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Abstract

First-principles and classical molecular dynamics simulations of undoped and silver-doped
phosphate-based glasses with 50 mol % P05, 0-20 mol % AgsO, and varying amounts of NasO and
CaO have been carried out. Ag occupies a distorted local coordination with a mean bond length
of 2.5 A and an ill-defined first coordination shell. This environment is shown to be distorted oc-
tahedral / trigonal bipyramidal. Ag-O coordination numbers of 5.42 and 5.54 - 5.71 are calculated
for first-principles and classical methodologies respectively. A disproportionation in the medium-
range phosphorus Q" distribution is explicitly displayed upon silver-doping via CaO substitution,
approximating 2Q? — Q! + Q?, but not on silver-doping via NagO substitution. An accompanying
increase in FWHM of the phosphorus to bridging oxygen partial pair-correlation function is strong
evidence for a bulk structural mechanism associated with decreased dissolution rates with increased
silver content. Experimentally, AgoO<+NaoO substitution is known to decrease dissolution and we

show this to be a result of Ag’s local bonding.
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I. INTRODUCTION

The doping of biomedical phosphate-based glasses (PBG) with species that have known
biocidal effects, such as silver and copper ions, offers an alternative method for the treatment
of infection.[1, 2] The ions can be incorporated into the glass matrix, thus providing a
controlled, site-specific delivery system predicated on the degradation characteristics of the
bulk glass. The bactericidal activity of doped PBG in vitro and in vivo relies on a continuous

supply of the biocidal dopant into solution.[3, 4]

Ag-doped PBG has a broad spectrum of bactericidal activity against a range of bacteria[5]
and associated biofilms,[3] which is linked to the effect of the Ag™ ions on the bacterial res-
piratory chain and a loss of bacterial membrane integrity.[6] Increasing the concentration of
Ag in the range (P205)0.50(Ca0)0.30(NagO)o.20-x(Ag)x (x = 0.00 —0.05), leads to a decrease
in glass dissolution from 1.6 to 1.1 yg.mm~2.h~! across the compositional limits.[5] Similarly,
for compositions x = 0.10, 0.15 and 0.20, dissolution rates of 1.22, 0.41 and 0.42 pg.mm~2h~!
were obtained respectively.[3] Silver ion release rate is correlated to these degradation rates
(0.076, 0.054 and 0.056 ppm.h~! respectively) corresponding to a reduction in bactericidal
activity with increasing Agt content. The dissolution behaviour and associated ion release
is likely governed by a complex set of coupled properties such as bulk and surface structure,
ionic diffusion and dissolution kinetics. In order to understand the changes in ion release
rate with composition and hence optimise Ag-PBG for specific applications, a detailed un-

derstanding of the atomic structure is required.

First-principles molecular dynamics simulations using the density functional theory
(DFT-MD) offer a parameter-free methodology accounting for the electronic structure
of the system. These techniques have been extensively used to model PBG[7-9] and phos-
phosilicate glasses[10-15] allowing for an atomic-level structural characterization and calcu-
lation of electronic properties. Classical techniques based on empirical force fields[16] allow
for simulations of larger cell sizes, compared to the prohibitive computational expense of
DFT-MD, thus facilitating a reliable statistical description of medium-range structure.[17]
Furthermore, classical MD allows for slower glass quench rates (~1—10 K.ps™!), which have
been shown to improve the microscopic and macroscopic descriptions of reference amorphous
systems.[18, 19] These approaches have been used to model PBG and phosphosilicate glasses

and provided structures in good agreement with experiment.[20-24] The use of both classical
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and first-principles methodologies gives us greater confidence in our results by immediately
highlighting any dependence of the results on simulation methodology.

In this work we characterise, via first-principles and classical techniques, the short- and
medium-range structure of experimentally synthesised [3, 5] glass compositions with 50 mol
% P20s5, 0-20 mol % Ag,0, and varying amounts of NayO and CaO. This represents the first
step to understanding dissolution phenomena in Ag-PBG, from a theoretical perspective,

via the unravelling of compositional effects on bulk structure.

II. COMPUTATIONAL METHODS

Born-Oppenheimer molecular dynamics (BOMD) simulations were performed with the
QUICKSTEP module[25, 26] in the CP2K code (development version 2.3.16).[27] A dual
basis set was used, in which the Kohn-Sham orbitals are expanded in an atom-centered
Gaussian basis set while the electronic charge density was described using an auxiliary
plane-wave basis set.[28] Core electrons were described with the pseudopotential of Goedeker,
Teter and Hutter (GTH)[29-31] incorporating scalar-relativistic core corrections. Valence
electrons were treated with the Perdew, Burke and Ernzerhof (PBE)[32] gradient-corrected
exchange-correlation functional in the double-¢ valence polarized (DZVP) basis set. The
orbital transformation method[33] was employed for an efficient wavefunction optimization.

