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Résumé : Les spectres TR et Raman de 1'ion pentaborate (B0 g} «isolé» (pré-
sent dans le compos¢é NayCa B;0,q) sont préscatés ct discutés en relation avec la pré-
sence éveotuelle de cet ion daps certains verres de composition métaborate {ou proche).

La présence de 3'ion pentaboraie «isolé» dans les verres est élayée par la forte ana-
logie qui cxiste eatre les spectres [R de NajCa B0 (g cristollisé et vireux. De méme,
le spectre Raman de Na;Ca B;0,p cristallisé moolre 4 576 cm-1, up intense pic carac-
léristique que 1'on rctrouve ausst dans les spectres Raman des méiaborates MYBQO,
(M* = Na...Cs) vitreux publiés dans Ja liftérature On en déduil que 1'ion pentaborale
(Bs0Oy0)5 «isolé» peut étre une des umilés structurales présentes dans ces types de
verres. Cet ion disparait rapidement et est remplacé par d’auires unités structurales :

L. Lorsque le rapport catonfanion est (rés différent de celui de 1a composition
mélaborate.

2. Lorsque pour une composition méaborate la nature chimique des cations est telle
que les liaisons calion — oxypéne ne sont pas forlement ioniques.

Mots—clés : ron pentaborate, cotaposition, métaborate, enité seructurale, spectres 1R,
Raman

[ - INTRODUCTION

Since the initial work by Krogh-Moe on the IR spectrum of borates,
numerous papers have been devoted to the study of the vibrational
spectrum (IR and Raman) of crystalline and giassy borates, one of the
main goals of such studies being the identification of the structurat
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unjts existing in the glasses (see e.g.li-3]). Recent work in this field has
evidenced an unexpected diversity of structural units, even in glasses
with a simple metaborate composition M*BO, (M+ = Li, Na...Cs) :
the Raman spectra are interpreted by the coexistence of a number of
structural units going from complex associations of BO, and BO,
groups to isolated pyroborate (B;O4)% ions 13). We show here that the
discrete pentaborate jon (BsO;o)® (existing in the structure of
Na;Ca B;0;o ), but never considered in previous work on glassy
borates) is a probable structural unit of such glasses.

II - EXPERIMENTAL

Synthesis of both the compounds and glass

The cornpounds Na;CaBs0,4 and Na,SrB;O,, together with inter-
mediate compositions Na; (Cal-x Srx} BsO,, were synthesized by
conventionnal solid state reaction techniques.

The stoichiometric quantities of the reagents (NaHCQ;, CaCOx,
StCO;, H3BO;, all of anatytical purity) are well ground and mixed,
and very progressively heated in covered platinum crucibies, first to
200°C, and then slowly up to 800°C with intervening mixing and
grinding. This final temperature is maintained for 2 or 3 days, until no
modification is observed in the x-ray diffraction pattern.

The formation of glasses was altempied by melting a small quantity
of prereacted powder on a platinum sheet at about 1100°C, and air - or
oil-quenching. Only thin flakes were obiained : we were pnable to
prepare bulk quantities of these glasses. The lack of crystalline phases
in the resulting glass was checked by x-ray diffraction.

IU - RESULTS AND INTERPRETATIONS

Dyfferentiat thermal apalysis of vitreous Naggg BsOyq

The DTA curve exhibits nearly at 490°C an exothermic peak corres-

22



J. Soc. Cuest-Afr. Chim. (2001) ; 012

ponding to the crystallisation of the glass (leading to crystalline Na;Ca
Bs0O,q), and a broad endothermi¢”event nearly at 850°C due to the
incongruent melting of the compound.

X-ray diffraction

So far, the discrete pentaborate ion (BsO;¢)*" has been evidenced
only in the structure of NayCaBs0, 14). We have accordingly investi-
gated the possibility to replace the Cay+ cation by either Sr2+ or Cd?+.
X-ray powder diffraction shows that the Ca2* and Sr2+ compounds are
jsomorphous, with a continuous series of solid solutions Nas(Ca,
Sx)Bs0p. Solid solutions Naj {Cal-x Cdx)BsO, can also be prepared,
but only in a limited range (0 < x < 0.75). The existing results do not
allow to decide whether the composition Na;CdBsO, corresponds to
a definite compound or to a mixture. Additional work on these
cationic replacements is presently going on and the results will be
published later on.

