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Abstract

The structure and bonding of V,0,—P,05 (VP50) glass is studied by atomistic modeling. We performed an in-depth
analysis of the structure and chemical bonding properties of VP50 glass by classical and Born-Oppenheimer molecular
dynamics (CMD and BOMD). Through a thorough comparison with experimental data, our study showcases the
effectiveness of BOMD in addressing the shortcomings of CMD and achieves a significantly improved and superior
quantitative description of VP50 glass’ structures. BOMD allows us to achieve an unprecedented agreement with
experimental data in terms of both reciprocal space (neutron and X-ray structure factors) and real space (total pair
correlation functions) properties. The key improvement is ascribed to a better description of the local electronic and
bonding environment around both P and, especially, V sites that can not be obtained by empirical force fields. A clear
signature of single V-O and double V=0 bonds is found with BOMD together with an overall better description of
VO, coordinating polyhedra distribution that constitute the network of this glass. Our study is enriched by a thorough
analysis of bond angle distributions around VO, units, order and connectivity parameters and local bonding features
based on Wannier functions formalism. All together, the results found define the computational grounds for a deep
understating of VP amorphous glasses in conjunctions with depicting the necessary requirements for the development
of interatomic potentials aiming to a quantitative comprehension and design of VP-based amorphous materials.
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1. Introduction motivated numerous experimental studies, employ-
ing techniques such as X-rays and Neutrons diffrac-
tion [9-11], Raman Spectroscopy [12], Nuclear Mag-
netic Resonance (NMR) [13, 14], X-ray Photoelec-
tron Spectroscopy (XPS) [15], Infrared Spectroscopy
(IR) [16], Extended X-ray Absorption Fine Structure

(EXAFS) [17, 18], and X-ray Absorption Near-Edge

Silicate and phosphate glasses containing vanadium
or iron oxides are promising materials for solid-state
batteries and electrochemical storage devices due to
their physical and chemical properties, such as high
glass-forming ability, wide vitrification range, low glass

transition temperature, low melting point and high
thermal expansion coefficients [1, 2]. These glasses
have also demonstrated enhanced energy density per-
formance, due to their ability to promote multi-electron
reactions [1-3]. Vanado-phosphate (VP) glasses, in par-
ticular, have been studied as cathode materials for ion
batteries, owing to their multiple oxidation states and
capability to stand multiple cycles [4-8].

The wide range of applications of VP glasses has
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Structure (XANES) [15, 18, 19]. The coexistence of
different oxidation states such as V>*, V4* and V3* with
four, five or six-fold coordination gives rise to a struc-
ture characterized by the presence of a large variety of
structural units in the glass network [9, 16]. For these
reasons, precise atomic-scale characterization has been
challenging, motivating the use of quantitative mod-
elling tools to better understand the topology of these
amorphous systems.

Classical molecular dynamics (CMD) [8, 15, 20-24],
non-constant force field MD (ncMD) [16] and reverse
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Monte Carlo (RMC) simulations [9-11, 25] have been
predominantly employed on VP glasses and alkali-ion-
containing VP glasses. Nevertheless, an exhaustive
comparison with experimental data is lacking since a
determination of the local coordination environment
of V sites remains a major challenge. One of the key
issues is related to the identity of the coordination state
of V ions, in relationship with V sites other than Vo+
(V** and V3*) conferring a (para)magnetic character to
the system and preventing the use of some experimental
techniques [14]. An additional source of debate stems
from the existence of V#* in four-fold coordination
in silicate and phosphate glasses [15, 26, 27]. For
instance, XPS and XANES measurements provided
evidence for the presence of V** in four-fold coor-
dination in aluminoborosilicate glasses containing
high vanadium content [15]. Similarly, in VP glasses,
1D/2D *'P/*'V magic angle spinning NMR techniques
and advanced pulsed electron paramagnetic resonance
(EPR) [13] pointed toward V** ions in four-fold coor-
dination. Along these lines, CMD results were found
consistent with the presence of V#* ions in tetrahedral
coordination in both silicate and phosphate glasses
[15, 21, 28]. However, in amorphous NayO-V,0O,-
P,Os [29] and crystalline vanadium oxides and VP
systems [19, 30-32], V** four-fold coordination is not
found, and only V>* is widely reported to be able to ac-
commodate the tetrahedral coordination. Therefore, it
appears that the lack of agreement between experiments
and theory calls for further predictive calculations
improving our knowledge of the coordination state of
V in vanadophosphate glasses.

With this purpose in mind, we use in this study classical
molecular dynamics (CMD) and first-principles molec-
ular dynamics (in the Born-Oppenheimer version,
BOMD) simulations to investigate the structure of
50V,0,-50P,0s vanadophosphate glass (referred to
hereafter as VP50). Based on a comparison between
CMD/BOMD results and experimental data [9, 10, 29],
we demonstrate the superior ability of BOMD to pro-
vide a quantitative description of the vanado-phosphate
glass atomic structure, by improving upon previous
conclusions drawn via CMD. Additionally, the use of
BOMD allows gaining fundamental insights into the
bonding and electronic properties of these systems.

Our paper is organized as follows. Section 2 reports
on the CMD and BOMD methodologies and the model
systems employed. The results are presented in four
distinct sections, each one devoted to a specific set of
properties. In Sec. 3 we provide a critical appraisal of
the different V sites speciation when using CMD and

BOMD schemes. Sec. 4 is devoted to the quantitative
comparison between theory and experiments for the to-
tal structure factor S(k) and the pair correlation func-
tions g(r). Also, the partial structure factors are ana-
lyzed in detail with a specific focus on the different pair
interactions P-O, V-0, O-0. In Sec. 5 we consider
the coordination numbers and the structural units found
in the disordered network, together with the bond angle
distributions and the bond order parameters. The anal-
ysis of chemical bonding and electronic properties can
be found in Sec. 6. Section 7 reports a critical summary
and discussion of the results, while some conclusions
are drawn in Sec. 8.

2. Calculation methodology and models

2.1. Classical molecular dynamics

We employed the interatomic force field (FF) devel-
oped by Pedone et al. (named PMMCS) [33] in its
recent upgraded version (named BMP-harm) [34], to-
gether with the potential parameters for V3* and V**
developed by Ori et al. [20]. The initial pairwise in-
teratomic potential PMMCS was chosen because of its
reliability and the availability of parameters for many
cation-oxygen pairs [35]. Also, its ability to predict
the mechanical properties has been well assessed for
oxide glasses and oxide nanoparticles [36]. The re-
vised BMP-harm version allows reproducing better the
Si—O-Si and P-O-P bond angle distributions (BADs)
and the oxygen-oxygen distances of the network for-
mer. In our CMD simulations, the short-range interac-
tions were truncated at a distance of 10 A, whereas the
long-range interactions were calculated using the Ewald
summation method with a precision of 107 eV, up to a
cutoff distance of 13 A. To ensure statistical signifi-
cance, four replicas were generated, each consisting of
218 atoms (with a V#*/V® ratio of 0.375), placed in
a cubic box with dimensions adjusted to match the ex-
perimental density value of 2.8 g/cm? [9]. CMD sim-
ulations were performed using the DL-POLY code ver-
sion 4.10.0 [37]. The Verlet leapfrog algorithm was em-
ployed with a time step of 1 fs to integrate the equation
of motion. The VP50 glass models were obtained by
melt-quenching thermal cycles following a well estab-
lished computational strategy [20, 21, 33, 34]. The tem-
perature control was implemented via the Nosé-Hoover
thermostat [38—40]. First, the initial structures were ran-
domly generated and relaxed at 300 K in the canonical
(NVT) ensemble. Each system was heated to 5000 K
and kept for 100 ps at this temperature. Then, cooling
took place from 5000 K to 300 K with a cooling rate



of 2.5 K/ps, close to typical rates used within CMD for
this type of glasses [20, 21, 33, 34]. Averages of rele-
vant properties are taken on a structure obtained from
the last 200 ps of a trajectory lasting for 500 ps at T=
300 K.

