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Combinatorial characterization
of metastable luminous silver
cations
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Yohei Onodera®1?, Kazutaka lkeda®, Shingo Maruyama3, Naoki Haruta’:8, Tohru Sato’'§,
Yuji Matsumoto?, Chika Takahashi? & Teruyasu Mizoguchi®

Thermodynamically metastable glasses that can contain metastable species are important functional
materials. X-ray absorption near-edge structure (XANES) spectroscopy is an effective technique for
determining the valence states of cations, especially for the doping element in phosphors. Herein, we
first confirm the valence change of silver cations from monovalent to trivalent in aluminophosphate
glasses by X-ray irradiation using a combination of Ag L;-edge XANES, electron spin resonance,

and simulated XANES spectra based on first-principles calculations. The absorption edge of the
experimental and simulated XANES spectra demonstrate the spectral features of Ag(lll), confirming
that AgO exists as Ag(l)Ag(ll1)O,. A part of Ag(l) changes to Ag(lll) by X-ray irradiation, and the
generation of Ag(lll) is saturated after high irradiation doses, in good agreement with conventional
radiophotoluminescence (RPL) behaviour. The structural modelling based on a combination of
quantum beam analysis suggests that the local coordination of Ag cations is similar to that of Ag(lll),
which is confirmed by density functional theory calculations. This demonstration of Ag(lll) in glass
overturns the conventional understanding of the RPL mechanism of silver cations, redefining the
science of silver-related materials.

The valence states of cations dominate material parameters including electrical, optical, and mechanical
properties. Because precise material design requires tailoring the valence state as well as the connectivity of
the elements, examination of the valence state is an integral part of material science. A small number of minor
elements can sometimes be critical for performance improvement. In activator-doped materials, the valence states
of activators are responsible for their luminescence properties. In these cases, X-ray absorption fine structure
(XAFS) spectroscopy can be used to determine the local coordination!-">. However, it is not straightforward to
assign the local coordination state of activators in amorphous materials because of a lack of periodic structures.
Although conventional XAFS measurements have been performed using K-edge absorption, K-edge analysis,
which can cover a broader energy range than other absorption edges, is sometimes ineffective for heavier
cations in amorphous materials because of the heavy-atom effect and ambiguity of the s-p transition in K-edge
absorption'*'®. In such cases, L-edge X-ray absorption near-edge structure (XANES) spectroscopy, rather than
K-edge spectroscopy, can be used to determine the valence state of elements more accurately.

One unique phenomenon of activators in glasses is that unstable crystalline phases or metastable valences
of cations can exist in the matrix under ambient conditions, i.e., the so-called “confinement effect of glass”
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The generation of divalent rare-earth cations is a typical example of metastable species in a glass matrix'®!”.

Such metastable valences can be generated by external stimulation such as a laser or radiation'®. However,
radiation-induced valence changes sometimes induce the generation of another emission centre, i.e.,
radiophotoluminescence (RPL)'¥-%%, RPL is a dosimetry technique in which stored energy can be detected using
stimulated light wave irradiation. The generation of metastable activators is important for RPL; however, only a
limited number of materials exhibits RPL behaviour. Herein, we focus on silver-doped phosphate glasses, which
is a material that exhibits RPL behaviour.

Commercially available dosimeters comprised of Ag-doped oxide glass badges are used for personal
monitoring using RPL behaviour. In the RPL mechanism reported in the literature for silver-doped phosphate
glasses'®~?, certain Ag* cations in a host glass change to Ag® by trapping an electron by radiation, whereas other
Ag" cations change to Ag?* through a combination of holes. The valence change is speculated from spectroscopic
data; however, direct valence observation using XAFS has not been reported to date. Recently, our group reported
avalence change during X-ray irradiation of Ag-doped phosphate glasses using Ag L-edge XANES spectroscopy,
in which a new peak generated by X-ray irradiation was observed at a low absorption energy’*. It should be
noted that the peak energy of the white line of Ag shifts toward a lower energy as the oxidation state increases,
in contrast to those of conventional elements. Although we propose the possibility that a higher valence state of
silver species is formed based on Ag L;-edge XANES spectra by comparison with an AgO reference'®, there is
insufficient evidence on the origin of the generated Ag species. Therefore, a comparison with other silver reference
materials is needed to elucidate the mechanism of the valence change of Ag during X-ray irradiation. In addition,
we examined the relationship between the generated peaks and conventional RPL behaviour.

In this study, we focussed on silver-doped phosphate glass, which exhibits RPL behaviour. We initially discuss
the relationship between RPL properties and X-ray-induced Ag species in aluminophosphate-based FD-7 glass,
commercially used as glass badges for personal monitoring, based on Ag L;-edge XANES analysis. We then
attempted to confirm the presence of higher-valence silver species in the glasses by comparison with silver
oxide clathrate. We obtain theoretical proof based on first-principles calculations of the absorption edge shift in
XANES and demonstrate that AgO exists as Ag(I)Ag(III)O,. Moreover, using density functional theory (DFT)
calculations, we demonstrate the existence of metastable trivalent Ag in glass. Both experimental and theoretical
results support the existence of trivalent Ag in glass, contradicting the conventional understanding of RPL
behaviour'®2,

Results

Relationship between XANES peak of generated Ag species and RPL behaviour

The FD-7 glass, the chemical composition of which is shown in Table S1, has been used as glass badges for
personal monitoring provided by the Chiyoda Technol Corporation. The physical and structural data of FD-7
glass are shown in Fig. S1. The conventional understanding of the RPL behaviour of Ag-doped glasses'®-?® is
that both Ag® and Ag?* are generated from Ag* by irradiation, and the RPL behaviour is mainly affected by Ag**.
For L-edge XANES analysis, transitions of the L;- and L,-edge, arising from the 2p;,, —4ds/, and 2p,,, —4d;,,
transitions, respectively, are suitably compared with the L;-edge (from 2 s) owing to the dipole-allowed transition.
In addition, considering degeneracy, the L;-edge is the most preferable for discussion of the change in the white
line (Fig. S2). In a previous study, which was the first examination of Ag L;-XANES spectra for Ag-doped
phosphate glasses, an absorption peak appeared at 3.349 keV for prepared FD-7 glass as a function of the
electrical current in the storage ring multiplied by time's. Herein, we estimated the X-ray dose on the sample
considering the experimental conditions at the Kyushu Synchrotron Light Research Center (Saga, Japan). We
estimated the X-ray photon rate at the sample position to be 3.0 x 10'° photons s™! for a spot size of 0.1 x 0.6 cm?
(Fig. S3) and ring current of 170 mA (Fig. S4). In addition, the X-ray attenuation length for the composition
and density of the sample (2.6 g cm™) was estimated to be 9.0 um at the sample surface on average for the X-ray
energy range employed in this study. Considering the estimated energy flux at the surface of 2.9x10™*J s cm™,
the dose rate at the surface is estimated to be 0.11 Gy s™*. Thus, the X-ray dose corresponding to 1 mA-h is
estimated to be 2.4 Gy.

