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Abstract

Iron oxide is commonly found in natural or industrial glass compositions and can exist as
ferrous (Fe?") to ferric (Fe®") species, with their ratio depending on the redox reactions during the
glass forming process. Iron redox ratio plays an important role on silicate glass structures and
consequently various properties. This work aims to study the effect of iron oxide, and
particularly the iron redox ratio, on the structures of borosilicate and boroaluminosilicate glasses
using molecular dynamics (MD) simulations with newly developed iron potential parameters that
are compatible with the borosilicate potentials. The results provide detailed cation coordination
states of both iron species and the effect of redox ratio on boron coordination and other structural
features. Particularly, competition for charge compensation modifier cations (such as Na")
among the four-fold coordinated cations such as B**, AI** and Fe**are investigated by calculating
the cation-cation pair distribution functions, bond angle distributions and coordination
preferential ratios. The results show that the tri-valent ferric ions act as a glass former whereas
the di-valent ferrous ions mainly play the role of glass modifier. The ferrous/ferric ratio
(Fe?*/Fe**) was found to affect the glass chemistry and hence glass properties by regulating the
amount of four-coordinated boron. The results are compared with available experimental data to

gain insights of the complex structures and charge compensation schemes of the glass system.

1. Introduction

Borosilicate and boroaluminosilicate glasses are of significant importance due to their wide
applications in technology fields ranging from insulating and reinforcing glass fibers, thermal
shock and chemical resistant glass containers, optical components, to soft tissue repair for
biomedicine and media for immobilization of radioactive nuclear waste! . Due to the presence of

multiple glass network formers such as boron oxide, silica and alumina along with their



interactions with one or more network modifiers, this causes complex interactions among the glass
formers that lead to mixed former effect and give rise to peculiar structure-property relations of
these glasses.>® The structures of borosilicate and boroaluminosilicate glasses have been
investigated by experimental techniques such as ''B solid state nuclear magnetic resonance (NMR)
and models based on these analyses provide insights on the structures of these glasses!® 2. One of
the most important structural features is boron N4 value, which denotes the fraction of four-fold
coordinated boron. Addition of modifiers such as Na;O or CaO to borate or borosilicate glasses
causes the conversion of three-fold coordinated boron (B)) to four-fold coordinated boron (B!*)),
while further increment of the concentration of modifier the amount of four coordinated boron
reaches a maximum.'*'* With even further addition of the modifier, four coordinated boron reverts
back to three coordinated ones. These changes were later found to be a function of the silica to
boron oxide ratio (K) and these were described well in the Dell, Bray and Xiao (DBX) model based
on "B NMR studies.'*!* Furthermore, it was found that boron coordination also depends on the
modifier cation field strength'>!®> and addition of other oxides such as alumina'é. For iron oxide
containing borosilicate glasses, however, there are difficulties to study boron coordination by using
solid state NMR due to the paramagnetic nature of iron ions.!” This makes other approaches such
as molecular dynamics simulations a valuable tool in understanding the complex structures of these
glasses.

Iron containing silicate minerals are commonly found on earth’s mantle and iron is also one
of the most abundant elements in magma'® and the physio-chemistry of the silicate melts thus
determines the magmatic and volcanic process'®. Discussion of iron containing silicate melt is
therefore also relevant in the field of geological processes and numerous researches have been
established and ongoing in this sector?* %2, In multi-component iron (~7 wt%) containing silicates
such as stone wool fibers (SWF), iron plays an important role in the formation of nanocrystalline
layer which provides this glassy material with high temperature stability?®. Fe bearing silicate
melts were studied in forms of alkaline iron silicate melts and binary systems of iron silicates
182425 While in terrestrial igneous rock the FeO present is found to be up to 15% whereas in
nuclear waste is of up to 25% 2%2°. The glassy structure of such melt is often taken to be as
representative although there should be some deviation in cation coordination, density and iron

redox ratio. Synchrotron X-ray diffraction along with aerodynamic levitation method allows the



in-situ analysis of melt structure. Recently, such methods were coupled with MD simulations to
better understand the Fe bearing silicate melts 2’

Iron oxide is commonly found in silicate glasses either as an additive or from impurities of
raw materials. Iron can exist in di- (Fe*") and tri-valent oxidation states (Fe*"), known as ferric or
ferrous ion respectively. Previous studies suggest that these two types of iron have different roles
in the glass structure: the di-valent ferrous ions behave as a network modifier whereas the tri-valent

2831 Tt becomes even more

ferric ions are often found to play the role of a network former
complicated by the presence of multiple coordination states of both of these ions. In a system of
boroaluminosilicate glasses, the interaction of Fe*" ion along with other glass network formers
such as Si, B, Al needs to be understood. Also, the role of Fe?*" as a network modifier and how
different network formers compete for modifier cations for charge compensation is still unclear.
As the ratio of ferrous and ferric iron changes with the melting environment, the redox ratio of the
glass can play an important role on the structures and properties of these glasses.’>33

Understanding how iron oxide affects the structure and properties of borosilicate melt and
glass is particularly important in the immobilization of nuclear waste through
vitrification.**Immobilizing radioactive nuclear wastes in a borosilicate glass matrix, a process
also known as vitrification, is a well-accepted way among the international community®, due to
the high chemical durability of the waste glasses and the relatively low melting temperature of
glass processing®®>” Iron is one of the most common transition elements found in borosilicate
nuclear waste glasses*®>°. Iron oxide greatly affects silicate melt and glass properties such as
viscosity, crystallization behaviors, chemical durability and surface properties*®*! . The
composition, temperature, pressure, and oxygen fugacity can all significantly affect the iron redox
ratio, which in turn affect various properties of the glass waste forms?®.To understand the property
changes of these waste glasses, it is important to understand the effect of iron redox ratio on the
short and medium range structures.

A number of experimental characterization methods have been used to probe the structures
of iron containing glasses. It has been shown by extended X-ray absorption fine structure (EXAFS)
and X-ray absorption near edge structure (XANES) investigations that ferric iron mainly exist as

four-fold coordination*?>*

, while spectroscopic structural evidence shows the existence of five-
and six-fold coordination*>*°, The dominant four-fold coordination of ferric species make it easier

to enter the silicate network hence play the role of a glass former®®**’. The coordination number



of ferrous iron, on the other hand, is more debated. Earlier studies suggest that Fe’" has a
coordination number of six in silicate glasses and acts as network modifier.?®*%* Later studies
show that the ferrous iron coordination in silicate glasses and melts can range from four to
six.304%50 In alkaline-earth alumina-silicate glasses, Fe*" has been reported to show five- or six-
fold coordination.?® Cochain et al. reported that the coordination number of Fe?" is mostly five and
six in borosilicate glasses.*?

