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ABSTRACT: Phosphate-based glasses (PBGs) are traditionally 129 e Ag K-edge
prepared using the high-temperature melt-quenching (MQ) route (‘ ol [—ean | N e —
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or via the more recent sol—gel (SG) method that requires the use
of organic solvents. The coacervation method represents an
excellent inexpensive and green alternative to MQ_and SG, being
performed in aqueous solution and at room temperature.
Coacervation is particularly applicable for the production of
PBGs designed for biomedical applications because it allows for
the inclusion of temperature-sensitive molecules and does not
require the use of toxic solvents. Whereas the atomic structure of
the MQ_and SGPBGs is known, the atomic structure of those
prepared via coacervation has yet to be investigated. In this study, a comprehensive advanced structural characterization has been
performed on phosphate-based glasses in the system P,O;—CaO—Na,0—Ag,0 (Ag,O mol % =0, 1, 3, S, 9, and 14) prepared via
the coacervation method. Glasses within this system should find application as bioresorbable biomaterials thanks to their ability to
release bioactive ions in a controlled manner. In particular, they possess antibacterial properties, inferred by the release of Ag" over
time. High-energy X-ray diffraction (HEXRD), *'P and **Na solid-state magic-angle spinning nuclear magnetic resonance (MAS
NMR), and X-ray absorption Spectroscopy (XAS) at the Ag K-edge were used to probe the atomic structure of the glasses after
drying in vacuum and after calcination at 300 °C. The length of the polyphosphate chains in the solid state appears to be
independent of silver concentration; however, significant degradation of these chains is seen after calcination at 300 °C. Atomic-scale
characterisation results indicate that the structure of these glasses is akin to that of other silver-doped phosphate glasses prepared
using the MQ and SG methods. This suggests that phosphate-based glasses prepared using milder and greener conditions may have
similar chemical and physical properties such as solubility, biocompatibility, and antibacterial properties.
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1. INTRODUCTION

tissues without potential long-term complications.” In

Glasses, which possess regenerative properties for hard and soft
tissues, have become an attractive option for biomedical
applications. In particular, phosphate-based glasses (PBGs)
have gained increasing attention within the biomedical field as
a new generation of bioresorbable materials due to their ability
to dissolve completely in a physiological environment. PBGs
can be hydrolyzed into simple, non-toxic products (eg.
phosphate anions) without causing inflammatory reactions.'
This is advantageous over the commonly used bioresorbable
polymers (e.g. polylactic and polyglycolic acids) whose
degradation often results in crystalline fragments with
heterogeneous chain lengths, which can lead to inflammation
at the implantation site.” It is this property that gives them an
advantage over the widely investigated silicate-based glasses,
which, despite their promising attributes, show very poor
dissolution in bodily fluid, raising concerns about their long-
term effects on health.

PBGs can be used for manufacturing bioresorbable implants
with the additional function of acting as controlled delivery
vehicles for therapeutic agents (e.g. antimicrobial ions, growth
factors) and for simultaneous regeneration of hard and soft
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particular, it has been shown that PBGs in the system
P,0;—CaO—Na,O are very promising materials for the
regeneration of hard and soft tissues.*
shown that the addition of metallic ions, such as Ag*, Cu**, and
Ga*, to the phosphate glass network can bestow antibacterial
properties on the glasses.”™”

The traditional method for the production of phosphate
glasses is the melt-quenching (MQ) process, which consists of
melting oxides at high temperatures (typically >1000 °C),
followed by rapid cooling to form a glass.” The sol—gel (SG)
method can be used as an alternative to MQ_but requires the
use of organic precursors/solvents and can be time consuming.
Recently, the coacervation route has been proposed as an

It has also been
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attractive alternative to the above methods, as it is a rapid,
room-temperature, water-based, technique.” The method is
based on the formation of a colloidal polyphosphate system
(coacervate) by the slow addition of M** ions (eg. M = Ca*',
Co*, and Ni**) to an aqueous sodium polyphosphate
solution.”™"* The wet viscous coacervate is then dried to
remove the excess water to obtain a dry glass.

Several studies have been presented on PBGs prepared via
MQ and to a lesser extent prepared via SG methods.”™"
However, very little work has been presented on PBGs formed
via the coacervate route. The coacervate systems presented so
far, such as P,0,—ZnO—Na,O glasses,'”"” P,0,—CoO—
Na,0,”*° and P,0;~NiO—Na,O glass-ceralmics,10 have not
been designed for application as biomaterials. Recently, Pickup
et al.'” have synthesized a coacervate-based glass in the
(P,05)0.50—(Ca0)g50-—(Na,0),.yH,0 (x % 0.15 and y ~ 3)
system to be used as a bioresorbable biomaterial. In particular,
they have presented preliminary data on the doping of these
systems with & 1 mol % Ag" ions with promising data on the
antibacterial activity against Pseudomonas aeruginosa. More
recently, Kyffin et al. have presented a more extensive study on
the synthesis and medium—long-range characterization of a
series of PBGs in the systems P,O; (44—48 mol %) —CaO
(35—41 mol %) —Na,O (6—12 mol %) —Ag,0 (0, 1, 3, 5, 9,
and 14 mol %) prepared by coacervation.” This study has
demonstrated that the addition of Ag" imparts antimicrobial
properties against Staphylococcus aureus and that antibacterial
properties increase with the Ag* content. These results suggest
that the antibacterial activity is closely related to the release of
silver ions during dissolution. In turn, ion release is strictly
related to the atomic structure of the glasses. Therefore,
advanced studies that shed light on the short- and medium-
range structures of doped glasses at the atomic level are
important because they can contribute to the mechanistic
understanding behind their antibacterial activity and bio-
compatibility, controlled mainly by dissolution rates and ion
release, properties closely related to the atomic-scale structure
of PBGs.'™>?!

