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High-temperature neutron diffraction and Raman spectra have
been obtained on M,0-2B,0; (M = Li, Na, K) glasses and
melts. Both techniques indicate a coordination change of boron
atoms: the tetrahedral boron sites present in the glasses are
converted into triangular boron sites. These changes of the
borate network yield modifications of the alkali environment,
as assessed for Li using the isotopic substitution technique. We
observe that Li atoms are in a charge-compensating position in
the glass and in a modifying position in the liquid. These struc-
tural modifications have important implications toward under-
standing the physical properties of borate melts.

I. Introduction

TRUCTURAL changes above the glass transition temperature

(T,) are expected to have drastic consequences on the trans-
port (viscosity, diffusion) and thermodynamic (molar ex-
pansivity, compressibility, heat capacity) properties of melts.
An adequate understanding of the temperature dependence of
melt properties requires information on both structure and dy-
namics. For temperatures above T, the melt or the supercooled
melt is able to reach its equilibrium state through continuous
configurational changes that contribute to thermodynamic
properties. These structural changes can be related to the non-
Arrhenian temperatures dependence of viscosit?/ within the
framework of the configurational entropy theory.

Alkali borate systems are attractive materials from a funda-
mental point of view and for technological interest. Indeed,
borate glasses are easily quenched for a wide range of compo-
sition, and continuous variations of their structure, properties,
and dynamics are observed with the alkali content.” Addition of
alkali oxide to pure B,Oj causes a progressive change of the
boron atom coordination number (CN) from 3 (°*'B) to 4 ('B),
and results in the formation of various cyclic units (diborate,
triborate, tetraborate groups etc.) that contain both B and B,
and whose relative concentrations depend on the alkali con-
tent.>™ The effect of modifier content on the glass structure has
been particularly investigated by NMR>* and vibrational
works.>> These studies have evidenced the formation of “B
up to about 35 mol% alkali oxide without significant formation
of non-bridging oxygen (NBO). At higher alkali content, the
proportion of BO, units, N4 = BIB/(B+FIB), decreases while
NBOs are formed, which yield a depolymerization of the borate
network. The proportion of B is also affected by the nature of
the alkali, and the environment around alkalis has been eluci-
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dated in particular by far-infrared spectroscopic studies, which
show the presence of two distinct components in the vibrating
modes of alkali sites.” These two contributions may be associ-
ated with a charge-compensating role around the BO, units and
a modifym% role near NBOs, according to Molecular Dynamics
simulation.” However, this interpretation may be questioned,
and the two far-IR absorption bands have been alternatively
interpreted as two different vibrational modes arising from only
one distribution of alkali sites,” or two types of environments
corresponding to singly and doubly occupied anionic sites.'”

Only recently has the structural evolution of borate glasses
with temperature been investigated. In pure B,O3 melt, temper-
ature-induced structural changes have been described as a mod-
ification of ring statistics, with the gradual opening of the
boroxol rings above the glass transition temperature T 113
In alkali borate glasses the decrease of the number of B with
temperature 1ncreasmg above T, has been observed Wlth in situ
high-temperature ''B NMR," Raman spectroscopy,'>!® and X-
ray and neutron dlffractlon.l7 2 However, the lack of a quan-
titative evaluation of changes observed in experimental data
precludes a clear structural interpretation of the glass to liquid
transition in alkali borates. As explained above, the topic of
surroundings of alkalis in borate glasses is still controversial,
and high-temperature measurements should provide valuable
information as the structural role of the cation should be mod-
ified during the boron coordination change.

In this paper, we present a study of the structural modifica-
tions between the glassy and liquid state in M>,O-2B,0; systems,
with M = Li, Na, and K, by using neutron diffraction and Ra-
man spectroscopy. The neutron total structure factors and cor-
relation functions have been obtained from room temperature
up to 1200 K, and present important variations at local and
medium range distances. The diborate composition has been
chosen as it corresponds to the largest proportion of boron in
fourfold coordination in this binary system. The proportion of
MIB to BB was experimentally observed by a careful analysis of
the neutron total correlation function and by the deconvolution
of a high-intensity band in Raman spectra. The two methods
agree with a partial conversion of the BO,4 units in the glass to
BOj units in the liquid. This species exchange may account for
the main part of the configurational entropy of these systems,
and may be the fundamental mechanism for the liquid to relax
and flow. By using Li isotopic substitution, we extracted the
well-defined Li-centered correlation functions for the glass and
for the melt. A shortening of the mean Li—O distance between
glassy and liquid states indicates an increasing modifying role of
Li in the borate melt. A comprehensive picture of the structural
changes between Li diborate glasses and melts is proposed and
placed in relation with transport properties in these melts.

