N

N

Structural characterization and calorimetric dissolution
behavior of Na20-CuO-P205 glasses
Rachid Ait Mouss, Saida Krimi, Benoit Glorieux, Ismail Khattech, Michel
Couzi, Thierry Cardinal, Abdelaziz El Jazouli

» To cite this version:

Rachid Ait Mouss, Saida Krimi, Benoit Glorieux, Ismail Khattech, Michel Couzi, et al.. Structural
characterization and calorimetric dissolution behavior of Na20-CuO-P205 glasses. Journal of Non-
Crystalline Solids, 2016, 452, pp.144-152. 10.1016/j.jnoncrysol.2016.08.029 . hal-01430379

HAL Id: hal-01430379
https://hal.science/hal-01430379
Submitted on 15 Feb 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01430379
https://hal.archives-ouvertes.fr

Page |1

Structural characterization and calorimetric dissolution behavior of
Na,O-CuO-P,0s glasses

Rachid Ait Mouss?, Saida Krimi?®, Benoit Glorieux®, Ismail Khattech®, Michel Couzi%, Thierry Cardinal®,
Abdelaziz El Jazouli®

%Laboratoire de Physico-Chimie des Matériaux Inorganiques, Faculté des Sciences Ain-Chock, Université Hassan Il Casablanca,
B.P 5366, Maarif, Casablanca, Morocco

binstitut de Chimie de la Matiére Condensée de Bordeaux, CNRS-Université de Bordeaux, 87 Av. Dr. Schweitzer, 33608 Pessac,
France

‘Laboratoire de Thermodynamique Appliquée, Faculté des Sciences de Tunis, Université de Tunis El Manar, Tunis, Tunisia
Institut des Sciences Moléculaires, Université de Bordeaux, CNRS UMR 5255, Bdtiment A12, 351 cours de la libération, 33405
Talence cedex, France

€URAC17, Faculté des Sciences Ben M'Sik, Université Hassan Il Casablanca, Av Driss El Harti, Casablanca, Morocco

*Corresponding author. krimisaida@yahoo.fr

Abstract: Two series of glasses belonging to the ternary system Na,O - CuO - P,Os where copper is introduced
differently were synthesized by the conventional melt-quenching technique. Both series start from meta-phosphate
composition NaPOs (50Na,0-50P,0s). In the first series, the Na,0/P,0s ratio is constant (Na,O/P,0s = 1) and both
Na,O and P,0s oxides were replaced by copper oxide CuO: (50-x/2) Na,O - xCuO - (50-x/2) P,0s, 0 < x <40. In the
second series, the molar percentage of P,0s is kept constant at 50 mol% and Na,O is replaced by CuO: (50-x)Na,O
—xCuO — 50P,0s, 0 < x < 50. The glasses of these two series belong respectively to NaPO3-CuO and NaPOs-Cu(POs);
lines of the ternary system. These materials were characterized by density measurements, differential scanning
calorimetry (DSC), X-ray diffraction (XRD), Raman, diffuse reflectance and dissolution heat measurements carried
out with micro-calorimetry technique. Introduction of copper in meta-phosphate glass induces a blue/green color,
and strengthens the vitreous network, as shown by the decrease of the molar volume (V) and the increase of the
glass transition temperature (Tg) when the content of CuO rises. The crystallization of the glasses, followed by XRD,
leads to the formation of NaPOs, Na,CuP,0; or Na,Cu(POs), depending on the composition. Raman spectroscopy
shows the conservation of the metaphosphate chains for NaPO3-Cu(POs), glasses characterized by a constant O/P
ratio (O/P = 3) and the depolymerization of these chains for NaPOs-CuO glasses where O/P ratio varies from 0 to
3.67. UV - visible study showed that the optical energy gap decreases by increasing the CuO concentration.
Calorimetric study of the dissolution of glasses in acid solution shows a decrease of the dissolution enthalpy, for
both series, when the CuO content increases. The dissolution phenomenon is endothermic for glasses with low
content in CuO (x < 30) and exothermic for glasses rich in CuO.
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1. Introduction

It is known that phosphate glasses have become of great interest in recent times thanks to their specific
physical and chemical unique properties that imply very different applications. We can name among these
interesting properties the following: low glass transition temperatures, low melting and softening
temperatures, high electrical conductivity and interesting dielectric properties [1], large thermal
expansion coefficients [2], and also high optical transparency window over the UV, visible and infrared
wavelength range [3]. All these properties make phosphate glasses interesting and useful materials
candidates for a wide range of technical applications such as: high power laser devices [4], solid
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electrolytes [5], biomaterials for neural repair [6], tissue engineering [7], [8], and bone fracture fixation
[9]. However, glass technologists for a long time bypassed pure phosphate glasses because they usually
have a relatively poor chemical durability in aqueous solutions. This major disadvantage is caused by the
easily hydrolysable P—O—P bonds that are setup by the network former oxide P,0s inside the glassy
matrix. For this reason the addition of at least one network forming or modifying oxide as Al,O3, Ga,0s3,
Fe20s3, PbO, SnO, ZnO, etc., is suggested in order to overcome this weakness by providing more covalent
bonds resistant to water attack [10]. The diverse properties and applications of phosphate glasses depend
on their structure, which is based on the distribution of Q" tetrahedral units in the vitreous network (n
varies from 0 to 3 and represents the number of bridging oxygen per PO4 tetrahedron). Connection of PO4
tetrahedra gives rise to different phosphate groups depending on the value of O/P ratio. So, the glass
structure can be formed by a cross-linked network of Q3 tetrahedra (vitreous P,0s, O/P = 2.5), infinite
metaphosphate chains of Q? tetrahedra (vitreous NaPOs, O/P = 3), or by small diphosphate P,072~ (Q},
O/P =3.5) and monophosphate PO43~ (Q° O/P = 4) anions [11].