Classical molecular dynamics has been proved to be an efficient way to provide systematic
studies on short- and medium-range structures in multi-oxide glasses®*>!>*, The existence of two
oxidation states of iron and composition dependence of coordination change of boron makes
simulations of iron oxide containing borosilicate glass a great challenge. Recently, Deng and Du>?
has reported a sets of partial charge pairwise potential for borosilicate glasses that is compatible
for a large number of cations. The composition dependent boron parameter makes the potential
capable of correctly reproduce boron coordination change with compositions in wide composition
ranges and different glass systems. The purpose of this work is to introduce compatible potential
parameters for ferric and ferrous ions and to use these potentials to investigate the structural roles
of Fe** and Fe?' in borosilicate glasses by using molecular dynamics simulations. The glass
compositions were chosen from simplified iron-rich alumino-borosilicate glasses for nuclear waste
forms with different Fe**/Fe?" ratio. The coordination numbers and other detailed structural
analyses were performed to investigate their roles and the competitions between the B, Al, and

Fe*" for charge compensation by Na and Fe?" cations.

2. Methodologies and Simulation Details

MD simulations were carried out using parallel general purpose MD simulation package
DL POLY 2.20 developed by Smith and Forester from the Daresbury Laboratory of UK>®.In this
work, seven glass compositions with different concentrations of FeO to Fe;Os ratios,
representing various redox ratios from pure ferric to pure ferrous, were studied by using MD
simulations. The initial structure (with around 10,000 atoms) was randomly generated with
minimum short distances among the atom pairs in a cubic simulation box. The number of atoms
of each species and simulation box dimension for each of the glass compositions are provided in
Table S1. The initial density used was the experimental value (2.66 g/cm®) of the base glass

composition FNAB. The simulation box was then gone through a simulated melt and quench



process®’. Each system was heated to 6,000 K for 100,000 steps using the canonical ensemble
(NVT) to fully melt the initial structures. It was then quenched to 300 K gradually with a cooling
rate of 5K/ps, also under the NVT ensemble with the Berendsen thermostat.’® A subsequent
relaxation under the isobaric, isothermal (NPT) ensemble with the Berendsen thermostat and

borostat>®

was performed under ambient pressure for 100,000 steps. A final production run under
the NVE ensemble at 300K was performed to collect data for structural analysis. The cut-off
distance for short-range interaction was 8 A. For long-range interactions, Ewald sum method was
used with a relative precision of 1x10® and a cut-off distance of 10 A. Integration of the
equations of motion using Verlet Leapfrog algorithm was performed where a time step of 1

femtosecond (fs) was adopted.

The partial charge pairwise potentials consist of a short-range Buckingham and a long-
range Coulomb term with parameters refined by Du and Cormack®® and with recent addition of
boron oxide related parameters by Deng and Du’>. The combined expression of the potential has
the form as Eq.1. To better describe the partial covalence and partial ionicity of the chemical
bonds existing in these kind of systems, partial charges of the ions are used in the Coulombic

part of the potential.
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where 7 stands for the interatomic distance between two ions 7 and j; 4, p, and C are the different
parameters for Buckingham term. The partial atomic charge and parameters for short range
interactions are listed in Table 1. Corrections of the Buckingham potential was used to avoid the
overriding of the power term to the exponential term that caused problems at high temperature
and initial high energy configurations at the interface. The following function form was used for

the correction™:
V’(Tij) = BijT'l'jZ + Dijrij”(Z)

where B, D and n are parameters chosen to ensure the potential, force and first derivative of
force to be continuous at the splicing distance 7;. The partial atomic charge and parameters for
short range interactions are listed in Table 1%, Boron related parameters were recently developed

and has a composition dependent Aj; parameter for B-O interactions to account for the effect of



glass composition on boron coordination change®. Details on how the B-O Ajj parameters are
determined for multicomponent boroaluminosilicate glasses are described in Ref. 59. The
parameters for ferrous and ferric species related pairs were recently developed based on cross
fitting to the structures and mechanical properties of a number iron containing crystals.?” The
charge of ferrous iron is +1.2 and that of ferric iron is 1.8, scaled from their full charges based on
the O* ion charge of -1.2. The partial ionic charges and potential parameters, including the

Buckingham potential (Eq. 1) and short range correction terms (Eq. 2), are listed in Table 1.

The final 40,000 steps during the NVE production run were recorded every 50 steps for
structural analyses such as the total correlation function (TDF), bond angle distribution (BAD),
Qn distribution and coordination number (CN). The first minima of the total correlation function
were taken as the cut-off distances and used for the calculation for respective cation-oxygen pairs

(Table S2). Details of these analyses can be found in reference such as Deng and Du”’.

Table 1 Atomic charges and Buckingham potential parameters®’’

Pairs Ajj (eV) pij (A) Gij (eV.A®)  Bj (eV.A% Djj n
012012 2029.2204  0.343645 192.58 46.462 -0.32605 3.430
Si>4-012 13702.905  0.193817 54.681 28.942 -3.0250 3.949
B'$.012 Comp. 0.171281 28.5 18.980 41189 3.960

dependent
Al'3.012  12201.417  0.195628 31.997 51.605 -10.073 3.193
Na%6-012  4383.7555  0.243838 30.70 48.251 -4.7037 2.898
Fe!2-0'?  11777.0703  0.207132 21.642 104.203 -32.110 2.670
Fe!$-012 19952.29 0.182538 4.6583 260.9828 -340.739 2.115

Table 2Simulated glass compositions, densities and simulation cell sizes: 53.32510,-9.12B,0;-
23.93Nay0-6.40A1,03-(7.22-x)Fe203-2xFeO(mol%)

Name xvalue SiO2 B20O3; Na:0 ALOs Fe20s3 FeO Cell Final
size A density

FNAB 0 53.32 912 2393 640 7.22 0 51.589 2.72

FNABI  2.888 53.32 912 2393 640 4332 5776 51.359 2.72



FNAB2 3.61 53.32 912 2393 640 3.61 7.22 51.378 2.72

FNAB3 4332 53.32 912 2393 640 2.888  8.664 51.196 2.70

FNAB4  5.054 53.32 912 2393 6.40 2.166 10.108 51.159 2.71

FNABS5 5776 53.32 912 2393 6.40 1.444 11.552 51.074 2.71
FNAB6  7.22 53.32 912 2393 6.40 0 14.440  50.203 2.64

To investigate the iron redox ratio effect, we used a model borosilicate nuclear waste glass
composition in which iron oxide was gradually reduced from 100% ferric to majority ferrous.
Simulated glass compositions together with final density and cell parameter (for cubic simulation
cells) are shown in Table 2. The glass compositions are 53.325i0,-9.12B:03-23.93Na>O-
6.4041;03-(7.22-x) Fe203-2xFeO (x=0-5.776). It is worth noting that the 2x factor was used for
FeO to maintain total iron constant, considering the 2:1 ratio of iron in Fe;O3 and FeO, while

oxygen amount changes due to the redox reactions.

3. Results
3.1 Validation of the potential parameters

The developed iron potential parameters (Table 1) are used to calculate the structure and
properties of several iron oxide and iron silicate minerals to validate the the potentials for iron
oxide containing systems with both iron oxidation states. Comparison of the calculated and
experimental cell parameters, bond distances, elastic properties are shown in Table 3. The results
show that the potential is capable of describing iron oxides crystal structures®’ with high accuracy
with <0.1% difference in cell parameters. Also, the iron-oxygen bond distances for both ferric and
ferrous species are in good agreement with experiments for both 4- and 6-fold coordination. The
calculated mechanical properties such as elastic moduli are also in good agreement with the
available values from DFT calculations®®. These results show that the partial charge potentials for
iron related species can handle both iron oxidation states and in various coordination

environments, which are essential as a variety of coordination states can exist in glass structures.



