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Abstract The thermal properties and some physical

characteristics of the metaphosphate glassy system xMnO–

(50-x)ZnO–50P2O5 were studied. Homogeneous glasses

were obtained in the whole concentration range between

Zn(PO3)2 and Mn(PO3)2. The metaphosphate structure of

the glasses was confirmed by Raman spectroscopy. The

manganese was found to have a high-spin d5-configuration

in the glassy network, i.e., Mn(II), and the presence of a

small amount of Mn(III) explained the purple color of the

glasses, as confirmed by electron absorption spectroscopy.

Thermoanalytical properties were studied by differential

scanning calorimetry, thermomechanical analysis and dif-

ferential thermal analysis. The phase diagram of the zinc–

manganese metaphosphate system was proposed based on

thermal analysis results and X-ray diffraction analysis of

crystalline phases obtained after crystallization of under-

cooled melt. An eutectic composition was found close to

8 mol% MnO, while compositions with MnO content over

15 mol% form substitutional solid solutions. Some other

properties as compositional dependence of glass transition

temperature, thermal expansion coefficient and density

were discussed on the basis of proposed phase diagram.
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Introduction

In the last few decades, phosphate glasses of various

compositions have become much studied materials, in

terms of both fundamental research and for their expected

technological applications. Phosphate glasses offer an ex-

tremely wide range of possibilities for the tailoring of their

physico-chemical properties for specific technological ap-

plications. These glasses have many desirable properties in

comparison with silicate or borate glasses such as low

melting temperature, high thermal expansion coefficient

and transmission in an ultraviolet region [1–4]. As a result,

phosphate glasses may find application in electronics and

optics, in the hazardous waste immobilization and also

have a number of biomedical applications [5–8].

Among the binary phosphate glasses, much attention has

been paid to zinc phosphate glasses, mainly because of the

uniquestructuralroleofZnO,whichcanactasanintermediate

oxide intheglass.Asaglassformer, itenters thenetwork inthe

form of [ZnO4] structural units and can crosslink the phos-

phate chains byforming P–O–Zn bridges.As aglassmodifier,

Zn2? ions occupy interstitial sites in the glass network [9–11].

Zinc metaphosphate glasses have attracted particular atten-

tion for their potential use in optical devices such as optical

waveguides, glass–polymer composites and solid-state laser

sources, and are often used as a seal between glassy and

metallic parts [12, 13].

The introduction of transition metals such as mangane-

se, molybdenum or tungsten, usually in multivalent states,

into phosphate glasses induces structural changes and
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causes interesting changes in their thermal, electrical, op-

tical or magnetic properties [14–16].

Recently, glasses containing MnO have also been studied

because manganese may be advantageously used as a

paramagnetic probe to study the structure of phosphate glasses

[17–19]. Manganese ions exist in different valence states in such

glasses, namely as Mn2? and Mn3?, both with tetrahedral or with

octahedral coordination in the glassy matrix. The study of zinc

polyphosphate glasses doped with MnO by various methods has

suggested that both Mn2? and Mn3? ions are present in these

glasses and play a network modifier role [18, 19].

Great attention has been paid to mixed strontium–man-

ganese metaphosphate glasses because of their photolumi-

nescence properties, which make them promising materials

for special optical applications. These glasses have been

intensively studied by electron paramagnetic resonance, in-

frared and Raman spectroscopy techniques, and their optical,

thermal and physical properties have been investigated in the

light of the mixed alkali effect [20]. Study of the effect of

manganese on the optical band gap of cadmium phosphate

glasses has found that the optical band gap energy decreases

with increasing manganese oxide content [21]. Lead niobi-

um phosphate glasses containing small concentrations of

manganese have also been studied, with the finding that the

manganese ions existed mostly as Mn2?, occupying network

former positions in [MnO4] structural units, and increased

the rigidity of the glass network [22].

Phosphate glasses can be divided into several groups in

terms of their P2O5 content and thus their content of basic

phosphate structural units Q0–Q3 [3, 5]. Our attention was fo-

cused on the metaphosphate glasses with the PO3
- basic struc-

tural unit, which were expected to have a wide glass-forming

area owing to the known fact that metaphosphoric acid and its

salts produce linear and cyclic polymer structures. The main

objective of this work was to study the thermal properties of the

metaphosphate glasses of xMnO–(50-x)ZnO–50P2O5 system

with composition varying between both stoichiometric border

compositions of zinc and manganese metaphosphate.