The oldest work on sodium copper phosphate glasses dates back to 1969, when Maekawa et al. studied
the optical spectra and magnetic susceptibilities of different transition metal oxides in vitreous NaPOs.
They concluded that most Cu?* ions coordinate six oxygen atoms in the copper phosphate glasses [12].
Since then, many other studies have been conducted on glasses belonging to the ternary system Na,O—
CuO—P;0s. The glass formation zone of this system has been identified and studied with various
characterization techniques. Thermal analysis has been performed by Differential Thermal Analysis (DTA)
and showed that when replacing Na,O by CuO, the glass transition temperature Tg increases. Also
according to dilatometry measurements the softening temperature T4 and hardness are found to increase
as the copper content increases, while the thermal expansion coefficient decreases. FTIR and XPS analysis
suggest that the modification occurring on the structure can be explained by the formation of POCu
bonds, which replace P—O—P and P—O—Na bonds. These new formed bonds are greatly influenced by
the experimental conditions of the glass melting; indeed increasing melting time and melting the mixture
in flowing oxygen atmospheres instead of air enhance this phenomenon. 3P magic angle spinning nuclear
magnetic resonance (MAS-NMR) spectroscopy showed that the phosphate chain length is shortened as
the CuO content increases and that the formation of P—O—Cu bonds is easier in the polyphosphate
glasses than in metaphosphate ones. FTIR and Raman spectroscopies confirmed the structure of
phosphate species i.e. the infinite metaphosphate chains get depolymerized by addition of CuO.
Simulation of EPR spectra of (50-x/2) Na,0—xCuO—(50-x/2) P20s (0 < x < 30) glasses showed that Cu?*ions
occupy two sites: one of them is preponderant at low Cu content and the other is preponderant at high
content of Cu. EPR parameters of site at low content are consistent with Cu?*in an elongated octahedron.
However, the values of the orbital reduction factors, deduced from EPR and optical data, are consistent
with Cu?* surrounded by four ligands [13], [14], [15], [16], [17], [18].

In this paper, we report on two different series of glasses belonging to the ternary system Na,O-CuO-P,0s:
(50-x/2) Na0 - xCuO - (50-x/2) P05 (0 < x < 40) and (50-x)Na20 - xCuO - 50P,0s, (0 < x < 50) with x is the
molar percent or [(0.5-x/2)Na20-xCuO-(0.5-x/2)P20s (0<x<0.4) and (0.5-x)Na;O - xCuO — 0.5P;0s,
(0 £ x £0.5)] with x is molar fraction. The aim of the study is to investigate the evolution of the glass matrix
structure, while introducing CuO, by different characterization methods: density measurements,
Differential scanning calorimetry (DSC), X-ray diffraction (XRD), Raman and diffuse reflectance
spectroscopies, and micro-calorimetry.

2. Materials and experimental procedures

2.1. Glass samples preparation
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Analytical grade powders of sodium carbonate Na>COs (99%, Sigma Aldrich), copper oxide CuO (98%,
Merck) and ammonium dihydrogen phosphate NH4H,PO4 (99%, Merck), were used as starting materials.
The chemicals in appropriate amounts were thoroughly hand mixed in a porcelain mortar to obtain a
homogenized mixture. The mixtures were subjected first to heat treatments between 200 and 600 °C, in
a muffle furnace, to eliminate volatile species NH3, H,O and CO,. They were then melted in a platinum
crucible, at temperatures within a range from 750 °C to 1050 °C depending on the glass composition, for
about 30 min. The melts were then quenched to room temperature in air. Vitreous NaPOs is colorless
while glasses containing copper are colored. The color varies from blue to green (Fig. 1). After the
preparation, each glass is annealed at Tg-20 °C, to remove internal stresses, and then stored in a desiccator
in order to minimize water absorption. The crystallization of the synthesized glasses was done by heating
bulk vitreous samples at their corresponding Tg + 40 °C temperature for 12 h. The obtained crystalline
materials were ground and analyzed by XRD.

Fig. 1. Photographs of (50-x/2) Na;O — xCuO — (50-x/2) P20s (0 < x <40) and (50-x) Na,O — xCuO — 50 P,0s (0 < x <50)
glasses showing the evolution of the color versus CuO content.