II. Experimental Procedure

(1) Materials
Glasses of composition M,0-2B,0O3; with M =Li, Na, or K
were prepared from dried reagent grade powders of boron oxide
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and alkali carbonate (Li,CO3, Na,COs, K,COs). Boron was
isotopically enriched in ''B (99.62%) to avoid the high neutron
absorption cross-section of the '°B isotope. For the Li,O-2B,05
composition, two glasses were synthesized using °Li>CO;
(95.7% °Li) for the first glass and "Li,CO; (99.94% ’Li) for
the second glass. We use the notation NB2 and KB2 for the
glasses containing Na and K, respectively, and 7LB2 and 6L.B2
for the "Li-enriched glass and the ®Li-enriched glasses, respec-
tively. The starting powders were melted for 1 h at 900°C,
quenched by immersion of the bottom of the Pt crucible in wa-
ter, and then crushed and remelted for 15 min at 1050°C and
quenched again, to ensure glass homogeneity. The LB2 glasses,
whose melt temperature is higher (917°C) than NB2 and KB2,
were melted for 20 min at 1020°C twice. Analyses of the chem-
ical compositions are reported in Table I, along with the glass
transition temperatures. The densities of the glasses were meas-
ured by the Archimedes method, with toluene as the liquid ref-
erence, and compared well with previous data.”!

(2) Neutron Diffiraction Experiments and Data Analysis

Neutron diffraction experiments were carried out on the 7C2
diffractometer at the Orphée reactor of the Laboratoire Léon
Brillouin (Orsay, France). This instrument uses hot neutrons of
Wavelength 0.718 A, preventing access to a Q-range of 0.5-16
A7, Glasses were powdered just before the measurement in or-
der to present hydration, and set in a cylindrical vanadium cell
at the center of a cylindrical vanadium furnace. Measurements
were performed on the glass and melt, at room temperature and
1273 K, respectively. Complementary measurements of the scat-
tering from the empty cans in the furnace at 300 and 1273 K,
from the empty furnace at 300 K, and from the background
were performed for use in the data analysis procedure. The use
of a V cell, which mainly yields an incoherent scattering, is es-
sential compared with a Pt cell, which may be used but may lead
to difficulty in removing Bragg peaks,?> which may preclude the
observation of small structural changes as in previous studies.'®
The 7LB2 and 6LB2 glasses were also investigated at room
temperature using the SANDALS instrument at the ISIS
spallation neutron source (Rutherford Appleton Laboratory,
Chilton, U.K.), to provide a correlatlon function with a high
real space resolution (0.1 < g <50 A~ 1. The data were corrected
as described previously.!®*® The data reduction yields the total
structure factor, F(Q), which is the distinct scattering term of the
total neutron cross-section. The total radial distribution func-
tion, 7(r), is obtained by Fourier transformation of F(Q) and
corresponds to the neutron-weighted sum of all the partial pair
distribution functrons gup(r) (the notations are those used in
Majérus et al.>®).

The isotopic substitution technique®® consists of subtraction
of the total structure factors of the 6LB2 and 7LB2 samples,
which allows cancellation of identical terms (B-B, B-O, and O—
0O) and yields only a weighted sum of the Li-centered partial
structure factors (Li-O, Li-B, and Li-Li). By Fourier trans-
forming this differential structure factor, Ar;(Q), one obtains
a correlation function, 7p;(r), which is the sum of all the Li-
centered partial correlation functions.

