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Abstract:

This work investigated the impact of small amounts of CuO on the Cu species,
structure, chemical durability, and antibacterial activity of zinc phosphate glasses.
Glasses with a composition of 42P>05-30Zn0O-20MgO-8Na>O (mol%) doped with 0—
2.0 mol% CuO were prepared using the traditional melt-quenching method.
Experimental findings indicate that doping 0.1 mol% CuO leads to the dispersion of
metallic (Cu) particles exceeding 100 nm in size within the glass. These large Cu®
particles can cause localized distortions in nearby phosphorus structural units, resulting
in depolymerization of the glass network, which subsequently deteriorates the chemical
durability of the glass matrix. The depolymerization process facilitates the release of
zinc, which can enhance the antibacterial properties of glass against E. coli. Increasing
the CuO content from 0.9-2.0 mol% resulted in the formation of mono- and divalent
states of Cu (Cu’ and Cu®"), which appeared to enhance cross-linking between the

phosphate units and gradually improved the chemical durability.
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1. Introduction

Antibacterial glasses have garnered significant interest due to the adaptability of
their glass network, which enables the incorporation of antibacterial metal ions and their
controlled release [1]. When bacteria are exposed to these ions, bacterial growth is
inhibited through mechanisms such as membrane disruption, respiration inhibition,
protein inactivation, and DNA degradation [3]. Glasses doped with metallic ions such
as silver, copper, and zinc have been extensively studied because of their broad-
spectrum antibacterial activity, demonstrating potential applications in medical
treatments and the remediation of contaminated soil and water [4-8].

Silver-doped antibacterial glasses are well-established and widely employed in
consumer products and medical devices because silver ions exhibit superior
antibacterial efficacy compared with copper and zinc ions. However, Ag" is prone to
reduce into Ag® during glass melting and product usage, leading to the formation of Ag®
clusters, which impart a yellowish hue to silver-containing products [9,10]. In contrast,
copper offers a lower cost while maintaining relatively similar antibacterial efficacy
[11]. Despite this advantage, the strong steric constraints surrounding copper ions
demonstrated by molecular dynamics simulations are attributed to their high ionic field
strength, which limits ion exchange between H3O' and Cu® ions, resulting in
insufficient release of Cu® and reduced antibacterial performance in Cu-containing
glasses [12]. Consequently, extensive research has focused on elucidating the
relationships among the composition, structure, and dissolution behavior of Cu-

containing glasses to achieve better control over Cu release and enhance their
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antibacterial effectiveness [7].

The valence states of copper incorporated into glass systems are variable, and the
release of copper ions is influenced by the different copper forms, including Cu*, Cu?*,
and Cu? particles, which contribute to variations in antibacterial efficacy [4]. During
the glass melting process, a redox equilibrium among Cu?"«>Cu’«>Cu’ is established,
which is strongly affected by the glass composition and melting conditions [12]. For
example, more than 70% of Cu’ (Cuz0) is formed at a high melting temperature of
1600 °C for 6 h without the addition of reducing agents. A high concentration of Cu”
ions facilitates H3O/Cu® ion exchange, thereby increasing Cu ion release and
antibacterial efficacy. Copper ion release is also significantly influenced by the glass
structure, which can be altered by the addition of copper oxide. In phosphate glasses,
copper oxide disrupts P-O-P linkages and generates non-bridging oxygens, leading to
the depolymerization of [PO4] structural units [16]. However, in phosphate glasses
containing high copper oxide contents (5-34 mol%), copper cations can act as cross-
linking agents between non-bridging oxygens of two phosphate chains, increasing
network polymerization and improving chemical resistance [17]. The content and
oxidation state of copper in glass are thus critical factors affecting its release behavior
and antibacterial properties. To the best of our knowledge, few studies have explored
the impact of the addition of low copper content to zinc phosphate glasses on
antibacterial efficacy and chemical durability.

This study examines the effects of low-CuO additions (<2.0 mol%) on the

chemical durability and antibacterial activity of P20s5-ZnO-MgO-Na>O glasses,
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synthesized using the traditional melt-quenching method. Trace additions of CuO (<0.6
mol%) produced opaque red glass, which exhibited reduced durability against water,
whereas higher additions (0.9-2.0 mol%) resulted in transparent green glasses with
improved chemical durability. The type of Cu species, chemical durability, and
antibacterial activity against E. coli in the glasses were analyzed as a function of the
CuO content.

