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High temperature electrochemical synthesis is a very promising method for the production of refractory boride
powders and coatings. The Na,B,O;—NasAlFs binary system is part of the more complex NaCl—-NasAlFs—Na,B,07—
TiO, electrolyte proposed for TiB, electrosynthesis. A new approach by high temperature and high resolution solid
state nuclear magnetic resonance was employed for the structural description of this system, from the solid at
room temperature to the liquid at 1100 °C. The change in ?7Al, 22Na, !B, and **F NMR spectra with composition
give evidence for the insertion of aluminum into the glassy network of Na,B,O; as [AlO,] and diluted [AlFg] units
as well as formation of [BOF,] groups into solidified mixtures. A devitrification mechanism of glassy Na,B4O; under
influence of NazAlFs addition and temperature was discussed in terms of lowering boron coordination and obtaining

oxyfluoride species.

Introduction

Titanium diboride (TiB) powder has several unique

properties, particularly its high melting point (2980), high

nism in the production of TiBhas not been elucidated due
to inadequate structural information. It was previously
proposed that the electrosynthesis mechanism in this oxo-

electrical conductivity, hardness, and chemical stability fluoro-electrolyte involved the cathodic discharge ofsBF
toward attack by corrosive molten fluorides and molten and TiR?~ anions. Our preliminary wof using IR and
metals. It is thus an excellent precursor for obtaining high Raman spectroscopy to investigate structural aspects of the
temperature structural ceramic composites with many ap- N&BsO7—NaAIFs system revealed the modifier role of Na
plications. These include use in heat exchangers, as weaflFs for the vitreous structure of NB4O; by the formation
resistant elements in cutting tools and forming dies, and ©f new BR~ and/or BQF*" anions as a result of the appro-

cathodes in HattHeroult cells for the electrolytic production
of aluminum!=2 Among the different methods of boride

priate substitution of & and F. Further, in a lower concen-
tration range of N#B,0; (20—60 wt %), anionic complexes

production, the high temperature electrochemical synthesisAIFx*~®~ (x= 6, 5, and 4) were thought to coexist in melts.

of TiB, powder with controlled particle size in molten Na

However, further structural information by NMR spectros-

AIFs—NaCl electrolyte containing oxygenated compounds COPY is required to understand the mechanism of devitrifi-

of titanium (TiQ,) and boron (NgB4O-) has proved promis-

ing for many years.However, the electrosynthesis mecha-
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cation of the borate structure asdi#-¢ content is increased.
The current understanding of the local structure of borate
systems, extensively investigated by NMR spectroscopy,
usually considers only alkali borate and borosilicate gla&es.
When fluorine is incorporated into the borate glass network,
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NMR of Molten NagAlF ¢—Na,B40O;

one or two oxygen atoms in the B@nd BQ configurations
can be replaced by fluorine and lead to B(Q#&)d B(O,F)
units that are associated witlB NMR line shape modifica-
tions210 This partial substitution of fluoride for oxide can
cause a significant lowering in melt viscosity and increased
diffusion coefficients, features that are important for the
electrolyte when planning to obtain TiBFrom B MAS
experiments at room temperature, the relative proportion of
four- and three-coordinated boron4Ns; ratio) species can
be easily quantified, the former ones correlated with a glassy
structure.

From solid stat&’Al and ?Na MAS spectra, the coordina-
tion state and local symmetry of the different structural units
can be quantitatively determined. Empirical correlations
established between experimental chemical shifts and struc
tural parameters now allow us to discriminate between
different AI-O and A-F configurations. Accordingly, the
27Al chemical shifts of oxides fall into well separated
ranges: 56-90, 35-40, and+20 ppm for AlQ,, AlOs, and
AlOg, respectively, while aluminum atoms in solid alkali
fluoroaluminates are essentially octahedrally coordinated with
F. Also, the reported’Al chemical shift range lies between
—15 and+1.4 ppm, at least 20 ppm more shielded than AlO
octahedra in aluminum oxidé*?