TableI. Molar Compositions Measured by Chemical Analy-
sis, Glass Transition (7)) and Melt Temperatures (7},), and
Atomic Number Density for the Alkali Borate Glasses

7-LB2 6-LB2 NB2 KB2
MO (mol%) 3707 3856 358 34.8
B,0; (mol%) 6293 6144  64.2 65.2
T, (K)! 773 773 752 705
o (K) 1190 1190 1015 1088
40.001 atoms A~'  0.104  0.104  0.091  0.077

Glass transition temperatures are determined by ATD.
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(3) Raman Spectroscopy

Raman spectra were recorded using a T64000 Jobin—Yvon con-
focal micro-Raman spectrometer equipped with a charge-cou-
pled device (CCD) detector (Jobin Yvon, NJ) for the LB2
sample. The emission line at 514.532 nm of a coherent 70—C5
Ar+ laser was used for sample excitation, with an incident pow-
er of about 2.8 W. This excitation and CCD system results in a
signal-to-noise ratio of 80/1. The integration time was 30 s. With
our triple spectrometer, we can collect spectra over a wide fre-
quency range (10-1800 cm™"). All reported spectra are unpo-
larized. High-temperature measurements were obtained with a
home-made heating unit, and the spectra were corrected for
temperature effects.®** The corrected Raman intensities were
normalized to the data point of the greatest absolute intensity.
Spectra were recorded between room temperature and up to the
liquid state at 1350 K, but crystallization (spectra not shown)
occurred between 1280 and 1359 K.

III. Results

(1) Total Neutron Functions

The total structure factors at room and high temperature are
shown in Fig. 1. The high Q-range (0>5 A™"), which can be
attributed to the short-range order, presents a dampening of the
oscillations at high temperature because of both static and ther-
mal disorder. The oscillations at the low-Q region are related to
medium-range correlations (4-20 A), involving preferred ar-
rangements between borate units and/or alkali 1ons The first
pedk is shifted toward lower Q values for Li (1.53 A~ ", Na (1.40
A~ ", and K (1.26 A~ ", which implies structural organlzatlon
with a larger correlation distance with increasing cation size. At
high temperature, the intensity of this peak decreases without
any significant shift i in position, except for KB2, where the peak
is shifted at 1.21 A~! , indicating an expansion of the medium-
range structural correldtions.

In real space, the total correlation functions (Fig. 2) are char-
acterized by two strong contributions at 1.4 and ~2.4 A. The
first peak is a result of the B-O pairs, and the second is mainly a
result of O-O pairs and small contributions from B-B, Na-O,
and K—O pairs. The Li-O pair is clearly observed around 2 A as

15+ —— glass
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Fig.1. Total structure factor for the KB2, NB2, 7LB2, and 6LB2
glasses (plain curves) and liquids (dashed curves) and corresponding first

difference structure factor between the 6LB2 and 7LB2 samples (mul-
tiplied by 2 for clarity).
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Fig.2. Total correlation functions for the KB2, NB2, 7LB2, and 6LB2
glasses (plain curves) and liquids (dashed curves), obtalned by Fourier
transforms (FT) of the F(Q) on the Q range 0.6-15.56 A" modified bya
Lorch function. Li-centered functions, 77 ;(r), for the LB2 glass (plain
lower curve) and liquid (dashed lower curve), obtained by FT of the first-
difference structure factor on the Q range 1.0-14.32 A~ modified by a
Lorch function (multiplied by 2 for clarity). The oscillations at low r
were removed by an inverse FT procedure.

a difference in intensity because of the different neutron scat-
tering length of °Li and "Li isotopes. Contributions at higher
r-values are mainly related to the borate network. With increas-
ing temperatures, the B-O contributions shift from 1.425 to
1.410 A and correspond to a change in the mean boron coor-
dination. It should be emphasized that this change in the first B—
O peak appears only above the glass transition temperature.
The peaks at medium range distance (2.2-5 A) are reduced in
intensity, and the O-O peak at 2.6 Ais slightly shifted by 0.01 A
on the high r side.

Quantitative information has been extracted from fits of the
first B-O peak using two Gaussian functions at room temper-
ature (modeling the BO3 and BO, units separately) and only one
Gaussian function in the liquid because of the thermal broad-
ening that reduces the resolution (Table II). The accuracy of
the parameters obtained by such fitting (mean B-O distance, R,
Debye—Waller factor, o, and CN) has been carefully evaluated
previously."

