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Effects of partial substitution of Zn by Mn on the electronic and atomic structure of
diphosphates Zn,_Mn P,0,-56H,0 (x = 0.0, 0.7) have been studied out by X-ray photoelec-
tron spectroscopy, IR spectroscopy, NMR and thermogravimetric analysis. Analysis of the
infrared absorption spectra was carried out for functional groups of Zn,P,0,-5H,O and
Zn, sMng ,P,0,-5H,0 compounds. Through correlation between the symmetric and asym-
metric stretching vibrations of P—-O-P bridge and P-O-P angle an increase of P-O-P
bridge angle was established for Zn, ;Mn,,P,0,5H,0. Substitution of zine by manganese
has little impact on the overall balance of chemical bond in the compound, which is
manifested in minor changes of the core electrons binding energies.

MeTomaMmn peHTreHOBCKOM (OTO3MEeKTPOHHOM cmeKTpockonuu, UK u SIMP cmekTpocko-
NMUM ¥ TEePMOTrPAaBUMETPUYECKOTO aHAJIM3a WCCJeJOBAHO BJIUAHUE YACTUYHOTO 3aMEIeHUs
IMHKA MapradileM Ha 3JIeKTPOHHOE CTPOGHNME M CTPYKTYDHBEIe HmapameTpsl aupocdaros Zn,_
«Mn, P,O,-5H,0 (x = 0.0, 0.7). IIpoeesen amanus MK-mosoc mormomieHns, XapaKTepUsyo-
1118794 KoJebaHus DYHKIIMOHATBHBIX rpymnmn coeuHeHn Zn,P,0,-5H,0 u
Zn, gMng ,P,0,-5H,0. Hexogs us KOppenanuil cUMMeTPUYHBIX M ACHMMETPUYHBIX BAJEHT-
HBIX Kojebaumii MmocTukoBoi casu P—O—P, ycramosmeno yesenuuenme yraa P-O—-P B coegu-
mHenuu Zny gMn, ,P,0,-5H,0. Bamermenue nuuKa MapranlleM MaJo HapymiaeT obmiuii 6amamc
XMMHUYECKON CBASU B COCJUHEHUM, NPOABIAIONEicS B HE3HAUMTEIbHLIX W3MEHEHUSAX JHEp-
ruii CBsI3U OCTOBHBIX YPOBHEN KOMIIOHEHT.

Enexmponna 6ydoea i cmpyxmypni ocobrueocmi amomié i3omophromodudiroeanozo
dugocpamy yunry. C.C.Cuonax, BJI.Kapbiscoruil, BX.KaciaHeHko.

3a TOmOMOTO0I0 PeHTTeHiBChbKOI poToemekTporHoi cnekTpockomii, IH i AMP cmikTpockomii
T4 TePMOTIPABIMETPUUHOTO aHAJNI3y BUBYEHO BILIUB i30MOP(MHOTO 3aMillleHHs IIUHKY MapraH-
IleM Ha eJeKTPOHHY OyZOoBY Ta CTPYKTYpHI mapametpu audocdariz Zn, Mn, P,0,-6H,0 (x =
0.0, 0.7). IIpoeegeno anaxis IU-cMyr morJauHaHHS, IO XaPAKTEPHU3YIOTh KOJIMBAHHA (YHK-
mioHamBHMX Ipyn cmonyk Zn,P,0,-5H,0 i Zny sMng ,P,0,-5H,0. Buxonsum 3 kopenanii
CUMETPUYHUX 1 aCHMEeTPUYHUX BaJEHTHUX KOJHBaHb MicTKOBOro 3B’asxky P—O-P, Bcranosie-
Ho s6impmenna kyra P-O-P y cmonyni Zny sMng ;,P,05-5H,0. 3amimenns nueky mMaprasnem
MaJIO IIOPYIIye 3arajJbHUM GanaHc XiMiuHOro 3B’S8KYy Y CIIOJYIL, [0 BUABIAECTHCI B HE3HAU-
HUX 3MiHax eHepriil 3B’sI8Ky OCTOBHMX PiBHIB KOMIIOHEHT.

1. Introduction industrial applications have phosphate ma-

Currently, there is a growing interest in terials, for example, diphosphates of lith-

development of the new inorganic materials ium and polyvalent metals recently started
for practical applications. A wide range of to be used as electrode materials in autono-
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mous power sources [1-4]. No less interest-
ing and promising for usage as electrode
materials are diphosphates containing lith-
ium and polyvalent metals in the lower oxi-
dation states. For example LiM;P,O; or
LizM};12(POy4)3 (M), — Fe, V, Ti, Mo) [5].