Table 3 Comparison of simulated (Sim, this work) and experimental structures and properties

(from experiments or DFT calculations)®**'for iron oxide and silicates crystals. Unit cell

parameters, Fe>"-O, Fe**-0, Si-O bond distance range and coordination number (in [ ]), bulk (K),

shear (G) and Young’s (Y) moduli are compared.

Name FeO Fe20s Fe;04 Fe>Si04 FeSiO;
(space (C2/m) (R-3/C) (Fd-3m) (Pnma) (C2/c)
group)  Sim. Exp. Sim Exp. Sim Exp. Sim Exp. Sim Exp.
a,b,c 5340/ 5345/ 5.054/ 5.104/ 8.543/ 8.533/ 10.499/ 10.600/ 10.087/ 9.906/
(A) 3.083/ 5.082/ 5.054/ 5/104/ 8.543/ 8.533/ 6.185/  6.172/ 9.106/ 9.267/
5340 5340 13931 13913 8543 8533 4933 4.882 5395 5392
a, B,y  90.0/ 90.0/ 90.0/  90.0/  90.0/  90.0/ 90.0/ 90.0/ 90.0/ 90.0/
(®) 109.47/ 108.85/ 90.0/  90.0/  90.0/  90.0/ 90.0/ 90.0/  109.8/ 109.7/
90.0 90.0 120.0 120.0  90.0 120.0 90.0 90.0 90.0 90.0
Volum 82.875 84992 308.2 314.0 6235 6214 3188 3194 466.2  466.0
e
(A)
Fe’’-O0 2.180  2.087- 2.025 1912 2.146- 2.152- 2.084- 2.018-
(A) 2.264 2.323 2255 2315 2247
[4, 6] [6] [6] [6] [6] [4,6] [4,6]
Fe’*-0 1.959- 1.980- 2.053 2.097
(A) [6] 2,125 2.127
Si-O 1.581-  1.644- 1.580- 1.625-
(A) [4] 1.623 1.672 1.634  1.663
K 157.3 197.2 164.5 114.9 98.2
(GPa)
Y 2332/ 233" 2628/ 246" 1106 133" 127.5/ 253.6
(GPa) 233.4/ 262.8/ 162.0/
229.5 3159 232.6
G 943 89.3 68.4 59.9 57.7
(GPa)

* from DFT+U calculations by Liao and Carter.>®

3.2 The Structural Information of simulated FNAB glasses



Figure 1 Snapshot of the MD simulated glass structure FNAB2 glass(a) full image of the
simulation cell with ~10,000 atoms and cell parameter xxXyyXzz A (b) a zoomed in snapshot
showing [SiO] 4 (vellow), [AlO] 4 (blue), [BO]« (light blue), [FeO] 4 (green) polyhedrons, Na
(purple) and O (red).

Figure 1 shows the snapshots from the simulated structure of FNAB2 glass. This structure
consists of polyhedra of the glass formers connected to each other by shared oxygen atoms at the
corners. Total correlation functions (TDF) can effectively describe short-range structure in
simulated glass compositions. Figure 2 shows the total correlation functions of the contributing
pairs of simulated FNAB?2 glass as a representative of FNAB series. The first major peak of TDF
is the bond distance of that particular pair. Therefore, the bond distance of Si-O pair is located at
around 1.61 A representing the strong covalent nature of silicon with a well-defined first peak.
This value agrees well with previous MD simulated aluminosilicate glasses and
boroaluminosilicate glasses®>®*. In addition, X-ray absorption spectra of silicate glass gives
similar results with MD simulated ones obtained in this work . The main peak of Al-O pair
locates at around 1.77 A, which is in good agreement with previous MD simulation results of
sodium aluminosilicate glasses >, as well as the experimental conducted XRD and EXAFS for
both alumina and sodium aluminosilicate glasses®. Bond distances of Fe**-O and Fe?*-O are
around 1.86 A and 2.07 A respectively. The shorter bond length of Fe*" with oxygen atoms can

be explained by the greater degree of covalency of the Fe*"-O bond and lower coordination



commonly found in amorphous materials®’. Na-O bond distance is around 2.43 A which
consistently falls in the range obtained by X-ray absorption studies of sodium containing silica
glasses®. Bond distances of the cation-oxygen pairs in simulated FNAB3 and FNABS5 glasses

are summarized in Table 3 with previous experimental and ab-initio findings for comparison.
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Figure 2 Total correlation functions of cation-oxygen pairs inFFNAB2 glass

For example, B-O pair distribution plot contains two main peaks indicated in deconvoluted total
correlation function of this pair in Figure 3 (a). The first peak locates at around 1.40 A,
representing the three-coordinated boron /B, while for the four coordinated boron [IB, the
corresponding peak locates at around 1.52 A. These values are quite close to the ones obtained
from experimental %% and ab-initio calculations "° for boron containing glasses. Figure 3 (b)
shows the three and four coordinated boron species in FNAB glass series with varying redox
ratio. With FeO/Fe>O3 substitution, the peak positions of three and four-coordinated boron
remain unchanged but there is a systematic change in these peak intensities. This is a clear
indication of the effect of Fe**/Fe** substitution on boron coordination which will be discussed

thoroughly in the following section.
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Table 2 Cation-oxygen bond distances in FNAB3/FNABS5 glasses

Cation-oxygen pairs Bond Length, A Exp. ab initio
Si-O 1.60/1.61 1.60-1.61% 1.64!
Al-O 1.77/1.76 1.77 -

BPRl-O 1.39/1.39 1.37-1.38686 1.377°
BH-O 1.50/1.50 1.48-1.49%869 1.477°
Fe’*-0 1.86/1.85 1.89(tetra)/2.05(octa)”! -
Fe?*-O 2.07/2.07 2.03(tetra), 2.17(octa)’! -
Na-O 2.43/2.44 2.30-2.43 %, 2.46-2.625 2.36-2.43!
(a) oo E'I_Bczo (b) & e
204 - - 4B 20 4 FNAB2
—— FNAB3
—— FNAB4
- 15 - 15 —— FNAB5
5 \ 5 Bl
e e

Figure 3 (a) Deconvoluted B-O total correlation function of simulated FNAB?2 glass. Three and four-
coordinated boron are shown in red and blue dashed line respectively and (b) total correlation functions
of boron species in FNAB glass series

The coordination number distributions of cation-oxygen pairs in FBNA2 glass are
demonstrated in Figure 4. Both silicon and aluminum are found to be typical fourfold
coordinated, which agrees with previous MD studies for international simple glass (ISG),
boroaluminosilicate and lithium aluminosilicate glasses®>’>"*, For the Fe** species, the
coordination number is similar to that of Si and Al, staying slightly higher than 4. Another
important feature of the coordination distribution of Fe*" is that, it has an increase than an
elongated plateau region again followed by increment with distance which is very similar to a
glass network formers’ behavior. On the other hand, coordination distribution of Fe*" is more

like that of glass modifier — an overall increment with distance without showing any clear
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plateau region. It is in accordance with previous studies where divalent iron is usually found to
be network modifier and being five- to six-coordinated in most silicate glasses while for trivalent
iron is considered to be a network former and four-coordinated’®. Again,it can be observed from
Figure 2, for the Fe’" in FBNA2 glass, the high sharp peak locates at around 1.86 A, close to that
of Al, representing a glass former behavior. Interestingly, the Fe?* species in FBNA glasses
display broader peak than those of network formers (Si, B, and Al), while narrower peak than
those of glass modifier (Na in this work), locating at around 2.07 A.