2.2. Characterization of the glasses

X-ray diffraction (XRD) measurements were done at room temperature with a powder diffractometer
(PANalytical X'Pert Pro) using Cu Ka radiation. Data was collected from 10° to 70° 26 with a step of 0.02
and a count time of 12 s.

The density (p) of each glass was determined by the Archimedes method using diethyl phthalate as
immersion liquid. Three samples of each composition were analyzed and the average density is reported.
The accuracy of the density measurements is about + 0.03 g cm™3. The molar volume (Vm = M/p) of glasses
was calculated from the density (p) and the molar mass (M) and its random error was retrieved
considering the accuracy of the density measurements.

Differential Scanning Calorimetry (DSC) was used to determine the transition and crystallization
temperatures (Tg, Tc). DSC curves of powders (30-40 mg), obtained by crashing the glasses, were recorded
on a computerized system (DSC 404 PC from Netzsch Inc.), from ambient temperature to 600 °C, at a
heating rate of 10 °C/min. The instrumental error of all measured values is + 5 °C. The measurements
were carried out in hermetically sealed aluminum pans. The glass transition temperature (Tg) was taken
as the inflection point of the endothermic peak and the crystallization temperature (Tc) at the maximum
of the exothermic peak.

The Raman spectra of the vitreous samples were recorded on a confocal micro-Raman Labram
(Horiba/Jobin-Yvon) spectrophotometer with a backscattering mode at room temperature in the range
250-1400 cm™ L. The excitation source was a 532 nm continuous laser. A holographic Notch filter was used
to reject the Rayleigh diffusion. The backscattered light was collected through a 100 x objective and
selectively transmitted toward a cooled CCD detector.
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The dissolution heat of the samples was measured on a Setaram Calvet C-80 p-calorimeter. This latter is
composed by a reference cell containing only the solvent, and a working cell which comprises an inferior
compartment, receiving an amount of approximately 20 mg of the ground glass sample, and a superior
compartment where 4.5 ml of the acid solution were introduced. These two compartments are separated
by a metallic lid, which opens when the reaction starts and allows contact between the material and the
attacking solution. Both of the cells are surrounded by high performance thermopiles allowing the
detection of the heat flow that resulted from the dissolution of different samples of solids. The dissolution
reaction of the vitreous powder samples in a nitric acid solution (9 wt%) was carried out at a fixed
temperature (25 °C). The dissolution enthalpy was determined by integrating the surface of the raw signal
taking into account the calibration coefficient which was determined in previous works [19], [20]. The
accuracy on those measurements was calculated using statistical model proposed by Pattengill [21]. The
random error of the dissolution heat was calculated considering five integrations of raw signal of the
dissolution.

Diffuse reflectance spectra were recorded on powders, obtained by crushing the glasses, in the 250—
750 nm range, using a spectrofluorimeter SPEX FL212 with a 450 W xenon lamp light source. The
reflectance is measured in a synchronous mode and compared to black (toner powder) and white (MgO)
references. The measurements were confirmed on selected samples by direct transmittance
measurements obtained on a Carry-Varian 5000 performed on thin polished glasses.

3. Results and discussion

Two compositional series of sodium copper phosphate glasses were prepared and studied (Fig. 2). Line ()
represents the compositions (50-x/2)NazO — xCuO — (50-x/2) P20s (0 < x <40) where CuO is added to
NaPOs, x =0 corresponds to the metaphosphate NaPOs and x = 33.33 corresponds to the diphosphate
Na2CuP;07. An attempt to synthesize the glass with composition 25Na;0 — 50CuO — 25P,05 (NaCuPQg)
was done, but it led to a crystalline product. Line (ll) represents the compositions (50-x) Na,O — xCuO —
50P;05 (0 < x <£50) located between the two metaphosphate extremities NaPOs and Cu(PQOs3); with the
composition NaCu(POs)2 (x =25) in between. Table 1 summarizes the major interesting measured
properties for all studied vitreous materials. All vitreous samples prepared were confirmed to be
amorphous using XRD analysis. As seen in Fig. 3, the glassy behavior shows a broad hump at 26 = 30-33°.
No peak corresponding to any crystalline material is observed. This indicates that all components have
completely entered the glassy matrix.

Table 1
Nominal molar compositions, colors, molar masses, densities, molar volumes, and characteristic temperatures of { 50-x/2)Na;0 — xCuO - (50-x/2)P;05 (0 <x <40) and (50-x)Na,0 - xCuO -
50P,05 glasses (0 < x < 50).