The compositional nomenclature used henceforth is, P = P;O5, C = CaO, N = NayO
and A = AgyO, followed by the percentage molar composition for each component. The
internal energy of a structurally randomised P50C30N10A10 composition is converged to
+3.81x107° Ry per atom at a plane-wave kinetic-energy cutoff of 700 Ry for charge density,
which was therefore used in the calculations. For every self consistent field loop, the elec-
tronic gradient was converged to 1x107° Hartree. The timestep for each dynamics step was
set to 1 fs with the positions, velocities and Mulliken charges[34] of all the atoms recorded
for each step.

The glass generation for the first-principles (f.p.) calculations followed a standard melt-
quench protocol in which atoms were initially quasi-randomly inserted into cubic simulation
boxes (periodic in three-dimensions) to reproduce the experimental densities given in Table
I. Two compositions (P50C40N10 and P50C30N10A10) were studied. For P50C30N10A10,

a linear extrapolation of the experimental densities for °7Ag and 1%9Ag[35] was used, to
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reflect 50:50 isomeric abundancies. The configurations were then evolved for 3 ps in the

TABLE I: Glass compositions simulated. First-principles and classical methodologies

labelled as (f.p.) and (c.) respectively.

Glass code x  Atoms Cell (A) Density (g.cm™3)

P50C40N10 (f.p.) 0.00 294 15.9862 2.590[36]
P50C30N10A10 (f.p.) 0.10 298 16.2615 2.846[35]

P50C40N10 (c.)  0.00 6008 43.6907 2.590[36]
P50C30N10A10 (c.) 0.10 6007 44.3763 2.846[35]
P50C30N5A15 (c.) 0.15 2999 35.0487 3.094

P50C30A20 (c.) 0.20 2999 34.9521 3.331

microcanonical (NVE) ensemble. Subsequently the systems were heated to 2500 K in the
canonical (NVT) ensemble and equilibrated for 30 ps. Equilibration was checked by exam-
ining the ions’ actual and mean-square displacements. The systems were then cooled to
300 K at a rate of ~24 K.ps~! in the NVT ensemble. The protocol followed 15 ps NVT
trajectories run consecutively at 2200 K, 1900 K, 1600 K, 1300 K, 1000 K and 700 K. At 300
K the trajectory was evolved for 40 ps during which time structural and electronic data were
sampled. The f.p. results in this paper are averaged over this time using every timestep.
By checking the ions’ mean-square displacements at 300 K, we can confirm that the model
is a solid.

The classical (c.) simulations followed a similar protocol, at a reduced quench rate of
~2 K.ps™!, using the formal-charge, polarizable force field shown in Table II to describe
inter-atomic forces. This has previously been shown to accurately reproduce the structure
of glasses in the system P,05-Ca0O-NayO[8, 23, 24] and now we include an Ag-Og two-body
potential taken from Woodley et al..[37] Molecular dynamics were run using the DL_POLY
code[38] (version 2.20) using an Evans[39] thermostat in the NVT ensemble. In addition to
the two compositions studied using first-principles methods, two compositions with higher
silver content (identical to those prepared experimentally by Valappil et al. [3]) were sim-
ulated in order to compare to all available experimental data on dissolution rate. Three
independent 3000-atom models were prepared of each of the high-Ag compositions and the

results presented are averaged over all three models. The dynamics timestep was set at 0.2
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fs for an accurate description of the Og motion. The classical systems were heated to 2400
K and melted for 50 ps, after which the temperature was reduced in steps of 100 K, running
each trajectory for 50 ps. Core-shell frictional damping was parameterized as 20 < ¢ < 25
(where c is the core-shell damping coefficient which is linear in velocity) for all temperatures
in the range 2400 K — 1500 K, ¢? = 15 at 1400 K, ¢ = 10 at 1300 K and ¢ = 5 for
all temperatures in the range 1200 K — 300 K. A density correction factor of 0.950 was
applied to the trajectories run at 2400 K, 2300 K and 2200 K. Likewise, a factor of 0.975
was applied at 2100 K, 2000 K and 1900 K in order to mimic thermal expansion. Since
C(0.-0,) is non-zero, the simple power law expression for the dispersive energy means that
V(o,-0,) — -0o for low r. To avoid this unphysical possibility (there is a finite probability
that the system will gain sufficient kinetic energy to overcome the repulsive barrier) during
the high temperature trajectories 2400K — 1500K, the potential was substituted for one of
the form V(o,_0,) = ,[40, 42] below a cut-off distance of r(o,_o,) = 0.952A. As for f.p.,
all classical data are averaged from the 300 K trajectory with output printed every 1 fs (to
match f.p. despite the smaller timestep of 0.2 fs).

