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We investigate the structural and vibrational properties of glassy B,O5 using first-principles molecular
dynamics simulations. In particular, we determine the boroxol rings fraction f for which there is still no
consensus in the literature. Two numerical models containing either a low or a high level of boroxol rings
are tested against a gamut of experimental probes (static structure factor, Raman, !'B and 7O NMR data).
We show that only the boroxol-rich model (f = 75%) can reproduce the full set of observables. Total-
energy calculations show that at the glass density, boroxol-rich structures are favored by about
6 kcal/(mol boroxol). Finally, the liquid state is explored in the 2000-4000 K range and a reduction

of f to 10%—-20% is obtained.
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Because of its importance as a prototypical glass former
and as an essential component of industrial glasses, B,O;
has received tremendous attention [1-27]. Despite these
efforts, the microscopic structure of vitreous B,Oj; is still
debated [4,5]: while it is established that the molecular
building block is the planar BOs/, group, different models
of their connectivity have been proposed from a continuous
random network of corner-sharing triangles [6] to a net-
work entirely based on hexagonal B3Oy, units [7], called
boroxol rings (see Fig. 1). Although there is now a broad
consensus on the existence of boroxols, the debate comes
as when to quantify their proportions, commonly defined
by the fraction f of borons inside these rings: values on the
low (~0%-30%) [8—12] or high (~60%—-85%) [4,13-18]
side are regularly reported.

The first experimental support for the occurrence of
boroxols comes from the observation of a very sharp and
highly polarized Raman peak at 808 cm™! which has been
attributed to the in-phase breathing mode of the oxygen
atoms inside the rings (see [14] for a review). Unfortu-
nately, the quantitative determination of the fraction of
atoms involved in these rings is far from trivial due to
matrix element enhancement effects in the Raman signal
[28]. NMR and nuclear quadrupole resonance experiments
do evidence the presence of two populations in both 17O
and "B spectra [16,17] which were assigned to atoms
inside and outside the rings by calculations on cluster
models [19] and by the comparison of the spectra with
borate crystals of known structure [18]. In these studies,
values of f ranging from 65% to 85% were derived from
the population ratio. Little can be inferred from diffraction
data analysis since f values varying from 0% to 82% have
been reported. However, it has been claimed using reverse
Monte Carlo simulations, that it is not possible to produce
structural models containing more than 30% of boroxols
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that simultaneously reproduce the experimental density
and the neutron and x-ray diffraction data [12].

Results in favor of boroxol-poor models have mainly
been obtained from molecular dynamics (MD) simulations
(e.g., [9]). Potentials including polarization or at least
three-body interactions were required in order to get
some boroxol rings [10,20]. The obtained f value was in
any case below 30%. In these calculations, there are at least
three sources of errors: the unrealistically high quench rate,
the system size, and the use of empirical force fields. The
first full ab initio MD simulation of vitreous B,O5; came
out recently [4] and revived the discussion [5]. While the
configuration obtained from the liquid quench contained
only f=9% (one boroxol for 160 atoms), strong but
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FIG. 1 (color online). Upper left: A BOs), triangle and a
B30/, boroxol ring. Lower left: Evolution of the fraction of
boroxols during the simulation. Right: Energy for configurations

of varying boroxol amount at 0 K and p = 1.84 g - cm 3.
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indirect evidence was provided from Raman and 'B NMR
analysis that the frue value should be ~75% (the Raman
peak at 808 cm~! being underestimated and the NMR
population ratio being incorrect). However, this extrapola-
tion has been immediately criticized [5]. Indeed, a model
able to reproduce simultaneously all the experimental in-
formations within a unified method has been lacking so far.
Thus, as noted in the latest publications [2,3], there is yet
no consensus on the f value.

In this Letter, we present the performances of boroxol-
poor (BP) and boroxol-rich (BR) models regarding the
above-mentioned observables (diffraction, Raman, and
"B NMR data). We add in the comparison 'O NMR
spectra which constitute another sensitive probe of f. In
addition, energetics are computed from frozen liquid
snapshots.