/
— Si-O
— Al-O

10

84 ——B-O
Fe®*-O
Fe?*-O

6 Na-O

Coordination Number (CN)

10 15 2.0 25 3.0 35 40
r(A)

Figure 4 Coordination numbers (CN) of the cation-oxygen pairs in the simulated FNAB2 glass
structure

3.3 Cation coordination distribution and average coordination number

Coordination environment captures the short-range local structure of the comprising

elements of glass matrix. By integrating the first peak of partial pair distribution function
coordination number is obtained and it is defined as [ or “4nr?p(r)dr. Here, r. is the cut-off value

for each pair which can be obtained from the first minima of the corresponding TDF curve. For
Si, Al, Fe*" B, Na, and Fe?" the cut-off values were taken to be 2.25 A, 2.35 A, 2.45 A, 1.85 A,
3.31 A, and 2.76 A respectively. Oxygen coordination numberof the glass formers and glass

modifiers for FNAB to FNABS samples are calculated and summarized in Table 4-9.

3.3.1 Coordination environment of Si, Al, Fe3*
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Table 3 and 4 report the coordination distribution and mean coordination number of Si and
Al respectively. The average oxygen coordination of silicon in all the glass compositions is four
i.e. it is the tetrahedral glass forming units as found in silicate and aluminosilicate melts and

7576 and various MD studies®®3. Aluminum is found to be

glassesfrom experimental results
mostly four-fold coordinated, but minute amount of five-coordinated Al is also observed in all
the glass compositions. This is in well accordance with previously reported experimental results
77.78 It is worth taking into consideration that, for both Si and Al, the coordination environment is

not significantly affected by the FeO/Fe;O3 substitution i.e. iron redox ratio.

The coordination number results of Fe*" is reported in Table 5. The reported values are
average standard deviation are from three parallel simulations for each composition. It can be
seen that, Fe’*ismostly four-coordinated. This is again an indication that, Fe**ions are able to
connect as three-dimensional tetrahedral units similar to the characteristics of a glass network
former. Compared to AI**, the amount of five-coordinated Fe*" are much higher at all five
samples. More importantly, the amount of over-coordinated Fe** were affected by the
concentration of Fe**. Throughout the FNAB series, as the concentration of Fe?" increases, the
presence of over coordinated Fe** first increases and then increases and finally decreases to a

lower amount.

Table 3 Coordination distribution and mean coordination of Si

Glass 1D 4 5 Avg Coord.
FNAB 99.94+0.01 0.06+0.01 4.00+0.00
FNABI 100+0.00 0.00+0.00 4.00+0.00
FNAB2 100+0.02 0.00+0.02 4.00+0.00
FNAB3 10040.00) 0.00+0.00 4.00+0.00
FNAB4 100-0.00 0.00+0.00 4.00+0.00
FNABS 100+0.00 0.00+0.00 4.00+0.00
FNAB6 99.98+0.02 0.03+0.03 4.00+0.00
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Table 4Coordination distribution and mean coordination of Al

Glass ID 4 5 Avg Coord.
FNAB 99.97+0.51 0.02+0.49 3.99+0.01
FNABI 99.44+0.20 0.50+0.23 4.00+0.00
FNAB?2 99.84+0.48 0.17+0.47 4.00+0.01
FNAB3 99.49+0.65 0.51+0.64 4.00£0.01
FNAB4 99.67+0.15 0.32+0.15 4.00+0.00
FNABS 99.63+0.35 0.37+0.35 4.00+0.00
FNAB6 98.75+0.22 1.25+0.23 4.02+0.01

Table 5 Coordination distribution and mean coordination of Fe’*

Glass ID 4 5 6 Avg Coord.

FNAB 03.33+3.58 6.59+3.57 0.03+0.09 4.09+0.02
FNABI 94.14+3.90 5.46+4.07 0.14+0.05 4.11+0.02
FNAB2 90.09+2.89 9.76+2.96 0.15+0.08 4.10+0.03
FNAB3 89.72+3.35 10.24+3.38 0.04+0.09 4.09+0.04
FNAB4 93.82+5.49 6.18+5.45 0.00+0.05 4.13£0.02
FNABS 97.62+6.11 2.39+5.70 0.00+0.49 4.14+0.03
FNABG6 - - - 4.09+0.02

3.3.2Boron coordination and fraction of four-coordinated B (N4)

Boro- and aluminoborosilicate glasses exhibit non-linear composition dependence on the
glass compositions which is known as boron anomaly’® 8!, As proven by the studies of solid-
state NMR, this is related to the conversion of three (°1B) to four -coordinated boron (B) — at
the initial stage of modifier oxide (Na>O,CaO etc.) addition !B convert to 4B, then a plateau
region appears and lastly with further increase of modifier oxide [*/B breaks up to generate non-
bridging oxygens(NBO) first on B and then on Si!*%2#3_ Since the findings from the preceding
sections suggest FeO to be of glass modifier’s role, it would be interesting to observe how the

variation in redox ratio affect the fraction of four-coordination boron (N4).
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Table 7 reports the percentage of three- and four-coordinated boron in FNAB glass series.
Different from other glass formers, FeO concentration has higher effect on boron species. It is
concluded that an increase in the FeO concentration decreases the concentration of three
coordinated boron and increases the concentration of the four coordinated ones. [*'B
concentration declines from 87.70% for FNAB to 78.90% for FNABG6, while the B
concentration increases from 12.30% for FNAB to 21.10% for FNAB6. Figure 5 shows the
comparison of the fraction of four coordinated boron obtained by MD simulations with the ones
found theoretically. It can be observed that, the trend is more of less with an overall increment of
boron N4 with the addition of Fe*" even though there is slight disagreement at some points.

Ming-Tai et al %

reported that charge compensator prefers Al to B in sodium-alumino-boro
glasses. Our results confirmed that at a fixed amount of alumina, increasing of Fe**, which

denotes to a network modifier greatly increased [*IB concentration.