Experimental

Metaphosphate glasses of the ternary system ZnO–MnO–

P2O5 having a gradual increase in MnO concentration were

chosen for this study: xMnO–(50-x)ZnO–(50-x)P2O5,

where x = 0, 2, 5, 7, 10, 20, 25, 40 and 50. Glasses were

prepared by conventional melt-quenching method using

ZnO and MnO (both 99.9 %; Sigma-Aldrich, Czech

Republic), and H3PO4 (85 %, p.a.; Sigma-Aldrich). The

appropriate amounts of the oxides and acid were mixed in

platinum crucibles and heated slowly to 600 �C for ap-

proximately 2 h. The mixtures were then heated to

1100–1260 �C according to the manganese content and

melted for 10 min at the final temperature in an electric

furnace. The molten material was quenched at room tem-

perature by pouring into a graphite mold, and the prepared

glasses were slowly cooled to room temperature. Glass

with x = 50 was also prepared with the addition of small

amount of glucose as a reducing agent to maintain man-

ganese in Mn(II) oxidation state.

Homogeneous glasses were prepared within the whole

compositional range, and the amorphous nature of the sam-

pleswasconfirmedbyX-raydiffraction(XRD).Thechemical

compositionof theglasseswascheckedbyX-rayfluorescence

analysis (XRF; l-XRF analyzer EAGLE II). The XRD mea-

surements were performed on powdered samples using a D8

Advance diffractometer (Bruker) Cu K(a) radiation. The

lattice parameters were calculated using EVA software,

ver.19., Diffrac plus Basic Evaluating Package, Bruker AXS

GmbH, Germany, 2013, and the error of monoclinic cell pa-

rameters a, b, c is ± 0,0004 Å, for cell angle b ± 0.005�.
Theglass transition(Tg)of thesampleswasmeasuredusing

a differential scanning calorimeter (DSC; Diamond, Perkin-

Elmer) in the temperature region of 100–590 �C with heating

rate of q = 10 �C min-1. The softening temperature,Td, and

the thermal expansion coefficient of the samples were ob-

tained by thermomechanical analysis using a TMA Q400

analyzer (TA Instruments). The measurements were made

with a power of 0.050 N, and q = 10 �C min-1. The thermal

behavior of undercooled melts was studied by differential

thermal analysis (DTA; SDT Q400; TA Instruments) within

the temperature range 100–1100 �C and recorded at

q = 10 �C min-1. The coarsely crushed bulk samples were

measured by both DTA/DSC techniques.

Raman spectra were recorded on bulk samples at room

temperature using a LabRam HR Raman confocal micro-

scope (Horiba Jobin–Yvon). The spectra were recorded in

back-scattering geometry under excitation with a 532-nm

Nd:YAG laser at a power of 5 mW.

Magnetic susceptibility measurements were made using

a variable temperature Gouy balance system (Newport

Instruments, UK).

The density of the glasses, q, was determined using the

standard Archimedean method with toluene as the im-

mersion liquid. The molar volume (Vm) of the samples was

calculated according to the relation: Vm ¼ �M=q; where �M

is the average molar weight of the glass.

Results and discussion

Basic characterization and oxidation states

of manganese

The prepared basic glass 50ZnO–50P2O5 was colorless,

and the color of the glasses changed from light purple to
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very dark purple with increasing manganese content. This

often observed purple color of phosphate, borophosphate or

silicate glasses containing manganese is explained by the

presence of Mn(III) in the glassy matrix [20, 22, 23].

Therefore, prior to further studies, it was necessary to

confirm the oxidation state of the manganese in the glass

samples.

Unambiguous determination of the oxidation state of

manganese can be made using magnetic susceptibility

measurements. The temperature-dependent magnetic sus-

ceptibility of selected glasses with different manganese

concentrations was obtained, and the values of the effective

magnetic moment, leff, were calculated from the results.

The obtained values were found to be independent of

manganese concentration; the mean value was found to be

leff = 5.96 lB. Based on the atomic magnetic moment

values of free Mn2? and Mn3? ions (5.92 and 4.90 lB,

respectively, [22]), it is possible to conclude that within the

sensitivity of the method (±1 %), the manganese in the

glasses has a high-spin d5-configuration, i.e., Mn(II).

As known, Mn(II) has a d5 electronic configuration, cor-

responding to a half-filled d shell, with the ground-level

configuration 6A1g. Because all excited states of Mn(II) are

spin quartet states, all electronic transitions are parity and

mainly spin forbidden according to the selection rules.

Therefore, the intensity of the corresponding spectral bands

is very low. However, the d4 Mn(III) system has a ground

level of 5D, which splits into four states (5B1g, 5A1g, 5B2g and
5Eg) in octahedral crystal fields by Jahn–Teller distortion,

leading to three spin-allowed electronic transitions. Figure 1

shows the ultraviolet–visible spectra of selected glasses.