2.2. Born-Oppenheimer molecular dynamics

First-principles molecular dynamics simulations

were carried out employing the Born-Oppenheimer ap-
proach as implemented in the CP2K package [41]. In
such scheme, atom-centered Gaussian-type basis func-
tions are used to describe the orbitals and an auxil-
iary plane-wave basis set is employed to re-expand
the electron density. We employed double-{ polarized
MOLOPT basis sets [42] for V, P, and O, and used a
cutoff energy of 800 Ry for the plane waves at the I’
point only. Goedecker—Teter—Hutter pseudopotentials
were used to describe core-valence interactions [43]
together with the semilocal Perdew-Burke-Ernzerhof
(PBE) [44] exchange—correlation functional within a
spin unrestricted density functional theory (DFT) for-
malism. The ionic temperature was controlled by a
Nosé-Hoover thermostat [38—40]. Initially, four BOMD
simulations equilibrated at T = 300 K during 5 ps were
performed starting from an equal number of initially un-
correlated configurations sampled from the correspond-
ing CMD trajectories. Then, we performed a final opti-
mization at 300 K (~0.5 ps) of the electronic structure
employing the hybrid functional PBEO [45], in which
25 % of PBE exchange is replaced by nonlocal Hartree-
Fock exchange, with a cutoff energy of 600 Ry [46, 47].
This final step allows a more accurate description of the
electronic structure and spin topology [48]. The final
3 ps of the trajectory of each replica computed at the
PBE level combined with 0.5 ps at the PBEQ level at T
=300 K were used to describe the structural properties
of the VP50 model.
Analysis of the electronic structure and bonding prop-
erties was performed in terms of electronic density
of states and the maximally localized Wannier func-
tions (MLWF) [49, 50]. Following the standard proce-
dure, the n™ MLWF w, (r) and the corresponding center
rVFC = (x,, s, 2,) are obtained as unitary transforma-
tion (iterative) of the Kohn-Sham orbitals ;(r)

Noce
HOEDY {]_[ e‘Afnzm(r)} (1)

i=1 p

where N, is the total number of occupied states (i.e.
electrons, in a spin-unrestricted approach), Aip , 1s a ma-
trix generalization of the Berry phase connector, and p

is the order of the iteration [S1]. Among all the possi-
ble (equivalent) unitary transformations, in the case of
MLWEF we chose the one that minimized the spread of
the orbitals. This is obtained by minimizing the spread
functional Q. This quantity represents the spatial exten-
sion of the Wannier orbital:

Noce
Q=" {<ilrli) — (ilrli)’} ©))
i=1
The Wannier function centers (WFC) of each Wannier
orbital n are given by:

2m x

L,
Xy = ——~ImIn(wyle  Lx |w,) 3)
21

where L, corresponds to the length of the simulation
cell along x. Similar equations are used for the co-
ordinates along y and z. Being based on the corre-
lation between atomic positions and the Wannier cen-
ters, the above framework allows gaining insight into
the chemical bonding as shown for a wealth of systems
such as liquid water [52, 53] and amorphous networks
as TeO, [54], Ge,Sb,Tes [55], and GeS, [56]. In the
present work, we calculated at the PBEO level, WFC
over 24 configurations sampled over the four BOMD
models along the last ~3.5 ps of dynamics. All the struc-
tural results presented here were averaged every 0.35 ps
over the four trajectories and from which the statistical
uncertainty was determined.

3. Sites speciation in VP50 glass: the case of Vana-
dium

Vanadium, as a transition element, exhibits varying
speciation (oxidation and coordination) in glasses [18,
57, 58], with oxidation states of V sites impacted by
factors such as synthesis conditions, bulk chemistry, and
total V amount. This results in the stabilization of V3,
V#, and V3* oxidation states, each with a unique lo-
cal bonding environment [18, 19, 29, 57]. V>* and V**
states are the most commonly observed, as the highly
reducing environment required for stabilizing V3* is of-
ten difficult to achieve. From atomic-scale calculations
standpoint, classical MD use predefined indexing to rep-
resent V sites in glasses, with V atoms in different ox-
idation states being labelled according to correspond-
ing force field parameters. In contrast, BOMD simu-
lations like all DFT approaches do not require a priori
indexing of V sites, as the final V speciation is deter-
mined solely by the number of total oxygen atoms, cor-
responding to a defined xV,05-yVO,-zP,0O5 composi-
tion. Various electronic charge determination methods,
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Figure 1: Values of energy bandgap (top, in €V) and spin densities ospin (bottom, in e units) computed for each V site at the PBE (left) and PBEO
(right) levels for the four individual BOMD models. Note that the bandgap values for both spin-up and spin-down states are reported for each of

the four BOMD model implemented.

including Mulliken [59], Bader [60], and Qeq [61], have
been tested to obtain information on vanadium speci-
ation as post-processing of the configurations sampled
from the BOMD trajectory. However, none of them was
able to distinguish between different vanadium sites. To
overcome this limitation and achieve proper identifica-
tion of V speciation, we used local spin density projec-
tions of V sites associated with the calculation of energy
bandgaps, as illustrated in Figure 1. For this purpose,
we used both the PBE and the hybrid PBEO function-
als. PBEO is expected to be more accurate giving an
energy bandgap of about ~2.38 eV and ~2.35 eV for
spin-up and spin-down states, respectively. In contrast,
PBE functional resulted in very small bandgaps of ap-
proximately ~0.06 eV and ~0.04 eV (all values being
obtained by averaging over four models). It is worth
noting that even at the PBE level, we still observed a
splitting of spin densities for model 4, which showed
a finite bandgap of approximately 0.1 eV. The differ-
ence in energy between spin-up and spin-down states
accounts for the non-negligible magnetic character of
the VP50 glass, which can be associated to the possible
presence of V4 and V3* sites. At the PBEO level, our
analysis revealed that the V sites exhibit local spin den-
sities in a well-defined range values around 1.95 + 0.03,
1.07 £ 0.03, and 0.02 + 0.02 whereas all P and O atoms
show values < 0.05. The values for V sites are indica-
tive of the oxidation states of V3*, V4*_ and V°*, respec-

tively, which correspond to the electronic configurations
3523p®3d?, 35*3p%3d' and 3s?3p®3d°. This finding is
consistent with the magnetic character of V3+*, V4 and
non-magnetic character of V°* sites. V sites can be as-
signed in percentage to V3* (0.8 %), V** (35.9 %), and
V3* (63.3 %) sites, in excellent agreement with the ex-
perimental determination by Hoppe ef al. [9] (35.2 %
for V¥ and 64.8 % for V>* with a negligible con-
tent of V3*). Based on these values, our calculations
point toward a chemical composition corresponding to
32V,05-18V0,-50P, 05 (without considering the negli-
gible content, 0.4 %, of the V,03 found). This is in con-
trast with the commonly assumed composition 50V, 0Os-
50P,0s, typically reported in the literature [9, 62].