Figure 1a shows the Ag L;-XANES spectra of the commercial FD-7 glass after different irradiation doses.
Similar to the prepared FD-7 glass', the peak intensity at 3.349 keV increased with increasing irradiation dose
and seemed to be saturated after a long irradiation time (Fig. S5). After a long irradiation time, the generation of
brown colour center could be observed by the naked eye. Although the beam size for the XANES measurement
(Fig. S3) was not suitable for the measurement of optical absorption spectra, we confirmed an increase in the
absorption band in the UV region by X-ray irradiation using another experimental setup (Fig. S6). The intensity
of the absorption attributable to Ag* at 3.353 keV does not significantly decrease even after a long irradiation
duration. If all Ag* cations are changed to other valence states by X-ray irradiation, a significant decrease in the
Ag* peak after long-duration irradiation should be observed. However, such a change was not observed when
differential XANES spectra were obtained by subtracting the first scanning spectrum (Fig. S7). Therefore, the
results clearly confirm that not all Ag* species change upon X-ray irradiation and that a very small amount of
Ag* is involved in the valence change. Figure 1b shows the RPL intensity of FD-7 glass after each Ag-L;-XANES
measurement. The excitation wavelength is 3.91 eV (317 nm). The RPL intensity of the FD-7 glass appears to
be saturated after a long irradiation time. To compare both trends, we plotted both peak intensities to confirm
the saturation behaviour. Figure 1c shows the relative intensities of the RPL and X-ray-induced absorption at
3.349 keV in Ag L;-edge XANES as a function of the electrical current multiplied by time. The intensity changes
in both measurements appear to be saturated at approximately 800 mA h, corresponding to an irradiation dose
of ~ 2 kGy. This dose dependence is consistent with the results of a previous study?”. The similarity between the
two parameters can be understood from a direct comparison between the relative intensities of the RPL and
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Figure 1. Saturation behaviour of FD-7 glass after high irradiation doses. (a) Ag L;-XANES spectra of FD-7
glass after different irradiation doses. (b) RPL intensity of FD-7 glass after each Ag-L;-XANES measurement.

(c) Relative intensities of RPL and X-ray induced absorption at 3.349 keV in Ag L;-edge XANES as a function of
irradiation dose. (d) Comparison of the relative intensities of RPL and X-ray induced absorption of Ag.

generated X-ray-induced absorption, as shown in Fig. 1d. Because there is good agreement between them, we
conclude that the peak generated by X-ray irradiation is the origin of the RPL behaviour.

Reversibility of Ag species by X-ray irradiation

According to the conventional understanding of the RPL behaviour of Ag-doped phosphate glass, the X-ray-
induced valence change of Ag cations can be recovered by thermal annealing. The glass transition temperature
of FD-7 glass is 450 °C'5, and reportedly, thermal annealing at 360 °C is sufficient to erase defects®®. Based
on previous reports, the reversibility of the Ag valence change was examined using the same glass sample.
A schematic illustration of the used protocol for the XANES reversibility measurements with an annealing
process is shown in Fig. 2a. The detailed measurements are presented in experimental section. The process of
X-ray irradiation followed by thermal annealing was performed twice to confirm the reversibility. The resulting
XANES spectra are depicted in Fig. 2b. The differential Ag L;-edge XANES spectra of FD-7 glass after each
irradiation cycle is shown in Fig. 2c, obtained by subtracting the spectrum of the non-annealed FD-7 glass
(the initial state). The differences between these spectra were within the range of the error bars, indicating that
the generated defects disappeared after thermal annealing. Therefore, we have confirmed that the generated
Ag species, which correlates with RPL behaviour, are thermally annealable (reversible), consistent with the
conventional RPL mechanism.

Valence estimation of silver by comparison with silver oxide clathrate Ag;O3sNO;

Recently, Ag L;-edge XANES analysis was reported to be effective for evaluating the valence state of silver'®. The
peak energy of the white line shifts toward lower energies as the oxidation state increases, which is opposite to
the behaviour of conventional elements. This different spectral shift is caused by the generation of empty states
at the conduction band bottom in the higher oxidization state of Ag. In addition, additional absorption bands,
whose peak intensities increased with increasing irradiation dose, were generated at lower absorption energies
during the measurement. However, from the trend in the absorption energies of the Ag species, we could only
assign peaks to Ag valences higher than 2 in the previous report'®. To clarify the valence state of the generated
peaks, we measured the Ag L;-edge XANES spectrum of silver oxide clathrate Ag;OgNO;*. The nominal valence
state of silver in Ag,OgNO; was calculated to be approximately 2.43, which is higher than that of the reference
AgO. Figure 3a shows the Ag L;-edge XANES spectrum of commercial FD-7 glass after 1,405 mA-h irradiation,
along with those of Ag foil, Ag,0, AgO, and Ag,OsNO;. The peak of Ag;OsNO; is located at an absorption energy
lower than that of AgO, and its peak height is higher than that of AgO. Therefore, the XANES result of Ag,OsNO;
is consistent with the tendency of the Ag L;-edge XANES spectra, i.e., a higher valence state of Ag resultsin a
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Figure 2. Reversibility of X-ray-induced generated peak after annealing. (a) Schematic illustration of the used
protocol for the XANES reversibility measurement. (b) Ag L;-edge XANES spectra of FD-7 glass with and
without annealing. These spectra were obtained after the same irradiation doses. (c) Differential Ag L;-edge
XANES spectra of FD-7 glass after the same irradiation doses, obtained by subtracting the spectrum of non-
annealed FD-7 glass.
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Figure 3. Comparison of Ag L;-XANES spectra. (a) Ag L;-edge XANES spectrum of FD-7 glass after

1,405 mA-h, along with those of Ag foil, Ag,0, AgO, and Ag,OsNO;. (b) Absorption edge energy E, of reference
materials as a function of the valence state of Ag. The E, values of the generated peak defined by the zero of the
second derivative and the peak of the white line are depicted at the right axis.

lower absorption edge energy. The absorption energy of the peak generated for the FD-7 glass is located at a lower
absorption energy than that of Ag,0sNOs;. To estimate the valence state of silver, we plotted the absorption edge
energy E, of the reference materials as a function of the valence state of Ag, as shown in Fig. 3b. Because the value
of E, is affected by its definition'*, we used two definitions for FD-7 glass: zero of the second derivative and the
peak of the white line, resulting E, values of 3.348 and 3.349 keV, respectively. The values of E, are depicted with
arrows on the right axis of Fig. 3b. The generated peak is attributed to the Ag species possessing a valence state of
approximately 3. By linear fitting of these data and extrapolation of both E, values, we assumed that the generated
Ag cations were trivalent. The validity of this estimation is discussed based on the simulated XANES spectra.