The calculations were carried out within a first-
principles approach [29] using the SIESTA code [33]. We
first generated a random network of BO;/, triangles in a
cubic box at the glass density (1.84 g - cm™3). This struc-
ture, containing 100 atoms and 4 boroxol rings (f = 30%),
has been used as a starting configuration for a MD simu-
lation of the liquid at 2000 K for a duration of 20 ps using a
time step of 1 fs in the NVT ensemble. After 7 ps, a quench
to 300 K was branched from the previous simulation for a
7 ps duration. The system at 300 K was then sampled for
22 ps; Fig. 1. The obtained glass contains 3 boroxols (f =
22.5%) and is hereafter referred to as the BP model. A
shorter simulation (7 ps) was also run in the liquid at
4000 K. Average values of (f) ~ 13% and ~17% were
obtained at 4000 and 2000 K, respectively. Because of the
sluggish kinetics at 2000 K, no attempt was made to
sample f at lower temperature since this would be prohibi-
tively time demanding: should the simulation time scale
proportionally to the viscosity [21], an increase by a factor
of 10° would be needed going from 2000 to 500 K.
Actually, no more bond formation or breaking events
were observed below ~1000 K indicating that the liquid
is already supercooled on the time scale of our simulations
as a result of the very high quench rate (experimentally, the
glass transition temperature is 7, = 533 K [22]).

Thus, the f value obtained in our quenched sample is
actually reflecting the liquid state around ~2000 K. This is
especially annoying in the case of B,O; since it is known
that a drastic evolution occurs above T, [22,23]: from
monitoring Raman peak ratio, it has been derived that f
decreases from ~60%-65% at 500 K to ~15%-20% at
1900 K [22], the latter value being in very good agreement
with our study. However, glassy structures obtained from
conventional numerical quench rates are highly likely to
underestimate f given the affordable simulation times.

We thus sought for a glassy model produced by an
alternative method [24] which has both f = 75% and the
correct glass density [34]. This model has been used in
previous MD studies [2,24] using empirical force fields,

here within our first-principles scheme. MD simulations
were carried out at 300 K on systems containing 80 and
320 atoms for durations of 20 and 7 ps, respectively. No
size effects were observed and the structures obtained are
referred to hereafter as the BR model. Liquid simulations
were also carried out at 2000, 3000, and 4000 K.

In order to gain insight on the relative stability of BP and
BR structures, total-energy calculations were carried out
on configurations taken from the liquid trajectories and
relaxed at 0 K. The zero of energies in Fig. 1 is that
obtained for the B,O5-I crystal (stable polymorph at am-
bient pressure, p = 2.54 g - cm~3). Within statistical scat-
tering, a monotonic decrease of the energy with increasing
f is observed. Using a linear data fit, a slope of 6.6 *
1 kecal/(mol boroxol) is obtained in agreement with a sta-
bilization enthalpy of 6.4 = 0.4 kcal/(mol boroxol) de-
rived from Raman data [22]. We report on the same
figure the energy of a hypothetical crystalline polymorph,
B,05-0 whose density is close to that of the glass (1.81 g -
cm™3) at ambient conditions and which was recently pre-
dicted by MD simulations to be stable under tensile stress
[2]; interestingly it falls well on our data at f = 0. Thus, at
the glass density, boroxol-rich structures are more stable
than boroxol-poor ones. As noted in [13], the replacement
of all BO3/, by B3Og/, units (see Fig. 1) in a given
structure lowers the density; indeed, it increases the vol-
ume by a factor of 2° but the number of atoms only by a
factor of 3. Thus, the presence of boroxols favors low-
density structures [35] and explains the higher energetic
stability of boroxol-rich structures at the glass densities. In
this scenario, as the liquid is quenched, boroxols tend to
develop to compensate the thermal densification that
would otherwise occur.