Table 6 Coordination distribution and mean coordination of B

Glass ID 3 4 Avg Coord.
FNAB 87.70+2.84 12.30+2.84 3.12+0.03
FNABI 85.07+1.19 14.93+1.19 3.14+0.02
FNAB2 89.96+5.04 10.05+5.03 3.10+0.05
FNAB3 87.39+2.23 12.61+2.23 3.12+0.02
FNAB4 86.15+1.23 13.86+1.22 3.14+0.01
FNABS 83.18+1.22 16.82+1.22 3.16+0.02
FNAB6 78.904+2.39) 21.10(£2.39) 3.21+0.03
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Figure 5 Coordination number for B species in FNAB glass series from MD simulations and
theoretical calculations (modified Dell and Bray model)

3.3.3 Distribution of coordination number of the glass modifiers (Na, Fe?*)

As discussed earlier from Figure 4, glass modifiers show broader distribution of oxygen
coordination number. Table 7 summarizes the oxygen coordination number Na and it varies
between 5 to 8 coordination mostly resulting in an average of ~6.5. This is in well accordance
with the Na coordination obtained from MD results in bioactive *° and from DFT-GIPAW
calculations for borosilicate glasses'. There is an increase of average coordination number for Na
from 6.43 to 6.59. For Fe* species (Table 7), on the other hand, the main contributions are from
four and five-coordinated Fe?*, with significant amount of six-coordinated and small number of
three-coordinated ones. The average coordination number of Fe?* locates at around 6.54. There is

a slight decrease in the average coordination of Fe?* with increase of its concentration.

Table 7 Coordination distribution and mean coordination of Na

Glass ID 5 6 7 8 Avg Coord.
FNAB 18.11+4.23 29.58+1.08 28.93+2.53 15.08+2.40 6.43£0.20
FNABI 17.31£2.89 31.83+2.43 29.97+1.90 14.31+2.87 6.44+0.17
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FNAB?2 16.64+2.77 32.07+2.35 29.71+1.76 14.14+2.58 6.43£0.16
FNAB3 14.89+1.16 30.27+0.76 31.27+0.65 14.96+1.61 6.55+0.09
FNAB4 14.79+1.20 32.22+1.20 30.73+1.06 15.43+0.60 6.56+0.09
FNABS 14.35+1.75 29.55+0.23 32.74+1.39 15.48+1.00 6.59+0.07
FNAB6 9.96+0.51 29.40+0.61 33.50+0.95 19.15+0.64 6.77+0.02
Table 8 Coordination distribution and mean coordination of Fe’*
Glass ID 3 4 5 6 Avg Coord.
FNAB - - - - -
FNABI 1.19+0.34 47.02+6.08 42.86+4.81 7.74+1.71 4.60+0.08
FNAB?2 0.47+0.55 55.9+7.10 37.44+5.20 6.16£1.71 4.49+0.08
FNAB3 1.19+0.46 51.7+3.85 37.55+4.88 9.49+2.30 4.55+0.04
FNAB4 1.01+0.58 52.7+3.72 36.82+3.25 8.78+1.79 4.55+0.05
FNABS 0.29+0.30 51.76+0.51 40.00+0.74 7.94+0.45 4.56+0.01
FNAB6 0.47(+0.49 37.94+2.57 47.54+2.39 13.82+2.23 4.75+0.04

3.4 Bond angle distribution (BAD)

Bond angle distribution (BAD) is an effective way to describe the short-range structure

changes. Angle formed inside glass forming polyhedrons (O-X-O, where X stands for glass

former) and angle formed by two different polyhedrons (X-O-X) connected by oxygen atom are

analyzed.O-X-O BAD is used to describe the regularity of the glass former tetrahedrons whereas

the X-O-X BAD describes the tetrahedron connectivity®®?’. The two kinds of BAD were
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analyzed for FNAB glasses and were demonstrated in Figure 6 and 7 respectively.
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Figure 6 Bond angle distribution of the glass formers with surrounding oxygen atoms

Bond angle, 6(degree)

It can be observed from Figure 6 that the BAD of O-Si-O, O-Al-O, and O-Fe**-O show

peaks at around 108.7°, 107.5°, and 105.7°, respectively. These values are close to the theoretical

tetrahedral angle109.5° and it indicates the tetrahedral geometry of [SiO4], [AlO4], and [FeOs4].

The result of O-Si-O agrees well with the experimental data based on high-energy X-ray

diffraction and neutron scattering data®®®. The BAD of O-Al-O, shown in Figure 6(b), is

relatively wider than that of O-Si-O, which agrees well with previous simulation results in

sodium-aluminosilicate and boroaluminosilicate glasses®>*°. For O-Fe**-O, the BAD gives an

even broader peak, locating at around 105°. The narrower BAD and closer peak value to the
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optimal tetrahedron angle of Si when compared to Al and Fe*"indicate its well-defined first
coordination shell as a result of high field strength of Si*" ions®. Interestingly, substitution of
FeO/Fe>03 did little effect on the BAD of These three species. For O-Si-O and O-Al-O, the six
curves in Figure 6(a) and 6(b) overlap with each other. For O-Fe*"-O, only peak intensity
changes to some extent since Fe** ions are reduced by the gradual introduction of Fe?* (Figure
6(c)).Also, there is a shoulder at around 90° which is likely to be formed because of the
triangular bi pyramidal shapes of five-coordinated units. Bond angle distribution of O-B-O in
FNAB glass series are shown in Figure 6(d) and it exhibits interesting behavior. These plots have
two main peaks; the first one located at ~107.5°which refers to four-coordinated B tetrahedrons,
and the second peak located at 119.5° corresponds to three-coordinated B which has a triangular
shape. Different from other three glass formers, the increase of Fe** concentration caused the
changes on intensities of these two peaks. This is due to the variation of three- and four-
coordinated B concentrations. This result agrees well with the T(r)(Figure 3) and coordination
number distribution of B-O pair (Table 7). As shown in Figure 6(d), with increasing Fe?*, the

peak intensity of three-coordinated B decreases while four-coordinated B increases.
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Figure 7 Inter-polyhedron bond angle distribution in simulated FNAB2 glass structure

Figure 7 shows the inter-polyhedron BAD among different glass forming units. These

polyhedrons are connected to each other by an oxygen atom at the center. The peak intensity of a
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certain bond angle also indicates the probability of that particular linkage formed by a pair of
polyhedrons. It can be observed that, Si-O-Si BAD is of highest intensity in these glasses
therefore it is the most favorable linkage and occurs abundantly. Si-O-Al BAD is the next
favorable linkage formed in these glasses. In this study, the concentration of SiO; is around eight
times greater than that of AIbO3. Therefore, there is higher probability of Si-O-Si linkage
occurring compared to that of Si-O-Al linkage. Another interesting observation can be made
from Figure 7: the presence of Al-O-Al linkage which might seem like the violation of
Lowenstein’s aluminum avoidance principle that states, with greater Si/Al ratio, Al-O-Al bond is
unlikely to happen’!*2. Al-O-Al linkage was also observed in the findings from other MD
simulation results %3, The violation of aluminum avoidance rule was suggested to be caused by

introduction of higher field strength glass modifier in the matrix such as Fe** in this study®*.