Infrared spectrum of crystalline NalCaBiQm
The strongest bands appearing in the 1500-700 cm} range (Fig. 1)

can be more or less arbitrarily distributed over four spectral regions,
namely 1500-1350, 1250-1200, 1100-900 and 800-700 cm-!. All these
bands exhibit a significant "B-10B isotopic shift (Table 1 ; B stands
for boron with natural jsotopic composition, namely.81.17 mol% of
1B ; 19B stands for boron containing 94 mol% 10B). In view of both
the complexity and low symmetry of the structure, it is not possible to
propose detailed assignments for the individual bands. But consideration
of the B-O distances, and comparison with the spectra of other appro-
prate borates lead 10 a reasonable mterpretal:on of the different
absorption regions. : S
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. Raman Infrared

Na3Ca(BSOiO) Na3Ca(B501 0) Na3Sr(B5010)

g 101 ap 198 g

15335 vw 1475s 1525 1455

1495 s 1543

1430 vw

1397 w 1440 1395s 1448 1395

1294 w 1333 1336 vw 1353 1318

1232 vw 1263 1212s 1248 1235,
1185s 1217 1200
1080 vw 1082
1053 s 1080 1057
10165 1026 1030+ 1017

950 vw,sh 966 9485 055 936

948

938 s 937

922w 9205 935 520

785w 795 784 s 794 776

762 m 778 754 w 760 753

757

753 vw 750 T17s 734 723

695 m 720  708+70lw 703 708 + 698

629 mw 633 627 w 635 628

617 w'

576 vs 583 580 vw 585
519 m 522 513vw 516 508
484 m 436 480 vw 483 :

374 vw 372 390 m 390 415+ 385
316 vw 317 320 m 320

290 vw 291
279 vw 278 not investigated
226w 224

The frames indicate the strong Raman bands which arc also
observed in the Raman spectra of glasses with or near
a metaborate composition.

TaBLE | - Vibrational spectrum of the pentaborate ion (85010)5’
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Figure 1 : Infrared spectrum of crystalline (full line) and glassy (dashed line)
Na3Ca (85010).

Lepunoerusedon %

The frames indicate the strong Raman bands which are also observed
in the Raman spectra of glasses with or near a metaborate composijtion.

Some relevant data are collected in table 2. They show that the
condensation of BOjy triangles, into either chains or rings, leads to two
types of B-O bonds and of B-O distances, namely short B-O- bonds
(oxygen bended to a single B atom, or non-bridging oxygen, the negative
charge being compensaled by the neighbouring cations), and longer B-
0O-B bonds (labeled B-O bridging). The corresponding B-0 steetching
frequencies are accordingly split into two bands or groups of bands,
centred near 1400 and 1200-1100 cm!. Still longer bonds and lower
frequencies are found for the BO, tetrahedra (as examplified in Table
2 by Fe;BOg). These three regions appearclearly in the IR spectrum of
crystatline NayCaBsOy (Fig. 1 and table 1) and of isomorphous
Na;8rBs0) .
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These three possibilities are also represented in the pentaborate-hydrate
anion [BsOg4 (OH),]- existing, e.g. in K [B;O4z(OH),}. 2H,0l8l
Howcver, the vibrational behaviour of this hydrated anion!® is somew-
hat different from that of the correspording anhydrous anion (BsO )5
considered in this paper for at least two reasons :

- The external B-O- groups of the ashydrous anion are replaced, in
the hydrated anion, by B-OH groups in which the B-O distances are
slightly, but significantly longer (probably in celation with the partial
covalent character of the O-H bond).