III. RESULTS AND DISCUSSION

A. Short-range order: network formers

30— ‘ ‘ T T T T T
i ~= P50C40N10 (f.p.)
25 — P50C40N10 (c.)
0 —- P50C30N10A10 (f.p.)|]
20+ \ |— P50C30N10A10 (c.) H
= 4 P50C30N5A15 (c.)
215+ — P50C30A20 (c.) |
£ ]

R LA B B : ‘
9.2 13 14 15 16 17 18 19 2
r(A)

FIG. 1: P-O partial pair-correlation functions.
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TABLE II: Formal charge shell-model force field used in this work, including
Buckingham-type two-body, harmonic three-body and core-shell () potentials.

Vij :Ae_i— Cr=6

i AeV) p (A) C (eV.A%
P-O4[23] 1020.0000 0.343220 0.0300
0Os-04[41] 22764.30 0.149000 27.88
Na-O;[42] 56465.3453 0.193931 0.00
Ca-O4[42] 2152.3566 0.309227 0.099440
Ag-O4[37] 962.197 0.300000 0.00

Vijk =3ksn (0 — 0p)?

i-j-k ksp(eV.rad—2) 0o(°)
O4-P-04[23] 3.3588 109.470000
P-O,-P[23] 7.6346 141.179333

Vij =Lkesr?

i kes(eV.A77) O, (e) Os (e)

Oc-O5[41] 74.92 +0.8482 -2.8482

The glass network for each composition is made up of inter-linked PO, tetrahedra. Fig-
ure 1 displays the partial pair-correlation functions gp_o) (r) between 1.2 — 2.0 A (within
the first coordination shell). Both methodologies distinguish between the longer phosphorus
to “bridging” oxygen bonds (P-BO), with gp_oy (r) peaks centered between 1.62 — 1.63
A and the shorter phosphorus to “non-bridging” oxygen bonds (P-NBO), centered between
1.48—1.50 A. The slight overestimation from DFT-MD results are likely due to GGA under-
binding and hence overestimating bond lengths. Pickup et al.[36] used neutron diffraction
(ND) and *'P magic angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy
to probe the structure of P50C40N10. The structural parameters were obtained via sim-
ulation of the reciprocal-space data and conversion of the results to real space via Fourier
transform (to make comparison to the correlation function from ND). Their results give
rp-po) = 1.60 A £0.02 A and r(p_xpoy = 1.49 A £0.02 A. The classical simulations repro-
duce these bond lengths well (see Table III), as does the glass simulated by first-principles
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techniques. For the Ag-PBG composition (P50C30N10A10) comparison is made to data from
ND experiments,[35] using samples enriched with both °"Ag and 1 Ag. Experimentally, it
was shown that for both silver isotopes, rp_poy = 1.60 A 40.01 A and rp-NBo) = 1.48 A
+0.01 A. From the current work, r(p_Bo) is slightly overestimated by both methodologies,
with an accurate representation of r(p_ngo) in P50C30N10A10 (c.). It can be seen from
these results that the addition of Ag to the glass, even at high-Ag content, has no effect on
rp_Bo) and r(p_NBo)-

The disorder parameters oj;, measuring static and thermal disorder, from the pair func-
tions for P-BO and P-NBO are a measure of the width of the relevant pair-correlation peak.

In experimental work, oj; are derived from Q-space simulation using Equation 1:

p(Q)jj

_ NijWij sin QRU exp |:— 20'i2j:| (1>

CJ‘ QRij 2

where p(Q);; is the pair function in reciprocal space, Nj;, Ry and oy; are the coordination
number, atomic separation and disorder parameter (referred to as USID from this point
onwards), respectively, of atom i with respect to j. ¢; is the concentration of atom j and
wi; is the weighting factor, given by wi; = 2cicjbiby if 1 # j and wy; = ¢Zb? if i = j (where
b represents the coherent scattering length). From the current work the full-width-half-
maximum (FWHM) values of the decomposed partial-pair correlation functions gp_oy (f.p.)
have been calculated. Making the assumption that gp_xgoy (r) and gp_poy (r) are normally
distributed (for the first coordination sphere) gives, FWHMifj'p‘ = zmafj-f)-, from which
aifj'p‘ are derived.

Comparison of the compositional trends in simulated UgBBO) and U?IIBNBO) from ND
experimental work, with trends in aifj'p' values of gip_po) and gp_npo) from this work, is
presented in Table IV. Experimentally, it is noted that P-BO disorder increases upon 10
mol % Ag-doping from O'?}_,D_BO) = 0.048A to O'%\]IPD_BO) = 0.060A. In our calculations, 083—80)
increases from 0.048 A in P50C40N10 (f.p.) to 0.052 A in P50C30N10A10 (fp.) in good
agreement with ND. UHBNBO) increases from 0.036 A to 0.060 A with the inclusion of silver.
No significance can be attributed to the 0.001 A increase upon doping, for the associated

grp—no)y FWHM values from this work. However, ND and f.p. op_npo) are in reasonable

agreement for P50C40N10. Increases in disorder parameters are linked to changes in local
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TABLE III: Selected partial pair-correlation peak distances (r(x_x) (A)). Experimental
data obtained via neutron (ND) and X-ray (XRD) diffraction, are given for comparison. *)

Further analysis of Ag-O average distances (T(ag—0)) given in Table VII.