Atomic-scale structural studies of PBGs prepared by MQ
have been widely investigated. MQ_glasses with compositions
in the P,O5 (45—50 mol %) —CaO (8—40 mol %) —Na,O
(2—15 mol %) system have shown great potential for
applications such as dental repair and orthopedic implants.****
The addition of silver has been shown to impart antibacterial
properties on MQ_glasses, thanks to the slow release of Ag*
ions during dissolution.”®

In this work, the advanced structural characterization of a
series of antibacterial coacervate glasses in the system P,05—
CaO—Na,0—Ag,0 is presented. In contrast to MQ PBGs, no
advanced comprehensive structural investigation of PBGs
prepared by coacervation has been reported, only an extended
X-ray absorption fine structure (EXAFS) study on the
environment around Ni** and Co** in doped coacervate
PBGs.”” Here, an advanced atomic-scale study on the systems
P,05 (44—48 mol %) —CaO (35—41 mol %) —Na,O (6—12
mol %) —Ag,O (0, 1, 3, S, 9, and 14 mol %) prepared by
coacervation is presented. A combination of magic-angle
spinning solid-state nuclear magnetic resonance (*'P and
®Na MAS NMR) spectroscopy and synchrotron X-ray
techniques, high-energy X-ray diffraction (HEXRD), and X-
ray absorption Spectroscopy (XAS) were used for the atomic-
level characterization of the PBGs as a function of silver
content.

Solid-state MAS NMR was used to identify structural units
and types of bonding within the glass network. *'P MAS NMR
allows the identification and quantification of the various Q"
units that comprise the phosphate glass structure, where Q
represents the quaternary bonding of the phosphate tetrahe-
dron and # is the number of bridging oxygens per tetrahedron.
»Na MAS NMR can be used to study the number and type of
chemical sites that Na occupies.

XAS, which comprises extended X-ray absorption fine
structure (EXAFS) and X-ray absorption near-edge structure
(XANES), has been shown to be a powerful tool for the
structural study of amorphous systems.”">*">° Both EXAFS
and XANES are element-specific and sensitive to the local
structure. EXAFS gives information about bond distances and
coordination numbers of shells surrounding the absorbing
atom, while XANES gives information on symmetry and the
oxidation state of the absorbing atom. EXAFS and XANES
have been used to characterize the environment surrounding
antibacterial ions (such as Ag" and Cu*") in PBGs prepared via
MQ.*">?” However, no information is available on the
surrounding of such ions in PBGs prepared via coacervation.

HEXRD is the ideal technique to investigate the structure of
amorphous materials. It provides information on interatomic
distances and coordination numbers of the glass network via
scattering patterns. HEXRD has also been used for the
structural characterization of PBGs prepared via MQ and
SG.>'* Similarly, very little work has been reported on the
HEXRD of coacervate-based PBGs.'” XAS and HEXRD can be
considered complementary techniques since XAS is sensitive
only to short-range order and HEXRD is sensitive to both
short- and middle-range orders.”®

By using these techniques in parallel, information on the
structural arrangements of phosphate units, interatomic
distances, oxidation states, and coordination numbers of
coacervate-based PBGs were obtained along with the effect
of silver doping on the structure.

2. EXPERIMENTAL SECTION

2.1. Synthesis. Glasses in the system P,Oj (44—48 mol %)
—Ca0 (35—41 mol %) —Na,O (6—12 mol %) doped with
various amounts of Ag,0 (0, 1, 3, S, 9, and 14 mol %) were
prepared using the coacervation method, as recently described
by Kyffin et al.” Briefly, a 2 M solution of calcium nitrate was
mixed with an equal volume of a 4 M aqueous solution of
sodium polyphosphate. A phase separation occurred, and after
complete addition, the upper layer (supernatant) was removed
and the lower layer (coacervate) was allowed to settle for 24 h.
This was then dried for 48 h in a vacuum desiccator at room
temperature before calcination at 300 °C. Silver-doped glasses
were produced by the addition of an appropriate volume of 2
M silver nitrate solution following the calcium nitrate. The
volume of silver nitrate solution used was dependent on the
desired mol % of Ag,O in the final glass composition. The
resultant vacuum-dried (at room temperature) and calcined
glasses will be hereafter designated G-AgX-RT and G-AgX-
300, respectively, where X is the mol % Ag,O. Undoped glasses
were named G-RT and G-300, respectively. Glass composi-
tions were evaluated using energy-dispersive X-ray (EDX)
analysis on a JEOL JSM- 7100F system with an acceleration
voltage set to 15 keV and an emission current of 8 mA. Glass
cor7npositions expressed in terms of mol % are shown in S1,
SL
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Figure 1. Solid-state MAS NMR spectra: (A) *'P spectra of vacuum-dried glasses, (B) *'P spectra of glasses calcined at 300 °C, (C) **Na spectra of
vacuum-dried glasses, and (D) **Na spectra of samples calcined at 300 °C. (a) G-RT, (b) G-Agl-RT, (c) G-Ag3-RT, (d) G-Ag5-RT, (e) G-Ag9-
RT, (f) G-Agl4-RT, (g) G-300, (h) G-Agl-300, (i) G-Ag3-300, (j) G-Ag5-300, (k) G-Ag9-300, and (1) G-Agl4-300. Asterisks indicate spinning

side bands.