The B-O distances determined in the l%l

asses agree with those
expected for the BO3 and BO, units. 1,

The average distance
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determined in the liquid state decreases by about 0.01 A com-
pared with the mean distance in the glassy state. This shortening
of the B-O distance results from two effects: the decrease of the
BO,/BO; ratio, which reduces the mean B-O distance, and the
thermal expansion of the B-O bond. However, the latter effect is
neghglble because the mean linear expansmn coefﬁc:lents for the
BIB-0 and the ¥IB-O bond (4 x 107 and 5.3 x 107° , Te-
spectlvgly %) imply a B-O bond length increased by 0.004 and
0.005 A at 1273 K, which is far below the experimental resolu-
tion. Therefore, the variation of the B-O distance is dominated
by a boron coordination decrease.

The proportion of ¥B, N4, can been assessed using the CNs
or the average distances mdependently The fractions of “/B
determined from the neutron diffraction data are in good agree-
ment with NMR determinations in the glassy state.’ We observe
that the proportion of N4 decreases with the cation size in the
glasses. This is consistent with NMR and Raman studies that
found a trend for smaller alkali cations to favor borate groups
containing BO, tetrahedra.? On the contrary, in the liquid, no
clear trend as a function of the alkali type could be observed,
given the precision of the data.

(2) First Difference Neutron Functions for Li

The environment of alkalis is difficult to investigate in the total
correlation function because of the overlapping of all the pairs.
For instance, the first Na-O or K-O contributions are merged
with the strong first O-O and B-O contributions at 2.4 A.
Therefore, recourse to the isotopic substitution technique is es-
sential to gain an insight in the alkali environment, and only Li
has suitable isotopes for such a method. The first difference
structure factors, A ;(Q), and correlation functions, 7y ;(r), have
been obtained by subtracting the neutron data for the 6LB2 and
7LB2 glasses and liquids (Figs. 1 and 2, lower curves). These
functions allow the separation of the Li environment from the
borate network. Although the size of Li is small compared with
other alkalis, the structural information obtained from these
functions has some general characteristics for all environments
of alkalis in borate glasses and melts.

The A1;(Q) and Ty (r) functions are dominated by the Li-O
and Li-B pairs (the Li-Li weighting factor is almost negligible).
The dlfferentlal structure factor has oscillations at high Q values
(0>8 A~ 1 because of the Li-O, short distances, and exhibits a
first negative sharp peak at 1.50 A~'. This latter peak appears at
the same position as the first one in the total structure factors,
which implies a structural arrangement at medium range in-
volving both the B-O network and the Li environment. The
AL,(Q) function makes almost no contribution between 2 and 4
A=, which indicates a strong anti-phase interference between
Li— O and Li-B contributions. In real space, this lack of struc-
tural information implies an alternate ordering of Li and B/O
atoms that corresponds to a correlation length of ~4.1 A
(2#m/Q). Such a distance is similar to the distance between
(112) planes in crystalline Li—diborate, which suggests that Li
atoms may lie between pseudoborate planes.?” Apart from a

TableIl. Gaussian Parameters Used to Fit the B-O Peak in the Total Correlation Functions
Glass Ri£0.01 A CN; +0.07 614001 A R>+0.01 A CN,+0.07 6,+0.01 A N4+0.02
LB2 1.380 1.62 0.060 1.470 1.84 0.096 0.46
NB2 1.380 1.71 0.065 1.485 1.72 0.105 0.43
KB2 1.385 1.8 0.065 1.480 1.60 0.110 0.40
Liquid R+0.01 A CN+0.12 5+0.01 A N4+0.05
LB2 1.415 3.30 0.115 0.30
NB2 1.420 3.35 0.118 0.35
KB2 1.410 3.32 0.130 0.32

Subscripts 1 and 2 correspond to PIB and B in the glassy state, respectively. R is the B-O distance,

the liquid state. N4 corresponds to the fraction of “B\(PIB+HIB).