Earlier it was studied the structural fea-
tures of Mn,_,Co,P,0,-5H,0, which are
promising materials for their use as pig-
ments, catalysts and environmentally
friendly corrosion inhibitors [6, 7]. Elec-
tronic structure of these compounds was in-
vestigated in [8]. Their electronic structure
peculiarities were studied by us in [8]. The
structural characteristics and thermal prop-
erties of diphosphates Zn,P,0;-5H,O were
reported in [9, 10]. The results of spectral-
luminescent and vibrational properties are
presented in [11]. However, information
about the electronic structure of
Zn,P504:5H,0 is absent for now.

In this context, the aim of this work is to
study the electronic structure features and
structural characteristics of diphosphates
Zn2P2075H2O and Zn13Mn07P2075H2O.

2. Experimental

In the current work methods of X-ray
photoelectron spectroscopy (XPS), infrared
spectroscopy (IR), nuclear magnetic reso-
nance spectroscopy (NMR) and thermo-
gravimetry were used.

X-ray photoelectron spectra of the samples
were obtained by a photoelectron spectrome-
ter of "JEOL" company — "JSPM-4610"
with using of non-monochromatic Mg K,
(1253.6 eV) X-ray source. Calibration of X-ray
photoelectron spectra was carried out using
the binding energy of gold Au 4f lines, thus
providing to obtain a sufficiently high deter-
mination accuracy of the electron binding en-
ergies for the samples elements. During the
experiment, pressure in an analytical cham-
ber was 1077 Pa, the accuracy of the binding
energy determination was 0.1 eV. The sam-
ples were prepared as disperse powder depos-
ited on the aluminium substrate.

NMR spectra were recorded on a
"Bruker” Avance 400 spectrometer at the
room temperature.

To obtain IR spectra, the samples were
shaped as tablets. The transmission spectra
were recorded in absorption band of P,0O,
anion from 1800 cm™! to 400 ecm™! using
dual-beam  spectrophotometer "Specord
M80" (recording range 4000-250 cm™1).
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Fig. 1. Structure of Zn,(P,0,),-10H,0 [9].

Thermograms were recorded by Q-1500D
derivatograph of MOM company. The sam-
ples with mass ~40-50 mg were studied in
thermogravimetric platinum crucibles at
temperature ranging from the room tem-
perature up to 1000°C at a heating rate of
5°C/min, in air (limited area), at the free
convection exchange.

3. Results and discussion

It is known [9] that Zn,P5,05-5H,0 crys-
tallizes in orthorhombic symmetry with the
space group P,,. (D2h16). In structure of
Zny,P,04-6H,0 there are present two crystal-
lographically nonequivalent atoms of phos-
phorus forming groups P,O;, and three non-
equivalent atoms of the metal. Zn,P,05-5H,0
consists of packed layers of ZnOg octahedra,
connected by double tetrahedral P,O,-groups
—  [Zng05(H5P507)5-2H,0]  and  layers of
[Zn(3)(H,0)g] groups (Fig. 1). P2074‘ anions
have nonlinear configuration with P-O-P
bridging angle equal to 126.5° [6, 9].

To assess the changes in the atomic struc-
ture of diphosphates Zn,_,Mn,P,0,-5H,0
(x = 0.0, 0.7) infrared spectra were ob-
tained (Fig. 2). IR spectra consist of differ-
ent bands corresponding to the vibrations of
water molecules, PO; groups and P-O-P
bridge. The assignment of frequencies for
the both samples is given in Table 1. Posi-
tion of the bands is consistent with the pre-
vious results [9], however, the number of ob-
served vibrational modes does not correspond
to the quantity provided by the compound
symmetry. Apparently, this is due to the
overlap of some bands or due to insufficient
intensity of the individual modes [9]. Less
number of the vibrational modes was also ob-
served for (X_Zn2P207, -, B_M92P207 and
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Table 1. Vibrational band assignments for
Zn,_, Mn,P,0,-5H,0 (em™1)

Position of vibrational bands Assignment
for Zn,_ Mn P,0,-5H,0 (cm™1)
x=0.0 x=0.7
3712 3712 vH,O
1648 1648 8H,0
1144 1144 v,PO,
1088 1080 +
1040 v,sPO3
912 912 v,,POP
744 736 v,POP
672 pH,O
560 552 §,,PO5
488 480
Ca,P,05, as expected according to the

group of symmetry [9].

For the sample Zn,P,O;-5H,0O there are
two modes — 1144 em™1 and 1080 em™! in
the area of symmetric and asymmetric
stretching vibrations of POj-groups. For the
sample of diphosphate Zn,_,Mn,P,0,-5H,0
where x = 0.7, the number of vibrational

modes increases to three — 1144 em™1,
1080 em™! and 1040 ecm™1 (Fig. 2, Table 1).
Two absorption bands — 766 cm™! (v,)

and 929 cm! (v,s) correspond to the
stretching vibrations of P-O—P bridge. The
presence of these two modes in the spec-
trum indicates that the angle POP < 180°
and that the symmetry of P,O,-group can-
not be higher than C,,, because only one
mode vas can be observed for centrosymmet-
ric (angle POP = 180°) configuration (sym-
metry group Dg;).