4. Structural properties: structure factors and pair
correlation functions

4.1. Total X-rays and neutron structure factors

In general terms, by considering an equilibrium tra-
jectory, the structure factors (total structure factor,
S (K), or partial structure factors, S 43(k)) can be directly
calculated in reciprocal space [63] or as Fourier trans-
form (FT) of the real space corresponding pair correla-
tion functions g;,(r) and g.g(7). In both cases, one needs
to keep track of the atomic coordinates, not necessarily
at each time step (typically with a storage periodicity in



between 107'4-10715 s to describe accurately all vibra-
tion frequencies inherent in the system). Accordingly,
for the so-called Faber-Ziman partial structure factors
[64] the following relationships hold:

1+ Gap oy &
Sapk) = 1+ — D2 {exp [k (i —1p)])
i j#i

B ® sin(kr)
=1 +47rpf0 r [gaﬂ(r)— 1] o dr,

“)

with 0,3 = 1if @ = Band 6o = 0 if @ # B. gup(r) are
the partial pair-correlation functions (for more detail on
how to obtain the structure factors and the pair correla-
tion functions within molecular dynamics, see [63, 65]).
Having established that one can have access to the par-
tial structure factors from an equilibrium trajectory (and
in the absence of experimental information on these
quantities) the total structure factors (X-ray or neutron)
are readily obtainable. The total X-rays structure factor
SX(k) is defined by:

1 .
S¥Xky =1+ 0T ; CaCp fulk)f5 () [S apth) — 1]
(5)

where a and S refer to chemical species (P, V or O
in the case of the present work), c, is the atomic con-
centration of species «, p is the atomic number density
equal to N/V (N, total number of atoms, V volume of
the system), f,(k) and f (k) are atomic form factor for
the chemical specie « and its complex conjugate respec-
tively and (f(k)) = >, Cofo(k) is the mean atomic form
factor [63, 65].

In the case of the total neutron structure factor S (k),
(f(k)) in equation 5 is replaced by the mean coherent
scattering length (b)= ), cob, such that:

1

SNk =1
©=1+15p

D Catpbabp[Sap®) = 1] (6)
af

Figure 2 shows the total structure factors, S*(k) and
SN (k), obtained by CMD and BOMD simulations of the
VP50 system. Our data are compared to the experimen-
tal results by Hoppe et al. [9]. We used the neutron scat-
tering lengths and X-ray form factors reported in Ta-
ble 1.

Concerning SV (k), we obtain a good agreement with
the experimental results when considering peak posi-
tions and intensities for k values > 3 A~!. However, both
calculated neutron and X-ray structure factors overesti-
mate the intensity of the first peak, located at ~2 At

X-ray structure factor Sx(k)

Neutron structure factor SN(k)

Figure 2: Total X-ray (top) and neutron (bottom) structure factors for
VP50 glass simulated by CMD (purple line) and BOMD (green line)
obtained through Fourier transform (FT) of the pair correlation func-
tions. We also report the experimental data [9].

Table 1: Neutron scattering lengths b and X-ray atomic form factors
f of V, P and O calculated at k=0 and for incident photon energy of
121.9 keV [66, 67].

Element | b (fm) f (e/atom)
\% -0.382 23.022
P 5.131 15.005
(0] 5.803 8.000

. Furthermore, S*(k) is less performing at high k. This
can be attributed to the fact that X-ray are more sensitive
to the vanadium atomic environment due to the com-
paratively smaller vanadium neutron scattering length
(-0.382 fm). The variety of local V coordination fea-
turing multiple oxidation states leads to less structured
SX(k) peaks compared to SV (k).



The agreement between theory and experiments is quan-
tified by calculating the R, factor [68] defined by the
equation (7)

. 251/2
b [P (ki) - 8 (k)| .
e i [Ser (k)]

In this formula, S (k;) and S *"'(k;) refer to the exper-
imental and the calculated structure factors at a given
wave vector k;. When the entire range of k values is con-
sidered, R, obtained via BOMD calculations is equal
to 9.8 and 12.0 for the X-ray and neutron respectively.
The corresponding values for CMD are 12.8 and 11.5
as shown in Table 2. This means that BOMD improves
upon CMD quite when the total X-ray structure factor is
considered as a whole, while the overall performance of
the two methodologies is similar in the case of neutrons.
By deferring any further analysis of this point to more
detailed comparisons available in the next sections, we
can also point out that, as expected, R, is quite high at
low k for both CMD and BOMD simulations (arbitrary
upper limit of integration k < 2.8 A~! for X-ray and k <
4 A1 for neutron), due to the strong overestimate of the
first peak intensity. However, the significant reduction
obtained when adopting BOMD instead of CMD in the
X-rays case (15.4 against 20.3) is indicative of a drastic
improvement in describing the local environment of V
sites in VP50. Along the same lines, the comparable R,
values obtained for neutrons (19.1 for BOMD, 18.5 for
CMD) demonstrate the effectiveness of the force field
potential in describing both O and P environments.

Table 2: Goodness-of-fit Ry and Ry parameters obtained from CMD
and BOMD data indicating the level of agreement with the experi-
mental data for neutron and X-ray structure factors respectively. All
calculated values presented here are averaged over four parallel runs.

CMD BOMD
X-Rays
R§(k) 128 +0.1 9.8+0.1
Neutrons
Rg(k) 115+ 0.1 12.0 0.0

4.2. Total pair correlation functions

Here we introduce the notion of total correlation
function 7'(r) and its relationship with the total pair cor-
relation function g,,(r) commonly employed to iden-
tify short-range structural features in a disordered solid.
By referring to the case of neutron diffraction measure-
ments, these two quantities are related by the following

equation :
4ror
T(r) =4npr + ——— CaCpbabp |gap(r) — 1
P |<b>|2 ; B ,B[g B ] @)
= 47orgio(r),

A similar expression holds for the X-ray case provided
the form factors take the place of the coherent scattering
lengths. T'(r) can be also obtained by Fourier transform
of the total structure factor through the following equa-
tion, in which S (k) is a generic total structure factor ob-
tained, as in the case of the experiments considered in
this work, by X-ray or neutron measurements [9, 63].

Kimax
T(r) = 4npr + J%T f drk (S (k) — 1) M(k) sin(kr),
0
)]

where M(k) is a modification function used to truncate
S (k) with M(k) = 1 for k < k5, and M(k) = O for k >

kmax .

Table 3: Goodness-of-fit Ry and Ry parameters obtained from CMD
and BOMD data indicating the level of agreement with the experimen-
tal data for neutron and X-ray total correlation functions, respectively.
All calculated values presented here are averaged over four parallel
runs.

rrange [A] CMD BOMD
X-Rays

Ry, [132-220] | 56504 33.7+02
R}, [1.32-4.00] | 45.0 0.2 32.0=0.2
Neutrons

R}, 1132-1.70] | 59.0+0.7 393+0.8
R}, [1.32-3.2] 379+ 04 31.0+04

The total correlation functions obtained via CMD
and BOMD systems are shown in Figure 3 (equation 8),
together with the experimental data [9] (equation 9).
BOMD results improves upon CMD on the intensity of
the first peak for both X-ray and neutron total correla-
tion function, as exemplified by the R, parameter values
in Table 3 for two different ranges of distances. This
is an unambiguous sign of the enhanced quantitative
character of the BOMD approach when compared to
CMD.