Molar compositions (mol%) Color o/P Molar mass Density (g.cm™?) Molar volume Ty (°C) T (°C)
N30 w0 P20- (g.mol™ ") (£0.03) (em®mol™") (£5) (£5)
50 0 50 Colorless 3 101.96 2.47 41.3 £ 05 280 290
Line I: (50-x/2) Nay0 - x Cu0 - (50-x/2) P05

45 10 45 Light blue 3.11 99.72 2.64 37.8+05 301 450
40 20 40 Blue 3.25 9748 281 347 + 04 314 480
37.5 25 375 Dark blue 333 96.36 29 332+ 04 328 485
35 30 35 Dark blue 343 95.23 3.02 31.5+ 04 350 489
33.33 3333 3333 Dark blue 3.5 94.48 3.1 305+ 03 364 477
30 40 30 Dark blue 3.67 92.99 3.26 28.5+ 03 368 504
Line II: (50-x) Na,0 - x CuO - 50 P,05

40 10 50 Light cyan 3 103.72 2.59 40.1 £ 0.5 292 -

30 20 50 Sky blue 3 105.47 2.68 394+ 05 298 523
25 25 50 Sky blue 3 10635 2.77 384 +£05 300 503
20 30 50 Sky blue 3 107.23 2.82 38.0+ 04 311 550
16.67 3333 50 Dark cyan 3 107.81 2.87 37.6 =04 346 491 and 564
10 40 50 Dark green 3 108.98 293 37.2 £ 04 390 546

0 50 50 Dark green 3 110.74 3.11 35.74+ 04 460 -
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CuO ® | (50-x/2) NaxO —x CuO — (50-x/2) P2Os series
| (50- x) NaO — x CuO — 50 P»0Os series
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Fig. 2. Compositions of (50-x/2)Na;O — xCuO — (50-x/2)P,0s (0 <x <40) (line ) and (50-x)Na;O — xCuO — 50P,05
(0 <x <50) (line I1) glasses in the Na;O — CuO — P,0s ternary diagram.

37,5 Na,0 - 25 CuO - 37,5 P,0,

25Na,0-25Cu0-50P,0,

10 20 30 20 ©) 40 50 60 70

intensity (a.u.)

Fig. 3. X-ray diffraction spectra of two glasses of Na;O — CuO — P,Os system.

3.1. Density and molar volume

Fig. 4 shows the variation of the molar mass (M), the density (p) and the molar volume (Vi) versus CuO
content, for both series of glasses. The molar mass M (M = xM(Naz0) + yM(CuO) + zM(P20s), with the
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molar fractions sum x +y + z = 1) decreases for (50-x/2)Na;O — xCuO — (50-x/2)P,0s (0 < x < 40) glasses
and increases for (50-x) Na;O — xCuO — 50 P,0s (0 < x < 50) glasses, while the density increases and the
molar volume decreases for both series, when CuO content rises. The variation of the molar volume is less
important for the second series due to the increase of the molar mass of the glasses of this series (Table
1). The reticulation of the glass network induced by the decrease of the molar volume for both series of
glasses is due to the replacement of Na—O bonds by the more covalent Cu—O bonds. The evolution of
molar volume and density are in agreement with the results obtained by Chahine et al. [17].

112+ (a) N
= A Line (II)
= K B
=) A B
= 1041 A
2 a
<
= A
B
S A
(=] 96- A
= A 4 Line

A

T T T T T T

0 10 20 30 40 50

CuO (mol %)
341
(b) ,
32| ® Line (I)
r;z; a @ Line (II)
o 30f ¥
E ; @
& 28} 3
g
S 26t :
L
2’4 L L L ki) 1 1
0 10 20 30 40 50
CuO (mol %)
42 -
g ¢ (©
£ :
S ¢ 5 g 5
>E 35| . % Line (IT)
g
Ei ®
e ®
E ®
§ 28l ® Line (I)

0 10 20 30 40 50
CuO (mol %)

Fig. 4. Evolution of molar mass (a), density (b), and molar volume (c) for (50-x/2)Na,O—xCuO—(50-x/2)P20s (Line (1))
(0 <x <40) and (50-x)Na,O—xCuO-50P,0s (Line (11))(0 < x <50) glasses versus CuO mol%.
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3.2. Thermal analysis data

DSC thermograms are shown in Fig. 5, Fig. 6 respectively for (50-x/2)Na;0-xCuO-(50-x/2) P,0s (0 < x < 40)
and (50-x) Na;O - xCuO - 50 P,0s5 (0 < x <50) glasses. Fig. 7 shows the behavior of the glass transition
temperature as a function of CuO concentration in both series. The results are summarized in Table 1. For
the glasses of the first series, Tg increases regularly from 280 °C (x = 0) to about 364 °C with increasing
CuO content up to x = 33.33, and then increases slowly up to 368 °C for x = 40. For the glasses of line (ll)
Tgincreases from 280 °C (x = 0) to 311 °C (x = 30) and then increases very rapidly up to 460 °C for 50 mol%
CuO content. For a same composition of CuO, Tg values for glasses of the first series are superiors to those
of the second series, in the range 0 < mol% CuO < 33.33. After, the glasses of the second series become
more thermally stable with higher values of Tg. The increase of glass transition temperature values shows
that the introduction of copper oxide (CuQO) in the metaphosphate glass strengthens the vitreous network.
This observation confirms the previous results obtained for densities and molar volume measurements
regarding the reticulation of the glass system and therefore its stability. A similar behavior was observed
for other phosphate glasses containing Zn?*, Mn?*, Mg?* or Sr?* ions. Glass transition temperature
increases from 280 °C (x = 0) to: 314 °C (Zn?*, x =33%) [22], 402 °C (Mn?*, x = 33%) [23], 449 °C (Mg?*,
X =43%) [24] and 323 °C (Sr?*, x=20) [25] in [(100-x) NaPO3 — xMO]. When metal oxide (MO) is
incorporated, the structure strengthened because ionic NaO bonds are replaced by covalent bond M—O
allowing the compactness of vitreous network. As a result there is an increase in the glass transition
temperature.