2. Experimental

2.1. Glass preparation

The nominal composition of the zinc phosphate glass matrix was 42P>05-30ZnO-
20MgO-8NaxO (in mol%). Glasses containing up to 2.0 mol% CuO were prepared
using the traditional melt-quenching method and are abbreviated based on their CuO
content (e.g., Cu2.0 represents a sample with 2.0 mol% CuQO). Analytical-grade
reagents, including NH4H>PO4, Zn3(PO4)2-xH>0, MgCO3, NaxCO3, and CuO, were
used for batch preparation.

For each glass, about 30 g of batch material was thoroughly mixed, placed in a
corundum crucible, and preheated in a box furnace at 350 °C for 0.5 h to release
moisture and gases such as NH3; and CO». This preheating step minimized P>Os loss
during the glass melting process. The batch was then transferred to a furnace maintained
at 1100-1200 °C, where it was melted for 1 h. The melt was poured onto a preheated
brass plate and pressed with another brass plate to form thin glass plates. The quenched
glass samples, with an initial thickness of about 2 mm, were subsequently polished into

1.5 mm thick sheets or ground into fine powders for further characterization.
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2.2. Glass characterization

The density of the glass samples was determined using a Shimadzu densimeter
(Shimadzu AUY 120) based on Archimedes’ principle, with silicone fluid (XIAMETER
PMX-200, 1000 CS) serving as the immersion medium at ~25 °C. The average density
was calculated from five repeated measurements of the glass plates.

The valence states of copper in the glass samples were analyzed using UV-visible
(UV-vis) spectrophotometry (Shimadzu UV3600) and X-ray absorption spectroscopy
(XAS). UV-vis spectra were obtained from optically polished glass samples over a
wavelength range of 200—1200 nm, where the spectral line jumps at 710 and 820 nm
attributed to detector switching, were smoothed using the Savitzky-Golay method. XAS
measurements were conducted at the 1WI1B station of the Beijing Synchrotron
Radiation Facility (BSRF), with storage rings operating at 2.5 GeV and a maximum
current of 250 mA. Measurements were performed in fluorescence mode using a Lytle
detector, with samples pelletized into 8 mm diameter disks using graphite powder as a
binder.

Extended X-ray absorption fine structure (EXAFS) spectra were processed
according to standard procedures using the ATHENA module within the IFEFFIT
software package. The spectra were obtained by subtracting the post-edge background
from the overall absorption and normalizing against the edge jump step. The (k) data
in k-space (1-12 A™!) were Fourier transformed to real (R) space using Hanning
windows (dk = 1.0 A™) to isolate contributions from various coordination shells. The

quantitative data were derived through least-squares curve fitting in R space, employing
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a Fourier transform k-space range of 1-12 A™!, using the ARTEMIS module of the
IFEFFIT programs. The backscattering amplitude F(k) and phase shift ®(k) were
computed using the FEFF8.0 code.

The morphology of the precipitated particles in the samples was examined using
a field emission scanning electron microscope (FE-SEM, JSM-7500F) operated at an
accelerating voltage of 15 kV. The samples were prepared by embedding glass plates in
epoxy resin, followed by grinding with 2000 SiC grit and polishing with an oil-based
diamond suspension. The samples were then etched in diluted HF solution for 10 min
and coated with platinum before analysis.
2.3. Antibacterial activity and elemental release tests

The antibacterial activity of the glasses was assessed against E. coli (ATCC, 25922)
using the quantitative viable count method. E. coli was precultured in 3 mL of Luria-
Bertani (LB) broth at 37 °C for 15 h under continuous shaking at 200 rpm. The
concentration of the E. coli suspension was adjusted to 10’ colony forming units
(CFU)/mL. To assess antibacterial activity, 3 mL of the suspension was combined with
30 mg of glass sample (grain size: <75 pm) and incubated at 37 °C for 2 h with shaking
at 200 rpm. The resulting mixture was subsequently diluted 10° times, and 0.1 mL was
inoculated onto LB agar plates, followed by incubation at 37 °C for 18 h. The number
of viable bacteria was determined by counting the colonies that formed. The
antibacterial activity was positively correlated with bacterial reduction (R), which was
calculated as follows:

R = (1—&)x 100%
Nbc
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where N, refers to the number of viable bacteria in glass sample Cux (x = 0, 0.1, 0.6,
1.2, 2.0), and Ny indicates the number of viable bacteria in the blank control.