P50C40N10 P50C30N10A10 P50C30N5A15|P50C30A20
f.p. ¢ ND[36] |f. p. c¢.¢ ND & XRDI[35] c. c.
rp-NBoy |1.50 1.48 1.49 +£0.02|1.50 1.48 1.48 +0.01 1.48 1.47
rp-poy |1.63 1.62 1.60 +0.02|1.63 1.62 1.60 40.01 1.63 1.63
ro-0) |2-56 2.54 2.52 +£0.02|2.57 2.55 2.51 +0.01 2.55 2.55
rp_py |2.94 3.02 2.93 +£0.02|2.96 3.03 2.93 +0.01 3.03 3.03
r(Ca—0) |2.35 2.33 2.34 £0.02|2.34 2.31 2.38 £0.01 2.32 2.32
I(Na—0) |2.38 2.36 2.33 £0.02|2.37 2.34 2.33 +0.01 2.36 -
rag-o)™| - - - 2.37 2.29 2.28,2.51,2.73 +0.03 2.27 2.29

bonding environments and, in turn, linked to a disproportionation in the medium-range

structure[35] (see sub-section IIID).

Figure 2 displays the partial pair-correlation functions for O-O and P-P. It can be seen
that there are no significant compositional or methodological dependencies on the O-O dis-
tributions. However, the second coordination shell at ~3.2 A, is stronger for first-principles
results in conjunction with stronger peaks in the O-P-O (f.p.) angular distribution function
(ADF) (see Figure 3), when compared to classical results. These differences are most likely
a feature of the parameterization of the force field used in this work. The first peak in
g_py (r) shifts from a peak-centered position of 2.93 A in P50C40N10 (fp.) to 2.95 A in
P50C30N10A10 (f.p.) and sharpens considerably. This is accompanied by an increase of
approximately 4% in the peak-centered positions of Pp_o_p)(#) from 125° in P50C40N10
(f.p.) to 129° in P50C30N10A10 (f.p.), thus indicating a possibly significant structural
change upon doping the glass via substitution of CaO for Ag,O. This is further discussed
in Section IIIC, in relation to the coordination environment of Ag. The classical results
do not corroborate these features due to the inclusion of a P-O4-P three-body potential, as

previously discussed.[23]
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TABLE IV: Full-width-half-maximum (FWHM) values from the decomposed partial-pair
correlation functions gp_oy (f.p.) and disorder parameters aifj‘p' (standard deviation under
the assumption that gp_po) and gp_nBo) are normally distributed). Disorder parameters

cril}ID from Q-space simulation (see Equation 1) of experimental ND diffraction data.[35, 36]

i-j Model FWHM; ™ (A) op”(A) 0P (A)
P-BO P50C40N10 (f.p.) 0.114 0.048 0.048 :|:0.01[36]
P-BO P50C30N10A10 (f.p.) 0.123 0.052 0.060 +0.01[35]
P-NBO P50C40N10 (f.p.) 0.075 0.032 0.036 +0.01[36]
P-NBO P50C30N10A10 (f.p.) 0.076 0.032 0.060 +0.01[35]

6l == P50C40N10 (f.p.)
— P50C40N10 (c.)
=00 — — P50C30N10A10 (f.p.)
54 — P50C30N10A10 (c.)
3 L PSOC30N5A15(c.)
o 9| — P50C30A20 (c.)
L B
0 ——
8 i
E 6k i
A
24t ]
27 o _
W‘
0 ) 4 45 5

FIG. 2: O-O and P-P partial pair-correlation functions.

B. Short-range order: network modifiers

The partial pair-correlation functions for the network modifiers (Me) Ca, Na and Ag,
with respect to oxygen, are given in Figure 4. The classical and first-principles distributions
are in good agreement. For both methodologies, the normalised peak intensities for Ca-O
and Na-O increase upon Ag-doping, with the consequence of decreasing the FWHM in all
cases. The ill-defined first minimum for gas_oy (r) from P50C30N10A10 (fp.) (2.7 A —
3.2 A), suggests a distorted first coordination shell (however the 298 atom model also leads

to poorer statistical sampling and increased signal noise). This in turn narrows the bond
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L — — P50C40N10 (f.p.)

= 0.06 AN — P50C40N10 (c.)

5 r — — P50C30N10A10 (f.p.)
50.04- — P50C30N10A10 (c.)
% L P50C30N5ALS (c.)

o 0020 — P50C30A20 (c.)

OF i T T T i i }
— 0.1F |
5=
g .
Q%O.OS* /7/—-5 =
L ///
| | 127 S+
%0 90 100 110 120 150 160
0 (deg)

FIG. 3: O-P-O and P-O-P angular distribution functions.

length distributions for the other modifiers Ca and Na due to geometrical constraints.