4.3. Partial pair correlation functions

CMD and BOMD partial pair correlation functions
8op(r) are shown in Figure 4. In what follows, gus(r)
calculated via the CMD or the BOMD approach will
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Figure 3: Total pair correlation functions for amorphous VP50 glass
obtained at 300 K, by CMD (purple line) and BOMD (green line). The
calculated results are compared to the experimental data from [9].

be also referred to as g.s(7)(CMD) and g,s(r)(BOMD),
respectively. Bond distances are taken to correspond to
the position of the first maximum of g.z(r), allowing

a comparison with experimental values, as reported in
Table 4.

gvo(n

9oo(n

Figure 4: (Colors online) Partial pair correlation functions for the
VP50 glass obtained at T = 300 K. From top to bottom: gpo(r),
gvo(r), and goo(r). Green lines refer to BOMD results and purple
lines to CMD results.

P-O pair: The first peak of gpp(r) is due to the four



P-O bond distances of PO, tetrahedral units. These
units are composed of longer P-O bonds that connect
P with three bridging oxygen (BO, two-folded O)
atoms and one shorter P-O bond. This bond connects
P to one nonbridging oxygen (NBO, one-folded O)
atom. NBO bonds are associated with double P=0O
bonds, characterized by shorter bond lengths. Looking
at Fig. 4 (top part), it appears that CMD and BOMD
results have in common a sharp first peak centered
at 1.51 A and 1.55 A, respectively. However, the
first peak in gpo(r)(CMD) is sharper and much more
intense (see inset of Fig. 4, top part), accounting for
the significant disagreement with the experimental
counterpart. On the contrary, gpo(r)(BOMD) provides
a much better description of the bond distances of PO,
units, with a first peak intensity close to experiments.
P-NBO and P-BO bond distances obtained by CMD
are found very close, being equal to 1.50 Aand 1.52 A
respectively. This can be interpreted as a shortcoming
of the PMMCS/BMP force field since measurements
have revealed a well-defined difference in bond lengths
between the short double P=O bond and the longer
single P—O bond, with values of 1.52 A and 1.60 A
respectively [9]. It is worth noting that this was not
the case for glasses containing alkali or earth ions,
such as Na and Ca since the PMMCS/BMP force field
was able to accurately capture the difference in bond
lengths between P-NBO and P-BO bonds, with values
equal to 1.47 A and 1.58 A, respectively, in agreement
with experimental data [34]. In the present case, our
deconvolution fitting of gpo(r)(BOMD) (Figure 5)
leads to bond lengths equal to 1.50 A and 1.56 A for
the P=0 and P-O bonds, respectively, in much better
agreement with experiments. Therefore, it appears
that CMD used with the PMMCS/BMP force field are
somewhat suitable for modeling glasses containing
alkali ions. However, they become inadequate in
alkali ions-free vanadophosphate glasses, calling for a
more quantitative approach such as BOMD to describe
bonding in POy units.

V-0 pair: The first peak of gyp(r) is due to the
bond distances between O and V atoms in distinct VO,
structural units, which result from the different oxi-
dation states of V. The picture of V—-O bonding aris-
ing from gyo(r) differs when comparing CMD and
BOMD descriptions. Specifically, gyo(r)(CMD) ex-
hibits an asymmetrical peak centered at 1.79 A, while
gvo(r)(BOMD) features a peak with a maximum at
1.84 A that is preceded by a clear shoulder. To bet-
ter understand the scenario of bond distances in VO,
polyhedra, we show the breakdown of gyo(r) for the V

sites with different oxidation states for both CMD and
BOMD data in Figure 7. The asymmetrical profile of
gvo(r)(CMD) is found to be primarily due to the dif-
ferent peak positions and intensities of V-O bonds pro-
moted by V5* and V4, which are centered at 1.90 A and
1.78 A, respectively. A different situation is observed
in gyo(r)(BOMD), with gys:o(r) exhibiting a peak with
maximal intensity at 1.81 A that is preceded by a shoul-
der centered at 1.62 A. In contrast, gy+o(r) has a small
peak at 1.61 A, followed by a more intense one cen-
tered at 1.87 A. We also included gyso(r) for com-
pleteness, although BOMD calculations revealed only a
minor content of V3*.

BOMD results are highly consistent with experimen-
tal data, since they capture the short vanadyl (double)
bond V=0 and longer single V-O bonds. These
bonds lie in the range 1.55-1.75 A and 1.83-2.31 A,
respectively. A notable feature reported in the literature
for vanadophosphate crystalline phases is the increase
of the length of V-O single bonds with decreasing V
oxidation state. Also, V>* and V** exhibit at least one
vanadyl bond, while V3* does not show any. For the
VP50 glass, Hoppe et al.[9] reported multiple bonding
distances for V*'—0, including 1.58 A, 1.90 A, 2.10 A,
and 2.48 A. Overall, BOMD calculations accurately
describe the untrivial bonding pattern of VO,, polyhedra
in good agreement with the reported experimental
trends. In fact, one obtains short vanadyl and long
single bonds of VO, as well as an ordering of distances
of single bonds with respect to the V oxidation state
that goes as follows: V3*-O<V*-0<V3*-O (the
respective values being 1.81 A, 1.87 A, and 1.95 A).
CMD results obtained via the PMMCS/BMP force
field stand no comparison with the BOMD ones in
reproducing the multiple bonding of VO, polyhedra.
The first peaks in gys+4+o(r) are centered at distances
between the vanadyl and single V-O bonds, with the
V3*-0 bond length longer than the V4*—O bond length,
in clear disagreement with experimental data. However,
it is worth noting that for a V oxide content relatively
low, the PMMCS/BMP force field could accurately
capture both short and long V-0 bonds [20].

0-0 pair: The first peak of gpo(r)(CMD) located
at 2.47 A is very sharp, followed by a less intense fea-
ture at 2.70 A. Previous studies have indicated that the
ratio of these two peaks depends on the glass composi-
tion [21]. In contrast, gpo(r)(BOMD) has a positively-
skewed peak with a maximum at around 2.56 A. Fur-
ther analysis through deconvolution peak fitting (Fig-
ure 5) reveals that the BOMD data can be fitted, mini-
mizing the goodness-of-fit y> parameter, with two peaks



Table 4: Bond lengths r;; (in A) (taken as the position of the first maximum of
the pair correlation functions ges(r) and average coordination numbers n;. For
BOMD data, we report the distances obtained from the first maximum of g.s(r)
and its deconvoluted fitting (BOMD?) together with the values obtained from the
Wannier centers analysis (BOMD"). We also report the experimental values for
VP50 glass [69] and those found in crystalline vanadophosphate phases.