A leaching test was performed to investigate the dissolution and antibacterial
properties of the glass samples. The samples were ground in an agate mortar and sifted
through a 200-mesh sieve (75 pm). The powders were then cleaned ultrasonically with
ethanol and dried overnight in an oven at 90 °C. Exactly 0.50 g of the powder (0.5 mg)
was placed in a 50 mL sealed Teflon vessel, which contained 50 mL of ultrapure water
(pH = 5.6). The vessel was kept at 37 =1 °C in an oven for 2 h. The leachate was then
filtered through a 0.45 um filter, and the concentration of the released elements was
analyzed using an inductively coupled plasma atomic emission spectrometer (ICP-AES,
Leeman Labs, Prodigy 7). The tests were conducted in duplicate.

2.4. First-principle molecular dynamics simulations

The glass structures were examined using density functional theory (DFT)-based
molecular dynamics (MD) simulations, which were performed with the Quickstep
module [18] of the CP2K software package [19]. The hybrid Gaussian and plane-wave
method (GPW) implemented in CP2K was utilized. The exchange-correlation energy
was calculated by the Perdew-Burke-Ernzerhof (PBE) approximation [20], and
dispersion interactions were treated using the DFT-D3 method [21]. A plane-wave cut-
off of 500 Ry was selected for the electronic density, with a relative cut-off of 40 Ry.
Valence electrons were described using double-zeta valence polarized basis sets and
norm-conserving Goedecker-Teter-Hutter [22] pseudopotentials, all of which were

optimized for solid-state applications (DZVP-MOLOPT-SR-GTH) for all the elements.
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The initial structure was generated by randomly distributing atoms within the
lattice. This structure was then heated to 3000 K for 20 ps and subsequently cooled in
stages, following a temperature sequence of 3000 K, 2000 K, 1200 K, 800 K, and 300
K, with each stage lasting 10 ps. The final glass structures were simulated in a constant-
pressure (N, P, T) ensemble with varying Cu?* concentrations. A timestep of 1 fs was
used throughout the MD simulations, and temperature control was maintained using the
Nose-Hoover thermostat [23].

3. Results
3.1 Density, absorption and morphology analysis

The density (Fig. 1a) of the glass samples decreased from about 2.897 g/cm? to
2.849 g/cm?® upon the addition 0f0.1 mol% CuO and then gradually increased to about
2.910 g/cm? as the CuO content rose to 2.0 mol%, slightly exceeding the density of the
undoped sample (Cu0). Additionally, the molar volume displayed the opposite trend
with the addition of CuO. However, assuming that Cu was incorporated into the glass
network as Cu®*, the calculated density (Fig. 1b) of the glass samples increased with
the addition of CuO, indicating a distinct difference from the experimental density,
especially for glasses containing 0.1—0.3 mol% CuO.

Fig. 2 shows the images and optical absorption spectra of glass samples doped with
varying amounts of CuO. As displayed in the inset of Fig. 2, the undoped sample (Cu0)
was transparent and colorless, whereas the glass turned opaque red with small amounts
of CuO (0.1 to 0.6 mol%). Notably, when the CuO content reached 0.9 mol%, the color

of the glass shifted to transparent green and became deeper in color as the CuO content
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increased to 2.0 mol% as shown in the inset of Fig. 2b. The absorption spectrum of Cu0
showed a cut-off near 200 nm, whereas samples with smaller amounts of CuO (Cu0.1,
Cu0.3, and Cu0.6) exhibited strong absorption below 600 nm, with red-shifting of the
absorption edge as the CuO content increased. However, the absorbances of the glasses
with 0.9, 1.2, and 2.0 mol% CuO decreased between 300 and 600 nm, and the
absorption cut-off remained and displayed a redshift of about 100 nm, which can be
attributed to the 3d'°—3d’4s! transitions of the Cu’ ions in the glasses [24]. These
glasses also exhibited broad absorption bands between 600 and 1200 nm, centered at
about 850 nm, which can be attributed to the d-d transitions of Cu®* ions [25]. The
absorbance of this band increased with increasing CuO content, indicating a higher
concentration of Cu®" ions. However, the absorption spectra of the glasses doped with
0.1, 0.3, and 0.6 mol% CuO did not exhibit any distinct surface plasmon resonance peak
at 570 nm, which is characteristic of Cu® metallic particles [26].