— = P50C40N10 (fp.)
— P50C40N10 (c.)
67 T — — P50C30N10A10 (fp.)
S 4l /-\;\ — P50C30N10A10 (c.)
3 \ P50C30N5A15 (c.)
SoHl — PS0C30A20 (c.)
b‘:) |
0
8 L
221
Z
s L
0
~ T
52
=)
<1k
o5 |

FIG. 4: Ca-O, Na-O and Ag-O partial pair-correlation functions.

The peaks of the distributions gne—0) (r) from classical simulations are centered on bond
lengths 0.05 — 0.15 A below the peaks of respective compositions from first-principles re-
sults, consistent with comparison of a structure derived from a well-parameterized force field
and an underbinding GGA calculation. As with the short-range structure of the network-

forming species, the network-modifier bond lengths are in good agreement with available
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— — P50C40N10 (f.p.)
— P50C40N10 (c.)
— PR - — P50C30N10AI0 (f.p.)
S 0.021- /N — PS50C30N10A10 (c.)
S 2 PSOC30N5ALS (c.)
g 0.01F d — P50C30A20 (c.)
= = / ==~ — = 4
A~ Z - =<
/R
0 % % % % % %
‘B L 7 ~%/ =< 4
5 ! £ NN
7 L N\ /7 . _-~-_ _
5 0.01 + s ~ =5l -
z /A SNeo \
mg Y/ T Xi‘;\x 1
0 z | | | | | | >
s T T T T T T
e 8 7 O~ 1
3 S
2001 \ 74 — . -
o L AN 7 - = -~ ~
e X
A 0 /| \ \ \ \ \
40 60 80 100 120 140 160 180

0 (deg)

FIG. 5: O-Ca-O, O-Na-O and O-Ag-O angular distribution functions. Me-O cut-offs taken

as first minimum of respective radial distribution functions.

experimental data (see Table III).

Figure 5 displays the ADF's for the three-body systems O-Me-O. For the O-Ca-O system
there is a strong localisation of bond angles at ~80° and a significant contribution of angles
up to 150°, consistent with a distorted octahedral coordination, as found in other Ag-free
PBG.[23] As also indicated, by a large normalised peak intensity in gca—o) (r) and first
minimum located at 3 A, the O-Ca-O distribution for P50C30N10A10 (f.p.) displays in-
creased intensity at ~80° when compared to P50C40N10 (f.p.) (a dopant-dependent feature
also seen in classical results). This indicates that the Ca ions in this model bond in a more
symmetric octahedron which is likely linked to the presence of two further modifier species
in the composition. A secondary set of peaks of lower intensity in the range 50 — 65° are
attributed to intra-tetrahedral environments, where both oxygens are bonded to a common
phosphorus atom.[23, 43] The ADF's for O-Na-O show significant compositional dependence
for f.p. models. P50C40N10 (f.p.) has peaks at 57°, 75° and 120° compared to the stronger
octahedral coordination of PS0C30N10A10 (f.p.) with peaks at 52°, 84° and ~ 160°. Results
from the classical simulations show no significant compositional dependence although there
is increased intra-tetrahedral contribution. The O-Ag-O distribution for P50C30N10A10
(f.p.) has three dominant peaks centered at 54°, 84°, 118° with a shoulder feature at ~140°,

suggesting a distorted bonding environment (representative Ag environment shown in Figure
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6). The classical results show very good agreement, with a slightly smoother distribution of
O-Ag-O bond-angles (likely a statistical effect coupled with a differing description of inter-
atomic forces). Peaks from the latter are centered on 54° and 84° with a shoulder at ~120°

(see Figure 5).

C. Modifier coordination

Both compositions studied contain a variety of local environments. f.p. results commonly
show more highly resolved angular contributions, which may be a product of poor statistical
sampling, or may reflect the highly accurate description of inter-atomic forces. As previously
shown from ADFs, Ca displays a distorted octahedral coordination environment and this
is confirmed by coordination numbers (7(ca—0)) of 6.91 and 6.57 for P50C40N10 (f.p.) and
P50C30N10A10 (f.p.) respectively (see Table V). This 0.34 decrease in 1nca—o) further
indicates increased octahedral symmetry upon 10 mol % Ag-doping. f.p. results show
NNa—0) = 6.07 reducing to nna—0) = 5.85 when the glass is doped. These results are similar
to previous MD simulations of ultra-phosphate PBG compositions.[23] For f.p. results, nag_0
= 5.42 at a cut-off of 3.20 A. As previously stated, there is an ill-defined minimum in g(Ag—0)
(r) and the dependence of 7ag—0) on Ag-O cut-off (Ag-O(cur)) is given in Table VI, ranging
from 7(ag-0) = 3.71 at Ag-Ocury = 2.80 A t0 N(ag—0) = 6.55 at Ag-Ocur) = 3.40 A.