o is the Debye—Waller factor, and CN is the coordination number in
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TableIIl. Coordination Number, CNy; o, Debye—Waller
Factor, 61 ; o, and Mean Li-O Distance, dj; o, Obtained by
Gaussian Fit of the First Peak in the Li-Centered Differential
Correlation Functions 77y;(r), Mean Li-B Distances dj; g and
Mean Li—O-B Bond Angles Calculated From the Mean Li-O,

Li-B, and B-O Distances Extracted From Neutron Data

T(K) diio+00l A CNiio+1.6 01104001 di;_p+0.02A Li-O-B (deg.)
300 1.995 4.9 0.090 2.95 118
1273 197 5.4 0.130 2.99 123

The Gaussian components have been convoluted with the Fourier transform of
the Lorch modification function used to calculate the correlation functions.

dampening of the oscillations, the same features are observed in
the differential structure factor of the liquid. Therefore, the
alternation of Li and B-O is maintained in the melt. The
broadening of the first peak indicates that the medium-range
arrangements have less extended correlations.

The Li-centered correlation functions, Ty;(r), for the glass
present a first peak at about 2 A, ascribed to the Li-O pair,?®
and a second peak at 2.95 A, assigned mainly to the first Li-B
correlation.”®*® These two peaks are well separated, indicating a
well-defined Li polyhedron in the glass. Beyond this range, Li-
centered structural oscillations are still observed up to about 12
A, but their attribution is difficult because of the overlapping of
all Li-centered contributions. The first well-defined Li-O peak is
maintained in the liquid as well as the two other contributions at
about 3 and 4 A, indicating the persistence of the medium-range
ordering around the Li ions. However, drastic changes are ob-
served on increasing the temperature. The first Li-O peak is
significantly shifted in position towards the low-r side, and its
width is broadened in the liquid. The second peak (Li-B mainly)
is shifted by +0.04 A and becomes narrower and less intense
than that in the glass. Similarly, the intensity of the third peak
decreases. These differences indicate strong modifications of the
mean Li cationic site as the temperature increases. A Gaussian
fit of the first Li~O contribution (Table III) confirms a decrease
by about 0.02 A of the mean Li—O distances, while the mean CN
is stable (but subject to systematic errors).”’

(3) Raman Spectra

The evolution of the Raman spectra of LB2 glass with temper-
ature is shown in Fig. 3. In the glass, a strong peak is visible at
770 ecm™!, which has been attributed to the localized breathing
vibration of six-membered rings containing one or two BOy tet-
rahedra,>>® although this band alone cannot be clearly attrib-
uted to a particular borate group. The presence of a band at
1130 cm ™' indicates the presence of diborate groups, and bands
at 520, 670, and 975 cm~! may correspond to tetraborate
groups.’® The prevalence of these groups at diborate composi-
tions has also been observed by NMR studies.>* The high-fre-
quency range is ascribed to stretching of the B-O~ bonds
(O~ =NBO) attached to large borate groups.’’ Two main
bands can be observed in this region at 1410 and 1500 cm™',
which are due to B ,0" triangles (& = bridging oxygen)
linked to B@¥ 4 units and B J,0 triangles linked to other
BO; units.'® The lower frequency band is thus directly related to
the proportion of BO, units. These two contributions have been
fitted using two Gaussian functions, yielding high- and low-
frequency areas denoted as A4 and A3, respectively.

With increasing temperature, the bands present a systematic
shift toward lower frequencies because of the thermal expansion.
An important decrease in intensities is observed for the bands at
medium frequencies (500-1100 cm™"), with almost complete
disappearance of the diborate contribution (1100 cm™"). With
increasing temperature, we observe drastic changes in the high
frequency range (12001800 cm™"). The intensity of the lower
frequency band decreases relative to that of the high-frequency
band. As observed in potassium and sodium diborate glass-
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Fig.3. Raman spectra for the 6LB2 glass from room temperature to
1359 K. The glass transition temperature (7) is indicated.

es,'>1° the relative area of the two bands A4/A3 does not vary

below T, and decreases above Ty, particularly in the liquid state
(Fig. 4). This is thus a direct observation of the conversion of
BO, units to BO; units, which is confirmed by the partial dis-
appearance of the borate rings containing BO, units in the me-
dium frequency region. However, the band at 770 cm™" s still
present in the liquid state, which could indicate that certain BO4
units could be preferentially converted while those in ring
groups could be stabilized.