2.2. Characterization. *'P MAS NMR was performed to
investigate the network connectivity of the glasses using a
Bruker Avance NEO 600 MHz spectrometer with a spin rate of
12 kHz and a 4 mm CP/MAS BB 92-242.94 MHz probe set at
242.938 MHz. Orthophosphoric acid (85% solution) was used
as a reference. Spectra were modeled using the programs
DMFit* and NMRLSS.* Chemical shift anisotropy parame-
ters were calculated and refined using the Herzfeld—Berger
method,>" with the use of the program HBA.** The principal
components (8;,, 8y, 053) of the chemical shift tensor were
used to calculate the isotropic chemical shift (5;,) (eq 1) and
were ordered according to the Haeberlen convention |6;; —
6iso| > |511 - 5iso| > |522 - 5iso|33

_ Oy + 0y + 633
3 (1)

The chemical shift anisotropy (A§) and asymmetry (77)
parameters are given by

iso

6+ 6
A5 — 5 _ 11 22
3 2 )
— 522 _ 511
533 - (siso (3)

XAS data were collected on the B18 beamline at the Diamond
Light Source, U.K. Samples with high uniformity were
prepared by finely grinding all glass powders with poly-
(vinylpyrrolidone) (PVP) and pressing them into 13 mm

diameter pellets. Data were collected at room temperature in a
transmission mode at the Ag K-edge (25 514 V). Each sample
was measured a minimum of 12 times, with additional data
collected for samples with lower silver contents to improve the
signal-to-noise ratio. The energy scale was defined by assigning
the maximum of the derivative of a silver foil spectrum,
measured simultaneously with all samples. Data were also
collected on a series of reference compounds (Ag;PO,,
AgC,H;0,, AgCl, and AgNO;) as pellets prepared as above.

The data were processed using ATHENA and the EXAFS
data fitted with ARTEMIS, both parts of the DEMETER
package.’® Scattering paths were calculated using the ATOMS
and FEFF6 programs, included within ARTEMIS.*>*® The
structural parameters were obtained by nonlinear least-squares
fitting in k space with a k® weighting of the total experimental
EXAFS spectra to emphasize the high-energy part of the
spectrum. The fitting was carried out over the k-range of 1.2—
10 A7, a range chosen to maximize real data without the
significant introduction of noise. The amplitude reduction
factor, S,% was 0.9 for all fittings.

HEXRD data were collected on beamline I15-1 at the
Diamond Light Source, UK. The finely ground, dry powders
were packed into 1.5 mm diameter borosilicate capillaries and
mounted onto a multisample rack instrumental setup. The
wavelength (1) was set at 0.161669 A and had been calibrated
using a parametric refinement method at several distances.
Measurements were taken between 0.07 and 37.5° correspond-
ing to a Q range of 0.05—25 A™" Q. = 47 sin §/1). The data
were processed using the GUDRUNX program,”” and the pair
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Table 1. Derived Spectral Parameters from Fitting 31p MAS NMR Spectra.” Q" Species Assignment, Chemical Shifts (J;,),
Fractional Population of Each Environment (P,"), Principal Components of the Chemical Shift Tensor (8,,, 65, 33),

Chemical Shift Anisotropy (Ad), and Asymmetry (7).

sample environment 8iso (ppm) bpy!
G-RT Q° 2.9 0.04
Q' -10.8 0.08
Q? -23.6 091

G-Agl-RT Q
Q -104 0.08
Q -23.5 0.92

G-Ag3-RT Q
Q! -102 0.07
Q -234 0.93

G-AgS-RT Q
Q! -9.6 0.03
Q —23.5 0.97

G-Ag9-RT Q
Q -10.7 0.10
Q -22.7 0.90
G-Agl4-RT Q -3.6 0.02
Q! —10.1 0.02
Q -233 0.96

G-300 Q°
Q! —-10.7 0.31
Q —24.4 0.69

G-Agl-300 Q
Q' —-10.8 0.32
Q —24.2 0.68
G-Ag3-300 Q —0.6 0.03
Q! -10.3 0.25
Q -22.9 0.72

G-Ags-300 Q
Q -10.5 0.52
Q —24.0 0.48

G-Ag9-300 Q
Q! -9.9 0.43
Q -23.7 0.57

G-Ag14-300 Q
Q' —-10.0 0.34
Q -234 0.66

Oy On 03 A n
2.9 2.9 2.9 0.0 0.0
46.6 46.6 —125.7 —-172.3 0.0
42.0 42.0 —154.9 —-197.0 0.0
41.4 41.4 —114.0 —155.4 0.0
43.5 43.5 —157.4 —200.9 0.0
41.0 41.0 —112.5 —153.5 0.0
74.1 10.9 —155.1 —197.6 0.5
70.7 -9.7 —89.9 —120.4 1.0
74.2 10.1 —154.8 —-197.0 0.5
64.8 2.0 —99.1 —-132.5 0.7
75.6 11.7 —155.5 —199.2 0.5
82.3 —44.1 —48.9 —68.0 2.8
66.9 —27.2 —70.1 —89.9 1.6
42.8 42.8 —155.4 —198.2 0.0
68.5 -5.9 —94.7 —126.1 0.9
70.1 6.0 —149.2 —187.2 0.5
73.8 —6.8 —-99.5 —133.0 0.9
413 41.3 —155.1 —196.4 0.0
44.9 383 —85.0 —126.6 0.1
36.1 322 -99.3 —133.4 0.0
64.5 11.2 —144.2 —182.0 0.4
38.8 38.8 —109.3 —148.1 0.0
72.1 7.6 —151.7 —191.6 0.5
40.7 40.7 —111.1 —151.7 0.0
73.1 6.9 —1351.0 —-190.9 0.5
71.3 -2.0 —99.2 —-133.9 0.8
42.0 42.0 —154.0 —195.9 0.0

“Estimated standard deviations are <1%. ”Calculated from simulation of the entire spectrum including side bands.

distribution functions (PDFs) were fitted with the use of
NXFit R1.%

3. RESULTS AND DISCUSSION

3.1. MAS NMR. Solid-state >'P and **Na NMR spectra of
all vacuum-dried and calcined glasses are shown in Figure 1A/
B, C/D, respectively (solid lines). Spectra were fitted to obtain
structural information, with the calculated spectra shown as
dotted lines. Parameters derived from fitting the *'P and **Na
MAS NMR spectra are presented in Tables 1 and 2,
respectively.