The presence of heterogeneously distributed spherical particles was detected from
the FESEM study of the respective samples, as shown in Fig. 3. The inset of Fig. 3
shows the particle size distribution analysis of each sample. Notably, the size of these
particles decreased as the CuO concentration increased to 0.6 mol%. For example, the
average particle size in the Cu0.1 sample was larger than 100 nm, whereas it decreased
to less than50 nm in the Cu0.6 sample.
3.2 Elemental release and antibacterial activity test

The release of P, Zn, Mg, and Na from different samples during 2 h of leaching at

37 £1 °C is shown in Fig. 4a. The release patterns of these elements followed a similar
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trend with increasing CuO content. Initially, the release of these elements sharply
increased with the addition of 0.1 mol% CuO but quickly decreased as the CuO content
increased to 0.6 mol%. After this, the amount released continued to decrease more
slowly, as the CuO content reached 2.0 mol%. Furthermore, the elemental release from
the Cu2.0 sample was similar to that of the undoped sample. As shown in Fig. 4b, the
release of Cu increased almost linearly with increasing CuO content (Fig. 4b).

Fig. 5 displays the antibacterial activity of the different samples against E. coli, as
indicated by the bacterial reduction rate (R). The R value increased with the addition of
CuO to the glass samples, increasing from 4.5% to 27.2% as the CuO content increased
from 0 to 2.0 mol%. Notably, the R value for the Cu0.1 glass was considerably greater
than that for the Cu0.6 glass.

3.3 Radial distributions of Cu

The normalized Cu K-edge X-ray absorption near-edge structure (XANES)
spectra of the Cu-doped Zn-phosphate glasses and the reference samples of the Cu foil,
Cu0, and CuO are presented in Fig. 6a. Comparison of the valence states of Cu in the
glass samples with these references can be inferred. The inset of Fig. 6a reveals that the
absorption edge is minimally shifted for the opaque red glasses and progressively
shifted to higher energies as the CuO content reached 2.0 mol%. This observation
indicated that the average valence states of Cu remained relatively consistent in the red
opaque glasses, whereas an increase in the Cu valence state was noted in the transparent
green glass. The reference sample Cu,O exhibited a lower energy peak at about 8982

eV, whereas the Cu foil and CuO samples presented broad low-energy tails at about
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8981 eV and 8985 eV, respectively. A distinct pre-edge feature near 8984 eV was
observed in the glass samples Cu0.3, Cu0.6, and Cul.2, which was attributed to the 1s-
4p electronic transition of Cu, recognized as the absorption edge of Cu' [27].
Conversely, the spectra for samples Cu0.1 and Cu2.0 exhibited a shoulder-shaped
feature near 8985 eV. A resemblance between the Cu foil and opaque glass samples was
evident in the post-edge region spanning 8990-9012 eV. This feature included two
peaks at about 8994 and 9003 eV for the Cu foil, which closely corresponded to peaks
at about 8996 and 9002 eV for the opaque glass sample Cu0.6, which was consistent
with the findings of Figueiredo et al. [31]. The broad post-edge feature was attributed
primarily to Cu’ in the opaque glasses but became less prominent as the CuO content
decreased.

Fig. 6b shows the Fourier transform of the Cu K-edge EXAFS spectra. Compared
with those of the transparent glasses, the radial distribution patterns of the opaque red
glasses were significantly different. For sample Cu0.1, the center of the radial
distribution was located at about 1.9 A, closely matching the reference Cu foil. As the
CuO content increased to 0.6 mol%, this center position gradually shifted to about 1.6
A, aligning with the reference values of Cu>O and CuO. This shift indicated a change
in the coordination environment where the primary nearest neighbor atom of Cu
transitioned from Cu to O. On the other hand, the transparent green glasses presented a
broad feature in terms of their radial distribution at about 1.4 A, comparable to that of
the reference samples Cu,0O and CuO, confirming that oxygen, as the dominant nearest

neighbor atom, coordinates with Cu in the glass network.
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4. Discussion
4.1 Analysis of Cu species and local structures