33.33 Cu0O

30 CuO

I e T y T 3 T L Y T
100 200 300 400 500 600
Temperature (°C)

Fig. 5. DSC thermograms for (50-x/2) Na,O — x CuO — (50- x/2) P,Os (0 < x <40) glasses.
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50 CuoO

40 CuO

33.33 Cuo

10 Cuo

I i I & I Y T B N 1
100 200 300 400 500 600
Temperature (°C)

Fig. 6. DSC thermograms for (50-x) Na2O — x CuO — 50 P20s (0 < x <50) glasses.

—=—(50-x/2) Na,O - x CuO - (50-x/2) P_O, series
480 - —— (50-x) Na,O - x CuO - 50 P,O, series

460

440

420

340

320

300

280

CuO content (mol%)

Fig. 7. Variation of glass transition temperature versus CuO content for (50-x/2) Na;O — x CuO — (50-x/2) P20s (0 < x <40)
and (50-x) Na,O — x CuO — 50 P,0s (0 < x <50) glasses. The lines are drawn as guide to the eyes.

3.3. Crystallization of the glasses

Fig. 8, Fig. 9 show some XRD patterns, as examples, respectively for (50-x/2)Naz0 — xCuO — (50-x/2) P,0s
(x =20 and 33.33%) and (50-x)Na20 — xCuO — 50P,0s (x = 20 and 25%) glasses heated at Tg + 40 (°C) for
12 h. The identified crystalline phases from the annealed glasses are shown in Table 2. The crystallization
of (50-x/2)Naz0 — xCuO — (50-x/2)P,0s glasses with 0 < x < 30, leads to the formation of both NaPO3[26]
and NayCuP,07[27] crystalline phases. For glass compositions with x 233.33, we observe mainly the
crystallization of the diphosphate Na;CuP,07. One notices that NaPOs phase disappeared for 33.33Na,0—-
33.33Cu0-33.33P;0s5 (NaxCuP207) composition, indicating that at this level all metaphosphate chains
were depolymerized into diphosphate groups. Crystallization of (50-x)Na;O — xCuO — 50P;0s (0 < x < 50)
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glasses leads to the formation principally of Na,Cu(POs)4[28] meta-phosphate phase together with some
unidentified peaks (Fig. 9). Glasses of compositions 10Na,O - 40Cu0O - 50P,05 and 50CuO - 50P,0s heated
at their Tg + 40 °C temperatures remains amorphous.

Table 2
Identified crystalline phases in the corresponding annealed glasses at ~T, + 40 (°C). (NIP:
Non-identified peaks).

Molar compositions  Annealing Identified crystalline phases
(mol%) temperature

Na,0 Cu0 P, (O

45 10 45 341 NaPOs + (3-NayCuP,0,
40 20 40 354 NaPO; + B-NayCuP20; +
a-Na,CuP,04
375 25 375 368 NaPO3 + (»-Na,CuP,05 +
()L-N&zCLIP207 + NIP
35 30 35 390 3-Na,CuP,0; + NaPO;
3333 3333 3333 404 3-Na,CuP,05
30 40 30 408 3-Na,CuP,07 + NIP
40 10 50 332 NaPOs; + NayCu(PO3)4 + NIP
30 20 50 338 Na,Cu(PO;), + NIP
25 25 50 340 Na,Cu(PO3)4
20 30 50 351 Na,Cu(P03), + NIP (still partially
amorphous)
16.67 3333 50 386 Na,Cu(POs), 4+ NIP (still partially
amorphous)
10 40 50 430 Amorphous
50 50 500 Amorphous
%
l ¢ 0
N ¢ Na,CuP. O,
|
0 ’ ‘ % NaPO,
0
0
0 ‘ |
ol ®
0
‘ | ‘ o 0 ¢
‘ “ 0 [ ¢ 0 [ 0
Pl “\ M?qﬂ | Ho '. -?o ,
a LI WL S L R LM T R 1S
b Wl Y N WY T M

— \W< \...,.6 Vinkorigd T

&> 0 (a)
; ¢ U J oT 050 ¢
| ' 0o 0
W‘h y 0. 00 o
10 20 30 20(°) 4 50 60

Fig. 8. X-ray diffraction patterns for glasses heated at Tq + 40 °C: (a) 40Na;O — 20CuO — 40 P,0s (b) 33.33 Na,0O — 33.33Cu0
— 33.33P20s.
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Fig. 9. X-ray diffractograms for glasses heated at Ty + 40 °C; (a) 25Na,0 — 25Cu0O — 50 P»0Os (b) 30 Na;O — 20CuO — 50
P,0s.