Exp. CMD BOMD? _ BOMD”
70 1.52 1.50 150+ 0.01 1.49=0.02
1.60 1.52 1,56+ 0.01 1.60 = 0.01
o 158 1.79+002 1.62+0.02 1.67+0.04
1.90 ; 1.84+0.03 1.89 = 0.06
rysio | 1.59-1.78° - 1.62+0.02  1.65 = 0.02
1.80-2.35" 1.88+0.02 1.81+0.02 1.93+0.05
ryio | 1.59-1.74 . 1.61 £0.02  1.74 +0.02
1.80-2.128 1.76 +0.02 1.87+0.02 1.96 + 0.04
Vo - ; 1.68+0.02  1.83 +0.03
1.88-2.18" - 1.95+0.02 198 +0.05
700 252 2.47+001 2.54 +0.02
274 270+ 0.03 272 +0.02
vy 350  3.54+0.01 3.50 = 0.03
rpy 324 335+001 3.35 + 0.02
p 39 4.00 = 0.00 4.00 + 0.00
- 5.4 5.09 + 0.02 5.06 + 0.01
Hys: ; 5.38 +0.02 4.81 +0.01
Ny - 4.61 + 0.04 553 +0.01
Ny - ; 5.99 + 0.01
1o 2.0-4.0>  1.89 +0.00 1.88 + 0.01

4 Characteristic bond lengths intervals analysed from about 520 vanadophos-
phate crystalline phases [2, 30, 31].

b Mean coordination number interval of O atoms vanadium oxides and VP
crystalline compounds reported by [9].

centered at 2.54 A and 2.72 A. The first peak is com-
monly associated with oxygen atoms in PO, tetrahedra
units, which is a characteristic feature of other phos-
phate glasses [69]. The second peak at longer distances
is attributed to oxygen atoms in corner-sharing VO,
structural units [9, 69, 70]. The distances obtained by
both CMD and BOMD agree fairly well with experi-
mental data reported by Hoppe et al.[9] for VP50 glass
(2.52 A and 2.74 A).

5. Structural properties: atomic scale tools to de-
scribe the network

5.1. Coordination numbers and structural units identi-
fication

To gain further insights into the VP50 glass network,
we can examine the averaged coordination numbers (n;
with i=P, O, V) by integrating the first peak of g,s(r) up
to a cutoff distance corresponding to the position of the
first minimum. Figure 6 shows the running integrals of

the individual partial correlation functions ges(r), from
which we can extract the coordination numbers 7;, listed
in Table 4, along with available experimental data. For
V, we also report the contribution of individual oxida-
tion states (V** and V>* for CMD and V3*, V**, and
V3* for BOMD).

As seen in Figure 6 and Table 4, CMD and BOMD
lead to similar values for the average coordination of P,
O, and total V, which are 4 (P), 1.9 (O), and 5.1 (V) in
agreement with experiments. However, the breakdown
of V coordination into different oxidation states high-
lights contrasting trends. The average ny decreases (in-
creases) with increasing (decreasing) V oxidation state
for CMD and BOMD, respectively. While BOMD re-
sults agree with the experimental data, PMMCS/BMP
force fields fail to properly describe the dependence of
V coordination on the V oxidation state.

We also computed the distribution of the structural co-
ordination units n,(/) characterizing the environment of
each atom. In this way, for a given number of neigh-



o =06 5 08
33 33 33
Zs5 00 %g 0.0 'g o
g8 2= 06[ e, [ 2
™05 e -05L X =0.281
20 - 5.0 - 10.01 -
%o
3t d PO | 35 ¢ =
g S g g
£ o @
< 1ot o L {4 Zest =
r g O gul) 1 -
o
O
0boooo C0000000 0.0:.[{@31159 i
20 = 5.0 = 10
e 3 3
£ r ; gl 4 € T 5 4 egel) {8
= ! o gn(r) = P = gn(r) =
3 oF ;/ D gel() 4 o 25¢ 0 Ge(r) 1 P
] i ] o
g‘ I ":/ \ i = I :.IJ \ - .
= ; > \ S
mo...J// \\_. . Lyl molol_l_w/j//{/llllllllltl Ll =
13 14 15 16 17 18 19 22 24 26 28 30 32 34
r(A) r(A)
- 0'5 TrTrrrrrryrrrryrrrrrrrrrrrr E s 1‘0 rTrrTrrTrT THRTTTTT T T T T T TTrT
83 - R 33
500 3§ Zg500
D3 i @8 =
T 05 4 740 5
8.0 - s
OOO :
ey _ o 3+ =
3 s T o V-0 ]
£ 5.0 8 & ©
& S 40k & 9 | a
= S o g0 5
o
C 0+ 0al)
0.0 0.0 trrs™ Q%Qmu:cc:
10,0 - B.0r =
e 3
£ s r R 1 (N
& @
= = =1 gu(r)
2 5.0 o 40r o glr)
2 g | ]
g % Fe
0.0 o o | PR S A A L1
1.4 14 16 1.8 20 22 24 26
r(A)

Figure 5: (Colors online) Deconvolution fitting of the P-O, 0-O, V3*-0, V#*-0, and V3*-O partial pair correlation functions simulated by BOMD.
We report the calculated data (g(r), black circle), the cumulative fit (g.¢(r), dashed gray line), the deconvolution fits of the peaks corresponding to
the single and double bonds (g71,2(r), blue and green data) and the residual data. We give also the final X? as an indicator of the quality of the fit.
For the V**-O partial pair correlation function, a zoom-in in the 1.5-1.7 A interval is made available.

bors / and a given atomic species, one can extract from
each configuration the chemical nature of the neighbors.
It is important to underline the difference between n;
and n,(l). The quantities n; give an average behavior
stemming from all neighbors with no insight into the
detailed chemical nature of bonding, while the coordi-
nation structural units n, (/) focuses on how each atomic
species organizes itself when connecting to atoms of
the same or of a different kind. The distributions of
ny(l) structural units for P, O, and V (V™ and V3-5+)
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are reported in Table 5, together with the breakdown of
the chemical composition of each structural unit for a
given [. The results indicate that the first coordination
shell of P is entirely made of fourfold connections, as
in POy units, in agreement with experimental data. Re-
garding the first coordination shell of O atoms, CMD
and BOMD results are similar. We found that ~88%
of O atoms are two-folded, while ~12% are one-folded.
The decomposition in terms of chemical species reveals
that two-folded O atoms are mainly coordinated with



Table 5: (Colors online) Distribution of the individual n, (/) structural units where an atom of species @ (P, V or O) is /-fold coordinated. In bold
are reported the total percentages determined for each /-fold coordination. These quantities have been calculated including neighbours separated
by a cutoff corresponding to the first minimum in the g,5(r). For the present work, the cutofts of 2.0 and 2.4 A was used for the P-O and V-O bonds
respectively. The values with a star (*) correspond to the appearance of certain vanadium environment configurations in low concentrations. Only

fraction greater than 0.5 % are reported.

CMD BOMD CMD BOMD
yior V5+
l=4 Oy 222+14 26905 |[=4 0Oy 48+06 257=x05
[=5 Os 463+12 404+06 |[/=5 Os 289+07 247=+04
=6 0O 31.5+0.7 320+03 |I/= O 288+07 123+0.5
P V4+
=4 O4 100.0+0.0 993+0.1 | /=4 O4 17411 12+02*%*
(0] [=5 05 17409 14.7+0.6
=1 11.0+05 121+02 | [=6 O 28+03 20.1+0.5
P 100+04 9.1x0.1 | V3
\Y% 1.0 +0.1 29+0.1 [ I=4 O4 - -
[=2 87.8+0.5 87.6+0.2 = Os - -
VP 71.6+05 73.6+0.1 =6 Og - 0.8 + 0.0*
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Figure 6: (Colors online) Running averaged coordination number for 10 I ! I ! I ! I
CMD (dashed line) and BOMD (solid line). s I BOMD J— V5+—O |
i vi_o |
one P and one V (VP), with ~72% (CMD) and ~74% = 6 — Vv¥*-0
(BOMD). Additionally, O coordinated by two V atoms 9 i i
(V») accounts for ~16% (CMD) and ~14% (BOMD) of ° 4 7]
the coordination units. The percentage of O coordinated i 1
to only one V is slightly higher in BOMD (~3%) than 2r .
in CMD (~1%). 0 [ L |
The majority of V atoms are five-folded coordinated, re- 1 15 2 25 3
sulting in ~46% (CMD) and ~40% (BOMD). Around r( A)