Scientific Reports |

(2024) 14:4638 |

https://doi.org/10.1038/s41598-024-55014-8 nature portfolio



www.nature.com/scientificreports/

a
]
o
<
©
el
2
o
(%
o
<
C
>
=
(2]
o
[0}
2
£
©
c
2
(7]
o
(2]
w

Comparison of Ag species detected by electron spin resonance (ESR) and XANES

One RPL-active Ag species in the conventional understanding of RPL is thought to be Ag?*, whose electron
configuration of 4d’ is detectable by ESR. In contrast, Ag**, which has an electron configuration of 4d?, is
considered ESR-silent. Because the detectable minimum concentrations for ESR and XANES are different, a
comparison of the irradiation dose dependence of ESR and XANES is important to conclude the generated Ag
species. To obtain an accurate ESR signal of FD-7 glass, it was cut with a width of 2 mm, and ESR measurements
of the bulk glasses were performed at—170 °C. Figure 4a shows the Ag L;-XANES spectra of FD-7 glass after
different irradiation doses. Figure 4b shows the ESR spectra of the FD-7 glasses after XANES measurements at
different irradiation doses. The sharp signal at a magnetic field of 325 mT can be attributed to the oxygen hole
centre with a g value of 2.007°°*!. Considering the ESR spectrum of the SiO, tube used for the measurements
(Fig. S8), it is clear that the sharp peak is not from FD-7 glass but from the SiO, tube. Figure 4c shows the relative
intensities of X-ray-induced absorption at 3.349 keV in Ag L;-edge XANES and ESR intensity as a function of
the irradiation dose. The ESR intensity was calculated from the intensity difference (g=2.072) above and below
the peak at 314 mT, after subtracting the ESR spectrum of the non-irradiated FD-7 glass (Fig. S8). The dose
dependence of the ESR signal was almost linear. In contrast, a saturation tendency with respect to the irradiation
dose is observed for XANES peak intensity, which is also observed in Fig. 1a. The difference in dose dependence
is also understood by comparing these two intensity changes. Figure 4d shows a comparison between the ESR
intensities and generated absorbance in the Ag L;-edge XANES spectra by X-ray irradiation. The difference in the
trend with respect to irradiation dose suggests that the origins of ESR-active silver (Ag?*) are different from the Ag
species observed by XANES. It should be noted that the concentration of Ag?* species was much lower than that
of Ag* species detectable by Ag XANES. Recently, we demonstrated that less than 0.1% of Ag* was converted to
Ag?* by radiation. Therefore, it is natural that both Ag?* and Ag>* exist at different concentrations in FD-7 glass.

Ag-coordination states in structural model of FD-7 glass by RMC modelling

Reliable structures of amorphous materials can be described by reverse Monte Carlo (RMC) modelling based on
a combination of experimental datasets, such as X-ray diffraction (XRD) and neutron diffraction, magic angle
spinning nuclear magnetic resonance (MAS NMR), and extended XAFS (EXAFS)*>-*. Because the raw data of
Ag K-edge EXAFS is not suitable for fitting because of noise of signal due to the low concentration, back-Fourier
transformed EXAFS data was used (Fig. S9). Therefore, we performed RMC modelling using XRD, neutron
diffraction, *'P and ¥ Al MAS NMR, and EXAFS data to identify the atomic configuration of FD-7 glass.
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Figure 4. Irradiation dose dependence of ESR and L;-edge XANES spectra. (a) Ag L;-XANES spectra of FD-7
glass after different irradiation doses. (b) ESR spectra of FD-7 glass after different irradiation doses, which were
measured at—170 °C. (c) Relative intensities of X-ray induced absorption at 3.349 keV in Ag L;-edge XANES
and ESR intensity as a function of irradiation dose. (d) Comparison between the ESR intensities and generated
absorbance in Ag L;-edge XANES spectra by X-ray irradiation.
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Aluminium cations have been reported to undergo 4-, 5-, and 6-fold coordination with oxygen in FD-7
phosphate glasses'®. Figure 5a-c show the experimental and RMC modelled neutron total structure factor S¥(Q),
X-ray total structure factor $¥(Q), and Ag K-edge EXAFS spectra of FD-7 glass, respectively. The details of the
modelling are described in the Materials and Methods section. Note that no coordination number constraints
for Ag cations were applied in the RMC modelling. There is good agreement between the RMC modelling and
experimental results for FD-7 glass. The cation-oxygen coordination number distributions of Na, P, and Al
in FD-7 glass are shown in Fig. S10a—c, respectively, in addition to the partial pair correlation function g;(r)
(Fig. $10d). The Ag-oxygen coordination numbers obtained from the RMC modelling are shown in Fig. 5d. With
a threshold of 3.0 A, determined from the partial-pair correlation function for Ag-O, the average coordination
number of Ag after X-ray irradiation is calculated to be 6.0. Notably, this RMC-generated coordination number is
similar to that of Ag**. Figure 5e shows the atomistic configuration near the Ag cation in FD-7 glass. As expected,
Ag cations were coordinated by oxygen atoms belonging to the Q? phosphate unit. Another Ag coordination
mode in FD-7 glass is shown in Fig. S11, in which Ag cations are also connected to the oxygen atoms of the
P=0 bond. Considering that two electrons must be captured by phosphate units, phosphate chains (Q? units)
exhibiting a P=0 bond are favourable as a counterpart. Figure 5f shows the cation distributions in FD-7 glass
obtained from the RMC modelling. The distance between two Ag cations is estimated to be 32.0 A, suggesting
that it is difficult to exchange an electron directly between two Ag* cations.

The RMC-generated atomistic structure (Fig. 5e) should satisfy all experimental data. Therefore, two
additional RMC simulations were performed to validate the reliability of the RMC-generated atomistic model.
The first used only the X-ray and neutron structure factors (without EXAFS data). The second included
coordination number constraints to force Ag cations to coordinate with two oxygen atoms, which corresponds
to the local structure in Ag,0. In the RMC model with structural constraint for Ag,O coordination (N, o=2),
the coordination number distributions of oxygen atoms around Ag, Na, and Al, have been changed, as shown
Fig. S12a-c, respectively. Based on the RMC simulation shown in Fig. S12d and e, a comparison between the
experimental data and the three RMC models is shown in Fig. S12f. As shown in Fig. S11f, RMC modelling
without the Ag-O coordination constraint is most consistent with the experimental EXAFS oscillation data,
whereas RMC modelling with constraints to form two-coordinated Ag does not reproduce the EXAFS data.
Therefore, the Ag coordination illustrated in Fig. 5e, which is similar to that of Ag** in Ag,0s, is a reliable local
structure caused by X-ray irradiation.
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Figure 5. Structural modelling of Ag-doped phosphate glass based on a combination of experimental data. (a)
Neutron total structure factor SN(Q), (b) X-ray total structure factor $(Q), and (c) Ag K-edge EXAFS spectra
of FD-7 glass. The black and red lines indicate the experimental (raw experimental data, solid line; back-Fourier
transformed experimental data, dotted line) and RMC modelling results, respectively. (d) The coordination
number distribution of oxygens around Ag. (e) Schematic of atomic configurations in the vicinity of Ag cations.
Green: silver, purple: aluminium, blue: sodium, light blue: phosphorus, and red: oxygen. The Ag-O bonds are
highlighted in yellow. (f) Cation distributions in FD-7 glass obtained from the RMC modelling.
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Comparison between experimental and simulated L;-edge XANES spectra