As TiB; electrosynthesis develops in the molten electro-
lyte, NMR measurements in situ at high temperature are
crucial for understanding the structural changes occurring
in the molten phase, not only from the practical point of
view but also from fundamental considerations. High tem-
perature?’Al NMR studies® % in molten alkali fluoroalu-

minates have extended the known set of chemical shift values®

to well separated ranges for the AJFAIFs, and AlR
configurations. Thé’Al NMR spectra obtained for equimolar
mixtures of MFAIF; (M = Li, Na, K) evidenced a chemical
shift range for Al coordination between 34 and 45 ppm.
Conversely, empirical correlations, between average®a
and Na-F bond lengths and th&Na isotropic chemical shift
in crystalline oxide and fluoride compounds, can also be used
to understand better the development of structure in molten
materialsté18
Although the similarity between the glass and the corre-
sponding melt structure is still in debaf&® using the line
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Table 1. Nominal Composition of Investigated Binary Mixtures
NagAlFs—NaxB4O7

sample wt % mol %
0B 100:0 100:0
20B 80:20 79.31:20.69
40B 60:40 58.97:41.03
60B 40:60 38.98:61.02
80B 20:80 19.32:80.68
100B 0:100 0:100

width and position of in situ high temperature spectra,
structural development, and species exchange can be ex-
plored in these liquids. Peaks narrow significantly when the
viscosity of the liquid becomes sufficiently low and allows
rapid reorientation of structural units and averaging of the
quadrupolar broadening to occur.

In this study, we examine the mutual influence of the two
components on each other structure, the modifying effect at
low content of cryolite, and the development of boron and
aluminum speciation to form new oxyfluoro species.

Experimental Section

Sample Preparation. NaBF, (Acros) of 98% purity, reagent
grade NgAlF¢ (Merck), and NaB4O7-10H,0 (Reactivul Bucharest)
were used as supplied. Anhydrous,RzO; (sodium diborate) was
obtained by slow dehydration of PpByO;-10H,0O (Borax) at 320
°C and subsequent heating of the salt up at@@or 10 min. The
appropriate mixtures were homogenized, melted, quenched, and
stored in a drybox. Six different compositions of the binary system
Na,B,O;—NagAlFg, Table 1, were studied.

Nuclear Magnetic Resonance SpectroscopyAll the NMR
pectra were recorded using a Bruker DSX 400 NMR spectrometer,
operating at 128.3, 104.2, 105.8, and 376.4 MHz Y, 27Al,
23Na, and!9F, respectively.

Room temperature magic angle spinning (MAS) NMR spectra
were acquired with a high speed MAS NMR probe (Bruker). Finely
ground samples were spun at 35 kHz in 2.5 mm ZrGtors,
previously filled in a glovebox. All spectra were measured with
short pulse excitations, using a typical &% pulse length fot'B,
27Al, and?3Na and 1.2us for 1°F, recycle delays of 1 s, and spectral
widths of 1 MHz. Free induction decays (FIDs) from 1024 to 2048
were collected to obtain a good signal-to-noise ratio. Owing to long
relaxation times!°F measurements were carefully adjusted in order
to avoid any saturation of the signal. The recycle delays were
typically of few seconds, and the pulse durations were loweréd (
6).

In situ high temperature NMR static spectra were obtained using
the high temperature laser heated system developed at CRMHT-
CNRS in Orleans (France), previously described.

The various spectra were acquired using a single pulse sequence,
with 7/2 pulses, a recycle delay of 1 s, and B8 accumulations.
Samples, 7675 mg, in an argon drybox were placed in a boron
nitride, BN, crucible and tightly closed by a screw cap. The samples
were melted and heated directly up to 108D and their spectra
collected on cooling. To limit evaporation and melt composition
change, measurements were limited to 5 min duration at each
temperature2®Na and?’Al spectra were recorded in succession
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while 1F and1B spectra were obtained from a fresh sample under
the same conditions. *)

The reported high temperatutéB spectra required correction
from a broad probe-head signal due to the presence of boron in the
crucible material (BN) as well as in the probe assembly. The
temperatures reported here are accurate wittiriC. The various
27Al, 23Na, 11B, and!°F chemical shifts were referenced to 1 M
aqueous solutions of Al(N£s, NaCl, (GHs),OBF;, and CFC,
respectively.

The?7Al, 2°Na, and''B MAS NMR spectra are characteristic of
quadrupolar nucleil (= 5/, and?®,). The MAS spectrum of the glass
consists of an asymmetric broad line corresponding to the central ®) ,

3-Y/, < Y,Oransition and spinning sidebands arising from the outer 80B
33, < +Y,[Aransitions (thed-5, < +-3/,[transitions are generally
too wide to be detected). The isotropic chemical shift and the
quadrupolar coupling constant, as well as the relative population 60B
of the boron bearing units,Band By, were calculated according
to previously discussed protocols, employing the software Dmfit
developed by D. Massiot (CNRS, Oalies, France}*

Spectrum

Model

100 75 50 25 0 -25 -50 -75
(ppm)