~32% of V atoms are six-folded coordinated in both
CMD and BOMD simulations, while approximately
~22% (CMD) and ~27% (BOMD) of V is four-folded
coordinated. Therefore, the environment of V is dom-
inated by five- and six-folded coordinations, with four-
folded coordination being the least abundant. An anal-
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Figure 7: (Colors online) V-O partial pair correlation functions for dif-
ferent oxidation states of vanadium. Upper part: CMD results, lower
part: BOMD results.



ysis of the breakdown of V units in terms of different
V oxidation states reveals striking differences between
CMD and BOMD. In the case of V>*, CMD shows
that five-folded (VOs) and six-folded (VOg) coordina-
tion units are equally distributed, accounting for ~29%
of the total V content, while four-folded (VO,) units are
less common, only ~4%. Conversely, for V¥, CMD
calculations show an equal content (~17%) of VO4 and
VOs, and a minor content of VOg (~3%). These re-
sults are found to be in strong disagreement with exper-
imental data. Different conclusions can be drawn on the
basis of BOMD calculations. For V>*, VO, and VOs
are present in very close percentages, ~26% and ~25%,
while for VOg one has ~12%. Notably, for V4, BOMD
leads to the majority of V#* found in VOg and VOj5 coor-
dination units, accounting for approximately ~20% and
~15%, respectively, while the amount of four-fold VO,
is found to be negligible (~1%). The content of V3* is
negligible in the BOMD case, this motifs being found in
VOg units, in accordance with experimental evidence.

5.2. Bond angle distributions, local order parameter
and network connectivity

The bond angle distributions (BAD) of triads O-V-0O,
centered around V>* and V** atoms are shown in
Figure 8. For 0O-V3*-0 triads, CMD results show
a prominent peak at around 90° and a second one at
170°, taken to correspond to (defective) octahedral
and pyramidal units and defective square and trigonal
pyramids, respectively. The O-V*-O CMD data
exhibit a broad band between 85° and 120°, and a
minor peak at 170°. In contrast, BOMD 0-V3*-0
data are characterized by a first peak at around 90°,
which corresponds to octahedral and pyramidal units,
in addition to a secondary peak centered around 105°,
attributed to the tetrahedral structure of V3*Q, units.
There is also a less intense third peak centered at
approximately 170° due to contributions from defective
square and trigonal pyramids. For O-V#—-0, BOMD
features a prominent peak at 90°, which is typical of
octahedral, pyramidal, and square pyramidal structures,
and no contribution at around 109°, in agreement with
the negligible quantity of V#* O, connections found in
this case. Finally, the second peak at 170° is slightly
more intense than in the CMD case.

To further gain insights into the structural properties
of VP50, we calculated the g parameter indicative of
structural order,

q:l—%ZZ(cosQﬁk+%)2,

Jook#j
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Figure 8: (Color online) from top to bottom O-V>*-O and O-V**-O
bond angle distributions obtained via CMD and BOMD at T = 300 K.

where 6; is the bond angle constructed from the cen-
tral atom 7 and its neighbours j and k (j, k < 6). ¢ varies
is equal to O for perfect six-fold octahedral and to 1 for
four-fold tetrahedral structure [71]. This parameter is a
useful tool for identifying the individual contributions
of different structural units to the overall structural or-
der as proven for a variety of amorphous systems, in-
cluding glassy chalcogenides [72], chalcohalides [73],
and phase-change materials [55, 74]. The calculation of
q for P sites in VP50 glass yielded a value near 1 for
both CMD and BOMD simulations, which is indicative
of the presence of P uniquely in tetrahedral PO, units,
in a way consistent with experimental observations.

As shown by the analysis of the V sites, VOs and VOg
are the dominant vanadium structural units, comprising
72% of the vanadium content in the BOMD case. Their
corresponding g-parameter ranges in between 0.65 to
0.85, indicating the prevalence of distorted octahedra
(VOg) and defective square pyramids (VOs), with
a few trigonal bi-pyramidal units observed in VOs.
Notably, V3* units form mostly tetrahedral connections
similar to POy with a g-value close to 1. Apart from
tetrahedral polyhedra, the parameter ¢ has limitations
in quantitatively assessing the various VO, polyhedra
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in the VP50 glass structure. This is due to the distorted
nature of these polyhedra, resulting in varying g values
even for polyhedra with the same geometric shape.
These values deviate significantly from the reference
ones [65].

Additional calculations were performed to obtain the
Q" species distribution, providing information on the
degree of polymerization of the polyhedra into the
three-dimensional network [28, 75]. Q" is defined as
a unit in which n bridging-oxygen (BO) atoms are di-
rectly linked to a network former ion, such as Si and
P in silicate and phosphate glasses. Figure 9 shows the
breakout of the Q" distribution for P sites in PO, tetrahe-
dral units, showing similar results for CMD and BOMD
calculations and featuring a majority of Q* (~60%) and
a non-negligible content of Q3 (~37%). The amount of
Q? is negligible (<3%). These findings are in excellent
agreement with the experimental data of Hoppe et al.[9]
pointing to a coexistence of Q* and Q? units (note that in
[9] the Q" notation employed is different, with n denot-
ing the number of non-bridging oxygen atoms). We fur-
ther explored the Q" distribution for the V sites in VP50
glass, and the analysis was organized into contributions
from V>*, V4 and V3*, as illustrated for both CMD
and BOMD in Figure 10. The CMD data reveals that
the majority (~25%) of the local connectivity for V>*
is composed of Q° and Q° species, with only a small
proportion of Q* and Q>. Conversely, for V4*, a simi-
lar proportion of Q* and Q° species (~17%) have been
identified as the most abundant. The situation changes
in the BOMD case. Q* (~25 %) is the most abundant
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describing the network connectivity in glassy VP50.

unit for V3*, followed by ~22 % of Q5 , ~9 % of Q6,
and ~6 % of Q3. The most frequent Q" units for V*4*
are Q° and QS, accounting for ~13 % and ~20 % of the
total occurrences, respectively. The few V3* sites found
with BOMD have been identified as Q°. Overall, this
analysis demonstrates that the VP50 glass is a highly
polymerized disordered network.

6. Electronic and bonding properties

As a first piece of information, the electronic prop-
erties of glassy VP50 are investigated via the electronic
density of states (EDOS) shown in Figure 1. To min-
imize the underestimate of the band gap inherent in
DFT, we employed the hybrid functional PBEO (in-
tended to provide more realistic values due to inclu-
sion of Hartree-Fock contributions) and obtained val-
ues of ~2.38 eV and ~2.35 eV for spin-up and spin-
down states, respectively. This means that VP50 glass
is a wide-bandgap semiconductor with a small and
yet sizeable magnetic character as several crystalline



phases of VOPO, vanadyl phosphates, for which re-
ported bandgap values are in between 2.5-2.9 eV [76].