3.4. Raman spectroscopy

Fig. 10, Fig. 11 show the experimental Raman spectra respectively for (50-x/2)Na;0 — xCuO — (50-x/2)P20s
(0 < x<40;linel)and (50-x)Na;0 — xCuO — 50P,0s (0 < x < 50; line Il) glasses. Table 3 summarizes the most
important bands and their assignments.

As expected, the Raman spectra of the mixed NaPOs-Cu(POs): glasses (O/P = 3) corresponding to line (Il)
(Fig. 11) are dominated by the bands characteristic of glasses with metaphosphate composition, i.e. the
strong bands at ~ 1170 cm™! due to the symmetric stretching mode of the PO, middle groups vs(PO;) and
at ~ 685 cm™ ! due to the symmetric stretching mode of the P-O-P bridges vs(POP) [17], [28].

Note also in all spectra the presence of a band near 1270 cm™! attributed to the asymmetric stretching
mode of the PO; middle groups vas(PO2) [29]. It is known that the structure of the Na,Cu(POs); crystalline
phase corresponding to the glass composition x =25 is made of infinite metaphosphate chains [28],
whereas the crystal with composition Cu(POs)2 (x = 50) is made of four membered P401; cyclic units, i.e.
it is more precisely described by the formula CuzP4012[30]. Furthermore, a 3!P MAS-NMR study of this
series of glasses has shown that for high Cu contents, the glass contains both — O— PO,— O (denoted as
Q)
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~1193
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Fig. 10. Raman spectra of (50-x/2) Na;O — x CuO — (50- x/2) P,0s (0 < x <40) glasses.
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Fig. 11. Raman spectra of (50-x) Na2O — x CuO — 50 P,0s (0 < x < 50) glasses.

middle groups and —O—POs (denoted as Q") end groups [16]. Note that the Q? species bear a charge of
-1 and the Q!Y ones bear a charge of — 2. Obviously, this is not compatible with the chain nor with the
cyclic metaphosphate structural units that contain Q2 species only. In order to conciliate the
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simultaneous presence of QY and Q@ species in a glass with a global metaphosphate composition, we
suppose that charge equilibrium is realized by the presence of neutral “branching” groups O = PO3,;
(denoted as QP)), such as those found in P,0s and in the ultra-phosphates, according to the scheme:
209> QM + Q). Indeed, in the glasses with high Cu contents (33.33 < x <50) two broad shoulders
develop progressively on each side of vs(PO,), situated at ~ 1320 cm™~! and ~ 1050 cm™?! that we assign
respectively to the stretching vibration v(PO) of the branching units Q® and to the symmetric stretching
vibration v(POs) in Q'Y end groups, respectively (Table 3). The presence of QY and Q®) species may also
be due to slight departures of the experimental compositions from the metaphosphate composition, but
they are not expected to be present simultaneously, since charge compensation would not be necessary
in those cases. Therefore, we conclude that the presence of high CuO contents in meta-phosphates (line
Il) provokes a partial depolymerization of the phosphate chains, thus creating PO3 end groups
compensated by the creation of Q¥ branching groups between chain fragments, thus insuring the
reticulation of the glass network and providing new P—0 terminal sites, probably to accommodate a
distorted octahedral environment of oxygen atoms around the Cu?* ions [28], [30].

Table 3
Raman band assignments of (50-x/2)Nay0 - xCuO - (50-x/2)P,05 (0 <x <40) and
(50-x)Naz0 - xCuO - 50P,05 (0 < x <50) glasses.

Wavenumber Band assignment

(em™ ")

~350 Bending vibrations of phosphate polyhedral.

~630 Symmetric stretch of CuO4/; units (Cu-O-P bridges)

~685 POP symmetric stretch of metaphosphate and polyphosphate
chains (Q'®)).

~745 POP symmetric stretch of pyrophosphate groups (Q‘").

~1050 Symmetric stretch of PO; end groups in polyphosphate chains
and pyrophosphate groups (Q'V).

~1170 Symmetric stretch of PO, middle groups in metaphosphate and
polyphosphate chains (Q‘*”)

~1260 Antisymmetric stretch of PO, middle groups in metaphosphate
and polyphosphate chains (Q‘?))

