shows no release of calcium into the? lum to be released into the water can be correfated with the
C 3 . ; vacancy energy of the cation where the CNBS structure with
solution althougiNa® andC&* are exposed in the same way

; . the Na" cation vacancy is energetically more favorable than
to water molecules. Figure 6 shows a representative ca:

. . ;
of the behavior of Ca with water molecules at the interface?[Ee structure with th€e’* cation vacancy.

Here it is clearly shown that calcium is not able to leave theCon icts of interest
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FIG. 1. The structural model of the CNBS glasgater interface before performing CP-AIMD simulations, where a Im of 85 water molecules
and CNBS glass containing 300 atoms are concatenated.
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FIG. 2. (a-b) B Ow, Si Ow, Na Oy, and Ca Oy partial RDFs, (c d) B Ow, Si Ow, Na Oy, and Ca Oy average coordination
number (ACN). RDFs were obtained over last 50 ps of the NVT simulation at 363 K.
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FIG. 3. a) H Og RDF of the CNBS glasswater interface, RDF was computed throughout the simulation at 363 K. b) Variation of amount

of isolated silanol groups (Si(OH)) and isolated boronol groups (BDH) over the whole simulation time, where the functional groups were
created after the surface received the proton or hydroxyl group OH from the dissociated water molecules. The snhapshots on c), d) and e)
represent germinal, silanol and boronol group respectively, where blue, cyan, red, white and yellow balls represent Na, Ca, O, H and Si atoms,
respectively. Noteworthy, germinal group is present in insigni cant quantity only one group on the whole of the trajectory.
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FIG. 4. (a) Monitoring of the relative position of a representative case of the releasé abigover 100 ps (whole simulation time). (b)
Snapshots showing the main steps in the trajectory of sodium ion as they diffuse and release from the glass surface to liquid water. Where
blue, red, white and yellow balls represent Na, O, H and Si atoms, respectively

FIG. 5. (a-c) Na Oyater RDF and the average coordination number (accumulated RDF function) of the reledsedtiNeespect to surround-
ing water molecules. Where RDF and ACN functions represented on (a) are calculated over the rst 5ps, (b) are calculated over a simulation
time from 5ps to 55ps, and (c) are calculated over a simulation time from 55ps until the end.
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FIG. 6. (a) Monitoring of the relative position of the representative case of the beha#bri@s with water molecules at the interface over
whole simulation time. (b) A Oy RDF and its corresponding average coordination numbers (ACN) with respect to surrounding where
RDF and ACN were obtained over the last 50 ps of our trajectory. (c) Snapshot showing BbvioBs can interact with water molecules.
Where cyan balls represent Ca, red balls represent O, white balls represent H atoms, and yellow balls represent Si.

FIG. 7. (a b) Adsorption of water onto Ca and Na adsorption sites, respectively. Where pink balls represent B, yellow balls represent Si, red
balls represent O, blue balls represnts Na, cryan balls represent Ca, and white balls represent H atoms.
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