To gain a deeper understanding of chemical bonding we
resorted to the maximally localized Wannier function
centers (WFC) by focusing mostly on the WFC prox-
imal to O atoms, as O is the most electronegative ele-
ment in VP50 and neither P or V contribute with any
lone pair electrons. We considered the pair correlation
function go_w obtained at the PBEO level, shown in Fig-
ure 11 a). The partial pair correlation function go_w(r)
exhibits a distinct band ranging from 0.2-0.5 A, char-
acterized by three maxima. The more intense one is
located at 0.29 A, while the other two are centered at
0.40 A and 0.47 A. In what follows, we focus on the
contributions of PO4 and VO, polyhedra to the peaks of

go-w(D).
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Figure 11: (Colors online) a) Partial pair correlation function go-wrc.
b,c) Atomistic view of two tetrahedral PO4 units found in VP50 glass
by BOMD at 300 K. We show P and O atoms in orange and red respec-
tively. P-O bonds are colored as orange-red. Their bond distances as
well as the PO4 order parameter values ¢ are reported. The transpar-
ent red/blue bonds correspond to neighbouring V-O bonds. P; atom
is surrounded by four V-O-P bridging oxygen atoms (Q*) whereas P,
atom is surrounded by three V-O-P bridging oxygen atoms and one
non-bridging oxygen (Q?). We also show the Wannier centers (yel-
low) involved in the local environment of each POy4 unit, as in single
bonds (wp; P1—012;3 and P,—Os57), lone pairs (wip) and as centers
involved in double P=0 bonds (wgp; such as P{—O4 and P,—Og).
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P-0O chemical bonding: Figure 11 (b) and (c) pro-
vides an atomistic view of two tetrahedral PO, units
(with ~109° OPO angles), observed via BOMD calcu-
lations at 300 K. The first is a tetrahedral Q* PO, unit
(g=0.99), composed of one P (P;) bonded to four bridg-
ing oxygen atoms via P-O-V linkages. The second unit
also comprises a tetrahedral Q® PO, unit (g= 0.99), con-
sisting of one P (P;) bonded to three bridging O atoms
through P-O-V linkages and one non bridging O atom.
The arrangement of WFC centers in the local atomic en-
vironment surrounding these units is representative of
three different WFC types, to be correlated to distances
identified by the three maxima of go_wrc. Specifically,
we are referring to:

¢ i) WFC due to lone pair electrons (wp) having very
short O-WFC distances (0.29 A).

e ii) individual WFC (wy,) involved in single op_o
bonds (~1.60 A; e.g. P;-0,_3 and P,—Os_; in
Fig. 11 b)-c) and displaying a long O-WFC dis-
tance (0.48 A).

e iii) double or triple WFC (wgp; P;—O4 and P,—Og in
Fig. 11b)-c) respectively) involved in short bonds
(~1.49 A) and featuring an intermediate O-WFC
distance (0.40 A).

All bonding WFC are found closer to O atoms than
to P atoms, denoting highly polarized iono-covalent
P-O bonds with localized distribution of valence
electron density closer to O sites [77]. The presence
of two WFCs in the short bonds is consistent with
the simple Lewis picture of double P=0O bonding,
while the presence of three WFC identifies mixed o—n
orbitals that give rise to so-called “banana bond” 7
orbitals [78, 79]. We have observed that P=0O and
O-WEFC distances remain the same regardless of the
nature of the Wannier centers and the bridging or
non-bridging character of oxygen atoms allowing us to
identify these bonds as double P=O bonds. The WFC
approach promoted a more precise scrutiny of P-O
interatomic distances, thus substantiating the values
previously determined through the analysis of gp_o.
Overall, all values obtained (see Tab. 4, ~1.60 A and
~1.49 A, respectively) are found in excellent agreement
with the experimental data [9].

V-0 chemical bonding: The kind of V>*O, units
found in the VP50 glass are shown in Figure 12. These
units are: a four-folded V7* tetrahedral Q3, a five-folded
V>* in square pyramidal or trigonal bi-pyramidal Q’
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Figure 12: (Colors online) Snapshot of various V3*0,, polyhedra units within the VP50 glass network. The local atomic environment of V>* sites
is described by V3*-0 bond lengths and associated Wannier centers (highlighted in yellow). The polyhedra include: a) a tetrahedral unit standing
for a VO4 polyhedron with order parameter ¢ = 0.98, b) a square pyramidal unit (¢ = 0.74), c¢) a defective trigonal bi-pyramidal unit (¢ = 0.82), and
d) a distorted octahedral unit (g = 0.76)
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Figure 13: (Colors online) Snapshot of V#*O,, polyhedra units within the VP50 glass network. The local atomic environment of V** sites is
described by the V**-O bond lengths and associated Wannier centers (highlighted in yellow). The polyhedra include: a) a defective square
pyramidal unit with the local order parameter ¢ = 0.80, b) a defective trigonal bi-pyramidal unit (¢ = 0.80), and c) a distorted octahedral unit (¢ =
0.56).

configuration, and a six-folded V3* in a distorted octa- three maxima of go_wrc. One has:

hedral Q° unit [30, 31]. The arrangement of WFC cen-

ters in the local atomic environment of these units cor- e i) WFC representing lone pair CICOCUOHS (wyp) at
respond to three different WFC types. These are charac- very short O-WFC distances (0.29 A)

terized by different O-WFC distances identified by the
e ii) individual WFC (wy,) involved in single oys+_g
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bonds with O-WFEC distance of 0.40 A

e iii) double or triple WFC (such as V;-0O34, Vo—
Og, V3-01314, and V4—Oy ) involved in short
bonds (~1.61-1.71 A) with longer O-WFC dis-
tance (0.48 A).

The analysis of chemical bonds and related distances
based on the WFC approach enables us to classify any
V-0 interaction longer than ~2.4 A as a non-chemical
bond. This is because the next closest O atom is associ-
ated to a WFC with wy, characteristics.

All the bonding WFC found in the local atomic envi-
ronment of V are in closer proximity of O atoms than
V, prompting a description in terms of highly polarized
iono-covalent bonds [77]. Furthermore, in the case of
VO,, polyhedra, the finding of double or triple WFC in
short bonds is consistent with the picture of double or
7 bonds and are denoted as vanadyl bonds [2, 30, 31].
These WEC are referred to as w, in Figure 12, allow-
ing us to describe the coordination of VO, within the
formalism used in [9, 30, 31]. This consists in replac-
ing the subscript n with two indexes, the first one being
the number of vanadyl bonds and the second one the
number of single bonds, the sum of the two being the
total coordination of the V atom (i.e. V5*0[1+4] identi-
fies a V>*Os unit with one vanadyl bond and four single
bonds). The single and vanadyl bond distances obtained
from the WFC analysis are reported in Table 4. They are
in better agreement with the range of values reported in
the experiments than those extracted from gy_q. For in-
stance, averaged V>*—O single and vanadyl bonds are
~1.93 A and ~1.65 A, respectively.

Figure 13 exemplifies the typical V4O, units present
in the VP50 glass, consisting of V** in a five-fold co-
ordination, either in a square pyramidal arrangement
(V4+O[1+4]) or a by-pyramidal arrangement (V4+O[2+3]),
and in a six-fold coordination as a distorted octahe-
dral unit (V#*Oy14s)) as well. V*#*O, polyhedra dis-
play the three types of distorted WFC centers, with av-
erage vanadyl and single bond distances of ~1.74 A
and ~1.96 A, respectively. Once again, these results
are in better agreement with the experimental data than
the values obtained from gy+(r). The contribution
to gy+o(r) due to vanadyl bonds, which was quanti-
fied previously by deconvolution fitting of gy (1), was
underestimated because of the presence of the whole
gy4+o(r) peak corresponding to single V-O bond dis-
tances (see Fig.13). Furthermore, the average value of
single bonds increases slightly from V4*Os to V4#Og
(~1.95 A and ~1.99 A).