~1320 P = O stretch of O = POs; branching units (Q)

The Raman spectra of (50-x/2)Na;O — xCuO — (50-x/2)P20s glasses (line 1) show quite different shapes
depending on the CuO content (Fig. 10). With increasing copper ions content in the NaPOs3 glass matrix,
we observe that the intensity of the two peaks around ~ 684 and ~ 1162 cm™?! together with the band
near ~ 1270 cm™! found in metaphosphate glasses, as mentioned previously (Table 3), decreases until
disappearing at x~ 25. From x =25 mol% (i.e. the triphosphate composition), the spectra completely
change their shape; new bands at 633, 745 and ~ 1042 cm™! occur and grow in intensity as the CuO
content further increases. The last two ones are assigned respectively to the symmetric stretching
vibration P-O-P and to the symmetric stretching mode of non-bridging oxygen (PO3)sym (Q™Y species) in
dimeric (P207)*~ units. In other words, the introduction of a network modifier such as CuO into NaPO3
glass causes the depolymerization of the glass structure made of the infinite phosphate chains leading to
a distribution of shorter chain length species down to the dimeric diphosphate composition occurring at
x = 0.33. These results are consistent with those previously reported for similar polyphosphate glassy
systems [22], [23], [24], [31], [32] except that a well-defined band at 633 cm™? is observed for x > 0.25.
We assign this band at 633 cm™1! to the stretching like symmetric vibration of “square planar” CuOa,2
structural units that are evidenced for the first time in phosphate glasses. The oxygen atoms involved in
these groups may pertain to different PO3 end groups of diphosphate anions, such as those existing in
crystalline Na;CuP;07 under the form of (CuP,07)- anionic ribbons [27]. Also CuO single crystals are
formed by such CuOas/; interconnected structural units that exhibit a characteristic Raman active
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symmetrical stretching-like mode at 630 cm™1[33]. So, we conclude that a reticulation of the glass network
is achieved by the creation of Cu—O—P bridges between diphosphate groups.

3.5. Diffuse reflectance study

Fig. 12, Fig. 13 show the diffuse reflectance spectra, recorded in the 250-750 cm™ ! range, respectively for
(50-x/2)Naz0 - xCuO - (50-x/2)P20s (line 1) and (50-x)Naz0 - xCuO - 50P,0s (line 1l) glasses. Both families
of these glasses present comparable results; a broad visible transmission band for the low CuO content
glasses, and a shouldered transmission by increasing the CuO amount with a more important transmission
in the red range compared to the blue range. All the studied copper glasses revealed a total absorption in
the UV and IR ranges. The transmission bands in the (50-x/2)Na;O — xCuO - (50-x/2)P,0s glasses
(0 £ x<40; line 1) are almost similar, with a high energy edge around 340 nm and a low energy edge near
600 nm. The increase of CuO concentration in the glass-matrix leads to the increase of the intensities of
absorption in the 400-550 range, and the color of the glasses turns from a royal blue (for x = 10) into a
darker blue as the CuO amount increases. The glasses with x > 30 present a dark green color, which is
related to the increase of the overall absorption and the apparition of an additional absorption band in
the blue range (< 450 nm).

40 CuoO

33.33 CuO
30 CuO

25Cu0O

intensity (a.u.)

20 Cuo

10 CuoO

T T ' T v T J T '
250 300 350 400 450 500 550 600 650 700 750

Wavelength (nm)

Fig. 12. UV — Vis diffuse reflectance spectra of (50-x/2) Na,O — x CuO — (50- x/2) P,0s (0 < x <40) glasses.
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Fig. 13. UV — Vis diffuse reflectance spectra of (50-x)Na2O — xCuO — 50P,0s (0 < x <50) glasses.

The glasses from the (50-x)Na>O —xCuO — 50P,0s series (0 < x < 50; line ll) present a quite different aspect.
The first sample of this series (x = 10) shows a broad transmission band, from 300 nm to 700 nm, with a
light blue color. With the introduction of copper oxide, the transmission band edges narrow as they shift
to 320 nm for the high energy edge and to 650 nm for the low energy edge. The color of the glasses is
similar to the first series one. The substitution of Na,O by CuO induces a blue absorption and a maximum
transmission at 540 nm, which corresponds to dark green glasses that gets darker as the CuO content
increases.

It is known that copper takes an octahedral coordination. Thus, Cu?* in vitreous state produces a ligand
field splitting of the free ion energy level. A tetragonal distortion of the octahedral coordination of Cu?*
is induced by the Jahn-Teller effect due to the non-crystalline structural disorder [34]. This effect leads to
an elongated tetragonal octahedral environment surrounding copper with four short bond lengths in the
plane and two larger axial bond lengths. The splitting shifts then from octahedral to tetragonal, pyramid
or square plane by increasing the crystal field.

The low energy absorption band located above 600 nm is attributed to the d-d electronic transition of
Cu?*ion [35]. Itis also found that this band shifted toward high energies as the amount of CuO increased.
This behavior can be explained by an emphasis of the distortion, which leads to an increase of the splitting
energy of the corresponding 3d level [12]. The high energy band below 300 nm is attributed to the O__
Cu charge transfer which corresponds to an electron transition between the 2p state of oxygen and the
3d state of copper [36]. As it can be seen easily in Fig. 14, the gap between the two energy states decreases
while increasing the CuO amount, which leads also to an increase of the related wavelength. This
behavior, observed in several glass systems containing transition metal oxides, is attributed to the
structural change in the glass network and the formation of non-bridging oxygen bonds [37]. Optical
measurements, in the 750-2000 cm™! domain and EPR spectra will be carried out to have more
information on the coordination of copper ions.
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Fig. 14. Variation of optical band gap of (50-x/2)Na;O — xCuO — (50-x/2)P20s (0 < x <40) (line I) and (50-x) Na;O — x CuO —
50 P,0s5 (0 < x <50) (line 1) glasses.