Several X-ray absorption Near Edge Structure (XANES) studies of 0—20 mol% Ag PBG,
have shown the shape and position of the Ag K-edge spectra to be identical to the reference
material AgsSO,.[3, 35, 44] From these studies, the authors have concluded that the Ag ion
in Ag-PBG has a structural environment very similar to that of AgsSO4. Figure 6 shows
an example Ag ion coordination environment from the P50C30N10A10 (f.p.) model along
with the local coordination environment of Ag' in Ag,SO, in the upper and lower panels
respectively.[45] Both structures show a distorted octahedral symmetry, providing further
evidence of the similarities in Ag local ordering.

Moss et al.[35] have previously conducted neutron diffraction with isotopic substitution
(NDIS) using P50C30N10A10 samples enriched with °7Ag and °Ag isotopes. This al-
lows for the simplification of complex correlations[46] (assuming each sample has identical
composition and structure) by the application of difference function methods.[47, 48] They

showed[35] that the Ag-O correlation has three components in the first coordination shell at
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TABLE V: Modifier & dopant coordination environments for f.p. and c. simulations.
Coordination numbers () with Ca-O, Na-O and Ag-O cut-offs set at 3.22 (f.p.)/ 3.25 (c.)
A, 3.15 (fp.)/ 3.15 (c.) A and 3.20 (f.p.) / 3.15 (c.) A respectively (bond lengths at first
minima of respective partial pair-correlation functions). 1 decomposed into BO and NBO

contributions.

P50C40N10 (f.p.) P50C30N10A10 (f.p.)

Atomic Pair n n

Ca-O 6.91 6.57
Ca-BO 0.52 0.48
Ca-NBO 6.39 6.09

Na-O 6.07 5.85
Na-BO 0.99 0.85
Na-NBO 5.08 5.00

Ag-O - 5.42
Ag-BO - 0.82
Ag-NBO - 4.60

P50C40N10 (c.) P50C30N10A10 (c.) P50C30N5A15 (c.) P50C30A20 (c.)

Atomic Pair n n n n
Ca-O 6.79 6.44 6.57 6.51
Ca-BO 0.65 0.49 0.47 0.73
Ca-NBO 6.14 5.95 6.10 5.78
Na-O 6.48 6.02 6.26 -
Na-BO 1.43 1.18 1.29 -
Na-NBO 5.05 4.84 4.98 -
Ag-O - 5.54 5.62 5.71
Ag-BO - 0.98 1.04 1.05
Ag-NBO - 4.56 4.58 4.65
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FIG. 6: Example Ag coordination environment in P50C30N10A10 (f.p.) (upper panel) and
crystalline AgySOy - space group Fddd, No. 70[45] (lower panel). Common distorted

octahedral geometry and in-plane intra-tetrahedral coordination.

2.28 A, 2.51 A and 2.73 A with coordination numbers of 2.1, 2.7 and 1.1 respectively. g(Ag—0)
(r) from the current work (see Table 4 for peak position) displays a unimodal distribution
within the first coordination sphere, for both methodologies, with no evidence for multi-
ple resolved peaks. Table VII shows a direct comparison of the Ag-O mean bond lengths
for both methodologies, fi‘[fé_o) and f?Ag—O)’ in P50C30N10A10, as a function of Ag-Ocu)
for the first coordination sphere. The experimental value of fl(\IADglﬁo) = 2.47 A £0.07 A[35]
is derived using the published bond lengths weighted according to coordination number.
fiféfo) and T?A 4—0) provide a more direct comparison to experiment, compared to the peak
centered position of gags—0y (r), due to the fact that the partial pair-correlation does not

decay to zero at the limit of the first coordination sphere, resulting in the deviation of peak
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TABLE VI: Silver to oxygen coordination numbers (1) as a function of Ag-O cut-off for
P50C30N10A10 (f.p.).

280 A 290 A 3.00A 3.10A 3.20A 3.30 A 3.40 A

Atomic Pair g n n n n n n

Ag-O 3.71  4.07 447 492 542 598 6.5
Ag-BO 0.22 033 047 063 0.82 1.06 1.29
Ag-NBO 349 3.74 400 429 460 493 5.26

TABLE VII: Mean silver to oxygen bond lengths (T(ag—0)) in first coordination sphere as a
function of Ag-O cut-off for P50C30N10A10 (f.p.) and P50C30N10A10 (c.) Average bond
length from experiment fl(\IA]?glst) =247 A +£0.07 A.[35]

290 A 2.95 A 3.00 A 3.05A 310A 3.15A320A 3.25A 3.30A

_f.p.
r(/fgio) (A) 246 247 249 250 253 254 257 258 261

f((:Ag—O) (A) 241 244 247 250 253 255 258 261 264

centered values from the mean bond length. fifé—O) and T(jg—0) Fange from 2.46 — 2.61
A and 2.41 — 2.64 A respectively, across the range Ag-Ocury = 2.90 A —3.30 A, in good
agreement with experiment.