In the frequency range of 2500 em 1-
3700 cm™! there are observed the broad
overlapping absorption bands corresponding
to stretching vibrations of water molecules
vH50, that can be explained by formation of
various hydrogen bonds. This assumption is
confirmed by the authors of [6, 9] for the
analogous compounds. Deformation modes

4000 3500 3000 2500 2000 1500 1000 v, cm’

Fig. 2. IR absorption spectra of diphosphates
Zn, Mn, P,0,-5H,0, where x = 0.0, 0.7.
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Fig. 3. DTA, TG
Zn,P,0,-5H,0.

and DTG curves of

of water molecules for the both samples are
observed in the area of 1648 cm™1.

Position of observed vibrational modes v,
and v,, can be used for the experimental
determination of the POP angle in these
compounds. To estimate the magnitude of
the POP angle we used the relationship be-
tween the angle and the magnitude of split-
ting of P,O,-group vibrations proposed by
Lazarev: A =[v,,~v,POP]/[v, + v;POP]
[12]. Experimentally obtained dependence of
this quantity A against the POP angle of
P,O,-group is given in [13]. The values of
POP angle for studied compounds obtained
on the basis of these data are shown in
Table 2.

Table 2. Values of 100-A and POP angle for the samples of Zn,_  Mn,P,0,-5H,0 (x = 0.0, 0.7)

v,,POP, v,POP, 100-A Angle POP, deg.,

(IR, cm™) (IR, cm 1) according to [13]
Zn,P,0,-5H,0 912 744 10.14 125
Zn, sMng P,0,-5H,0 912 736 10.68 127
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Parameter 100-A for Zn,P,0.,-5H,0 is
10.14 that corresponds to angle of 125°,
and practically coincides with the value ob-
tained in [9], where the angle was deter-
mined as 126.5°. For compound
Zn13Mn07P2075H20 the parameter 100-A is
10.68, that corresponds to the angle POP
equal to 127°.

The nature of thermal processes in the
temperature range from =20°C to 1000°C
for diphosphates Zn,_,Mn,P,0;-56H,O (x =
0.0, 0.7) can be seen from the curves of
DTA, TG and DTG (Fig. 3, Fig 4).

Thus on the DTA curve for
Zn,P,04-5H,0 (Fig. 3, Table 8) there are
two deep minima at 120°C and 190°C and
weak minimum at 295°C corresponding to
endoeffects. These effects are caused by the
mass loss — removal of water molecules at
different stages. The DTG curve indicates
that the processes of mass loss proceed in
three stages. Exoeffects at 462°C and 638°C
are not accompanied by loss of mass and
probably is due to crystallization of inter-
mediary products. This is consistent with
the results obtained in [9] for compound
Zn,P504:5H,0, where at 295°C the amor-
phous Zn,P,0,; was observed, at 481°C the
crystallization of y—Zn,P,0; took place and
at 750°C the transformation of the y-phase
in B-Zn,P,0; occurred. The transition be-
tween the 'Y_Zn2P207 and B_Zn2P207 is irre-
versible, but cooling of f—Zn,P,0O; to the room
temperature leads to formation of o—Zn,P,0,
[9].

Presence in the sample of
Zn,_,Mn,P,0,-5H,0 two types of cations
(x = 0.7) (Fig. 4, Table 3) reduces the ther-
mal stability — the weaker bonds of water
molecules broken at 82.5°C (see the curve
DTG). This is evidenced by the endotherm
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Fig. 4. DTA, TG and DTG curves of

Zn, Mn,P,0,-5H,0, x = 0.7.

effect on the DTA curve at this temperature.
The deep endoeffect with a minimum at
135°C is accompanied by a significant loss of
mass and the highest rate of the mass loss.
The less intensive endoeffect at 192°C is
characterized by the minor loss of mass.
There is also a low-intensity endoeffect at
270°C. The DTG curve confirms the jagged
mass loss model. Unlike Zn,P,0,-5H,0, for

compound Zny gMng 7,P>,07-5H,0 three exoef-
fects at temperatures 523°C, 786°C and
855°C are observed, which are associated
with transformations of the heated material
without the loss of mass.