Complementary characterizations via optical absorption spectroscopy, FESEM
and XANES analysis revealed that the Cu® particles were dispersed in the opaque red
glasses (Cu0.1, Cu0.3 and Cu0.6) despite the absence of crystalline phases in the glasses
recorded by X-ray diffraction (Fig. S1), whereas Cu” and Cu®** were present in the
transparent glasses (Cu0.9, Cul.2 and Cu2.0). Linear combination fitting [27] was
performed on the normalized XANES spectrum from 8970 to 9020 eV (Fig. S2) to
analyze the valence states of the Cu species. The results in Fig. 7 indicate that the
fraction of Cu” increased from about 0.34 to 0.42 as the CuO content increased from
0.1 to 0.6 mol% but decreased from about 0.44 to 0.08 as the CuO content further
increased to 2.0 mol%. Simultaneously, the fraction of Cu’ decreased from about 0.44
to 0.26, and the amount of Cu?** increased from about 0.22 to 0.66 as CuO doping
increased from 0.1 to 2.0 mol%. However, in opaque red glasses, the Cu?* fraction
remained nearly constant at about 0.22, irrespective of CuO addition. The absence of a
distinct feature near 850 nm, indicative of Cu?" in the optical absorption spectra (Fig.
2), suggested that minimal Cu?* was present in the opaque glasses. Similarly, although
low fractions of Cu’ were noted in the transparent green glasses (Fig. 7), the absence of
the SPR feature of the Cu’ particles was observed, as shown in Fig. 2. Thus, Cu
predominantly exists as Cu’ and Cu’ in opaque red glasses and as Cu* and Cu?" in
transparent green glasses [16].

In this study, Cu was introduced into the batch as CuO, and the reduction of copper
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from Cu?" to Cu® and Cu™ at lower CuO additions (0.1-0.6 mol%) was likely due to the
high melting temperature and the nominally reducing conditions influenced by the glass
composition [12]. However, with increasing CuO content, Cu acted as a glass modifier,
disrupting P-O-P bonds and generating more non-bridging oxygens. Higher CuO
concentrations (0.9-2.0 mol%) also increased the glass basicity, leading to a greater
negative charge on the constituent oxygen atoms in the glass. This can stabilize the
higher oxidation states of copper ions (Cu" and Cu?") to maintain electroneutrality
within the transparent glasses [16].

The EXAFS spectral profiles in R space, as depicted in Fig. 6b, provided insights
into the evolution of the Cu local structure across varying CuO additions. The fitted
spectra and structural parameters derived from the simulation of EXAFS data in k-space
are presented in Fig. S3 and Table S1. The average Cu-O atomic distance for samples
Cul.2 and Cu2.0 was about 1.92 A, which lies between the bond distances of Cu® in
Cuz0 (~1.84 A) and those of Cu?*in CuO (~1.95 A) [33]. Compared with the sharper
peaks of CuxO (~1.5 A) and CuO (~1.6 A) (Fig. 6b), a broad peak centered at about 1.4
A in samples Cul.2 and Cu2.0 suggested significant distortion of the local Cu structure
in the glass compared with its crystalline counterparts. This indicated that the Cu” and
Cu?" ions were coordinated with the oxygen atoms in the glass matrix and acted as
intermediate cations within the network. These intermediate Cu cations could enhance
the cross-linking within the phosphate chains, as the fractions of Cu* and Cu®" ions
increased with increasing CuO content. Such structural modifications could influence

key glass properties, including chemical durability, by altering network connectivity
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and stability [17].
4.2 Modification of glass properties by different Cu species

The variation in the Cu species dispersed within the glasses significantly
influenced their structure and properties. The densities of the opaque red glasses, which
contained Cu® particles and Cu* ions, were lower than those of the transparent glasses
containing Cu" and Cu®* ions, while the molar volumes followed an inverse trend (Fig.
la). The normalized element release profiles of the major elements P and Zn from the
glasses (shown in Fig. 8) show congruent release behavior, which is consistent with
previous studies [2] and is indicative of uniform glass dissolution. The P and Zn release
concentrations from the transparent glasses were markedly lower than those from the
opaque glasses, highlighting that the dispersion of the Cu’ particles severely
compromised the chemical durability of the glasses. The transparent glasses of Cu0.1
(colorless) and Cu0.6 (light blue) maintained stoichiometry equivalent to that of opaque
Cu0.1/Cu0.6 glasses, which were prepared while remaining free of Cu® particles. The
P release concentrations from these transparent samples, represented as hollow dots in
Fig. 4a, were significantly lower than those from their opaque counterparts, which was
attributed directly to the deterioration in chemical durability due to the presence of
dispersed Cu’ particles.