B85 035
{a) O-Na-O FNAB {t) O-Fe*-0 — FNABA
0,901 ~53.0° ——FNAB1 030 | FNAB2
FNAB2 —— FNAB3
026 ——FNAB3 0.25 —— FNAB4
~02 B s
— FNABS =
g 0.15 = 15 4
0.10 - 010 |
0:05- J 0.05 ~63.%
] T T T ¥ T T T o0 T T T T T T T
20 40 (1] an oo 120 140 160 180 20 40 60 -] 100 120 140 160 180
Bond angle, S(degres) Bond angle, idegree)

Figure 8 Bond angle distribution of (a) O-Na-O and (b) O-Fe**-O

Figure 8 shows the BAD of glass modifiers (Na, Fe**) for six different glass compositions
in FNAB systems. Overall, these BADs do not show significant variation with changing redox
ratio. BAD for sodium ions extends from 40° to 180° and it has two major peaks: at around ~53°
and 93°. Similarly, for ferrous iron extends from ~55° to 180° forming two prominent peaks at
~64° and 97.1°. This characteristic of modifier’s BAD was well explained by Xiang and
Du®>considering the contribution of bridging (BO) and non-bridging oxygen (NBO) to the
BAD:s. For both of the modifiers, the peak at around 90° occurs by the octahedral geometry of

the connection between two NBOs from two different glass forming polyhedra such as [SiO4],
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[AlO4] etc. in this study. On the other hand, the peak at ~60° forms by oxygen atoms sharing
same polyhedrons. The partitioned BAD in Figure 9 reveal the contribution of BO and NBO to
the overall distribution. It can be observed that, for sodium, the peak at lower angle is mostly
contributed by BO-Na-BO whereas the higher angle peak is contributed by BO-Na-NBO and
BO-Na-BO. For ferrous iron, the peak at lower angle is not of as high intensity as sodium and
contributed by BO-Fe?"-NBO whereas the high angle peak is formed by NBO-Fe?*-NBO.
Therefore, it can be suggested that, Fe?" has greater level of association with NBO in first

coordination shell that that of Na.
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Figure 9 Contribution of BO and NBO in bond and distribution of (a) O-Na-O and (b) O-Fe**.O
in simulated FNAB2 glass structure

3.5 Preference of Na and Fe?* by Al, Fe’*, and B

When being four-fold coordinated, the 3+ charged cations will have a negative charge on
the [MO4]- (M=AI**, B*" and Fe’") tetrahedron, assuming all the oxygen being bridging oxygen
and the tetrahedron entering the silicate network by linking to [SiO4] through common bridging
oxygens. As we have two types of modifier cations: Na* and Fe?*, it would be intriguing to
determine which one is preferred to play the charge compensation role on these 3+ cations. For
this purpose, we have calculated the cation-cation pair distribution functions (PDF) and the

cation preference ratios®.
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PDFs of the glass formers (Na, Fe**) were obtained and reported in the Figure 10. In Figure
10(a), the overlapping peaks of the PDFs of Na with different glass formers suggest a close
competition among the glass formers to be charge compensated by sodium. From Figure 10(b), it
can be observed that, the PDF peaks of Al and Fe** by Fe?* is almost of similar intensities.
Therefore, it can be concluded that Fe?" ions are charge compensating Al and Fe** with similar
level of preference. Another way to look at the charge compensating tendency of the modifier is
to consider the number of a particular glass former ion around each of the glass modifiers. It can

be calculated as a ratio denoted as ‘R’ which has an expression as the following °°:

CNa=b, Ne

R, =
bre CNg—c Np

in which, ‘a’ stands for a particular glass modifier (Na or Fe?*), ‘b’ and ‘c’ denote glass
modifiers (Al, B, and Fe*"). IfR>1, ‘a’ prefers ‘b’ over ‘c’ and for R<I, ‘¢’ is more preferred by
‘a’. When R is around 1, there is a statistical distribution of ‘b’ and ‘¢’ around ‘a’ according to
the number density of the cell and there is no particular preference of ‘a’ toward ‘b’ or ‘c’. The
calculated values are reported in Table 9. Between Al and Fe**, Na charge compensate Fe** first
and between Al and B, Na charge compensate Al first in all the glass compositions. Therefore,
the sequence of preferential charge compensation by Na is Fe**>AI>B. Since the calculated
values of R for charge compensation by Na between Al and Fe*" are close to 1, competition
between these two glass formers for Na is almost similar. This is also in accordance with the
other observation of this study where Al and Fe** are found to be of similar nature. In case of
Fe?*, again Fe*" is first charge compensated, then Al and finally B. Therefore, the sequence is
same as Na. The preferential sequence of Fe*" for charge compensation is also shown in Table 9.
The results show that Fe?" has larger preference for Fe** than B, it also has preference for AI**

than B, while between Fe®" and Al, the preference of Fe*" is higher. Hence the preferential

sequence of Fe?* for charge compensation is Fe**>AI>B and the highest preference is Fe*".

22



3.5 3.5

——Al-Na

3.0 3.0+

2.5 2.5

—~ 204 2.0 1

a(n

1.54

1.0+

0.5

0.0 T

Figure 10 Partial distribution functions of (a)Na and (b)Fe*" with different glass formers in
simulated FNAB?2 glass structure

Table 9 Charge compensation preference of Na and Fe’*for Al, Fe’*, and B in FNAB glasses

series

GlassID — Rifjs  Rpjseyp  Rpgen  Rhgp  RESD . REST
FNAB 1.20 1.22 1.12 - - -
FNABI 1.19 1.23 1.04 1.45 2.11 1.45
FNAB2 1.16 1.24 1.07 1.44 2.52 1.75
FNAB3 1.45 1.27 1.10 1.45 3.16 2.18
FNAB4 1.12 1.58 1.03 1.45 4.22 2.90
FNABS 1.15 1.26 1.10 1.44 6.31 4.37
FNAB6 1.58 - - 1.08 - -

3.6 Oxygen speciation

The concentration of bridging and non-bridging oxygen in FNAB glass series were

summarized in Tablel 1. The high concentration of bridging oxygen (88.47%) indicates that the
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baseline FNAB glass (without Fe?") is a highest network former containing glass, with 10.15%
of non-bridging oxygen and small amount of tri-bridging oxygen. The percentage of bridging
oxygen around the glass formers is decreasing from 88.47% to 72.91% with increasing
Fe?*content, while the non-bridging oxygen shows the opposite trend. Since the glass
compositions studied have a fixed amount of Na,O, and the total concentration of
[AL,O3+Fe,05+B203]<[Na20], Na is only acting as a charge compensator for Al, Fe*" and B*.
Therefore, it is only because of the Fe?" the non-bridging oxygen is being generated. Therefore,
Fe?" ions play the role of breaking the network linkages by generating extra non-bridging
oxygens which again confirms its role as a glass modifier. Figure 11 shows the partial
distribution functions (PDF) of these glass modifiers with associated non-bridging oxygen. Since
PDFs are calculated by normalizing the concentration of the corresponding components, higher
intensity of the Fe*?*-NBO than Na-NBO peak indicates that, greater the number of NBOs are

conglomerated with Fe?* than Na for the equal amount of these glass modifiers.