All *'P spectra of the vacuum-dried glasses (Figure 1A)
present a main resonance in the range of —22.7 to —23.6 ppm
corresponding to Q species and a weak resonance in the range
of —9.6 to —10.8 ppm corresponding to Q' species. A very
small resonance was only observed for G-RT and G-Agl4-RT
corresponding to Q° species.39

The *'P MAS NMR fitting parameters of the vacuum-dried
glasses reported in Table 1 confirm that they are composed
mainly of Q” units, with the fractional population (Py") in the

ranges of 0.90—0.97, 0.02—0.10, and 0.02—0.04 for Q% Q', and
Q° respectively. This indicates the presence of long
polyphosphate chains with little formation of Q° or Q' species
during synthesis. These data are consistent with results
obtained from liquid-state *'P NMR on the corresponding
coacervates formed prior to vacuum drying, which showed that
the chain lengths within the coacervates remained at ca. 25
units long, the same length as the original sodium
polyphosphate precursor used for the synthesis.” A phosphate
chain consisting of 25 phosphate units results in a calculated
92:8 split of Q*/Q", which closely matches the observed results
in this work. Therefore, the hydrolytic breakdown of these
polyphosphate chains appears to be minimal in the production
of these glasses and after the vacuum drying process.

Some changes in the structure and length of the
polyphosphate chains are observed after calcination at 300
°C. @ species are still predominant but their population is
lower (P’ in the range of 0.50—0.70). There is a marked
increase in the presence of Q' environments (PQ1 in the range
of 0.31—0.50), but the presence of Q° species remains minimal.

https://doi.org/10.1021/acs.jpcc.1c00363
J. Phys. Chem. C 2021, 125, 12256—12268


pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c00363?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Table 2. Derived Spectral Parameters from Fitting >*Na
MAS NMR Spectra. Chemical Shifts (8;,), Fractional
Population of Each Environment (P) and Full Width at
Half-Maximum (FWHM). Estimated Standard Deviations

are <1%.

sample environment  J, (ppm) P FWHM (ppm)
G-Agl-RT 1 —6.23 1.00 10.16
G-RT 1 —6.19 1.00 9.76
G-Ag3-RT 1 —6.21 1.00 10.14
G-AgS-RT 1 —6.22 1.00 10.30
G-Ag9-RT 1 —6.01 1.00 10.77
G-Agl4-RT 1 —6.22 1.00 10.87
G-300 1 —6.08 0.13 5.57
2 —7.63 0.03 1.48
3 -7.67 0.84 12.73
G-Agl1-300 1 =532 0.02 5.41
2 —6.45 0.06 5.89
3 —8.89 0.92 15.34
G-Ag3-300 1 =S5.1§ 0.03 4.61
2 —7.64 0.02 2.71
3 -9.42 0.95 14.11
G-AgS-300 1 —4.61 0.11 5.07
2 —6.98 0.09 3.56
3 =7.33 0.80 10.11
G-Ag9-300 1 —4.50 0.22 4.21
2 —6.98 0.01 2.40
3 —10.99 0.77 15.51
G-Agl14-300 1 —4.46 0.02 4.51
2 —6.90 0.06 3.38
3 -8.99 0.92 13.78

The increase in Q' and reduction of Q* environments can be
explained by the breakdown of the polyphosphate chains. It
has been previously shown that long-chain polyphosphates
undergo thermal breakdown at temperatures as low as 90 °C,
producing primarily pyrophosphates (Q') and with continued
treatment, orthophosphates (Q°).*” In addition, it has to be
noted that the glasses presented in this work still contain
considerable amounts of structural water, which is removed
above 200 °C.” Due to a slow temperature ramp rate (1 °C/
min) used for the calcination at 300 °C, the structural water
could be driven from the samples at even higher temperatures.
The structural water may be involved in the hydrolytic attack
of polyphosphate chains, which are extremely susceptible to

nucleophilic attack; this could explain the reduction in network
connectivity and the production of additional terminal
phosphate groups.”

The extent of P—O—P cleavage in these samples varies,
which results in differing Q*/Q" ratios. In particular, G-AgS-RT
is in full agreement with the other uncalcined glasses, but after
calcination, G-Ag5-300 shows a lower number of Q* groups
compared to the rest of the series. This suggests that this
specific composition has experienced a slightly increased
degradation, perhaps during the thermal treatment.

It is difficult to determine from the *'P MAS NMR data
presented whether, post calcination, the glasses contain a
mixture of pyrophosphates and cyclic metaphosphates or
remain as shorter-chain polyphosphates.*’ As there is no
significant increase in and Q° and Q, it is believed that the
glasses exist as short-chain polyphosphates, the chain length of
which is significantly reduced compared to that prior
calcination, with chains consisting of 4—7 phosphate units.
Hydrolysis of the P—O—P bond can occur at any point on the
chain as, although preferable at electron-deficient phosphorus
environments,” the chains are long enough so that differences
in the electron density are minimal, and hence cleavage should
be expected to occur at any point within the linear chain.
Hydrolysis could also be affected by the local ions, and, as
previously shown in *P MAS NMR experiments on
phosphosilicates, the locations of Ca** and Na* ions in glasses
appear to be random.”** It has been suggested that this is
guided mainly by Ca®* and Na' having very similar ionic
radii.*”®

The *Na MAS NMR spectra of the vacuum-dried glasses
(Figure 1C) show a broad peak in the range of —40 to 20 ppm
(centered at around —6 ppm), indicating that the sodium lies
in a wide range of environments.*® This broad peak splits into
three discernible resonances after calcination at 300 °C (Figure
ID). The dominant resonance (—30 to 10 ppm) remains
broad and suggests that a considerable portion of the Na*
species remain in randomly distributed locations throughout
the glass. The other smaller resonances (0 to —10 ppm) are
much sharper and suggest that some of the Na* locate
themselves in preferential sites. As in the case of the *'P MAS
NMR data, there are no obvious compositional trends in the
changes in Na" environment speciation and changes are likely
to be linked to the extent of hydrolysis of the chains. It must be
noted that, upon calcination, the changes in network
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Figure 2. XANES spectra for (A) vacuum-dried glasses and (B) glasses calcined at 300 °C.
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connectivity appear to be mostly independent of the silver
content.