Generally, the absorption edge shift in XANES is used to determine the valence state of a target element. The
peak energy of the white line for Ag, in contrast to that for conventional elements, shifts toward lower energy as
the oxidation state increases. Therefore, we must first check the validity of this spectrum assignment. The RPL
mechanism in Ag-doped glass was first reported in the 1950s%°, and an X-ray-induced valence change from Ag*
to Ag®* was proposed from the beginning. In contrast to the conventional understanding, our previous report
indicated that the silver species generated by X-ray irradiation results in a valence state higher than two. In the
present study, from the XANES results of the silver oxide clathrate, it is strongly suggested that the generated
silver species are of higher valence than the traditionally considered Ag?*, i.e., trivalent. Because the intensity
of the generated Ag species in XANES exhibits saturation behaviour very similar to that of the RPL intensity
as a function of irradiation dose, and that the annealing experiment also confirmed that the Ag species is a
thermally reversible species, it is speculated that Ag>" is a real and key component of the RPL behaviour in
Ag-doped phosphate glass. In addition, RMC-modelled Ag coordination states in FD-7 glass also suggest the
existence of Ag**. However, this hypothesis for Ag,0; has not been confirmed experimentally because Ag,0;
cannot be obtained commercially because of its poor chemical stability*. Therefore, we attempted to simulate
L-edge XANES spectra®*— to confirm the presence of Ag** in FD-7 glass. In contrast to the simulation of K-edge
spectroscopy, where the shape of the spectra can be easily obtained, the anisotropy of the L;-edge in the 2p,,
2p,, and 2p, directions must be considered. The intensity of the simulated XANES spectra of each Ag species
was averaged from the 2p,, 2p,, and 2p, components. The detailed intensity in each direction for several Ag
compounds is shown in Fig. S13. The shape of the experimental AgO spectrum could not be reproduced using
AgO with the space group Cccm. On the other hand, it has been proposed that AgO consists of sixfold Ag(III)
(A-site) and fourfold Ag(I) (B-site)*>*, and that the Ag site in AgO is not in a single state but is a mixture of two
charge states®*~*!. In other words, it has been suggested that Ag(IT)O is an isoelectric structure of Ag(I)Ag(III)
O,. Considering the experimentally obtained XANES spectra, we emphasize that AgO with space group P2,/C
is mixed-valent chemical consisting of Ag* and Ag** cations. Notably, a sixfold Ag(III) site affects the intensity
of the white line, which is also noticeable in Ag,0;.

Figure 6 shows a comparison between the experimental (Fig. 6a) and simulated (Fig. 6b) L;-edge XANES
spectra of Ag,0 and AgO, as well as those of Ag-doped FD-7 glass and Ag,0; (simulated). The structures of
Ag,0, AgO, and Ag,0; used for the simulation of XANES spectra are shown in Fig. 6¢c—e, respectively. The
absorption energy E, values of these materials based on different definitions are summarized in Tables 1 and 2.
A clear absorption edge shift was observed depending on the valence state of the Ag cation, and the absorption
bands observed in the experimental spectra can be quantitatively assigned to those in the simulated spectra.

1.2

0.8f
FD-7 glass
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Normalized intensity

0.2

00 Ag,0 Experimental

3.340 3.350 3.360 3.370
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" Site B
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Intensity (arb. units)

Energy (keV)

Figure 6. Comparison between experimental and simulated L;-edge XANES spectra. (a) Experimental Ag L-
XANES spectra of FD-7 glass, Ag,0, and AgO. (b) Simulated Ag L;-XANES spectra of FD-7 glass, Ag,0;, AgO,
and Ag,0. Structures of (c) Ag,0, (d) AgO, and (e) Ag,0; used for the XANES simulations.
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Absorption energy E, (keV)

A fraction of the edge step | The zero of the second derivative | The peak of the white line
Ag,0 3.3510 3.3512 3.3526
AgO 3.3493 3.3501 3.3515
Ag;,04NO; 3.3483 3.3494 3.3507
FD-7 glass 3.3478 3.3479 3.3489

Table 1. Experimental E, values of Ag,0, AgO, Ag,0,NO;, and FD-7 glass derived using different definitions.
All definitions suggest that the Ag species in FD-7 glass possess a valence state higher than 2.

E, (keV)

Absorption edge | The zero of the second derivative | Peak of the white line
Ag,0 3.3953 3.3970 3.3979
AgO 3.3945 3.3962 3.3968
Ag,0, 3.3945 3.3961 3.3967

Table 2. Simulated E, values of Ag,0, AgO, and Ag,0; based on different definitions.

As mentioned above, the generated absorption intensity, i.e., intensity of the white line, of Ag,O; in the L;-edge
XANES spectra is relatively strong compared to those of Ag,0 and AgO. The absorption energy of the simulated
spectrum for the Ag-doped FD-7 glass model is lower compared to those of Ag,0; and AgO. Although the extent
of the red-shift in the simulation is slightly greater than what is observed experimentally, the shift towards lower
energy successfully reproduces the experimental trend. The simulated spectra for Ag,O; and AgO appear at
similar positions, which does not fully replicate the experimentally observed red-shift in FD7-glass. However,
the present model does qualitatively capture this red-shift phenomenon. We believe that this is strong evidence
of the formation of trivalent Ag in FD7-glass. It has been proposed that the absorption intensity is directly related
to the de-occupation of states derived from the Ag 4d orbitals®. Both the experimental and simulated intensities
of Ag®* are stronger than those of the other Ag species, which clearly indicates that the vacant 4d orbitals affect
the peak intensity. This increase in the white line intensity is more obvious in silver fluoride, as shown in Fig. S14.

In this study, we obtained clear evidence for the generation of Ag** species in Ag-doped glass by X-ray
irradiation. However, there is little quantitative evidence for the change from Ag* to Ag®* during irradiation.
As evidenced by the XANES spectra, the generated Ag** species were detectable, but a large decrease in the
Ag* concentration was not observed. These spectral changes are thought to be correlated with the unique
characteristics of the Ag®" cation, whose absorption intensity is much stronger than that of the Ag* cation
in the simulated XANES spectra. In other words, although the concentration of the generated Ag®* species is
very low, the absorption efficiency of the Ag** cation makes it easily detectable by XANES. Another important
observation is that the Ag®* species can survive in glass under ambient conditions. The Ag* species plays an
important role in the RPL of commercially available FD-7 glass, and the fading of the luminescence properties is
not very significant*2. Considering the chemical stability of Ag,0,, which cannot be obtained commercially, the
“confinement effect of glass” effectively stabilizes Ag,0; in the glass matrix. Because the concentration of Ag**
is expected to be very low, it is very difficult to detect, but a capture process of two holes in the phosphate glass
network is likely to occur when Ag* becomes Ag**. Considering the cation ratio among P, Na, Al, and Ag", it is
expected that phosphate chains can capture electrons from Ag* cations.

Optical absorption and luminescence of the Ag(lll) cation based on DFT calculations

We calculated the Ag(III) optical absorption and luminescence spectra for comparison with experimental spectra
using DFT calculations. The computational details are available in the Materials and Methods section. First,
we constructed a silver phosphate model cluster, AgP,O,, (Fig. 7a), based on the FD-7 glass model obtained
using RMC. We terminated it with hydrogen atoms to avoid artificial dangling bonds (Fig. 7b). The obtained
absorption spectrum based on the excited-state calculation after ground-state geometry optimization reproduced
the experimentally observed peaks at wavelengths above 250 nm (Fig. 7¢). The prominent peak at approximately
355 nm is ascribed to the S,y < S transition. Table 3 lists the obtained excited states, whose oscillator strengths
from S, are relatively large, and their major electronic configurations with configuration interaction (CI)
coefficients. As shown in Table 3 and Fig. 7d,e, the prominent S,y «— S, peak mainly corresponds to the transition
from the molecular orbital containing Ag-d,2 (HOMO-18) to the molecular orbital including Ag-d,>_,> (LUMO).
Therefore, the absorption is a d-d transition of Ag(III). However, it should also be noted that both of these orbitals
are delocalized over Ag(III) and the phosphate ligands. In general, the oscillator strength is proportional to the
square of the transition dipole moment, which increases as the overlap density between the relevant orbitals
(transition density) increases. Therefore, the large absorption intensity of the S;q < S transition is due to the
delocalized and dipolar overlap density between HOMO-18 and the LUMO (Fig. S15). In addition, the emission
wavelength of the S|, state was calculated to be 659 nm (Table 4), which is close to the experimentally observed
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Figure 7. Theoretical calculation of the optical absorption spectrum of Ag in phosphate glass. (a) The silver(III)
phosphate cluster AgP,O,, based on the RMC model. Green: silver, light blue: phosphorus, and red: oxygen.