IV. Discussion

(1) Structural Changes Between the Glass and the Melt

(A) Boron and Alkali Environment in Alkali Diborate
Glasses: With the neutron data, we observe an increase of
N4 as the cation size decreases, which indicates that more NBOs
are present in glasses with large alkali cations, in agreement with
other methods such as NMR,* Raman,>*? and infrared reflect-
ance spectroscopies.” Such variations have implications toward
understanding the structural properties of alkali borate glasses.
For instance, it was shown that a greater amount of NBOs de-
creases the network connectivity of the borate framework, which
implies lower T, and higher thermal expansions.>>?

The first difference correlation function, 7¢;(r), can give in-
formation on the structural environment around Li, which may
have some generality for other alkalis. In this function, we ob-
serve a first peak at 1.995+0.10 A corresponding to the mean
Li-O distance, which suggests that Li is present in an average
tetrahedral site.® The CN and Debye-Waller factor (o) for the
first Li-O Eeak are subject to systematic errors that reduce their
accuracy.” The values obtained for CN (4.9) and & (0.090 A)
are large, which indicate a distorted Li environment as in Li-
aluminosilicate® and Li-disilicate glasses.*® Molecular dynamics
simulations on an LB2 glass have also shown that Li sites exist
in various distorted environments with four to seven to eight
oxygen neighbors.® In the LB2 glass, few NBOs are present and
mainly BO, tetrahedra are formed on introduction of Li,O.>*
Therefore, Li cations mainly have a charge-compensating role
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Fig.4. Ratio of the relative area for the two high-frequency bands of
the Raman spectra for the LB2 sample. The temperatures of glass tran-
sition and melting are indicated. The line is a guide for the eye.

near the BOj, tetrahedra, rather than a modifying role associ-
ated with NBOs. These two structural positions have been re-
lated to two distinct sites associated with two bands evidenced in
the far-IR spectra of alkali borate glasses.*” Recent MD simu-
lations have identified the compensating positions as the largest
coordinated sites (seven to eight oxygen nelghbors) with a mean
Li-O distance of 2.12 A and no NBO neighbors.® This distance
is much longer than that observed in our diffraction data with a
lower CN, which suggests that the two types of Li sites are less
clearly resolved than proposed by MD. A broad Li site distri-
bution is more likely than two well-distinct sites. This is also
confirmed experimentally with a close local order around Liin a
modifying position in an Li,Si,Os glass or in a charge compen-
sating position in an LiAlSiO4 glass. The main differences
reported are with respect to the Li~O distances, which equal
2.02 A (three O atoms at 1.97 A and one O atom at 2.20 A) in
the Li,Si>Os glass, and 2.10 Ain LiAlISiO, glass. 3435 The Li-B
peak is observed at 2.95 A, which is larger than the Li-B dis-
tance of 2.67 A in the corresponding Li-diborate crystal. This
can be explained by a major occurrence of corner sharing be-
tween Li-polyhedra and boron units, with a minor occurrence of
edge-sharing connections between Li sites and BOy units such
as those existing in the crystal.

(B) Structural Changes in the Melt: Both neutron dif-
fraction and Raman data agree with a conversion of the BO,
tetrahedra to BOs triangles above T,. Because of crystallization,
it is difficult to conclude from the Raman spectra as to whether
the onset of coordination change starts in the supercooled liquid
or in the liquid state. However, Raman data on Na-borate
glasses at lower alkali content show that coordination change
occurs in the supercooled liquid.'® An analysis of the first B-O
peak gives a direct quantification of this coordination change,
with N4 varying from 0.43 in the glass to 0.30 in the liquid.
From Raman data on LB2, a quantitative evaluation is more
delicate because the band areas are not directly related to the
proportion of each species. However, the change in the relative
abundance of the high-frequency bands and the disappearance
of bands in the mid-frequency region associated with borate
rings containing BO, tetrahedra are consistent with a change in
boron coordination in the liquid state. Similar changes in Ra-
man s;)ectra have also been observed for NB2 and KB2 sys-
tems.'>'® In siu "B NMR measurements yield less accurate
values because of averaging of the two isotropical shifts in the
liquid.>®
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Modifications at medium-range distances can also be deter-
mined in our experimental data. In the total correlation func-
tions, the peak at 2.44 A is shifted by +0.01 A and decreases in
intensity at high temperature. This peak is dominated by O-O
and M-O correlations (M = alkali), with a small contribution
from B-B correlations. The significant decrease in intensity can
be attributed to the thermal disorder at elevated temperatures
and the decrease in the O-O coordination with B to P!B con-
version. Similar to the B,O5 melt,'"*'? the shift toward larger r
values may be related to larger mean B-O-B angles, resulting
from an opening of the borate rings. This agrees with our Ra-
man spectra, which show a decrease of the mid-frequency bands
associated with various borate rings containing BO,4 units.