There is a significant lack of published **Na MAS NMR data
on PBGs; however, the spectra observed in this study are very
similar to those observed in the few »*Na MAS NMR studies
that have been conducted on MQ_ glasses.21’44’47_50 Broad
»Na resonances of glasses slightly shift towards more negative
values as the coordination number of sodium increases.*”*” In
the data presented here, it is seen that the broad peak appears
to shift slightly to a more negative value after calcination, with
the narrower resonances remaining near the &, of the broad
peak seen in the spectra of the vacuum-dried glasses, if not
shifting slightly downfield. It has also been seen in MQ_glasses
that resonances are shifted downfield with increasing sodium
concentration.”" This is not seen in this study, probably due to
the low concentrations of sodium in these samples compared
to those in previously studied MQ_glasses.

3.2. Ag K-Edge XANES. XANES analysis was performed to
gain insights into the oxidation state of silver in all glasses. It
also gives information about the coordination and chemical
environment of the silver. XANES spectra of silver-doped
samples vacuum dried and calcined are reported in Figure 2A
and 2B, respectively, with the spectra of reference materials
given in Figure 3.
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Figure 3. XANES spectra of reference materials: silver foil (Ag°),
Ag;PO,, AgC,H;0,, AgCl, and AgNO;.

The value of E, at the K-edge for all of the glasses was
observed to be at 25516.5 eV, ca. +2.5 eV above that of the Ag"
reference foils (25514.0 V). The variation in edge position
between glasses is negligible. The energy required to excite
electrons in positively charged ions is higher due to a
contraction in the lowest unoccupied molecular orbitals
(LUMOs), which in turn increases the excitation energy.
From this, it can be concluded that the Ag species in the
glasses have an oxidation state greater than 0, as expected.
When compared to the reference materials, AgCl also has a K-
edge at 25516.5 eV. The silver in AgCl has a formal charge of
+1 and hence this would suggest that the oxidation state of
silver in the glasses is also +1, as expected. The oxidation state
of Ag in the glasses is also confirmed by comparison of XANES
spectra with those of a series of reference compounds (Figure
3). In particular, XANES spectra for all glasses are unlike that
of the Ag’ foil, and are more comparable to that of Ag,PO,.
This shows that the silver is not present as metallic silver/
nanoparticles and is incorporated into the network of the glass
as a +1 ion.
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The edge step peak position provides additional information
about the environment around the Ag. Reference foils of Ag
have edge step peaks at +14 eV (25 529 eV) relative to Ey; this
is confirmed by the value measured in this study.’>>> The step
edge steepens and sharpens with increasing oxidation state and
also with increasing number of coordinated oxygens.’* It can
be seen clearly in the inset of Figure 2A that the edge step peak
position for the vacuum-dried glasses shifts to a lower energy
with increasing silver content, +7.2 €V (25522.2 V) for G-
Agl-RT to +4.8 eV (25520.5 eV) for G-Agl4-RT. This
suggests that the environment around Ag changes with
increasing silver content and implies that the number of
coordinated oxygens increases with silver content as well. This
trend was also observed in previous studies on PBGs produced
by MQ.” A similar trend in the edge step peak position is
observed for the calcined glasses (inset of Figure 2B); however,
their distribution is tighter, indicative of less variation in the
silver environments between these glasses.

3.3. Ag K-Edge EXAFS. EXAFS analysis was performed to
investigate the environment around the silver ions in the glass
network as a function of silver content and upon calcination.
The Ag K-edge EXAFS ky(k) spectra of vacuum-dried and
calcined glasses are reported in Figure 4A,C, respectively. The
respective corresponding pseudo-radial distribution functions
(RDFs) are reported in Figure 4B,D. Values of r have been
phase-shifted with respect to the Ag <& O path. To obtain
quantitative information, fitting of the EXAFS data was
performed, and the calculated fits are shown in Figure 4 as
dotted lines, with the fitting parameters summarized in Table
3. To maximize the amount of structural information, multiple
measurements were taken of each sample, which were later
combined to increase the signal-to-noise ratio.

EXAFS k’y(k) spectra for the vacuum-dried coacervate
glasses and their corresponding RDFs vary little between the
glasses, which suggests that the environment surrounding the
silver center does not change dramatically with silver content.
However, it must be noted that the amplitude of the EXAFS
oscillations and the intensity of their corresponding peaks in
the RDFs increase with silver content. The amplitudes of
EXAFS oscillations are directly correlated to the number of
scatterers and therefore are directly linked to the coordination
number and the atomic number of the scattering atom. In
these samples, the scattering atom in the first shell (oxygen) is
not changed and therefore it can be assumed that the increase
in amplitude is caused by an increasing oxygen coordination
number to the silver center, as silver content increases within
the glasses. This observation is consistent with the sharpening
of the edge step peak data (Figure 2A).

In all samples, vacuum-dried and calcined, the frequency of
EXAFS oscillations does not change significantly with silver
content, resulting in very similar RDFs. All RDFs (vacuum-
dried and calcined) show the presence of one prominent peak
at ca. 2.35 A, a weak peak at ca. 3.51 A, and a broad peak at ca.
3.80 A. The first peak is attributed to the Ag <> O scattering
path and has been fitted using Ag;PO, as a model calculated
via FEFE.>° In all glasses, Ag—O distances are around 2.35/
2.36 A, in agreement with Ag—O distances previously found in
MQ silver-doped glasses.””