(b) The geometry optimized hydrogen-terminated silver(III) phosphate model AgPO,,H,;. (¢) The calculated
absorption spectra for AgP,O, H,,. (d) Hlustration of HOMO-18 orbital of the silver(III) phosphate model
AgP,O, H,,. (e) Ilustration of LUMO orbital of the silver(III) phosphate model AgP,O,,H,,. The isosurface
value is 2.0x 1072 a.u.

Excitation energy

State (eV) (nm) Oscillator strength Major configurations (CI coefficient)

Sis (1A) 3.2611 380.19 0.0517 HOMO-18 — LUMO (-0.31330)
HOMO-17 — LUMO (0.49734)

Sio (1A) 3.4880 355.45 0.1615 HOMO-18 — LUMO (0.42494)

Sy (1A) 3.5721 347.09 0.0502 HOMO-20— LUMO (0.36475)
HOMO-19— LUMO (0.47946)

Sso (14) 4.3500 285.02 0.0537 HOMO-28 — LUMO (0.52485)

Table 3. Excited states of the S,-optimized silver(IIT) phosphate model AgP¢O,,H;, at the TD-B3LYP/
LanL2DZ (Ag, P) & 6-31G(d, p) (O, H) level of theory. Major configurations with the configuration interaction
(CI) coefficients are also shown. Oscillator strengths less than 0.05 are not listed.

S$15-So

(eV) 3.488
Absorption VTE

(nm) 355
Reorganization energy (eV) 0.803
Stokes shift (eV) 1.607

(eV) 1.881
Emission VTE

(nm) 659

Table 4. Absorption and emission vertical transition energies (VTEs) between the S, and S states of the
silver(IIT) phosphate model AgP,O,,H,, at the TD-B3LYP/LanL2DZ (Ag, P) & 6-31G(d,p) (O, H) level of
theory.
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emission wavelength of approximately 640 nm. Thus, the Ag(III) phosphate cluster based on the FD-7 glass model
satisfactorily explained the experimentally observed absorption and luminescence spectra.

Discussion

In this study, we examined a silver-doped phosphate glass via combinatorial experimental techniques. We only
used commercially available Ag-doped (FD-7) glass because XANES, optical absorption, and ESR are highly
sensitive to the nature of the samples. For example, the signal-to-noise ratio of the XANES spectra is not sufficient
at relatively low current values, and defect formation affects not only the luminescent properties but also various
structural properties. Notably, different samples after XANES measurement (i.e., X-ray irradiation) were required
for optical absorption, RPL, and ESR analysis because they require different sample dimensions. A previous
study'® demonstrated that the structure and properties of samples prepared in the lab were remarkably similar
but not identical to commercially available samples. Therefore, preparing the material in the lab is not sufficient
to reduce the errors originating from the material fabrication process. Therefore, it is essential to examine
commercially available Ag-doped bulk glass through accurate and precise analysis to obtain reproducible results
for different measurement techniques.

We believed that a combinatorial measurement approach comprising Ag L-edge XANES, ESR, X-ray
diffraction, neutron diffraction, Ag K-edge XAFS, spectral simulation, and DFT calculations is required for
the analysis of amorphous materials, which are considerably different from periodic crystals. The use of various
measurement techniques is crucial for identifying the metastable Ag species. The Ag species used as dopant in
glass must be examined not only from the perspective of luminescence properties, which is the focus of this
study, but also with consideration of cation mobility in glass and the conductivity of Ag cations. Therefore, the
examination of trace amounts of Ag ions has been of general interest and has attracted much attention in both
basic science and practical applications.

The generation of an X-ray-induced Ag®* peak and RPL exhibited considerably similar saturation behaviours.
In addition, the Ag>* species can be erased after thermal annealing; this is a critical aspect for RPL applications.
The simulated XANES spectra were in good agreement with the experimental data, confirming that the silver
oxide exhibits an isoelectric configuration of Ag(I)Ag(IITI)O,. Moreover, the structure constructed via RMC
modelling based on diffraction and EXFAS data yielded a plausible local coordination of Ag cations that is
similar to that of Ag,O;. Furthermore, DFT calculations revealed that the absorption band originated from the
coordination of Ag cations. Although a previous study confirmed the existence of Ag(III) in silver oxide thin films
via X-ray photoelectron spectroscopy®, this study is the first to detect trace amounts of Ag** in a bulk material
though XANES analysis. Although RPL is a well-studied topic, it remains scientifically relevant because the
underlying mechanism is yet to be elucidated. The investigation of trace dopants in bulk materials is a challenging
and attractive topic in materials science. Our findings will afford insights into the RPL behaviour of glasses and
aid the future design of excellent RPL glass detectors. Furthermore, the results presented herein will immensely
contribute to the future progress in the application of Ag-containing materials.

Materials and methods

Sample details

Commercial FD-7 glasses were provided by the Chiyoda Technol Corporation. Silver oxide clathrate (Ag,OsNO;)
on Nb:TiO, single crystals was prepared via photoelectrochemical synthesis as described in a previous study®.
After the film preparation, the samples were stored under a vacuum in a sample container until shortly before
the XANES measurements.

Physicochemical analysis
Glass transition temperature T, was determined at a heating rate of 10 °C/min using a differential thermal
analyser (Thermo plus EVO2 Rigaku, Japan). Based on T, an annealing process was performed using an electric
hotplate in an air atmosphere.

X-ray absorption spectroscopy (XAS) measurement

Ag L;-edge (3.35 keV) XAFS measurements were performed on the BL11 beamline at Kyushu Synchrotron Light
Research Center (Saga, Japan). The spectra of the samples were recorded in fluorescence mode with 1- Solid State
Detector at 20-25 °C using a Si (111) double-crystal monochromator. The atmosphere in the sample chamber was
replaced by He gas. The XAFS data for Ag-foil (0.001 mm), AgO, and Ag,0 were collected in the transmission
mode. The XAFS data for Ag;O4NO; on an Nb:TiO, single crystal was collected in fluorescent mode. The
duration for one L;-edge XANES scan was 21 min, including initialization and termination of measurement.
Experimental details for Ag L;;-edge XAFS are shown in Fig. S2-S4. Furthermore, the Ag K-edge (25.5 keV) of
the XAFS spectra was measured using the BLO1B1 beamline at SPring-8 (Hyogo, Japan). These measurements
were performed using a Si (311) double-crystal monochromator in transmission mode (Quick Scan method). Ag
foil and Ag,0O were used as references. The corresponding analyses were performed using the Athena software®.
The previous results on Ag K-edge XAFS are shown in a reference'”.