Although the content of V3* in the VP50 glass is found
minimal, some details related to this unit are worth
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mentioning. Figure 14 illustrates the typical coordinat-
ing unit found in this case, namely a six-coordinated
Q% V**Oyy,5 unit in a distorted octahedral polyhedra.
There is a relatively long single V-O bond distance of
~1.98 A, which is consistent with the range of values
reported in literature. One double WEFC localization
along one of the V-O bonds becomes visible along a
particularly elongated V-O bond (~1.83 A). This dis-
tance lies at the boundary between vanadyl and sin-
gle bond values. However, vanadyl bonds have not
been reported for V3*-containing polyhedra in vanado-
phosphate crystalline phases. Therefore, we can legiti-
mately label this bond as a weak vanadyl bond or a rel-
atively short single V-O bond.

V3+O[1+5]

q=0.65 .
dyo, = 1.92 A
dyo, = 1.93 A
dyo, = 2.08 A
dyo, = 1.98 A
dyo, = 1.97 A
dyo, = 1.83 A

Figure 14: (Colors online) V3+0,, polyhedra unit the VP50 glass net-
work. The local atomic environment of V3* sites is described by the
V3+.0 bond lengths and associated Wannier centers (highlighted in
yellow). The polyhedra shows a distorted octahedral unit with local
order parameter value of g = 0.65.

7. Discussion

7.1. General remarks

Classical molecular dynamics has been increasingly
used for modeling VP glasses, by complementing the
experimental findings and offering qualitative insights
into their structural properties. However, a quantita-
tive assessment of the structural properties as well as a
precise understanding of electronic structure and bond-
ing is still missing. In this section, we delve into the
limitations of CMD in modeling VP glasses, and high-
light the importance of incorporating electronic struc-
ture via FPMD (in this case within the BOMD frame-
work) as we have done in the present work. One of
the most significant advantages of using BOMD is its
ability to determine the chemical speciation of V sites



in VP50 glass. BOMD allows defining the final com-
position of V oxidation states, which is found in excel-
lent agreement with experimental data (BOMD: 0.8 %
V3*,35.9 % V* and 63.3 % V>* versus exp.: 35.2 %
V4 and 64.8 % V>* [9]) without any a priori informa-
tion but the total O content. This stands in stark con-
trast to classical force fields used in CMD, which re-
quire the indexing of the number of different V sites
with distinct oxidation states and the development of
parameters for each pair at the start. The accurate de-
termination of V speciation by BOMD is shown to be
critically reliant on the correct description of the elec-
tronic properties of the glass, requiring the use of hybrid
exchange-correlation functional such as PBEO to correct
energy bandgap underestimation effects. The calculated
bandgap (2.35-2.38 eV) allows us to define VP50 glass
as a wide-bandgap semiconductor with a small but size-
able magnetic character.

7.2. Reviewing the atomic structure: short-range and
intermediate-range order

The short-range order of glassy VP50 was analyzed
using X-rays and neutron total structure factors in re-
ciprocal space as well as the total correlation functions
in real space through the use of CMD and BOMD ap-
proaches, which were compared to experimental data.
BOMD captured the majority of the structural details
observed in experiments, with a notable improvement
over the performance of CMD. Notably, contributions
from both the local atomic environment of the phos-
phate and vanadate polyhedra in the pair correlation
functions were identified within the 1.5-2.4 A interval
of distances. The improvements observed in the BOMD
description stem from the correct description of double
bonds P(V)=0 and single bonds P(V)-O. CMD fails to
describe the short-range order of VP50 glass as shown
by the very close values recorded for double P=0O and
single bond P-O bond distances, leading to overstruc-
turing in the total correlation function at short distances.
In terms of V-O bond distances, the failure of CMD
is more pronounced, the splitting between the vanadyl
double and single bonds being absent. Also, one can-
not recover the correct single bond distance dependence
on the V oxidation state. In this context, the analysis
of bonding properties based on the Wannier functions
centers has proved to be crucial to assess the variety and
diversity of double and single V-O bonds.
As shown by experiments [9, 29-31], V3+ features
three types of coordination in VP glasses and crystalline
phases, including VOq (tetrahedral (7})), VOs (trigo-
nal bi-pyramid (7) and square pyramid (S ,)), and VOg
(distorted octahedra (Oy)). For V** one has VOs (S »
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and T}) and VOg (O,) coordination, while V3* can be
found coordinated in regular octahedra (O;) VOg. Our
BOMD calculations substantiated these experimental
findings. For our VP50 system, the following summary
of structural units can be compiled:

e V>* is preferentially coordinated as four- and five-
folded (~26 % and ~25 %, respectively), as T}
and S /T, (with S, as mostly present), and with
a non-negligible content of six-folded V>* (~12 %
as Oy);

e V** is preferentially coordinated as six- and five-
folded (~20 % and ~15 %, respectively), as Oy
and S /Ty (with S, as mostly present), and with
negligible content of four-folded V4* (~1 %);

e V3 is preferentially coordinated as six-folded
(Oy4), although it has been found in negligible
amount in VP50 glass (<1 %).

The CMD approach has a limited ability to describe the
individual coordination with respect to the different V
oxidation states. Notably, CMD fails to predict the pres-
ence of V4 as a four-fold coordinated unit, which is
inconsistent with experimental data.

The absence of any peak at wave vectors smaller than
the main peak in the structure factors reveal that the in-
termediate range order (intended as a structural orga-
nization manifesting itself via a discernible feature at
short wavelength in reciprocal space) is very limited
or even absent in VP50 glass. In terms of hypotheti-
cal topological features extending on intermediate range
distances, we observe that the analysis of the distribu-
tion of structural units in the VP50 glass is indicative of
no discernible segregation of the phosphate (PO,) units,
which are well distributed throughout the glass matrix.
This is shown by the absence of signatures indicating
connections between the PO, units, with a negligible
percentage of two-fold coordinated O atoms bound to
two P atoms (<0.1 %). There is also a limited segrega-
tion within the vanadate (VO,) network, with approxi-
mately ~14 % of two-fold coordinated O atoms bound
to two V atoms.

8. Conclusions

This study highlights the limited effectiveness of
CMD in accurately decomposing the various oxidation
states of vanadium in VP50 glass. Instead, it showcases
the superior accuracy of Born-Oppenheimer molecu-
lar dynamics (BOMD) in quantitatively describing the
chemical speciation and structure of VP50 glass. By



performing a detailed comparison with experimental
data, we found that BOMD accurately determines the fi-
nal composition of V oxidation states without any a pri-
ori information, except for the total O content. BOMD
also provides an accurate description of the local elec-
tronic and bonding environment around both P and V
sites, allowing for a clearer signature of single V-O
and double V=0 bonds, and an overall improved de-
scription of the distribution of VO, coordinating poly-
hedra. Furthermore, our study includes a thorough anal-
ysis of bond angle distributions, order and connectivity
parameters, and local bonding features based on Wan-
nier functions formalism. Overall, our findings provide
a deeper understanding of VP50 glass paving the way
to the development of future (machine learning) inter-
atomic potentials stemming from first-principles data
and expect to bring quantitative comprehension and de-
sign of VP-based amorphous materials.
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