3.6. Dissolution heat of glasses

Phosphate glasses are known to have a relatively poor chemical durability thus making them easily soluble
in aqueous as well as acidic solutions. The microcalorimetric study undertaken consists on measuring
dissolution heat of the different samples in a very specific solvent. The choice of the latter is determined
by its ability to dissolve instantaneously the vitreous material without forming precipitates leading to
thermochemical phenomena which will also be detected by the calorimeter and then interfere with the
desired measurement. After many attempts of dissolving an amount of studied glasses in many inorganic
solvents (such as: H3PQO4, HNO3, HCI), we observed that a 9% weight nitric acid (HNOs) solution is the best
convenient for our analysis. During the dissolution process, the volume of the solvent is fixed at 4.5 1073 |
of HNOs (9%weight), in both compartments of the micro-calorimeter, and the mass of different samples
close to 20 mg. Complementary experiments were realized for both series of glasses in order to determine
the relative error on the integrated area, using a statistical calculation method developed by Pattengill
[21]. Table 4 reports the dissolution heat values of the investigated glasses. Fig. 15 shows the variation of
the dissolution heat versus mol% of CuO for the two series of glasses.

Table 4
Molar dissolution heat for (50-x/2)Na;0 - xCuO - (50-x/2)P205 (0 < x <£40) and (50-x)
Na,0 - xCuO - 50 P,05 (0 < x <50) glasses.

(50-x/2) Nay0 - x CuO - (50-x/2) P-05 (50-x) Na,0 - x CuO - 50 P,05
Vitreous sample Quiss (KJ/mol) Vitreous sample Quiss (KJ/mol)
x=20 6.29 + 0.03 x=0 6.29 + 0.03
x=10 4.74 + 0.02 x=10 423 £ 0.16

x =20 438 + 0.02 x =20 2.18 + 0.09
x=25 239+ 0.01 x=25 0.71 + 0.03

x =30 1.47 £+ 0.01 x =230 0.30 + 0.01

X = 3333 —2.30 £ 0.01 x =33.33 —0.25 £ 0.01
x =40 —8.65 + 0.04 x =40 —2.38 +£0.09

- - x =50 —3.77 + 0.15
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Dissolution heat decreases gradually from 6.29 + 0.03 kJ/mol to - 8.65 + 0.04 kJ/mol for (50-x/2) Na,O —
XCuO — (50-x/2) P20s glasses and to — 3.8 + 0.2 kJ/mol for (50-x) Na2O — xCuO — 50 P,0s glasses. It is seen
from these results that the dissolution phenomenon is endothermic for glasses with low content in CuO
(x < 30) and exothermic for glasses rich in CuO. This change agrees well with the different measurements
(Tg, density) made previously. Indeed we observed a strong modification in many properties around
30 mol% CuO. The evolution of the dissolution heat of Na,O-CuO-P,0s glasses from endothermic to
exothermic phenomenon is due to the modification of the vitreous network when CuO replaces Na,0O. We
can see that the dissolution heat is endothermic for glasses with weak bonds (—Na—O-P- linkages) and
exothermic for glasses with strong bonds (—Cu—O—P— linkages). The decrease in the dissolution heat in
acid solution shows a dependence of this quantity with the increasing covalent bonds in the network.
These results are similar to those reported previously for Na,O-MO-P,0s glasses (M=Zn, Mn, Mg, Sr)
[22], [23], [24], [25].
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Fig. 15. Evolution of dissolution heat quantities of (50-x/2)Na,O—-xCuO—(50-x/2)P,0s (0 < x < 40) (line 1) and (50-x)Na,O-
XCuO-50P,0s (0 <x <50) (line I1) versus CuO content. The line is drawn as guide to the eyes.

4. Conclusions

The role of the copper oxide CuO was investigated for two glass series of the ternary system Na,O—-CuO-
P,0s, using various techniques: density measurements, DSC, XRD, Raman and diffuse reflectance. The
evolution of density, molar volume and glass transition temperature versus CuO content implies the
reticulation of the glass network due to the replacement of Na_0O bonds by the more covalent Cu-O
bonds for both series of glasses. These results were confirmed by the Raman and reflectance diffuse
spectroscopy studies. Indeed the reticulation of the glass network is achieved by the creation of Cu—O-P
linkages. All results were correlated with dissolution heat measurements by micro-calorimetry. The
dissolution enthalpy decreases, for both series, when the CuO content increases. This study showed also
a transition between an endothermic behavior of the glass dissolution, observed for the glasses with lower
CuO content, and an exothermic phenomenon that occurs around 30—-33 mol% CuO, corresponding to an
important modification of the vitreous network.
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