- The vibrational frequencies of the B-Q stretching and of the B-OH
bending motions are of the same order of magnitude and can be more
or less strongly coupled, as demonstrated by the study of the deuterated
anion 191,

TapLg 2 1 Correlations between the types of B-0 bonds, B-Q distances and
B-0 IR stretching frequencies

Compound Types of H- B-0 Vicm =1) Réf.
O bonds | distances ()
LiBO7 Chain of BO3trangles -0 - 133 1400
B-Obridge 1.38-1.4G L1150-2 100 (5]
- Baz (B306)3 B3O nogs  |B-O - 1.32 1400
of BO; triangles B-Obridge | 1.40-140 | 1250 [6)
Fe3BQy discrete BOy B-O -~ 150 (x3) and| 860+ 82¢
tetrahedra 144 (025 n
B0 - {3 1400
Na3CaB ;10 discrete n By
(B 50105 pentaborate ions B-%%‘i}dgc- 1395 1200 4]
in
B-Obridge | 1.47 1000
in BO4
B-OH
K [Bs0g (OH)4). 2H:0 B-Obridge | 1.35-1.36 1360
Hydraied penaboraicions | in gg}gd 135-138 | 1250 18]
. -Obridge
50504 in BO, 147-1.48 | 1000
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The bands of the 800-700 cm-! region are due, at least in part, to
bending motions {in plane and out of plane) of the B3O rings 1, but
the complexity of the pattern is much greater than that observed in the
spectrum of Baz (BO,)¢ (whose structure also contains (B;0¢) nings,
but not BO, tetrahedra).

Ttic lower-frequency bands are weak and even very weak. The band
at 320 cm! in the specrum of the Ca compound is missing in the spec-
trum of the St compound ; this suggests its assignment to a Ca2* trans-
lation, in agreement with previous results on CaB,045) and
Ba,Ca(B;0),151.

amay spectrum

As far as the relative intensitics are concerned, the general presenta-
tion of the Raman spectrum is rather different from that of the IR spec-
trum, with only three strong bands (plus a number of bands of weak to
medium intensity) at 1495, 938 and 576 cm-! (Fig. 2). The first one,
with a large 10B-nB isotopic shift (1543-1495 cm-l) is clearly due to
a B-O- stretching vibration. The 938 cm! band exhibits no significant
10B-nB frequency shift (Table 1) : it has been tentatively assigned to
a motion more or less similar to the totally symmetric mode V1 of the
free (BO)> anion : a similar, very strong band is observed at 919 cm?
in the Raman spectrum of the hydrated pentaborate ion [BsOg(OH),I-
(10), This assignment js however an approximation, since no strong
band js observed in the Raman spectra of the metaborates BaB,0, and
BayM,+ (B30g), (M2+ = Mg, Ca, Cd), whose structure contains also
{BO;) groups forming (B304} ring anions : these compounds exhibit
only weak to very weak bands in the same spectral region [0). Thus, the
existing results suggest that the )arge intensity of this band is correlated
‘with the occurrence of BO; groups in some specific ning structures,
probably contdining also BOy groups.
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The 576 cm! band (583 cm! in the 10B borate ; 567 cm! in the Sr
compound) is the strongest of the spectrum. A similar, very strong
Raman band is observed in the 560-550 cm-! region for different com-
pounds containing the hydrated pentaborate ion [B5Og(OH),4]- t10. 111

A definite assignment of this band has been considered difficuit (as
it is generally the case for fairly low frequencies exhibited by complex
anions) in SOMe previous papers.

It has been first assigned to some vibration of isclated diborate
groups containing non-bridging oxygen 1, or to some beading (out of
plane) vibration of the BO; group in the ring {101, Kamitsos et al. [12]
have pointed out the considerable interest of the 600-450 cm-! region
for the structural study of borate glasses, and the complex origin (dibo-
rate, triborate, pentaborate groups) of the bands observed in this fre-
quency range. For alkali glasses with {(or near) the metaborate compo-
sition, a strong Raman band is observed near 550 cm! ; it is teniatj-
vely assigned to the symmetric stretchiog vibration of « loose » BO,
tetrahedra (131, ie. «Tetrahedra connecting various segments without
participating in specific borate arrangements»i14l.

FIGURE 2 : Raman spectrum of crystalline Na3Ca (B5Oyp)
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Finally, a precise, very interesting assignment has been proposed by
Janda and Heller U1 on the basis of the great intensity, of the small
10B.- 1B isotopic shift, and of the zefo value of the depolarization ratio
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of this band *: this frequency could be'assigned to the breathing vibration
(«Pulsationsschiwingung» in the german paper) of the whole ion.