The release of Cu and Zn, which are antibacterial agents, plays a critical role in
the antibacterial activity of Cu-doped zinc phosphate glasses against E. coli. The
undoped sample Cu0 showed low bacterial reduction (4.54%) despite the release of

~165 ppm Zn at 37 °C over 2 h, indicating that similar concentrations of Zn released
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from glasses (Cu0.6, Cul.2, and Cu2.0) alone did not predominantly enhance
antibacterial activity (Fig. 4a and 5). The antibacterial efficacy improved with
increasing CuO content (0.6-2.0 mol%), corresponding to an increase in Cu release
from ~2.9 ppm to ~7.5 ppm under the same conditions. However, sample Cu0.1
demonstrated greater bacterial reduction than sample Cu0.6 despite lower Cu release
(~0.5 ppm) but significantly greater Zn release (~270 ppm compared with ~196 ppm
for Cu0.6), which can be attributed to the compromised chemical durability caused by
the Cu’ particles contributing to the observed effects.
4.3 Mechanism of Cu species on modifying chemical durability

The chemical durability of glass can be influenced by the degree of polymerization
of its network. However, the Raman spectral profiles (Fig. S4) of glasses with varying
CuO contents showed minimal changes. To further investigate the effects of the Cu’
particles on the local structure, density functional theory (DFT)-based molecular
dynamics (MD) simulations were performed. The structures of model glasses with a
base composition of 42P>,05-30Zn0O-20MgO-8Na,0 (in mol%) doped with 0, 1, and 13
mol% CuO are illustrated in Fig. 9. In the case of model glass Cul3 (Fig. 9¢c), the Cu
atoms were closely packed into a cluster to simulate the dispersion of the Cu® particles
in opaque glasses. The densities of model glasses Cu0, Cul, and Cul3 were 2.91 g/cm’,
2.87 g/em?®, and 2.72 g/cm?, respectively. The dispersion of the Cu® particles clearly led
to a decrease in the density of the model glass, which is consistent with the experimental
findings shown in Fig. la. The radial distribution functions of glasses doped with

different Cu species, namely, Cu ions (Cul) and Cu clusters (Cul3), are presented in
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Fig. 9d. The radial distribution patterns of the P-O and O-O pairs exhibited negligible
changes between the model glasses Cu0 and Cul containing ionic Cu. However, when
Cu was dispersed as Cu® clusters in model glass Cul3, the radial distribution of P-O
and O-O pairs shifted noticeably to longer distances, particularly for the O-O pair. This
suggested that the local structure of the glass was significantly altered by the dispersion
of the Cu’ particles.

The reduced Cu® species can aggregate to form Cu’ particles ranging from ~20 nm
to ~250 nm, which are dispersed throughout the glass matrix (Fig. 3), giving glasses
(Cu0.1, Cu0.3, and Cu0.6) an opaque red color [33]. Relatively large particles can cause
persistent distortions in nearby phosphorus structural units [35]. This may contribute to
the depolymerization or weakening of the P-O-P bonds in the glass network (Fig. 10a),
leading to a decrease in chemical durability [36]. Furthermore, as CuO was added (0.1—
0.6 mol%) to opaque glasses, the reduction in the Cu® particle size and the buildup of
ionic Cu” enhanced the cross-linking of non-bridging oxygen atoms from adjacent
phosphate units in the glass network, resulting in improved chemical durability [37].
Likewise, an increase in the ionic state of Cu with increasing CuO content (0.9-2.0
mol%) in transparent glasses promoted the cross-linking of the glass network, which
may enhance chemical durability [17]. However, a low amount of smaller Cu® particles
or clusters might disperse in the glass host under the detection limits of the UV-vis,
SEM, and XANES techniques, leading to depolymerization or weakening of the P-O-P
bonds in the glass network. Hence, the chemical durability of the transparent glass with

0.9-2.0 mol% CuO was deteriorated than that of the undoped glass sample.
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The nanosized Cu® particles were expected to disperse within the glass matrix and
interact with the glass network through physical bonds rather than chemical bonds (Fig.
10b). The interfacial voids between the Cu® particles and the glass network might form,
and their volume can increase with particle coarsening, resulting in relatively high
molar volumes, as observed in opaque red glasses (Fig. l1a). This can increase the
reaction area for glass dissolution, which might accelerate elemental release from
opaque glasses.