To check the robustness of our calculations, we repeated
on a restricted set of configurations the same relaxations
using different approximations for the exchange-
correlation functional, namely, local-density approxima-
tion (LDA) [36] and BLYP [37] (in addition to PBE [30]
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FIG. 2 (color online). Static neutron structure factor calculated

for the BP and BR models (solid lines) compared with the
experimental data (dash-dotted lines) [14].
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used for the results shown in Fig. 1). The obtained slopes
all agree with each other within ~1 kcal/(mol boroxol)
[38].

We now test our BP and BR models using neutron
scattering, Raman, and NMR data. The NMR chemical
shifts and electric field gradients were calculated within the
gauge included projector augmented wave formalism as in
[39] using the PARATEC code [40]. Dynamic angle spinning
(DAS) and magic angle spinning (MAS) NMR spectra of
the central transition (—4 < 1) were simulated taking into
account both the quadrupolar and chemical shift interac-
tions as described in [41] and including spinning side-
bands. The Raman intensities were calculated as in [42]
using the PWSCF code [43].

As seen in Fig. 2, both models reproduce very well [44]
the experimental neutron weighted static structure factor
[14], confirming that it is a poor probe of f as already
mentioned [2,4]. This is in contrast with the results of [12]
in which boroxol-rich models generated from reverse
Monte Carlo simulations were shown to give a slightly
but significantly worse agreement than boroxol-poor mod-
els as a result of some structural artifacts in the former ones
(visible in the gp.g(r) and gp_o(r) partial distribution
functions and in the O-B-O and dihedral angle distribu-
tions). We stress that none of these artifacts were observed
in our BR model. We conclude that they were most proba-
bly due to the method used in [12] but are certainly not
specific of BR models. The claim that it is not possible to
simultaneously reproduce the diffraction data and the den-
sity for high values of f is clearly invalidated. The infrared
spectra (not shown) are also in very good agreement with
experiments [25] for both BP and BR models.

By contrast, the Raman spectra obtained for BP and BR
models are drastically different. The main difference
(Fig. 3) is in the intensity of the peak at ~800 cm ™! which
appears in our calculations to result solely from the breath-
ing mode of oxygens in boroxols. The area under this peak

HH Raman intensity (arb. units)
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FIG. 3 (color online). Reduced horizontal-horizontal (HH)
Raman spectra calculated for the BP and BR models (solid
lines) compared with the experimental spectra (dash-dotted
lines) [25]. A Gaussian broadening of 10 cm™! is applied.

is found to be proportional to f, validating a posteriori the
hypothesis made in [4]. While it is dramatically under-
estimated in the BP case, it matches the experimental one
in the BR case within the error bar associated to this
comparison (15%). We point out that there are no models
to our knowledge in the literature which agree at this level
of accuracy over such a large spectrum range. The superi-
ority of the BR model regarding NMR spectra is also
obvious (Fig. 4). For both ''B and 'O spectra, contribu-
tions arising from nuclei inside or outside the boroxol rings
can be clearly evidenced due to the sensitivity of the NMR
observables to the B-O-B angles (average values of ~120°
and ~130° were obtained for in- and out-of rings triplets,
respectively).

In conclusion, the comparison of BR and BP models
straightforwardly identifies the observables sensitive to the
boroxol fraction. The BR model is the only one able to
reproduce the experimental data. Our results indicate that
the liquid state is characterized by a large viscosity and
small values of f. Thus, the large underestimation of f in
MD models is due to the use of unrealistically fast quench-
ing rates. Our calculations evidence an energy gain with
increasing f in very good agreement with previous indirect
experimental [22] and theoretical [27] determinations. This
study reveals the role played by the boroxols: they allow
one to maintain a low-energy structure while keeping a
liquidlike density. Finally, the achievement of a realistic
glassy model up to a medium-range scale opens new
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FIG. 4 (color online). "B DAS (isotropic projection) and 70
MAS NMR spectra calculated for the BP and BR models
compared to the experimental spectra [17]. The contributions
from nuclei inside or outside the boroxol rings are also shown
(dashed lines). A Gaussian broadening of 100 Hz is applied.
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perspectives for high-pressure investigations of B,O5; and
for studies of related systems such as borates or
borosilicates.

Part of the calculations were carried out at the IDRIS
and CCRT supercomputers.
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