While the manganese-free glass showed no absorption in the

visible range (curve 1), a broadband with a maximum at

approximately 540 nm and a narrowband at 409 nm were

observed in the spectra of glasses containing manganese

(curve 2–4). The first absorption band results from the

mixture of spin-forbidden electronic transitions of Mn2? and

the spin-allowed transitions of Mn3? that are, however,

much more intense. One of the latter (5B1g ? 5B2g,

*530 nm) is responsible for the purple coloring of the

glasses [20, 24]. Thus, it can be concluded that the coloration

of the glasses was caused by the presence of Mn3? in an

amount below the sensitivity of magnetic susceptibility

measurements. The band at 409 nm was attributed to the d–d

transition of Mn(II) and is not significant to this discussion.

The influence of Mn(III) on the color of the glasses was

further confirmed after preparation of colorless glass with

x = 50 in the presence of glucose as a reducing agent.

Raman spectra

The unchanged metaphosphate structure of the glasses

across the whole compositional range was confirmed by

Raman spectroscopy, as shown in Fig. 2. The spectrum of

the MnO-free glass, 50ZnO–50P2O5, was dominated by

two strong bands. The first was situated at 1207 cm-1 and

can be assigned to the symmetric stretching vibration of

terminal PO2
- groups in Q2 units. The second one at

703 cm-1 was caused by the symmetric stretching vibra-

tion of P–O–P bridges, the ms-POP mode, resulting in

bending motion of the bridging oxygen [5]. The energies of

these bands were slightly shifted toward lower wave

numbers, to 1184 and 697 cm-1, respectively, with in-

creasing MnO content in the glass matrix. Besides the

abovementioned bands, a weak feature observed at

1258 cm-1 was also slightly shifted to 1252 cm-1 with

increasing Mn content. According to Ref. [9], this band

arose from the coupling of stretching motions of terminal
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Fig. 1 Ultraviolet–visible spectra of xMnO–(50-x)ZnO–50P2O5

glasses of selected compositions x = 0 (1), x = 2 (2), x = 20 (3),
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Fig. 2 Raman spectra of xMnO–(50-x)ZnO–50P2O5 glasses
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(out-of-chain) and bridging (in-chain) oxygen atoms in

metaphosphate units.

The above results unambiguously show that the glass

structure was formed mainly by a metaphosphate network

built up of Q2 units in chain or ring arrangements.

Thermal analysis

Three thermoanalytical techniques were used to study the

zinc–manganese metaphosphate glasses: (i) DTA of the

glasses and their undercooled melts in the wide tem-

perature range of interest, (ii) power-compensated differ-

ential scanning calorimetry (DSC) for precise measurement

of the glass transition temperature, Tg, and (iii) thermo-

mechanical analysis (TMA) to determine the softening

temperature, Td, and the thermal expansion coefficient, a,

of the glasses. DTA curves of selected compositions are

shown in Fig. 3, and the glass transition temperature region

is magnified in inset.

Only one value of Tg was found for each glass changing

between 410 and 470 �C, and thus, it can be concluded that

the glasses were homogenous, see inset in Fig. 3. The

compositional dependence of Tg is shown in Fig. 4 and can

be divided into two regions. In the first, after an initial

slight increase, Tg decreases with increasing concentration

of MnO to its minimum at x = 10. In the second region

(for x[ 10), Tg increases practically linearly with MnO

content. The compositional dependence of Td showed a

similar pattern.

Because the glass transition temperature reflects the

rigidity of a glassy network, its increasing value with

manganese concentration (x[ 10) indicates an augmented

cross-linking density and higher closeness of packing in the

glassy network.

The behavior of undercooled melts was investigated by

DTA owing to the need for measurements at temperatures

above 600 �C, see Fig. 3. Only one crystallization peak

was found on the DTA curves, in many cases nonsym-

metric. The crystallization was followed by two en-

dothermic effects. The first little intensive at 792 ± 4 �C
was compositionally independent for composition up to

x B 15, while at higher content of MnO its temperature

gradually increased to the final temperature 997 �C. The

temperature of the second peak gradually decreased to

792 �C for x B 7, and subsequently for samples with

10 B x B 50, this temperature rose again to the final value

997 �C. It is, therefore, possible to conclude that the tem-

perature 792 ± 4 �C is the eutectic temperature in the case

of samples with x B 15.