Table 10 Oxygen coordination in FNAB glass series (%)

Glass ID 1 2 3
FNAB 10.15(%0.40) 88.47(+0.29) 1.38(%0.18)
FNABI 18.11(+0.27) 81.45(+0.35) 0.42(0.19)
FNAB2 20.73(+0.59) 78.69(+0.63) 0.52(0.04)
FNAB3 22.80(£0.28) 76.76(+0.22) 0.43(+0.08)
FNAB4 24.84(%0.13) 74.79(£0.16) 0.27(£0.04)
FNABS 26.83(£0.19) 72.91(+0.10) 0.12(x0.07)
FNAB6 31.32(x0.24) 68.34(+0.28) 0.23(x0.07)
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Figure 11 Partial distribution function of Na and Fe*" with associated non-bridging oxygens
(NBO) in simulated FANB2 glass

3.7 Qn distribution of Silicon, Boron, Aluminum, and Iron (Fe3+)

In glassy or amorphous materials, the statistical distribution of various structural motifs on
different scales is represented by Qn. Qn refers to the glass forming units where ‘n’ (~0-4) is the
number of bridging oxygens per tetrahedron®. It is a medium range structure information and
sheds lights on the glass network. The Q. distributions of silicon, aluminum, ferric iron, and
boron were studied in order to analyze the medium range behavior of FNAB glasses and reported
in Table 12-15. It can be observed that the preferred species for these three species are Q4, which
indicates high connectivity of network formers. In addition, for Si, Al, and Fe** species, the
percentage of Q4 decreases as the Fe?* content is increasing, whereas the percentage of Q3
decrease. Furthermore, the Q4 species of Si decreases dramatically from 72.96% to 43.53%,
indicating high Fe** content decreases the probability to form linkages between Si and other
network-formers and resulting the increase of Q> and Q3 species.Q: and Q2 species, they result
from the non-bridging oxygen existing in these glasses. In addition, the existence of Qsof Al and
Fe** indicate the presence of five-coordinated Al in FNAB glasses. For Fe**, it suggests that

majority are connected to other network formers.

25



Table 110, distribution of Si (%)

Glass ID Q: Q2 Qs Q4
FNAB 0.00 2.58 24.42 72.96
FNABI 0.45 6.93 35.29 57.26
FNAB2 1.16 7.67 37.51 53.67
FNAB3 0.80 10.89 40.58 47.73
FNAB4 1.00 11.18 43.88 43.87
FNABS 1.62 13.60 41.19 43.53
FNAB6 3.10 16.40 44.02 36.45
Table 120n distribution of Al (%)
Glass ID Qs Q4 Qs
FNAB 1.90 98.08 0.02
FNABI 10.49 88.74 0.50
FNAB?2 12.84 86.46 0.17
FNAB3 9.83 89.13 0.51
FNAB4 12.75 86.46 0.28
FNABS 14.88 83.97 0.35
FNAB6 20.27 77.68 1.25
Table 130, distribution of Fe’" (%)
Glass ID Q3 Q4 Qs Qs
FNAB 2.47 90.92 6.59 0.03
FNABI 5.82 88.59 5.46 0.14
FNAB2 9.83 80.63 9.31 0.15
FNAB3 8.24 82.65 9.07 0.04
FNAB4 9.31 83.78 6.13 0.00
FNABS 11.61 85.98 2.39 0.00
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FNAB6 - - - -

Table 14 reports the Qy distribution of boron. The majority parts are Q3 and Qa,
corresponding to three- and four-coordinated B respectively. Here, increasing Fe?" leads to
increase of Q; and Q; concentrations. Therefore, with introduction of extra Fe?" more non-
bridging oxygens are generated. In addition, the increase of Fe** content results in an increase
trend of Q4 and decrease trend of Qs species. This is due to the availability of more network
modifier to charge compensate the B, corresponding the results of coordination number change
of B which resulted in the increase of boron Nawhich is also in accordance with the result
obtained from Figure 5. Therefore, increase of Fe?" has two-fold effect on the local environment
of boron: it increased the non-bridging oxygen around it and also charge compensate to produce

four-coordinated boron.

Table 14 Q, distribution of B (%)

Glass ID Q: Q2 Qs Q4
FNAB 0.66 19.14 68.38 11.82
FNABI 4.57 25.80 55.56 14.07
FNAB2 431 32.89 54.68 8.12
FNAB3 5.30 30.09 54.53 10.09
FNAB4 5.89 33.61 48.92 11.39
FNABS 7.32 35.52 42.83 13.58
FNAB6 10.25 33.14 37.77 17.35

4 Discussions
4.1 Structures of the iron containing borosilicate glasses

From the obtained results, it can be observed that, even though the local structure and the
coordination states of silicon, aluminum and ferric iron were not significantly affected by the
modulation of redox ratio, boron coordination state are strongly influenced by the iron redox

ratio. Our simulation results clearly show that Fe**plays the role as a glass former whereas Fe*"
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acts as a glass modifier, as demonstrated in Figures2, 4 and Table 6.The coordination number of
the two iron species are compared in Fig. 12. It can be clearly seen that Fe** has over 90% four-
fold coordination hence supporting the role of Fe;Os a glass former in these and other silicate
glasses. Fe?*, on the other hand, has significant amount of five- and six-fold coordination. Fe**-O
shows a well-defined first coordination shell and the accumulated coordination has a clear
plateau. Together with majority (close to 90%) of the Fe*" ions are four-fold coordinated, all
these give evidence that Fe*" mainly plays the role of a glass former. It is worth noting that Fe**
can also occur in six-fold coordination which is generally observed in crystalline sodium iron
silicates such as acmite (NaFeSi20¢)®’. An earlier Mdssbauer and neutron diffraction study
suggested that both iron species are four-fold coordinated by oxygen, although longer Fe-O bond
distance was found for the ferrous species than the ferric species®’ which is consistent with our
simulation results (Table 2 shows that Fe**-O bond distance is 2.07 A and Fe**-O bond distance
is 1.86 A). The experimental results also support that ferric oxide (Fe2Os) plays the role of an
intermediate,®’ consistent with our findings. In this work, Fe** shows more of a typical modifier
like characteristics: Fe**-O?" pair distribution function is broader, lacks of a clear plateau of
accumulated coordination and a significantly higher coordination than 4. The compositions

designed was to keep other components of the borosilicate glass constant while only changing

the redox ratio of iron oxide by gradually increasing the reduction of Fe**.
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Figure 12 Oxygen coordination number distribution around Fe** and Fe?*in FNAB2.
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The redox ratio of iron oxide has significant effect on the glass structure, especially on the
boron coordination. The fraction of four-fold coordinated B increases with increasing redox ratio
of iron. Increase of Fe?*/Fe*" ratio provides a mechanism for increasing four-fold coordinated
boron content. The reason could be twofold. On one hand, Fe?" species were proven to play a
modifier role in iron rich glasses. The increase of FeO can increase the modifier content, hence
the R value, hence affect the BIB/I*IB ratio °*®. On the other hand, there are two glass formers
(S102 and B>03) and two intermediates (Al2O3; and Fe>Os3) coexist in FNAB glasses, causing the
multiple roles of the network modifiers. They can play the role of modifier to create non-
bridging oxygen or serve as charge compensators to the four-fold coordinated network forming
species: [BO4]", [AIO*], [FeO*]". So there is a competition for modifier cations, either Na* or
Fe?*. The boron coordination is quite affected by the change in redox ratio of two different types
of iron ions. With increasing Fe*"in expanse of Fe*”, i.e. in a more reducing environment,

B3**ions are converted from three-fold to four-fold coordination.