This assignriient is also'in agreement with other experimental results :

1) A similar band is observed at a somewhat higher frequency (about
576 cm 1) in the Raman spectrum of borax Na,B,05.10 H;O, whose
structure contains cscrete hydroxyl retraborate ions [B4O5 (OH),} % (12,
Here again, this band is, by far, the stromgest of the spectrum 1. The
slightly hi'ghef frequency is possibly related to the smaller size of the ion.
On the contrary, this band disappears completely in the spectrum of
L]zB40-, whose structure contains also (B4Og) groups, but where these
groups 2 dre mlerconnected to form a highly polymerized structure [,

2) Likewisé, the Raman' spéctrurn of other corfipounds whose struc-
ture tontains intercotinecied pentaborate groups (e.g. K,0.5B,05) do
nof exhibit & strodg band in the 550 cm! region (a series of relatively
weak bands is observed in the 550-450 com! region) [13.

A seéries 6f mote complex examples will be found in U] : they are in
agreement with the above-mentioned results : polyborates whose
structure contains highly interconnected groups never give a characte-
ristic, very strorg Raman band in the vicinity of 550 cm-t. This is
consistent with the assignment of this band to a breathing vibration :
such a characteristic motion is conceivable in the case of a discrete ion
of moderate size, but is probabty impossible in a highly polymerized,
geomelrically complex lattice.

‘Spectra of the-glasses

IR spectra - The IR spectra of crystalline and viterous Na;CaBsOyp
are represented in figure 1. The spectrum of the glass appears as the
envélope of the specirum of the crystal and, from this analogy, we can
assume that a significant amount of discrete pentaborate ions has been
preserved in the viireous structure.
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Raman spectra : Despite several altempts with different laser wave-
lenghts (488.0 and 514.5 nm lines of an Ar* laser ; 632.8 nm line of a
He-Ne laser), we were unable to obtain a satisfactory Raman spectrum
because of a very strong background which pessisted afier very long
laser irradiation.

We can, however, gain some information from the Raman spectra
published in the literature and, more precisely, from the presence or the
absence, in the spectra, of a strong band in the vicinity of 550 eml.

A first example is given by a series of glasses of general composition
x MH0.(1-x)B,0, (M*=Li+ Na+ K+ Cs ; x=040,0.45,0.48 and
0.52 ; x = 0.50 (not investigated) would correspond to an ideal meta-
borate composition) {!l. For x = 0.40, the Raman spectsum exhibits a
band of medium intensity at 525 cm!. But for increasing values of x
(0.45 and 0.48), the intensity and the sharpness of this band increase
strongly, whereas its frequency is shifted near 560 cm!. For the
x = 0.48 composition, this band is by far the strongest of the spectrum, ;
moreover, measurements in polanzed light show it is strongly polarized.
[1s retative intensity is still very strong (but begins to decrease) for
x = 0.52. Thus, this band presents its maximum intensity near the metabo-
rate composition, and its properties (frequency, intensity and polariza-
tion) are very similar to those already observed for the pentaborate ion,
either hydrated [19] or anhydrous (this paper).

A similar behaviour is observed in the Raman spectra of glasses x
Na,0. (1-x)B,0;3 (0.35 < x < 0.75) 2. Starting from x = 0.35, there
is first an increase in frequency and intensity of the band (s) observed
in the 600-500 cm-tregion, with a maxitnum of intensity correspon-
ding to x = 0.50 (metaborate composition). For x > 0.50, this intensity
decreases and the bands disappear completely for x = 0.67,

Another exampte is given by the spectra of the vitreous alkali meta-
borates M+ BO, (Mt = Li, Na...Cs) 115), Apart from LiBO,, whose
vibrationnat behaviour is peculiar, the Raman spectra of all alkali
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metaborates exhibit their strongest low-frequency peak in the 570 -
550 co! region.

Thus, both infrared and Raman data suggest the presence of discrete
pentaborate ions in alkali glasses with (or near) a metaborate composition.

IV - DISCUSSION

The occurrence of discrete pentaborate ions in the structure of
vitreous metaborales had never been considered before, and it is worth
while to compare this assignment with those preposed previously for
vitreous alkali metaborates, and more precisely for Na and Cs metabo-
rates, which have been discussed in specific papers [1213). These assi-
gnments are collected in Table 3.