The samples crystallized in the course of DTA measure-

ment were studied by XRD, and obtained XRD pattern is

shown in Fig. 5. XRD showed that only zinc metaphosphate

(monoclinic, PDF No. 00-055-0130 [25]) crystallizes from

undercooled melts up to 2 mol% of MnO and both zinc

metaphosphate and manganese metaphosphate crystallize

from melts with 2\ x B 15. Above this MnO content, the

crystalline phase with the structure derived from manganese

metaphosphate structure was identified, and at the same time,

the significant compositional change of unit cell parameters

was observed, see the compositional dependence of cell

parameters shown in Fig. 6. This indicates that in this

compositional region, manganese progressively replaces

zinc in any ratio forming thus substitutional solid solutions.

Based on both DTA and XRD results, the proposal of

phase diagram of studied metaphosphate system was done,

see Fig. 7. Proposed diagram is typical for binary system

with partial solubility, and system under study can be
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characterized as a binary system Zn(PO3)2–Mn(PO3)2 with

extremely narrow solid solution region on the Zn(PO3)2

side, see Fig. 7. The eutectic composition was estimated

close to 8 mol% of MnO, and eutectic temperature is

792 �C. Above 15 mol% of MnO substitutional solid so-

lutions are formed, wherein the zinc is progressively re-

placed by manganese in any ratio. It is possible to assume

that from undercooled melts containing more than

15 mol% MnO, the compound, having a composition

corresponding to the respective solid solution with the

given ratio of manganese and zinc, crystallizes. This is

consistent with the abovementioned compositional depen-

dence of unit cell parameters of the obtained crystalline

phases, Fig. 4. The final temperature 997 �C corresponds

to the melting point of Mn(PO3)2. It should be noted that

for the lowest concentration of MnO, the narrow region of

solid solution exists (sketched by dashed line in Fig. 7),

which could be responsible for nonmonotonic composi-

tional dependencies of studied properties in this region,

e.g., the glass transition or coefficient of thermal expan-

sion. Determination of border of this region is below ex-

perimental resolution because preparation of the glasses

with very low concentration of one of the components,

MnO in our case, leads to the relatively great error of the

glass composition.

The studied glasses can be divided into two groups ac-

cording to the behavior of their undercooled melts, and this

agrees well with compositional dependence of Tg, see

Fig. 4. Glasses of the first group (0\ x B 15), which are

characterized by a decrease of Tg, exhibited eutectic

melting. Glasses of the second group (x[ 15) with in-

creasing Tg form solid solutions in which the zinc is re-

placed by manganese in any ratio.
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The thermal expansion coefficient, a, of glasses in the

eutectic region did not exhibit monotonic concentration

dependence, but increased almost linearly in the solid so-

lution region (Fig. 8). This dependence corresponds well

with the abovementioned phase diagram.

Density and molar volume

The density, q, of the studied glasses was measured by the

common Archimedes method, and their molar volume, Vm,

was calculated. Their compositional dependence is shown

in Fig. 9. The density and molar volume varied nonlinearly

with increasing manganese content, in agreement with the

proposed phase diagram for this system. The breaks in the

compositional dependencies are observed at compositions

corresponding to the proposed eutectic point and the end of

the eutectic region.

Despite this nonlinear behavior, the density increased

with Mn content, while Vm decreased (Fig. 9). The increase

in density was surprising because the heavier zinc was

replaced by the lighter and smaller manganese. This be-

havior can be explained by changes in the structure of the

glassy network caused by substitution of four coordinated

Zn with six coordinated Mn. This substitution led to an

increase in the compactness of the structure that corre-

sponded to the decrease in the calculated molar volume.

These results are consistent with the conclusions drawn

from the observed compositional dependence of Tg.

Conclusions

The thermal properties and some physical characteristics of

the metaphosphate glassy system xMnO–(50-x)ZnO–

50P2O5 were studied. Homogeneous glasses were obtained

within the whole concentration range. Raman spectroscopy

confirmed that the metaphosphate structure of the glassy

network did not change as the content of MnO was in-

creased. Magnetic susceptibility measurements showed

that the manganese in the glassy network had a high-spin

d5-configuration, i.e., Mn(II), within the sensitivity of the

method. The presence of a small amount of Mn(III) was

confirmed by electron absorption spectroscopy and ex-

plained the purple color of the glasses.

Main attention was paid to the study of thermal prop-

erties of prepared glasses; obtained crystalline phases were

also analyzed using XRD. On the basis of thermal analysis

and XRD measurements, the zinc–manganese metaphos-

phate system was found to be typical pseudobinary system

with partial solubility and the phase diagram of this system

was proposed. The eutectic composition was found close to
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8 mol% MnO with eutectic temperature 792 �C, while

compositions with MnO content over 15 mol% form sub-

stitutional solid solutions. The compositional dependencies

of the glass transition temperature, softening temperature,

thermal expansion coefficient and density of glasses cor-

relate well with this type of phase diagram.
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