The second, lower-amplitude, peak at ca. 3.51 A has been
attributed to a combination of two scattering paths for Ag < P
(Ag © P, and Ag & P,). These paths were obtained usin%
FEFF calculations from the crystal structure of Ag,HPO,.’
This calculation produces four Ag < P single scattering paths

https://doi.org/10.1021/acs.jpcc.1c00363
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Figure 4. (A) Fitted k’y(k) EXAFS spectra; (B) RDFs, ly(r)l, at the Ag K-edge of (a) G-Agl-RT, (b) G-Ag3-RT, (c) G-Ag5-RT, (d) G-Ag9-RT,
and (e) G-Agl4-RT; (C) EXAFS k)(k) spectra; and (D) RDFs, ly(r)l, at the Ag K-edge of (f) G-Agl-300, (g) G-Ag3-300, (h) G-Ags-300, (i) G-
Ag9-300, and (j) G-Agl4-300. Experimental data (solid line) and fit (dashed line).

at lengths of 3.24, 3.82, 4.39, and 4.90 A. The inclusion of all
combinations of these scattering paths was investigated, and it
was concluded that the combination of the scattering paths at
3.24 and 3.82 A provided the best model for the data. Similar
findings were found by Silva et al.> within coacervate-derived
cobalt- and nickel-doped phosphate glasses.

The degeneracy of the Ag < P paths calculated by FEFF is
2; however, due to the inclusion of both paths to produce a
reliable model of the system, the degeneracy of both paths was
set to 1. This finding suggests that the second shell consists of
ca. 2 phosphorus atoms at a distance between 3.3 and 3.8 A
from the Ag atom. This finding is supported by other XAS
studies into silver-doped glasses, such as that by Sipr et al.”” on
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MQ silver-doped borate glasses, who suggested that silver can
form two radially smeared coordination shells, the first
containing ca. 4 oxygens and the second containing 4 or
more boron atoms. It is plausible that in the coacervate-derived
glasses presented here, such radially smeared shells are also
present, with phosphorus atoms constituting the second shell.
The silver is located between two phosphorus atoms,
suggesting that it is between two end-chain Q' environments
or possibly between two Q” units.

The only difference between vacuum-dried glasses and
calcined ones seems to be the coordination number around
silver within the first Ag—O shell. In the vacuum-dried samples,
the oxygen coordination number within the first Ag—O shell

https://doi.org/10.1021/acs.jpcc.1c00363
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Table 3. Structural Parameters Obtained by Fitting the Experimental EXAFS Spectra®

sample shell r/A
G-Agl-RT Ag-0 2.35 (+0.01)
Ag—P, 3.30 (£0.04)
Ag—P, 3.81 (+0.06)
G-Ag3-RT Ag-O 2.35 (+0.01)
Ag—P, 3.30 (+0.02)
Ag—P, 3.79 (£0.03)
G-AgS-RT Ag—0 2.36 (£0.01)
Ag—P, 3.30 (+0.02)
Ag—P, 3.79 (+0.03)
G-Ag9-RT Ag-0 2.36 (+0.01)
Ag—P, 3.30 (+0.01)
Ag—P, 3.82 (+0.03)
G-Agl4-RT Ag—O 2.36 (+£0.01)
Ag—P, 3.30 (+0.01)
Ag-P, 3.81 (£0.03)
G-Agl-300 Ag—O 2.32 (+£0.01)
Ag—P, 3.24 (+0.02)
Ag-P, 3.73 (+0.04)
G-Ag3-300 Ag-0 2.33 (x0.01)
Ag—P, 3.26 (+0.02)
Ag-P, 3.75 (£0.02)
G-Ag5-300 Ag—0 2.33 (x0.01)
Ag—P, 3.26 (+0.02)
Ag—P, 3.75 (+0.02)
G-Ag9-300 Ag-0O 2.37 (+£0.01)
Ag—P, 3.40 (+0.02)
Ag—P, 3.76 (+0.04)
G-Ag14-300 Ag—0O 2.33 (+£0.01)
Ag-P, 3.29 (+0.02)
Ag—P, 3.74 (£0.02)

N o*/A* (x1072) R-factor (x1073)
4.1 (+0.51) 2.05 (+0.26) 4.04
1.0 (+0.12) 2.04 (+0.76)
1.0 (+0.12) 1.97 (£1.15)
4.4 (+0.27) 1.90 (+0.12) 2.10
1.0 (+0.06) 1.81 (+0.35)
1.0 (+0.06) 1.84 (£0.55)
5.0 (+0.25) 1.76 (+0.10) 1.73
1.0 (+0.05) 1.17 (+0.27)
1.0 (£0.05) 1.59 (+0.44)
6.3 (£0.29) 1.76 (£0.09) 2.78
1.0 (£0.05) 1.25 (+0.23)
1.0 (£0.05) 1.72 (+0.49)
6.3 (£0.29) 1.77 (+0.09) 2.76
1.0 (£0.05) 1.57 (£0.23)
1.0 (£0.05) 1.20 (+0.47)
4.0 (£0.76) 2.64 (+£0.23) 5.60
1.0 (£0.19) 2.06 (£0.47)
1.0 (+0.19) 1.91 (+0.70)
4.5 (£0.43) 2.50 (+0.11) 3.20
1.0 (+0.10) 2.34 (+£0.34)
1.0 (+0.10) 1.78 (+0.37)
4.3 (+0.38) 2.29 (+0.09) 2.40
1.0 (+0.08) 2.39 (+0.34)
1.0 (+0.08) 1.71 (+0.33)
4.5 (+£0.47) 2.23 (£0.15) 0.99
1.0 (+0.07) 2.18 (+0.39)
1.0 (£0.07) 1.85 (+0.40)
4.0 (+0.28) 1.90 (+0.08) 137
1.0 (+0.07) 2.35 (+0.34)
1.0 (£0.07) 1.72 (£0.32)

“r is the atomic separation, N is the coordination number, and ¢ is the disorder parameter.

increases with increasing silver content, starting at 4.1 in G-
Agl-RT and increasing to 6.3 for G-Agl4-RT. Results suggest
that the silver in the vacuum-dried samples is located in a
tetrahedral site at low silver content but adopts an octahedral
arrangement as the silver content increases.”” This is in
agreement with the XANES results, which also suggest that the
coordination number of silver in the vacuum-dried glasses
increases with silver content.