5. Conclusions

Zinc phosphate glasses doped with 0—2.0 mol% CuO were prepared using the
traditional melt-quenching method. With the addition of 0.1-0.6 mol% CuO, the
predominant valence states of the Cu in the glass samples were Cu’ and Cu*. Cu® was
observed to aggregate, forming Cu’ particles that imparted an opaque red coloration to
the glasses. The formation of large Cu® particles could induce structural distortions in
nearby phosphorus units, leading to depolymerization of the glass network and a
consequent deterioration in the chemical durability of the glass matrix. Increasing the
CuO content to 0.9-2.0 mol% resulted primarily in the presence of Cu in ionic states,
such as Cu’ and Cu?", imparting a transparent green color to the glass. The ionic Cu*
and Cu®" appeared to enhance cross-linking between phosphate units, thereby gradually
improving chemical durability, although the presence of non-bridging oxygen
associated with CuO addition could negatively impact the polymerization of the glass
network. Furthermore, the antibacterial activity of the glasses against E. coli increased

with increasing CuO content in general. And the antibacterial activity of glass against
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gram-positive bacteria such as S. aureus needs further assessment to extend potential
practical applications. The long-term dissolution behavior of glass containing different
Cu species will be investigated in future studies.
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Fig. 1 Density and molar volume (Vm) of glass samples as a function of CuO
content. (a) Experimental density and molar volume. The dashed lines represent trend
lines. The error bars represent the standard deviation associated with the five repeated

measurements. (b) Calculated density and molar volume at 20 °C provided by

SciGlass Next Database.
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Fig. 2 Optical absorption spectra and images of glasses with CuO contents in the

range of (a) 0—0.6 mol% and (b) 0.9-2.0 mol%.
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Fig. 3 FE-SEM images of glass samples after 10 min of soaking in HF solution:

(a) Cu0.1, (b) Cu0.3, and (c) Cu0.6. The inset figures show the particle size

distributions of the particles.
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Fig. 4 Elemental concentrations in leachates as a function of CuO content in
glasses: (a) P, Zn, Mg, Na and (b) Cu. The dashed lines represent trend lines. The
error bars represent the standard deviation associated with duplicate measurements.

The hollow dots represent the P release concentrations from the transparent samples

CuO content (mol%)

Cu0.1 and Cu0.6.
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Fig. 5 Bacterial reduction rates (R) versus CuO content in glass. The dashed line
represents the trend line. The error bars represent the standard deviation associated

with triplicate measurements.
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Fig. 6 XAS spectra of Cu-doped glasses with varying CuO contents: (a)

Normalized Cu K-edge XANES spectra for Cu-doped glass samples and reference
samples Cu foils, Cu20, and CuO. The inset figure shows the spectral variation from
8975 to 8990 eV. (b) Fourier transform of the Cu K-edge EXAFS spectra in R space

for the Cu-doped glass samples, Cu foils, Cu,0, and CuO.
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Fig. 7 Fractions of Cu’, Cu®, and Cu?* calculated as a function of CuO addition

using linear combination fitting of XANES spectra.
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Fig. 8 Normalized concentrations of P and Zn in leachates as a function of CuO
content. The error bars are hidden here for better visualization but are consistent with

those of the elemental concentrations in the leachates (Fig. 4a).
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Fig. 9 Structures of three model glass compositions obtained from molecular
dynamics simulations: (a) Model base glass Cu0 with composition 42P>05-30Zn0O-
20MgO-8NaxO (mol%). (b) Model glass Cul with 1 mol% CuO added. (c) Model
glass Cul3 with 13 mol% CuO added, showing Cu atoms forming clusters. (d) Radial

distribution functions of glass samples with different Cu species.
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Fig. 10 Schematic representations of the glass structure modified by different Cu

species (Cu particles and Cu ions) dispersed in the glass matrix. (a) The impact of

different Cu species on the phosphate glass network. (b) Gaps between the glass

matrix and different Cu species.
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