40B

Results and Discussion

MAS NMR Spectra at Room Temperature. The fast
MAS NMR spectra, obtained for the nuckAl, °Na, 1B, 208
and'°F at room temperature, showed the local development
of NaB4O;—NagAlF¢ solidified melts. Thus, af’Al MAS
spectra recorded (Figure 1A) consist of an intense symmetric Pure cryolite
line at 0 ppm with spinning sidebands associated with a
relatively low quadrupolar interaction (QC€ 2.3 MHz), S T O O S S RO SO
assignable to the A~ octahedral site in solid cryolite, and 126100 75 80 25 Qa3 90 75 100 125
a more asymmetric peak, with a typical quadrupolar shape.F_ L MR Al fast MAS NMR o th
This latter contribution, associated with a high quadrupolar F19u & -NQFBEO;‘,’\{Q@Z\?E‘GF’SESIE)S. (B‘;"szpectﬁj NMR speatra for the
coupling constant (QCCx 8.7 MHz) and an isotropic g sample.
chemical shift at 75 ppm, can be unambiguously assigned
to AlO,~ units. Figure 1B reports the modeling of the 80 B . ) ) .
spectrum, with the decomposition in two distinct quadrupolar _ This feature is also observed in tfif\a spectra (Figure
contributions 2). Accordingly, the**Na spectrum of the 80 B mixture is
Insertion of Al in the glassy borate network is thus clearly Similar to that of pure N#-2B,0Os, showing the homoge-

shown in the spectrum of the 80 wt % a0, mixture, 80 neous insertion of cryolite in the glassy network.

B, where the peak corresponding to the &lFsite exhibits Further additions of cryolite induce the superposition of
a typical dissymmetric shape with a sharp left edge and a WO contributions originating from cryolite and b& Oy,
trailing right edge?? the general case for amorphof/al respectively. Chemical shiftsdif;) and QCC values for

spectra, and this band is hence associated with a distributiorf"yolite contribution are constant and equal to those reported
of the NMR parameters due to a disordered environréient, N the pure material while in the case of the vitreous
This behavior was earlignoted in the IR spectra of binary ~ contribution, a slight shift odis toward higher values, from

mixtures with high NaB,O; content, where it was suggested 3 t0 13 ppm, was noticed on increasingsAli s content from
that AIR~ anions were diluted in the glassy diborate matrix. O to 80%. In accordance with the correlation established by

For samples with a higher content of J&F, the 27Al previous workerd®8 an increase in theNa isotropic
spectra are just the superposition of the cryolite and,Al0 Cchemical shift can be associated with shorter averagea
signals. However, no visible increase in relative intensity Pond lengths. This observation is in good agreement with
was observed for the oxide peak, compared with the 80 B the modifier role of NgAIF¢ and a higher number nonbridg-
spectrum. The concentration of the aluminum contribution N9 0xygen and/or fluorine atoms in the glassy network.

to this signal is around 10%. 1B MAS NMR spectra (Figure 3) show a partially
resolved powder line shape, corresponding ta;BGd BQ
(21) Massiot, D.; Fayon, F.; Capron, M.; King, I.; Le Cal\&; Alonso, sites with an isotropic chemical shift at 21 and.5 ppm,

g-r?]e'?nwz%%dz' 250 Buloll, B, Gan, Z;; Hoatson, ®lagn. Reson. respectively. The relative proportion of boron atoms with
(22) Massiot, D.; Mier, D.; Hibert, Th.; Scheider, M.; Kentgens, A. . three and four ligands can be calculated by computer

liﬂfggé% B.; Coutures, J.-PSolid State Nucl. Magn. Resalf95 5, synthesis of their individual spectra. Thus, spectral simulation
: o 0,
(23) Simon, S.; Van Moorsel, G. J. M. P.; Kentgens, A. P. M.; De Boer, of a _Nabo .28_203 glass gave 45% of boron a.toms as ‘BO_
E. Solid State Nucl. Magn. Resoh995 5, 163-173. species within the glass. When the cryolite content is

3886 Inorganic Chemistry, Vol. 42, No. 12, 2003



NMR of Molten NagAlF¢—Na,B40O7

200 150 100 50 0 50 -100 -150 -200
(ppm)

Figure 2. 23Na fast MAS NMR spectra evolution at room temperature

with NagAlF¢ contents.
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Figure 3. 11B fast MAS NMR spectra for different NB4O;—NagAlFg

mixtures.

increased, this /B,y ratio is augmented, as a result of the
depolymerization effect of cryolite on the borate network
increasing the number of BGpecies or new B(O,E)To
explain this process, we must take into account the;AIF

-50

40B

* Jk *__ (A

-50 -100 -150 -200 -250 -300

(ppm)

Figure 4. 19F fast MAS NMR spectra of N@,O;—NagAlFs mixtures.
The spectra of pure cryolite (A) and NaF (B) are reported on the same
figure for comparison. Spinning sidebands are marked with asterisks.

dissociation in the melt&'*and the formation of oxyfluoro
species, as follows:

AIFE —AFX 3 +(6—xF (x=4-6) (1)
BO,+yF — B(O,F),+ (4 — y)NBO )
AIF %" + NBO— AIF, O3 + 27~ (3)

where NBO means nonbridging oxygsns between 1 and
4, andz is less than 6.