Figure 6 facilitates a more detailed assignment of peaks in the P50C30N10A10 (f.p.)
0-Ag-O ADF from Figure 5. The peak at 54° corresponds to intra-tetrahedral bonding
as evidenced in the example environment shown. This distorted octahedral geometry also
shows further in plane angles at 77°, 135° and 147° contributing to the peak at 84° and
shoulder feature at ~140° in the ADF. Furthermore, Ag-O first-coordination environments
with 5-coordinated distorted trigonal bipyramidal geometries were observed, constituting

contributions to the ADF peaks centered on 84° and 118°.

NMe—0) Values from classical simulations (c.) of P50C30N10A10 are given in the lower
half of Table V with amended cut-offs to reflect differing first minima in gne—o0) (r) (c.).
Direct comparison to f.p. results shows good agreement for 7(ca—0) and 1na—oy with similar
decompositions for BO and NBO. Upon 10 mol % Ag-doping 7ca—0y (c.) and nmwa—o)
(c.) decrease by 0.35 and 0.46 respectively, compared to decreases of 0.34 (f.p.) and 0.22

15
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(f.p.) respectively. nag_o) = 5.54 (c.) at Ag-O(eur) = 3.15 A, which compared to similar
cut-off values for (f.p.) results given in Table VI, and 5.62 and 5.71 for high-Ag content

compositions, is in good agreement.

D. Medium-range order

The larger simulation models used in classical methods facilitate a more statistically sound
analysis of the medium-range structure, providing insight into compositionally dependent
structural trends at these length scales. Thus, only results from the classical simulations
are presented in this section. Moss et al.[35] have inferred that a disproportionation in the
medium-range Q" distribution occurs upon CaO substitution with Ag,O for the compositions
studied here. The authors, using a simple bond-order model, show that an increase in o(p_po)
and static disorder of P-NBO implies a disproportionation in the network structure. Valappil
et al.[3] explicitly showed, via 3'P MAS NMR spectral analysis, that the substitution of
NayO with AgyO, for the compositions (P205)0.50(Ca0)g.30(NagO)g20-x(Ag20)y (x = 0.00,
0.10, 0.15 and 0.20), leads to a disproportionation of Q units approximating the relation
2Q? — QY + Q3, for x > 0.10.

The phosphorus Q" distributions from classical simulations are given in Table VIII.
P50C40N10 (c.) comprises 79.7% Q?, 9.9% Q! and 9.7% Q3 from our simulations compared
to 96% Q? and 4% Q' from experiment.[36] Similar levels of agreement with experiment are
found for classical MD derived phosphate,[23] phosphosilicate[20] and sodium silicate[42, 49]
glasses.

The potential reasons for discrepancies between theoretical and experimental Q" distri-
butions are wide ranging and include modal assumptions when deconvoluting experimental
NMR signals. From the theory side, Stebbins[50] found that both an increase in glass tran-
sition temperature (known to be higher in theoretical simulations than experiment) and
higher field strength modifiers caused the disproportionation reactions, 2Q® — Q"= + Qn*!
(for n = 1, 2 and 3), in silicate glasses. The discrepancies in Q', Q? and Q? proportions
for P50C40N10 (c.) from the current work (compared to experiment) may relate to fictive
temperatures that are in excess of experiment (further limitations with MD methods are dis-
cussed by Pota et al.[51]). In any case, we are interested in the trends of the " distribution

on Ag-doping, and the absolute values are less important.

16
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TABLE VIIIL: Q" species distribution (%) (for phosphorus with respect to oxygen) and
network connectivity (NC). Experimental data (expt.) from fitting to 3'P MAS NMR
spectra.[36]

Q* Q' Q* @ Q' NC
P50C40N10 expt. 0.0 4.0 96.0 0.0 0.0 1.96

P50C40N10 (c.) 0.6 9.9 79.7 9.7 0.1 1.99
P50C30N10A10 (c.) 0.4 10.9 78.0 10.6 0.1 1.99
P50C30N5A15 (c.) 0.2 9.0 82.0 8.8 0.0 1.99

P50C20A20 (c.) 0.3 9.3 81.1 9.3 0.1 2.00

For P50C30N10A10 (c), Q? reduces to 78% with concomitant rises in Q' and Q?, ap-
proximating the relation found by Valappil and co-workers,[3] but we do not observe this
disproportionation occurring at > 10 mol % Ag,O (Table VIII).