A consequence of the ¥IB to !B conversion is the formation
of NBOs above T, which thus depolymerize the borate network
and affect the melt properties. Isothermal viscosities at low tem-
peratures are maximum near 25 mol% of alkali oxide in borate
melts,>” which is close to the maximum of formation of BO,
tetrahedra and thus to a highest connectivity of the network. At
higher temperature, the disruption of the network associated
with the formation of NBOs results in the disappearance of the
maximum in the viscosity isotherms and their progressive de-
crease with increasing alkali content.

The formation of NBOs also affects the alkali environment,
which is clearly seen in the first difference function determined
for Li. Indeed, the 77 (r) shows a shift of the Li-O distance from
1.995 A in the glass to 1.97 A in the melt. At 1300 K, an increase
of the Li-O distances by ~0.02 A is expected because of the
thermal expansion of the Li—O bonds (the mean linear expan-
sion coefficient of Li-O tetrahedra is about 16 x 107° K™').%°
On the contrary, the significant shortening of the Li—O distances
is evidence of an important proportion of short Li-O bonds in
the melt that correspond to Li-NBO bonds (e.g., the Li-NBO
distance is about 0.14 A smaller than the Li-BO distance in
the Li;Si,Os crystal).*® The increasing number of NBOs in the
melt is thus reflected in the first coordination sphere of Li,
which is clear evidence of an increasingly modifying role of the
alkalis.

At medium-range distances, the mean Li-B distance increases
by about 0.04 A in the melt, resulting in a greater separation of
the Li ions from the B atoms in the melt. Li atoms are connected
to the borate units through NBOs in the melt. The Li-(NBO)-B
angles are likely to be larger than the Li-(BO)-B angles, because
NBOs are linked with two atoms (1 B+1 Li), while BOs are
linked with three atoms (2 B+1 Li). Because of simple steric
hindrance, the mean Li—O-B angle is thus expected to be larger
in the melt (Table III), which implies a larger Li-B mean dis-
tance. Furthermore, the Li—B peak presents significant decrease
in intensity and an apparent narrowing, contrary to a broaden-
ing expected by a thermal disordering. These changes are again
in agreement with less Li-B connections and, thus, less Li-pol-
yhedra connected to the borate network in the melt than in the
glass.

(2) Relationship Between Structural Changes and Properties

(A) Relation to Melt Fragility:  Alkali borates are fragile
melts whose configurational entropy rapldly decreases at T,
contrary to strong melts such as B,O3.*® In alkali borate melts
the source of configurational entropy lies in the modifications of
the boron coordination and the alkali environment, which can
be written as

BO, + Li®™ & BO; + NBO + Li™ (1)

where Li®®™ and Li™®? refer to the compensating and modify-
ing positions for Li.

The two structural modifications of the borate network at
high temperature, /B to PIB conversion, and rupture of the
borate rings involve the breaking of a B-O bond, which yields
similar values of enthal}logy change, AH: 13-37kJ/mol for the
equilibrium reaction (1), ~ and 27 kJ/mol for rearrangement of
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the borate rings.®> Another thermodynamic value of interest is
the heat capacity, because the variation of the heat capacity
above T is ascribed to configurational changes.! Similar values
are found for the mean change in the heat capacity associated
with the boron coordination conversion (AC,=AH/
(T\—T>)=75J-(mol-K)~" for LB2) and the calorimetric dif-
ference in C,, (71 J - (mol - K)~! for LB2).%° Therefore, the B to
BIB conversion corresponds to the main source of configura-
tional changes in alkali borate s?/stems. A similar conclusion has
been deduced from an in siru "B NMR study on alkali borate
glasses.>