While the 4-fold coordinated boron atoms tend to increase
the number of fluorine ligands at the expense of oxygens,
aluminum atoms seem to prefer oxygen atoms afBh@;
content increases. In this way, the presence of ,Al@as
clearly evidenced on th&Al MAS spectra. We note that
the oxyfluoro species formed could contain one or two
nonbridging fluorine atoms (NBF), according to Shelby’s
theory. The last step of depolymerization is described by
gradual conversion of theBatoms into B;:

B(O,F),— B(O,F), + NBO/NBF (4)

The'B line shapes should be strongly modifiedBO,F
structural units are present in the glass at room temperature,
due to the dipolar interaction between boron and fluorine,
while only a slightly dipolar broadening is expected for
B(O,F), units. However, we have not noticed a net modifica-
tion of the NMR line shapes, expected as evidence for such
species.

On Figure 4, we have reported the comparative develop-
ment of the'®F MAS spectra of various binary mixtures and
the pure compounds NaF and & Thus, the 40 B
spectrum has two main components, corresponding to the
cryolite (0 = —190 ppm) and NaFR{= —225 ppm) signals,
and a small broad peak which arises at arouidlO ppm.

Inorganic Chemistry, Vol. 42, No. 12, 2003 3887
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Figure 5. High temperaturé’Al NMR spectra of (A) pure NgAlFg and
(B) 20 B mixture, over 9861120°C temperature range.
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Figure 6. 27Al HT NMR spectra of some binary NB4O;—NasAlF¢ melts.

The intensity of the last contribution augments as the
NaB4O; content increases. As for tH&~ spectrum of the

80 B composition, all features are considerably enlarged due
to the structural disorder existing in the glass. Moreover, the

presence of the broad “NaF” signal confirms not only the
formation of a small quantity of Al species, previously
mentioned for thé’Al MAS spectrum, by means of reactions
1 and 3 but also the insertion of cryolite into the glassy
network.

According to the data in the literatufehe peak at about
—140 ppm can be assigned to isolated terminal BQits

Bessada and Anghel
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B i 840 °C
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Figure 7. Temperature evolution of th&®™Na NMR spectra for:
NaB4O7 and (B) N@A”:s.
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Figure 8. 23Na HT NMR spectra of NaB4O;—NagAlFs melts.

to better understand the structural evolution in these melts,
we now report in situ high temperature NMR measurements
in liquids followed by spectral development with temperature
and composition.

High Temperature NMR Spectra. High temperature

strongly bonded to boron atoms. Instead, the absence of thestatic?’Al spectra in molten NaB,O;—NagAlF mixtures at

lines at—162 and—120.8 ppm gives the evidence of the
lack of BF, and BQF; groups into solidified mixtures.
Changes in thé&’Al, Na, and'®F chemical shifts show
the insertion of (Al,F) species into the borate network. The
increase in the B@population can also be attributed to the
insertion of the small fluorine content in the glass. In order

3888 Inorganic Chemistry, Vol. 42, No. 12, 2003

980 °C, illustrated in Figures 5 and 6, consist of a single
line due to rapid exchange between the different species in
the melt. The Lorentzian line shape shown indicates a
complete dynamic averaging of the quadrupolar interaction,
and the position of the lines is hence the weighted average
of isotropic chemical shifts of the individual species.
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Figure 9. Temperature dependence 3B NMR spectra for 100B in the 615980 °C temperature range.

Since cryolite and the 20 B mixture are not fully molten g s (ppm)
at 980°C,4the high temperature solid phagh 6f cryolite,
consisting of AIR®~ units, gives a broad signal at 3 ppm. (A)
Above the melting temperature, at 108D, the spectrum of | *
cryolite is now narrowed and shifted to 19 ppm, typical of 141
a rapid exchange between the different possible coordinations 12
AIF, (wherex = 4—6). Signals in net liquids, th&Al spectra 10 |
of both cryolite and the 20 B mixture, are compared in Figure
5.