In the calcined samples, the oxygen coordination number
within the first Ag—O shell remains constant, around 4,
indicating that the silver is tetrahedrally coordinated and the
silver concentration has little effect on this. This agrees with
XANES results, which also suggest that the coordination
number of silver does not change for the calcined glasses with
silver content unlike in the vacuum-dried glasses. This is
confirmed by the consistency in the edge step peak position of
the calcined glasses. The change in the edge step peak position
from vacuum-dried to calcined glasses, which is noticeable for
the high silver content glasses, is consistent with a structural
change upon calcination. Comparison with Ag K-edge XANES
spectra in the literature suggests that this change can be
associated with a shift from a more “nitrate-like” environment
in the uncalcined glasses to a more “phosphate-like” environ-
ment upon calcination.’**

The coordination number of the higher silver content glasses
appears to drop to 4 upon calcination; however, it is likely that
a distorted Ag environment, similar to those seen in Ag;PO,
and AgBaP;O,, is present in the calcined glasses, with

coordination numbers of S or 6. However, due to their very
distorted nature, fittings of these environments often only
capture the shortest, most defined atomic distances, as the
longer bonds give evanescent oscillations with large Debye—
Waller factors.”> An increase in coordination number would
normally increase the bond length,”® but with the inability to
represent these longer bonds sufficiently, only the bond lengths
associated with the shortest Ag—O bonds are observed.

3.4. High-Energy X-ray Diffraction. HEXRD is a
powerful tool to investigate the structural characteristics of
glasses, which can be difficult to measure by other methods.
HEXRD provides information on local order such as local
bonding lengths and coordination numbers, as well as enabling
the study of more remote atomic pairs.”**> HEXRD data for
all glasses are presented in Figure S. Q-space interference
functions, S(Q), and pair distribution functions, T(r), together
with their fits, are shown in Figure SA/C and B/D,
respectively. HEXRD data for the vacuum-dried glasses are
presented in Figure SA,B and those for the glasses calcined at
300 °C are presented in Figure SC,D. Structural parameters
obtained from fitting are reported in Table 4. Densities of
doped samples used for fittings are presented in Table S2, SL
The glasses have been modeled using interatomic distances
obtained from crystallographic data. Although bond lengths
should be similar to those in crystallographic data, it has been
seen that bond lengths differ between glasses doped with
differing network modifiers. This is clear when studying the P—
O bond lengths for both terminal and bridging oxygen species,
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Figure S. X-ray diffraction data for the vacuum-dried glasses (A and B) and the calcined glasses (C and D). (A and C) Q-space structure factor,
S(Q), (B and D) pair distribution functions, T(r). (a) G-RT, (b) G-Agl-RT, (c) G-Ag3-RT, (d) G-AgS-RT, (e) G-Ag9-RT, (f) G-Agl4-RT, (g) G-
300, (h) G-Agl-300, (i) G-Ag3-300, (j) G-AgS-300, (k) G-Ag9-300, and (1) G-Agl4-300. Experimental data (solid line), fit (dashed line), and

partial functions (dotted).

as the depletion of the valence electrons from the cation to the
phosphate network changes the ionicity of the bonds and
therefore their lengths. Bond distances can also be affected by
phosphate chain length and cation coordination number.®®
There are no significant differences in the short-range pair
correlations between the structure of vacuum-dried and
calcined glasses or between glasses containing different silver
loadings. In all glasses, vacuum-dried and calcined, the first
peak in the pair distribution function T(r) occurs at ca. 1.55 A
and it is due to two partially overlapping P—O atomic
distances. The shorter P—O, at ca. 1.51 A, is attributed to the
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interatomic distance between phosphorus and a non-bridging
oxygen (P—NBO); the slightly longer path, at ca. 1.59 A,
involves a phosphorus and a bridging oxygen species (P—BO).
This is consistent with the bond lengths presented in previous
studies on MQ and SG PBGs."" "'~ The coordination
numbers of these two peaks also give confirmation of the chain
length. In the vacuum-dried glasses, the coordination numbers
of both the P=NBO and P—BO bonds are close to 2, with the
P—NBO being slightly higher than that of the P—BO. Each
phosphorus is bonded to 4 oxygens, so the combination of
these two coordination numbers is close to 4, as expected. The
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Table 4. Structural Parameters Obtained from the XPDF Fittings of Vacuum-Dried and Calcined Glasses™"