Thermal annealing

Because it has been reported that thermal annealing at 360 °C is sufficient to erase defects, the reversibility of
the Ag valence change was examined using the same glass sample. After the XANES measurement, the sample
was removed from the sample chamber and annealed at 360 °C using a conventional heater. Thermal annealing
was performed for approximately 30 min in air and the sample was then cooled to room temperature. After
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the sample chamber with He gas (for more than 1 h) at RT, XANES measurements were performed at the same
position. The process of X-ray irradiation followed by thermal annealing was performed twice.

High-energy XRD measurement

High-energy XRD measurements were performed on the BL04B2 beamline at SPring-8 (Hyogo, Japan) using
a two-axis diffractometer dedicated to the study of disordered materials*%. The energy of the incident X-rays
was 61.34 keV. The raw data were corrected for polarization, absorption, and background, and the contribution
of Compton scattering was subtracted using a standard data analysis software*!. The corrected XRD data were
normalized to obtain the total structure factor (S(Q)).

Neutron diffraction measurement

Neutron diffraction measurements were conducted using a high-intensity total diffractometer (NOVA), installed
on the BL21 beamline of the Materials and Life Science Experimental Facility at the J]-PARC spallation neutron
source (Ibaraki, Japan). The wavelength range of the incident neutron beam was 0.12 A <1 <8.3 A. The glass
sample (1.2 g) was transferred into a vanadium-nickel null alloy cell with an outer diameter of 6.0 mm and a
thickness of 0.1 mm. The observed scattering intensity for the sample was corrected for instrumental background
and attenuation of the sample and cell and then normalized by the incident beam profile. The corrected neutron
diffraction data were normalized to obtain S(Q).

Structural modelling

An atomistic model of FD-7 glass was obtained by RMC modelling® using the RMC++ code®. The atomic
number density was 0.07684 A~3. The initial configuration, which contained 6000 particles, was created using
a hard-sphere Monte Carlo (HSMC) simulation with constraints to avoid physically unrealistic structures.
The r-spacing for the calculations of the partial pair-distribution functions was set to 0.05 A. Three types of
constraints were applied: the closest atom-atom approach, P-O connectivity, and Al-O connectivity. The first
constraint can prevent unreasonable spikes in the partial pair-distribution functions. The second constraint forces
phosphate atoms to form Q2 units within a P-O cutoff distance of 1.75 A. The third constraint forces aluminium
atoms to coordinate to 4-6 oxygen atoms with an AlO,:AlO5:AlOq ratio obtained by NMR measurement within
an Al-O cutoff distance of 2.10 A.In addition, fixed neighbour constraints*” were applied for P-O and Al-O
correlations at 1.40-1.75 A and 1.70-2.10 A to reproduce the Q%:Q":Q*Q’ and AlO:AlO;:AlO, ratios obtained by
NMR measurements, respectively. The Q%:Q':Q*Q? and AlO,:Al0:AlQ; ratios obtained by RMC modelling were
0:0:100:0 and 83.21:12.86:3.93, respectively. After the HSMC simulations, the RMC simulations were conducted
to reproduce the X-ray S(Q), neutron $(Q), and k3¢(k) data. Two Ag atoms exist in approximately 6000 atoms,
which was calculated from the chemical composition of FD-7 glass'.

XANES simulation

The Ag L-edge XANES simulation was performed using the first-principles plane-wave pseudopotential method
with a generalized gradient approximation (GGA) using the CASTEP code*®. The plane-wave cut-off energy was
set to 500 eV. Because the XANES simulations required the calculation of the excited state of the core electrons,
an on-the-fly pseudopotential based on CASTEP was applied to the excited Ag atoms. The theoretical excitation
energy was estimated using a method reported in a previous study®’; the ground and excited state simulations
were performed separately. An error in the absolute value of the transition energy of approximately 1% of the
transition energy has been reported®. In the present study, an error of ~ 45 eV, corresponding to approximately
1.3% of the absolute transition energy, was observed. In addition, quantitative reproduction of the chemical shift,
namely relative spectrum energy, is possible using the present method™.

Ag-L XANES simulations for the AgF;, AgF,, Ag,0;, Ag,0, and AgO crystals were systematically simulated.
To accurately simulate the core-hole effect, sufficiently large supercells with lengths of 9-15 A were used in
the respective directions. Because we used a large supercell, the self-consistent simulation of the electronic
structure was performed by 2 x 2 x 2 k-point sampling, whereas 3 x 3 x 3 k-point sampling was used for the
XANES simulations. The simulated spectra were obtained by broadening the transition probability using a
Gaussian function with a standard deviation of 0.5 eV. Two types of AgO with space groups P2,/C and Cccm
were simulated. AgO with space group P2,/C has two crystallographically different Ag sites (A and B), and the
Ag L-edges of the A and B sites were simulated separately and aligned using their simulated transition energies.
The A- and B-sites were 6- and fourfold sites, respectively. Because the numbers of A and B sites in the unit cell
are identical, their total spectrum is their number.

The electronic structure of AgO was investigated using a hybrid functional approach and GGA + U approach®.
The effects of on-site Coulomb potential and spin polarization on the simulated spectrum are shown in Fig. S16.
The Ag L-edge of AgO was simulated under different conditions: no U (without spin), U=6 eV (with spin),
and U=7 eV (with spin). U=6 eV was reported in a previous study with results similar to those obtained
using the hybrid functional approach®. As shown in Fig. S16, the calculation condition does not significantly
affect the spectral features; therefore, simulated data without spin and no U were used in this study. In the
simulation, the linear dichroism effect was simulated by the electron transition to the x, y, and z components
of the wavefunctions.

In the case of Ag-L XANES simulations for Ag in FD-7 glass, we extracted a local structure around the silver
atom from the RMC results for the spectral calculations. This cluster comprised 243 atoms. To simulate a trivalent
silver state, we adjusted the stoichiometry of the extracted cluster.
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RPL measurement

RPL spectra were recorded at RT using an F7000 fluorescence spectrophotometer (Hitachi High-Tech, Japan).
The RPL measurements were performed within 2 d after XANES measurements. Considering the fading effect
of FD-7 glass*, the time between the XANES and RPL measurements is negligible.

ESR measurement

X-band ESR spectra were recorded using an electron spin resonance spectrometer (JES-X330, JEOL). The
microwave power, modulation field, and ESR time constants were 6 mW, 0.8 mW;, and 0.03 s, respectively. All
ESR measurements were carried out at—170 °C. Samples with a width of approximately 2 mm were cut from
FD-7 glass and inserted into a SiO, tube for ESR measurements. The ESR measurements were performed within
2 d after XANES measurements.

Optical absorption and luminescence calculation

For the DFT calculations of optical absorption and luminescence, a silver phosphate model cluster (AgP¢O,,)
was constructed by extracting it from the FD-7 glass model obtained by RMC. To remove artificial dangling
bonds, the cluster was terminated by hydrogen atoms so that the Ag, P, O, and H oxidation states were+3,+5,-2,
and + 1, respectively. Accordingly, AgP;O,,H,, was obtained. Geometry optimization and vibrational analysis
were performed at the B3LYP/LanL2dZ (Ag, P)/6-31G(d,p) (O, H) level of theory. Time-dependent DFT
calculations were performed to simulate the absorption spectrum. The energy gradient was also calculated for
the Franck-Condon state with a considerable oscillator strength from the ground state. All DFT calculations
were performed using Gaussian 16, Revision C.01%°. Subsequently, Stokes shifts were calculated based on the
obtained energy gradient using a displaced harmonic oscillator model.