Variation in these chemical shifts, from 19 ppm for pure
cryolite (Figure 6) up to 50 ppm for the binary mixture with
80% of NaB,Oy, reveals a clear influence of the oxygen
atoms on the aluminum environment, also pointed out by : : : : :
reaction 3. 750 800 850 900 950 1000 1050

The?*Na spectra at 980C are illustrated in Figure 7 for T(C)
pure cryolite and the diborate forming glass melt. As
mentioned already, at 98C, since cryolite is in th@ phase
the signal is now broader than in the melt, with a chemical  ,5,
shift of —8.5 ppm, close to that of the mel;7.5 ppm. In B)
the glass, the peak position remains unchangedlappm
over the whole temperature range. On cooling, the line is

b

* vt
%
L
L2 3

o N » O @
L L

B linewidth (Hz)

2000

merely broadened, due to the increase in viscosity. The -
2Na spectra variation with melt composition shows a net :
shift toward lower chemical shift values, froml ppm in 1000 .
the glass forming melt N&®-2B,05; to —6 ppm in 20 B and N m
—8 ppm in pure cryolite (Figure 8). This confirms the 500 | ¥ . * N
progressive substitution of oxygen by fluorine around sodium . 3 g
atoms in the melt. 0
The high temperaturé'B NMR spectra for NgB,0,— 750 800 850 900 950 1000 1050

NasAlF¢ melts (Figure 9) show chemical shifts that can be T¢°C)

treated as a weighted averagedgf corresponding 10 B 0,0 10, 118 chemical shiftsgio, (ppm) (A) and line widths (Hz) (B)

and BQ species. At 980C, in the molten diborate (100 B),  with temperature evolution in the BB,O;—NasAlF s melts. B100 #), B80

a chemical shift of 14.25 ppm would correspond to aaBO (@), B60 (x), B40 (+), B20 (a).

BO, ratio of 66:34 compared with 48:52 for the glass at room

temperature. This behavior is clearly correlated with conver- Sen et af. have studied borate, borosilicate, and boroalumi-

sion of BQ, units into BQ with a temperature increase, even nate liquids up to 1500°C and reported temperature

in the absence of a modifier salt. dependent changes above 10Q0similar to the conclusions
In order to avoid loss of cryolite by evaporation above reached here but in absence of fluoride. Below 980we

1000°C, the maximum temperature we used was 980 did not notice a shift in the position of tHéB line in the

Inorganic Chemistry, Vol. 42, No. 12, 2003 3889
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Figure 11. 1°F HT NMR spectra of NzB,0;—NasAlFs melts.

various compositions: the chemical shift stayed constant atoxyfluoride species of either 3pr sp boron atoms existing

14.5 ppm. The change in structure is thus rather complex,in the binary melts is still a matter for further structural

and the fluorine present in the liquid must involve new investigations.

species. Moreover, the influence of cryolite content on the

spectra is also apparent on line width modifications (Figure Conclusion

10). The 20 B binary mixture exhibits the narrowest line, ) o

which can be associated with weaker polymerized liquid and NMR investigations of the NAIFs—N&B,O; system

lower viscosity. Thus, at elevated temperature, reaction 4 revealed the posgble scenario of the devitrification process

can occur after the breaking up of large borate ring type units pf a borate matrix to us. At f|_rst, glassy_ bqrate connectivity

(diborate, tetraborate, and pentaborate units) containing B 'S Weakened due to appropriate substitution éf @nd F

These high-membered boroxyl rings were earlier evidénced and formation of oxyflgoro species of boron atoms with one

by Raman spectroscopy to convert to 3-fold boron speciation ©F W0 NBFs. Further, increasing B(O gfontent was noted

in binary melts. u_nder the cryo_llte modifying effect. Moreover, Iar_ge_ boroxyl
The !°F spectra recorded in the binary melts (Figure 11) 'nNgs are partially destroyed in favor of,Bspeciation at

show the strong influence of boron atoms in the local €lévated temperature.

environment of the fluorine atoms. Starting from pure molten  Influence of oxygen atoms on the aluminum environment

cryolite at—190 ppm, the signal moves towardl72 ppm was evidenced not only on solidified samples, by formation

in 80 B, near the—158 ppm signal originating from the  of small amount of AIQ™ groups, but also in melts.

NaBF, melt where only the pure “Na,B” environment exists

for fluorine. The same line enlargement observed for the

other nuclei is clearly noticed in the case of the glass forming

melt 80 B. This confirms the conclusions drawn from the

observation of the other nuclei. However, the type of 1C0260740
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