Network connectivity (NC), defined as the mean number of BO within the first coor-
dination shell of phosphorus summed over all P atoms, is 1.99 - 2.00 for all simulated
compositions. This is very close to the value of 2.0 expected theoretically and found

experimentally.[36]

E. Atomic charges

The mean atomic charges obtained by Mulliken population analysis are given in Table
IX. These are summed over all timesteps of the 300 K trajectory from f.p. models. No
significant changes are noted upon Ag-doping with net phosphorus charges of +0.760 and
+0.766 for P50C40N10 (f.p.) and P50C30N10A10 (f.p.) respectively. It should be noted
that Mulliken charges are calculated by determining the electron population of each atom
as defined by the basis functions and absolute values are therefore dependent on the choice
of basis set. Hence, although the partition of the electronic density is somewhat arbitrary,
we use Mulliken charge analysis for direct comparison to previous work, and for its relative
ease of implentation. We are not attempting any detailed quantitative analysis of the atomic
charges.

The electronic states and chemical bonding in phosphate glass have previously been
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TABLE IX: Mean Mulliken charges for all atomic species X (Q(x)) in P50C40N10 (f.p.)
and P50C30N10A10 (f.p.).

P50C40N10 (f.p.) P50C30N10A10 (£.p.)

Q) +0.760 10.766
Qo) ~0.459 —0.453
Qo) —0.384 —0.384
Q(NBO) —0.497 —0.488
Q(ca) +1.146 +1.130
Q) 40.810 +0.791
Q(ag) — +0.540

studied by Kowada et al.[52] using the DV-Xa cluster method. For the charge-balanced
P40Oqy cluster the net charge on phosphorus was found to be +1.31 using Mulliken population
analysis. In the context of the other atoms in this study, the phosphorus atoms have a
covalent interaction with the surrounding oxygens. The mean oxygen atomic charges have
been deconvoluted into BO and NBO, with the NBO displaying increased ionic character
with net charges of —0.497 and —0.488 for PBG and Ag-PBG respectively. Mean BO
charges are found to be +0.113 and +0.104 higher due to the presence of two covalently
bonded phosphorus atoms in their first coordination sphere. These changes are in good
agreement with the relation Qo) = Qo) +0.12 for the cluster P4O10.[52] All modifier
ions show increased ionic character compared to the network formers. XANES analysis
conducted by Ahmed et al.[44] has shown silver to be in the Ag' oxidation state for a
series of Ag-PBG. The effective ionic radii for six-coordinate Ag' and Na! are 1.15 and
1.02 A respectively,[53] suggestive of a higher effective charge for Nal compared to Ag!, as
corroborated by Qna) = +0.791 and Q(ag) = +0.540 for P50C30N10A10 (f.p.).

IV. DISCUSSION AND CONCLUSIONS

We have investigated the structures of biomedically relevant glasses with 50 mol % P»0Os,
0-20 mol % AgyO and varying amounts of NayO and CaO, using first-principles (f.p.) and

classical (c.) molecular dynamics simulations. Good agreement is found between the results
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from c. simulations (using a force field that was previously developed within our group[23])
and the high level f.p. reference calculations. The c¢. methodology outperforms f.p. in
reproducing some key structural features, when compared to experimental data, such as

P-O bond distances. The Ag ion is noted to have little effect on short-range order.

Ag itself has a distorted octahedral and trigonal bipyramidal structure with an ill defined
first-coordination shell where the Ag-O coordination number is approximately 5.5 and the

bond length is ~ 2.5A, implying that Ag is acting as a network modifier.

At low Ag content, and for Agy,O<++CaQ substitution, there is experimental evidence
for a disproportionation in the medium-range Q" distribution for phosphorus upon doping,
following the relation 2Q? — Q' + Q3, which we also find in simulation. An increase in
P-BO bond disorder (as seen in experiment[35, 36]) from f.p. results on 0 and 10 mol
% AgsO compositions, further supports this feature. These structural changes are of likely
consequence in the observed decrease in dissolution rates with increased Ag mol%. However,

we do not see this disproportionation at higher Ag contents when Ag,O is substituted for

NagO.

In fact, it is rather difficult to disentangle the precise effect of Ag on the glass dissolution
because of the different substitutions employed in past experiments. We cannot say with
certainty whether the composition dependence of the disproportionation reaction is due to

differing Ag content, or to differences in the moiety for which Ag,0O is substituted.

What is perfectly clear from experiment is that when Ag,O is substituted for NayO, the
dissolution rate goes down. Our simulations show clearly that this is due to differences in the
local bonding. Ag has a field strength intermediate between Na and Ca, which is reflected
in the intermediate number of bridging oxygen atoms to which Ag is bonded (Table V). The
experimental implication is that Ag is bonded to more parts of the phosphate network than
Na, and that its substitution for Na strengthens the glass network through greater cross-
linking. Although we show that Ag has a lower coordination number than Na, it seems that
this is less important than the value of its field strength. Although it is doubtful that 50
mol % P,0j5 glasses have short phosphate chains in the way that lower-phosphate content
glasses do, the effect is similar to Ca bonding together more phosphate chains than Na in

low-phosphate glasses, as we have previously identified [24].
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