TaBLE 3 : Previous and proposed assignments for Raman frequencies of
vitreous NaBQ, and CsBO,
CsBO; (15 Froposed

a8y (121 ,

545 isolated diborate 545 vs lpose BOy Peniaborale jon i

570 s «loose» BOy (Bs Oy ¥

[afm mutaborat ring J 606 m mctaborate ring Pentaborate (1 part)
6 v Eli’;tabomm ring Pentborate (in pan)
E‘! ms  rings cenlaimng BOy umi(s) (755 m B Fentaborate (io part}
820 vw  pyroborate won I 795 vvw pyroborate 1on ) Not Pentaborate

040 ms loase diborate 900 1 loose BO, Pentsborate (in pan}

1240 w pyroboraic ion Mot Pentaborute
\ |

14905 B-0- in severs) boratc 1390 m B —O- in metaborate | Pentaboratc (n pant)
RFOUPS rings
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The two regions 570 - 545 and 940 - 900 cm”! have been assigned
10 either «Joose» BO, tetrahedra or «loose» diborate groups. The first
assignment is fairly vague since, according to Konijnendijk, «loose»
BQ, groups are tetrahedra which passess all bridging oxygens, and
connect different borate segments (Note that, according to this
definition, the discrete pentaborate ion of our assignment is in fact a
peculiar case of loose BO, tetrahedra).

The second assignment is based on the fact that the Raman spectrum
of the hydrated diborate ion [B,O5 (OH),]% (existing in borax
Na,B404.10H,0) exhibits strong bands at 947 and 576 cm-! 0. 121,
Nevertheless, we must notice that these results have been obtained
with the hydrated ion, and that reference data on the comesponding
anhydrous jon are missing (in fact, the anhydrous ion with an equiva-
lent structure would be (B4Og)5-, and the corresponding sodium salt
NagB4Og, far from a mataborate composition. Another point to be
emphasized is the great sharpness of the 545 ¢cm-! band of the Cs glass :
this suggests its assignment to a well-defined structural group, which
could be the pentaborate ion.

On the contrary, the 950-900 cm-! band is not so sharp and could
result from the superposition of the band(s) of several structural groups
(including the pentaborate ion).

The remaining bands are less characteristic. By its intensity, the
strong 1495 cm! band indicates significant amounts of B-O- (non-
bridging) bonds 1n ring structures, but does not give precise informa-
tion about the nature of the structural units containing these B-O-
bonds.

The pentaborate 10n may also contribute to the bands near 760-750
and 630-600 cm!, but the intensity of these bands is too high to be
interpreted by the pentaborate jon alone : a contribution from other
structurat units (e.g. metaborate or more complex ring structures
containing one or two BO, tetrahedra) must also be considered 12, 13],
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These interpretations can be extended 1o vitreous K and Rb metabo-
rates I'51 but not to vitreous Li metaborate 116], since its Raman spec-
trum is.essentially characterized by important changes in the broadness
and in the relative intensities of the bands. These results (which do not
excglude, the, presence of pentaborate, ions) can be interpreted by an
increase of the num_ber‘ of ring configurations containing one or 1wo
BQ, tetrahedra |!71, This is in agreement with the conclusioos of Zhong
and Bray (18] deduced:from the 1B NMR study of xM2+Q. (1-x)B,0;
glasses (MT = 1, Na..,) = for a given value of x and particularly in
the compositional range 0.3 < x « 0.5, the fraction of boron atoms in
fourfold coordination is the highest for the Li glass, and decreases in
the sequence Li-Na-K.Rb-Cs.  ;

Glass-forming properties of metaborates

The glass-forming region of the x Na,O. (1-x)B,0, system exhibits
a gap for.0.40 x, .66.119) and, near the. metaborate composition (X =
0.50), no glass could be prepared even at the very high cooling rates
obtained by the roller quenching technique (20. 211, This gap can be
removed by the addition of a relatively small quantity of Al,Oy
(122223). Likewise, the addtion of non-negligible quantities (10 mol%)
of Al,O, is required to prepare vitreous KBO, and RbBO,UI5). This
gap does not exist in the system Li,0.B,04 [24], but in that case, the
infrared spectrum suggests the existence, in the glass, of LiO, tetrahedra
[25) which should stabilize the glassy structure, whereas the Raman
data show important structural changes with respect to the other alka-
1i metaborate glasses 116. 171,