sample correlation r/A N /A
G-RT P—-NBO 1.51 2.06 0.05
P-BO 1.58 1.96 0.07

M-0O 2.34 3.92 0.09

O--0 2.51 4.32 0.08

P---P 2.92 1.98 0.12

M.--P 291 1.79 0.14

G-Agl-RT P-NBO 1.50 2.04 0.04
P-BO 1.59 1.95 0.07

M-0O 2.35 3.84 0.10

O--0 2.51 4.25 0.09

P---P 2.92 1.93 0.09

M---P 293 2.04 0.20

G-Ag3-RT P—-NBO 1.50 2.05 0.03
P-BO 1.58 1.96 0.07

M-0O 2.35 3.83 0.11

0--0 2.51 4.41 0.10

P---P 2.92 1.95 0.09

M-:--P 2.93 2.05 0.22

G-AgS-RT P—-NBO 1.52 2.04 0.02
P-BO 1.58 1.95 0.09

M-0O 2.36 3.84 0.13

O--0 2.50 4.11 0.10

P---P 2.92 1.96 0.09

M---P 2.93 2.03 0.24

G-Ag9-RT P—-NBO 1.51 2.04 0.04
P-BO 1.58 1.95 0.08

M-0O 2.37 3.67 0.11

O--0 2.51 3.96 0.11

P---P 2.92 1.95 0.05

M.--P 2.94 2.06 0.30

G-Agl4-RT P—-NBO 1.51 2.05 0.02
P-BO 1.57 1.96 0.05

M-0O 2.37 3.95 0.13

O--0 2.51 3.89 0.08

P-.-P 2.92 191 0.06

M.--P 2.93 2.01 0.32

sample correlation r/A N /A
G-300 P—-NBO 1.52 2.27 0.02
P-BO 1.57 1.81 0.07

M-0O 2.33 3.94 0.07

O--0 2.51 3.96 0.08

PP 2.92 1.81 0.09

M:--P 293 1.56 0.19

G-Agl-300 P—-NBO 1.52 2.29 0.01
P-BO 1.56 1.76 0.04

M-0O 2.34 3.73 0.08

O--0 2.52 3.48 0.08

PP 2.93 1.72 0.10

M.--P 2.95 1.49 0.20

G-Ag3-300 P—-NBO 1.53 2.28 0.01
P-BO 1.56 1.80 0.05

M-0O 2.34 3.90 0.08

0--0 2.52 3.55 0.06

P---P 2.92 1.80 0.12

M-:--P 2.93 1.50 0.22

G-Ag5-300 P-NBO 1.52 2.29 0.01
P-BO 1.56 1.80 0.04

M-0O 2.35 3.84 0.09

O--0 2.52 3.52 0.08

P---P 2.92 1.78 0.11

M---P 2.95 1.32 0.24

G-Ag9-300 P—-NBO 1.51 2.32 0.02
P-BO 1.59 1.71 0.06

M-0 2.36 3.79 0.10

O--0 2.53 3.51 0.07

PP 2.92 1.71 0.09

M:--P 293 1.53 0.29

G-Ag14-300 P-NBO 1.52 2.29 0.04
P-BO 1.57 1.79 0.03

M-0O 2.36 3.66 0.10

O--0 2.53 3.39 0.06

P-.-P 2.92 1.77 0.11

M.--P 2.94 1.50 0.35

“r is the atomic separation, N is the coordination number, and ¢ is the disorder parameter. NBO represents nonbridging oxygen species, BO
represents bridging oxygen species, and M represents the generic metal species calculated as a mix of Na, Ca, and Ag dependent on composition.

YErrors:  + 0.02 A, N + 20%, and & + 0.01 A.

higher coordination number of P=NBO over that of P—BO is
due to the terminal Q' groups at the end of long
polyphosphate chains of a finite length. These coordination
numbers indicate a chain length of ca. 25 units, in agreement
with the NMR results.’” In the calcined glasses, the difference
between P-NBO and P—BO coordination numbers is much
larger due to the higher prevalence of terminal Q' species. This
again is consistent with the NMR results and suggests that the
chains undergo significant hydrolytic breakdown during
calcination.

A second broad peak is observed in all glasses, vacuum-dried
and calcined, at ca. 2.4 A. Previous studies have shown that
Na—O and Ca—O have similar bond lengths at 2.33 and 2.34
A, respectively, in MQ PBGs.” Therefore, both Na and Ca are
usually indicated in the fitting as one generic metal ion, M; this
has shown to be an effective way in which to accurately model
PBGs."” For this reason, the same merging procedure has been
performed in the modeling process for this study, with the
additional inclusion of Ag—O, which has a similar bond length

of ca. 2.35 A. In addition, the O—O interatomic distance at
2.50 A must be considered.

Therefore, the second peak at ca. 2.4 A is the result of the
overlap of the interatomic distances of M—O, at 2.34 A (M =
Ca, Na and Ag), and O—0O, at 2.50 A. The intensity of the peak
at ca. 2.4 A is seen to grow steadily with increasing silver
content as well as a slight shift toward a longer M—O distance
due to the increasing contribution provided by Ag—O
scattering. The third peak at ca. 3.0 A can be attributed to
the overlap of M—P and P—P distances. The M < P path
shows low amplitude and a large disorder parameter, which
makes M < P correlations the least well defined of the
correlations reported, and so we will not discuss them in detail.
It is interesting to note that the coordination number of the P
< P path is close to that of the P=BO. This is to be expected
as the interatomic distances between the phosphorus atoms are
controlled heavily by the bridging oxygens."” It has to be noted
that fittings including Ag < Ag interactions were attempted
considering Ag—Ag distances of 2.5-3 A; however, no
reasonable fitting could be achieved through this method.
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4. CONCLUSIONS

The atomic-scale structure of a series of vacuum-dried and
calcined at 300 °C coacervate-derived glasses in the P,O;—
Ca0—Na,0—Ag,0 system (AgzO contents 1, 3, 5, 9, and 14
mol %) was investigated using a series of advanced
complementary techniques (*'P and **Na MAS NMR, XAS
and HEXRD). 2*Na MAS NMR reveals that before calcination,
Na* exists in a wide distribution of sites; however, after
calcination at 300 °C, a significant proportion of the Na®
moves to a preferential site. The degree of this rearrangement
does not appear to be significantly correlated to silver content.
3P MAS NMR analysis shows that after calcination the
polyphosphate chains degrade significantly, and this could be
due to hydrolysis reactions from structural water remaining in
the glasses after vacuum drying. The degradation of the chains
does not appear to be significantly correlated to the silver
content of the glasses.

XANES analysis has shown that in all glasses studied, silver
has an oxidation state of +1 with no formation of metallic
aggregates. EXAFS analysis has shown that the coordination
number around silver ions in the first Ag—O shell increases
with increasing Ag content from 4 to 6, prior to calcination,
but postcalcination remains around 4. HEXRD analysis has
shown that interatomic distances, along with coordination
numbers of phosphate species in the coacervate-derived
glasses, are similar to those observed in glasses of similar
compositions prepared by sol—gel or melt quenching. It also
provides an insight into how metal ions are situated within the
network.

This study has shown that silver-doped phosphate-based
glasses prepared via the coacervate route are similar in atomic
structure to those prepared via sol—gel and melt quenching.
Thus, the coacervate method offers a green and economical
route to synthesizing PBGs equivalent in structure to those
made by sol—gel and melt quenching.
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