Doweidar et al. studied the competition of B** and AI** for Na* for charge compensation in
a series of sodium boroaluminosilciate glasses *°. They reported that at constant modifier content
the increased Al,O3 caused decrease of four-coordinated B content and concluded that Na*
prefers to charge compensate [AlO4] to [BO4]™°. Later Wu and Stebbins®’ studied glasses with
two modifiers (Na" and Ca?"), increase of Al,Os lead to decrease of /B in alumino-borosilicates.
In addition, in a recent simulation work, Ha and Garofalini® reported that the ratio of BIB/“IB is
affected by the ratio of Al,03/B20s, indicating increased Al,O; resulting in decreased [“/B under
a constant concentration of network modifiers. Therefore, the effect of substitution of different
glass formers with constant amount of glass former is also worth taking into consideration for

future studies.

From simulation point of view, boron coordination can also change as a function of cooling
rate and system size. In an earlier study we have investigated the two effects on boron
coordination, as well as other structural features and properties, of a sodium borosilicate glass.'??
It was found that when system size is above 1,200 atoms, boron coordination number stabilizes
and showed less variations.'®> Boron coordination also increases with slower cooling rate. In this

work, we used the 5K/ps cooling rate, the same as the one used for developing the potentials.>
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The simulation cell sizes of this are around 10,000 atoms for each composition, hence the effects
of system size and cooling on various glass compositions are minimal in this work hence they are
comparable. Additionally, the theoretical value of the boron coordination (in Fig. 5) was based
on the model of sodium and potassium boroaluminosilicate glasses.'” As boron coordination
number is potentially a function of cation field strength as well, hence different type of modifier
cation can have different effect, as shown in recent simulation'® and experimental'>!% studies.
This might partially contribute to the difference between the theory and simulation results shown
in Fig. 5. So the composition dependence potentials should ideally consider this effect as well.

However, that would also increase complexity of the model.

4.2 Determination of ferric/ferrous equilibria

In alkali and alkaline earth borosilicate glasses, ferric and ferrous species equilibria are
controlled by the glass compositions, oxygen partial pressure and temperature profile during the
glass processing. In practice, Mdssbauer spectroscopy, wet chemistry and optical spectroscopy
can be used to determine redox ratio in glass'?. Studies from Goldman'®! suggested a linear
dependence of log (Fe**/Fe?")with log(pO.) and 1/T and redox equilibria is not dependent on
total iron content in a small range of Fe2O3 of 0.9 to 0.5 mole percentage. Hence, the study

derived the oxidation-reduction reaction to be written as:
Fe*'+ (1/4)02+ (3/2)02 =FeO2" (3)

In our simulations, the starting composition (FNAB) contains 100% of Fe>O3, which is gradually
reduced to 0% Fe>O3 and 100% FeO. It is worth noting that in the process, we used (FeO): to
Fe»Os substitution to maintain constant total iron (Table 2). Therefore, the compositions under
study cover a wide range and systematic change of iron redox equilibria. This is to ensure the
effect of changing redox ratio on the structure of the aluminum borosilicate glasses in FNAB
series. Experimentally, it was found that more ferric (Fe**) ions was reduced to ferrous (Fe?")
when iron oxide was below 5 mol% in sodium silicate glasses and the highest fraction of Fe**
from Mossbauer spectroscopy was 11%. Less iron reduction was observed with higher amount

(> 5 mol%) of iron oxide concentration (the highest amount of iron oxide can be incorporated

was found to be 18 mol%).%’
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Our results indicate a competition of the glass intermediate cations, particularly those
negatively charged four-fold coordinated units [MO4]” (M=Fe, Al, and B), for glass modifier
cations such as Na* and Fe?* for local charge compensation. For both of the species, from the
partial pair distribution function (PDF) in Fig. 10, it is not very clear which glass intermediate
cation has the preference to be charge compensated first as the PDF peak shape and intensities
are similar. However, the cation preference (Table 9) shows that the preference sequence for Na*
charge compensation is Fe**>A1**>B*". While for Fe**, the charge compensation sequence is
Fe’™>AI*>B*". The difference between Na" and Fe?" is that, Fe?>" has higher preference to be
with Fe** than AI** for charge compensation while for Na*, the preference of the two are similar.
Hence the tendency of attracting modifier cations for charge compensation of AI** and ferric
Fe®" are similar, which can be explained by the fact that both of them have similar ionic radii
which is reflected from their similar cation-oxygen bond distances (1.77 A for Al-O and 1.86 A
for Fe**-O as shown in Fig. 3). Although B** has even smaller ionic radii as reflected by shorter
B-O bond distances (1.4-1.5 A depending on the composition), there is probably higher
covalency in the B-O bond than the Al-O and Fe**-O bonds, hence B>" has lower capability to
attract the modifier cations and its preference for charge compensation follows that of AI*" and

Fe*", which is supported from our simulation results.

Furthermore, modifier cations can play dual roles of charge compensation and creation of
non-bridging oxygen in aluminosilicate and boroaluminosilicate glasses.!*!**!% The exact role
they play depends on the type of modifier cations and the glass composition. It has been known
that alkali cations such as Na" is more effective for charge compensation of charged groups
[MOs] hence then while higher charged modifier cations such as Mg?" and Ca*" are less
effective in charge compensation and they favor more of non-bridging oxygen formation,'%104.105
It is expected Fe?* would play similar role as the alkali earth cations. Hence for alkali cations,
they play the charge compensation role first then the remaining ones create non-bridging oxygen
while for the higher charged modifier cations the sequence is opposite. The information of these

subtle structural details would enhance our understanding of glass chemistry so we can better

design glass composition with desired structures and properties.

5 Conclusions
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The structures of 53.32Si102-9.12B203-23.93Na20-6.40A1,03-(7.22-x)Fe;03-2xFeO (x=0
to 7.22) have been investigated by using MD simulations with recently developed partial charge
pairwise boron potentials and compatible parameters for ferrous and ferric iron species. Total
correlation functions, coordination distributions, and bond angle distributions were used to
characterize the iron-containing boroaluminosilicate glasses structures with various redox ratios.
It was found that an increase in the Fe*" concentration decreases the fraction of three-fold
coordinated boron and increases the concentration of four-fold coordinated boron. Fe*" ions have
a Fe-O bond distance of 1.86 A and an average coordination number of 4, hence plays the role of
a glass former in these glasses. Fe?", on the other hand, has a Fe-O bond distance of 2.07 A and
an average coordination number of 4.6 hence play the role of a modifier. This is further
supported from the shape of Fe-O pair distribution function and bond O-Fe-O bond angle
distribution. The structural role of Na* and Fe?" as a charge compensator and their preference for
charge compensation of negatively charged [MO4]" (M=B**, AI** and Fe*") units were also
investigated based on the simulation results. The preferential sequence for Na* of charge
compensation is Fe*">Al**>B*" while that for Fe*" is Fe*">AI**>B**. For Fe*", it can also favor
the role of non-bridging oxygen creation. Hence further experimental and simulation work is
needed to clarify the exact structural of Fe?*" as compared to other modifiers. This study thus
sheds light on the structural role of iron oxide on the structures of silicate and borosilicate glasses
that are important in glass technologies and geosciences. It also provides insights on the
important interplay of mixing various glass formers and charge compensations in
aluminoborosilicate glass as a function of iron redox ratio. The results also show classical MD
simulations with well-developed parameters can be used to understand the transition metals with

multi oxidation states in silicate glasses.
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