Data availability
The data that support the findings of this study are presented in the main text and the Supplementary Information,
and are available from the corresponding authors upon reasonable request.

Received: 13 October 2023; Accepted: 19 February 2024
Published online: 26 February 2024

References
1. Fayon, F, Landron, C., Sakurai, K., Bessada, C. & Massiot, D. Pb** environment in lead silicate glasses probed by Pb-Ly;; edge XAFS
and ?”Pb NMR. J. Non-Cryst. Solids 243, 39-44 (1999).
2. Antonio, M. R,, Soderholm, L. & Song, I. Design of spectroelectrochemical cell for in situ X-ray absorption fine structure
measurements of bulk solution species. J. Appl. Electrochem. 27, 784-792 (1997).
3. Farges, F. et al. The effect of redox state on the local structural environment of iron in silicate glasses: A molecular dynamics,
combined XAFS spectroscopy, and bond valence study. J. Non-Cryst. Solids 344, 176-188 (2004).
4. Phosphor Handbook. 2nd edn. (eds Yen, W. M., Shionoya, S. & Yamamoto, H.) (Boca Raton: CRC Press, 2007)
5. Ravel, B. & Newville, M. A. ATHENA, ARTEMIS, HEPHAESTUS: Data analysis for X-ray absorption spectroscopy using IFEFFIT.
J. Synchrotron Radiat. 12, 537-541 (2005).
6. Glatzel, P., Smolentsev, G. & Bunker, G. The electronic structure in 3d transition metal complexes: Can we measure oxidation
states?. J. Phys. Conf. Ser. 190, 012046 (2009).
7. Getsoian, A. et al. Organometallic model complexes elucidate the active gallium species in alkane dehydrogenation catalysts based
on ligand effects in Ga K-edge XANES. Catal. Sci. Technol. 6, 6339-6353 (2016).
8. Behrens, P,, ABmann, S., Bilow, U,, Linke, C. & Jansen, M. Electronic structure of silver oxides investigated by AgL XANES
spectroscopy. Z. anorg. allg. Chem. 625, 111-116 (1999).
9. Miyamoto, T., Niimi, H., Kitajima, Y., Naito, T. & Asakura, K. Ag L;-edge X-ray absorption near-edge structure of 4d10 (Ag")
compounds: Origin of the edge peak and its chemical relevance. J. Phys. Chem. A 114, 4093-4098 (2010).
10. Averbuch-Pouchot, M. T. Structural investigation of a new series of long-chain polyphosphates. Crystal structure of AgK(PO;),
and crystal data for AgM(PO;), with M = K, Rb, Cs, and T1. J. Solid State Chem. 102, 93-99 (1993).
11. Czyyk, M. T. et al. Ag,0 band structure and x-ray-absorption near-edge spectra. Phys. Rev. B 39, 9831-9838 (1989).
12. Behrens, P. Bonding in silver-oxygen compounds from Ag L; XANES spectroscopy. Solid State Commun. 81, 235-239 (1992).
13. Terebilenko, K. V., Zatovsky, I. V., Ogorodnyk, I. V., Baumer, V. N. & Slobodyanik, N. S. Redetermination of AgPO;. Acta Crystallogr.
E Struct. Rep. Online 67, i22 (2011).
14. Masai, H., Ina, T., Okumura, S. & Mibu, K. Validity of valence estimation of dopants in glasses using XANES analysis. Sci. Rep. 8,
415 (2018).
15. Masai, H. et al. X-ray absorption near-edge structure of Ag cations in phosphate glasses for radiophotoluminescence applications.
J. Ceram. Soc. Jpn 127, 924-930 (2019).
16. Qiu, J. R, Miura, K., Suzuki, T., Mitsuyu, T. & Hirao, K. Permanent photoreduction of Sm** to Sm** inside a sodium aluminoborate
glass by an infrared femtosecond pulsed laser. Appl. Phys. Lett. 74, 10-12 (1999).
17. Verwey, ]. W. M, Dirksen, G. J. & Blasse, G. The luminescence of divalent and trivalent rare earth ions in the crystalline and glass
modifications of SrB,O;. J. Phys. Chem. Solids 53, 367-375 (1992).
18. Yokota, R. & Imagawa, H. ESR studies of Radiophotoluminescent centers in silver-activated phosphate glass. J. Phys. Soc. Jpn 20,
1537-1538 (1965).
19. Yokota, R. & Imagawa, H. Radiophotoluminescent centers in silver-activated phosphate glass. J. Phys. Soc. Jpn 23, 1038-1047
(1967).
20. Schulman, J. H., Ginther, R. J., Klick, C. C., Alger, R. S. & Levy, R. A. Dosimetry of X-rays and gamma-rays by
radiophotoluminescence. J. Appl. Phys. 22, 1479-1487 (1951).
21. Miyamoto, Y. et al. Radiophotoluminescence from silver-doped phosphate glass. Radiat. Meas. 46, 1480-1483 (2011).
22. Schulman, J. H. & Etzel, H. W. Small-volume dosimeter for X-rays and gamma-rays. Science 118, 184-186 (1953).
23. Miyamoto, Y. et al. Emission mechanism of radiophotoluminescence in Ag-doped phosphate glass. Radiat. Meas. 45, 546-549
(2010).
24. Kawamoto, H. et al. Analysis of radiophotoluminescence center formation mechanism in Ag-doped phosphate glasses. Jpn. J. Appl.
Phys. 57, 062401 (2018).

Scientific Reports |

(2024) 14:4638 | https://doi.org/10.1038/s41598-024-55014-8 nature portfolio



www.nature.com/scientificreports/

25. McKeever, S. W. S., Sholom, S. & Shrestha, N. Observations regarding the build-up effect in radiophotoluminescence of silver-
doped phosphate glasses. Radiat. Meas. 123, 13-20 (2019).

26. Nanto, H. et al. Environmental radiation monitoring using radiophotoluminescence in silver-doped phosphate glass. Procedia
Eng. 25,231-234 (2011).

27. Sholom, S. & McKeever, S. W. S. High-dose dosimetry with Ag-doped phosphate glass: Applicability test with different techniques.
Radiat. Meas. 132, 106263 (2020).

28. Masai, H. et al. Positron-induced Radiophotoluminescence in Ag-doped Glasses. Sens. Mater. 34, 699-705 (2022).

29. Tanaka, R, Takahashi, R., Takata, S., Lippmaa, M. & Matsumoto, Y. Photoelectrochemical epitaxy of silver oxide clathrate Ag;OsM
(M=NOj;, HSO,) on rutile-type Nb-doped TiO, single crystals. Cryst. Eng. Comm. 17, 3701-3707 (2015).

30. Skuja, L. Optically active oxygen-deficiency-related centers in amorphous silicon dioxide. J. Non-Cryst. Solids 239, 16-48 (1998).