More or less similar trends are observed in the case of M**0.B,0;
metaboraies : no glass could be obtained for M2+ = Ba, and rapid
guenching was necessary 1o obtain vitreous SrB,0, and CaB,0, 126) ;
but, the formation of .a glass was easier for MgB,0,, and much for
PbB, 4. This should be related to the less ionic ¢haracter of the Mg-O
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and Pb-O bonds. In the case of PbO-B,0, glasses, the far IR spectrum
shows the existence of pyramidal. covalent Pb-O bonds (the 652 elec-
tronic pair of the Pb2* ion is stereochemically active) 1271, On the other
hand, results of 1B NMR studies of glasses in the system MgO-Na,O-
B,O; have been interpreted by the formation of MgQ, tetrahedra when
the molar fraction of MgQ js greater than 0.15(281. Likewise, far IR
spectra of metaborate glasses Ba,MZ* (B405), show the existence, for
M2+ = Nj, Co or Za, of a significant amount of M2+, tetrahedra 129).
These tetrahedral groups shouid participate in the stabilization of the
vitreous phase.

Now, it is interesting to comnpare these results with the Raman spectra
exhibited by glassy metaborates x MgQO.y Nay0.B,0; (x +y = 1) B0l
Forx = 0.47, the Raman spectrum exhibits at 570 and 940 ¢m - broad
bands which could contain a contribution from the pentaborate ion; but
for x = | (Mg metaborate), the 570 cm! band has completely disap-
peared, and the 940 cm-i band is replaced by a broad, very weak shoul-
der. This illustrates clearly, for an overall metaborate composition, the
structural influence of the replacement of a monovalent alkali cation
by a smaller, divalent cation(30).

We can now bring together the following features, applicable to
glasses with a metaborate composition.

1} The ease with which (a) glass is formed depends largely on the
chemical nature of the cation(s). The formation of a glass is difficul,
say even impossible, with cations giving essentially ionic bonds with
oxygen, namely alkali and alkaline-earth cations with a relatively large
ionic radius (Na—~Cs ; Ca -- Ba).

2) The results presented and discussed in this paper suggest that
discrete pentaborate ions could be an essential structural unit for these
glasses. Thus, despite its size, the pentaborate ion appears as a very
structural unit bad for glass forming. This can be understood as follows :
owing (o its structure (two nearly planar six-membered rings connec-
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ted by a common BO, tetrahedron 4)), the pentaborate ton is probably
characterized by a fairly rigidtonfiguration, and this Jack of flexibility
is certainly unfavpurable to the formation of 2 glass..

3) On the contrary, the formation: of a.glass is easier with cations
characterized by a smaller size and / or a higher charge, thus giving
less ionic bouds with oxygen. In such cases, the formation of a glass is
enhanced by the simultaneous influence of two factors :

i. For the published Raman spectra exhibit, ‘either an 1mportant
broadening of the 550 cmy! band (e.g. LiBO, 119)), or the complete
disappearance of this band (e.g. MgB,0, 39). It may be inferred that
the discrete pentaborate ions are partially or totally destroyed, most
probably through the transformation of some (BO,) into (BO,) groups
and the formation of larger structural units ;

ii. And some cations at least, a non-negligible {raction of them can
act as glass formers by taking a tetrahedral coordination. .

Finally, it is also interesting to note that, in a system such as’
xN2a,0.(1-x)B,Oy, the difficulty to obtain a glass is the greatest with
the metaborate composition (x = 0.50) : the formation of a glass is
easier with small x values (as expected), but glso higher x values, leading,
e.g. to a pyroborate composition (121, This last trend is somehow unex-
pected, since greater x values lead to smaller ionic fragments and a
supposed decreasing ability to form a glass. However, this is unders-
tandable if we assume that the pentaborate ion is a bad glass former
because of its relative rigidity. For x 0.50, this anion disappears fairly
rapidly (as shown by the decrease of its characteristic Raman band near
570-550 cror! and 18 replaced by smaller ions, mainly the pyroborate ion
(B,05)* for x = 0.65-0.67 {12),

Despite its smatler size, this anion js able to lake various configura-
tions (see, e.g. [311), and this should have a favourable influence on the
formaticn of glasses. -
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