A greater difference in the heat capacity difference, AC,, can
be found for KB2:27 and 42 J- (mol-K)™' from the neutron
data and calorimetric measurements, respectively.'® This indi-
cates that other structural changes, possibly at the medium-
range distance, may provide a significant contribution to the
heat capacity jump at 7. Indeed, K-borate glasses are known to
have a higher amount of NBOs than Li borate glasses and thus
less BO, tetrahedra to convert.” Furthermore, Raman spectra of
KB2'® show the appearance of new bands in the liquid state,
contrary to NB2!® and LB2 (present study). These bands close
to 900 and 1100 cm ™' could be associated with borate groups
containing NBOs, and could thus be an indication of a high
amount of NBOs in potassium borate melts. More NBOs will
favor the disruption of the network and the flowing of large
borate arrangements, which imply structural modifications at
medium-range distances.

On the contrary, in pure B,O3, a rearrangement of the borate
network with no boron coordination change has been observed
in the liquid state,''™'* which yields a small amount of config-
urational entropy. This agrees with the strong character of the
B,0; melt compared with alkali borate melts. Similarly, alkali
silicates are stronger melts than alkali borates, because temper-
ature-induced structural changes are less important and reside
mainly at medium-range distances.*!

(B) Alkali Environment and Ionic Diffusion: The envi-
ronment around alkalis is significantly changed when the tem-
perature increases, as evidenced in the case of Li. Such structural
changes can have important consequences on the mobility of
ions, as alkali diffusion is a thermally activated process. Indeed,
the number of mobile ions in borate glasses has been shown to
increase from glassy to liquid state.*? In borate melts, alkali are
increasingly found in modifying positions, which should pro-
gressively favor the ionic migration. This is confirmed by MD
simulations that have shown that Li mobility increases with the
presence of NBOs in the local Li site of various oxide glass-
es.2*** This suggests a relationship between the enhanced mo-
bility of Li ions in the melt and NBOs, which could be the
existence of regions enriched in alkalis and NBOs. Alkali cations
move via hopping through these preferential diffusive path-
ways.**7 Such spatial segregation of Li and NBOs has been
evidenced in Li borate glasses and melts by MD simulations.®
The Li—diborate glass contains few NBOs, and neutron diffrac-
tion data are not able to detect whether these NBOs are segre-
gated around Li ions. The situation is different in the melt,
which contains more NBOs than in the glass. Our neutron dif-
fraction data give strong support for an association between Li
and NBOs by considering the shortening of the mean Li-O dis-
tances in the melt. Moreover, the evolution of the second peak in
T1i(r) is explained by fewer connections between Li and the
borate network in the melt than in the glass, which is indirect
evidence for a segregation of Li cations. An understanding of
the melt properties thus requires a detailed characterization of
the alkali environments at high temperatures and structural
modifications between glasses and melts.*!

V. Conclusions

The proportion of boron in tetrahedral sites, N4, has been
shown to decrease between the glass and the liquid in alkali di-
borate glasses. This coordination change is associated with the
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formation of NBOs. High-temperature Raman investigation
makes it possible to deduce the variation in N4 independently,
in excellent agreement with neutron diffraction results. Raman
spectra show the disappearance of the associated borate groups
containing BO, tetrahedra with increasing temperature. The al-
kali environment is affected by these changes, which was eval-
uated in the case of Li by using neutron diffraction associated
with isotopic substitution of Li. A modification of the structural
role is observed: Li is associated with BO, tetrahedra in a
charge-compensating site in glasses and with NBOs in a mod-
ifying position in liquids. The boron coordination change ac-
counts for the main part of the configurational changes and is
thus responsible for the fragile character of alkali borate melts.
This suggests that structural reorganizations with temperature
are related to the dynamic processes above T,. The modification
around alkali environments, in particular, the increasing contri-
bution of NBOs in the first coordination shell in the liquid state,
contributes to the increase in the ionic mobility.
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