Infrared spectroscopy is very informative
method for studying the heating products,
because of removal of functional groups
during the heating of the substance reduces
or totally eliminates the intensity of the
corresponding absorption band. Heating of
the test compounds (up to 1000°C) leads to
a loss of water molecules. (?) — IR spectra
of the samples have no vibrational modes
corresponding to the water molecules (this
area is not presented here). IR spectra of
the heating products of the studied com-

Table 8. Peak positions of the thermal effects (°C) for Zn,_ Mn,P,O,-5H,0

Energy effects, accompanied by mass loss Energy effects Mass loss, wt. %
without massloss
t, °C
x Endo Endo Endo Endo Exo
0.0 120.0 190 295" 450" 462 22.7
638"
0.7 82.5 192 270" 523 26.2
135 786"
855"
Note: ¥ — weak intensity.
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Fig. 5. IR absorption spectra of diphosphates
Zn,_Mn,P,0,-5H,0 (x = 0.0, 0.7), heated up
to 1000°C.

pounds (see Fig. 5) have vibration modes
corresponding to v,POP, that indicates the
curved shape of the POP bridge. Shift of
the vibrational modes v,POP after heating
is observed for the both samples to the
lower frequencies on 16 cm™! and 24 cm™!
with respect to the samples in the initial
state. A significant shift towards the higher
frequencies is observed for v,,POP mode.
According to [12], decrease of v,POP fre-
quency and increase of v,,POP frequency
indicates the increase of POP angle. Spec-
troscopic evaluation of the angle for the
heating products of these compounds shows
that in the case of Zn,P,0,-5H,0 the final
product has POP angle equal to ~140°. It is
assumed that the heating of this compound
led to the formation of a—Zn,P,0; phase,
because it is known from [9] that heating of
Zn,P505:5H,0 results in formation of
0—Zny,P,0; with POP angle equal to 139°.
IR spectrum of the heating product of
Zn,_,Mn,P,0,-5H,0, x=0.7 is
blurred, v,POP mode has low-intensity and
POP angle is about 148°.

more
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Fig. 6. O 1s XPS spectra for Zn,P,0;-5H,0
(a) and Zny gMng ,P,05-5H,0 (b).

From comparison of the thermal effects
temperatures for Zn,_,Mn,P,0,-5H,0, x = 0.0,
0.7 it is seen that the sample with the value
of x = 0.0 is more resistant to the thermal
stresses.

Electronic structure of the investigated
compounds was studied by X-ray photoelec-
tron spectroscopy. Fig. 6 shows the XPS
spectra of 1s states of oxygen, which are
characterized by approximately the same pa-
rameters. One can see that their energy po-
sition, width and asymmetry parameter are
almost matching. As can be seen from
Table 4, the partial substitution of zinc by
manganese is accompanied by some increase
in the energy of 2p core electrons of zinc by
0.2 eV. Such small changes in the positions
of the core electrons spectra indicate the
spatial redistribution of the electron density
while maintaining the overall energy bal-
ance of the chemical bond.

Participation in the bond of 3d-orbitals
of manganese results in significant broaden-

Table 4. Binding energy (eV) of the core levels of atoms for the studied compounds

O1ls Zn2pg 9 Zn2p, ;9 Mn2pg 5 Mn2p, 5
Zn,P,0,-5H,0 532.5 1023.4 1046.5 - -
Znq gMng ,P,07-5H,0 532.5 1023.5 1046.7 642.8 654.5
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Fig. 7. 3'P NMR spectra of compounds: a) —
Zn,P,04-5H,0;5 b) — Zny sMng ;,P,04-5H,0.

ing of the nuclear magnetic resonance spec-
tra obtained on the nuclei of phosphorus 3P
(Fig. 7). This broadening is caused by the
presence of magnetic moment on manganese
atoms due to the existence of its unpaired
electrons on 38d-orbitals, that leads to the
broadening of 3'P NMR line.

4. Conclusions

For zinc diphosphate the value of P-O-P
bridge angle was determined, which is equal
to 125°. Isomorphic substitution of zinc by
manganese — Zny 3Mng ;P5,0,-5H50 leads to
a slight increase in the P—O-P bond angle,
which amount to 127°.

Annealing of the samples of
Zn,P504:5H,0 and isomorphically substi-
tuted Zn13Mn07P2075H20 at 1000°C ].eads
to the phase transformations and to signifi-
cant increase in the angles of P-O-P bond,
which are equal to 139° and 148°, respec-
tively.

Loss of structural water for
Zny,P,0,-56H,0 compound take place at the
higher temperatures, that indicates the
presence of stronger hydrogen bonds and
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more stable structure of this compound.
Doping of zinc diphosphate reduces the
thermal stability of the compound. The
weaker bonds of water molecules break even
at 82.5°C.

Isomorphic doping of zinc diphosphate by
manganese has little impact on the overall
balance of the chemical bond in the com-
pound, which is manifested in minor changes
of the core electrons binding energies.
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