31. Griscom, D. L. Trapped-electron centers in pure and doped glassy silica: A review and synthesis. . Non-Cryst. Solids 357, 1945-1962
(2011).

32. Onodera, Y. et al. Formation of metalic cation-oxgen network for anomalous thermal expansion coefficients in binary phosphate
glass. Nat. Commun. 8, 15449 (2017).

33. Onodera, Y. et al. Origin of the mixed alkali effect in silicate glass. NPG Asia Mater. 11, 75 (2019).

34. Masai, H. et al., Correlation between structures and physical properties of binary ZnO-P,0; glasses. Phys. Status Solidi B 257,
2000186 (2020).

35. Standke, B. & Jansen, M. Ag,0;, a novel binary silver oxide. Angew. Chem. Int. Ed. Engl. 24, 118-119 (1985).

36. Mizoguchi, T., Tanaka, I., Gao, S. P. & Pickard, C. J. First-principles calculation of spectral features, chemical shift and absolute
threshold of ELNES and XANES using a plane wave pseudopotential method. J. Phys. Condens. Matter 21, 104204 (2009).

37. Mizoguchi, T., Matsunaga, K., Tochigi, E. & Ikuhara, Y. First principles pseudopotential calculation of electron energy loss near
edge structures of lattice imperfections. Micron 43, 37-42 (2012).

38. Matsui, Y. & Mizoguchi, T. First principles calculation of oxygen K edge absorption spectrum ofacetic acid: Relationship between
the spectrum and molecular dynamics. Chem. Phys. Lett. 649, 92-96 (2016).

39. Scatturin, V., Bellon, P. L. & Salkind, A. J. The structure of silver oxide determined by means of neutron diffraction. J. Electrochem.
Soc. 108, 819-822 (1961).

40. Pickett, W. E., Quan, Y. & Pardo, V. Charge states of ions, and mechanisms of charge ordering transitions. J. Phys. Condens. Matter
26, 274203 (2014).

41. Hoflund, G. B., Hazos, Z. F. & Salatia, G. N. Surface characterization study of Ag, AgO, and Ag,0 using x-ray photoelectron
spectroscopy and electron energy-loss spectroscopy. Phys. Rev. B. 62, 11126 (2000).

42. Hsu, S.-M,, Yeh, S.-H., Lin, M.-S. & Chen, W.-L. Comparison on characteristics of radiophotoluminescent glass dosemeters and
thermoluminescent dosemeters. Radiat. Prot. Dosim. 119, 327-331 (2006).

43. Kaspar, T. C., Droubay, T., Chambers, S. A. & Bagus, P. S. Spectroscopic evidence for Ag(III) in highly oxidized silver films by
X-ray photoelectron spectroscopy. J. Phys. Chem. C 114, 21562-21571 (2010).

44. Ohara, K., Onodera, Y., Murakami, M. & Kohara, S. Structure of disordered materials under ambient to extreme conditions revealed
by synchrotron x-ray diffraction techniques at SPring-8: Recent instrumentation and synergic collaboration with modelling and
topological analyses. J. Phys. Condens. Matter 33, 383001 (2021).

45. McGreevy, R. L. & Pusztai, L. Reverse Monte Carlo simulation: A new technique for the determination of disordered structures.
Mol. Simul. 1, 359-367 (1988).

46. Gereben, O., Jovari, P, Temleitner, L. & Pusztai, L. A new version of the RMC++ Reverse Monte Carlo programme, aimed at
investigating the structure of covalent glasses. J. Optoelectron. Adv. Mater. 9, 3021-3027 (2007).

47. Evrard G. & Pusztai, L. Reverse Monte Carlo modelling of the structure of disordered materials with RMC++: A new
implementation of the algorithm in C. J. Phys. Condens. Matter 17, S1-S13 (2005).

48. Clark, S.]J. et al. First principles methods using CASTEP. Z. Kristallogr. 220, 567-570 (2005).

49. Allen, J. P, Scanlon, D. O. & Watson, G. W. Electronic structures of silver oxides. Phys. Rev. B, 84, 115141 (2011).

50. Gaussian 16, Revision C.01, Frisch, M. J. et al. Gaussian, Inc., Wallingford, 2016.

Acknowledgements

We thank Drs. Y. Yanagida and Y. Koguchi (Chiyoda Technol Corporation) for providing FD-7 glass. The Ag
L-edge XAFS measurements were performed on the BL11 beamline at SAGA-LS with permission from the
Kyushu Synchrotron Light Research Center (Proposal Nos. 1806052F, 1809068F, 1904016F, 2001128F, and
2109131F). High-energy XRD measurements were performed on the BLO4B2 beamline at SPring-8 with approval
from the Japan Synchrotron Radiation Research Institute (JASRI) (Proposal No. 2018A1309). The Ag K-edge
XAFS measurements were performed on the BLO1B1 beamline at SPring-8 with permission from the JASRI
(Proposal No. 2022A1008). The neutron diffraction measurement was performed on the BL21 beamline at
J-PARC with permission from the J-PARC (MLF Fast Track Proposal No. 2022AF2102). The authors acknowledge
XAFS experimental support provided by Dr. T. Ina (JASRI).

This work was partially supported by the Japan Society for the Promotion of Science Grant-in-Aid for Scientific
Research (B) Numbers 18H01714 and 22H01785 (H.M.), and for Transformative Research Areas (A) Numbers
20H05881 (Y.O.) and 20H05882 (H.M.).

Author contributions

H.M. and M.K. conceived this project; H.M., S.M., Y.M., C.T. prepared the samples; H.M., M.K., H.K. and
H.S. measured the Ag L-edge XANES; H.M. and Y.O. measured X-ray diffraction and Ag K-edge XAFS; Y.O.
and K.I. performed the Neutron diffraction; M.K. and H.K. performed ESR measurement; Y.O. performed the
atomistic simulations by RMC; T.M. conducted the XAFS simulations; N.H. and T. S. conducted DFT calculation;
H.M. MK. Y.O. T.M. analysed the data; and H.M., M.K,, Y.O., N.H. and T.M. prepared the manuscript with
contributions from all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-55014-8.

Scientific Reports|  (2024) 14:4638 | https://doi.org/10.1038/s41598-024-55014-8 nature portfolio


https://doi.org/10.1038/s41598-024-55014-8
https://doi.org/10.1038/s41598-024-55014-8

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to H.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:4638 | https://doi.org/10.1038/s41598-024-55014-8 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Combinatorial characterization of metastable luminous silver cations
	Results
	Relationship between XANES peak of generated Ag species and RPL behaviour
	Reversibility of Ag species by X-ray irradiation
	Valence estimation of silver by comparison with silver oxide clathrate Ag7O8NO3
	Comparison of Ag species detected by electron spin resonance (ESR) and XANES
	Ag-coordination states in structural model of FD-7 glass by RMC modelling
	Comparison between experimental and simulated L3-edge XANES spectra
	Optical absorption and luminescence of the Ag(III) cation based on DFT calculations

	Discussion
	Materials and methods
	Sample details
	Physicochemical analysis
	X-ray absorption spectroscopy (XAS) measurement
	Thermal annealing
	High-energy XRD measurement
	Neutron diffraction measurement
	Structural modelling
	XANES simulation
	RPL measurement
	ESR measurement
	Optical absorption and luminescence calculation

	References
	Acknowledgements


