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The diphosphate Na1.96Ca0.96Eu0.04P2O7 has been prepared in powder and single crystal 
states. The space group is P1 (Z=2) and the unit cell parameters are: a=5.473(3) Å, 
b=7.163(4) Å, c=8.897(5) Å, α=69.54(2)°, β=89.12(3)°, γ=88.83(4)°, V=326.7(3) Å3, Dcalc=2.676 
mg/m3. The refinement converged to R/Rw= 4.08/10.63 for 1876 observed reflections (I > 
2σ(I)). The structure is isotypic to that of  Na2CaP2O7 and it is characterized by tunnels 
where Na+ ions are located. The transport properties of Na1.96Ca0.96Eu0.04P2O7 are reported. 
© 2008 Oklahoma Academy of Science.

INTRODuCTION

Recently, the synthesis, single crystal struc-
ture, and conductivity of the diphosphates 
K2Pd P2O7 and K3.5Pd2.25( P2O7)2  were re-
ported [1].
 This report is the result of an extension 
of the work on mixed diphosphates con-
taining both alkaline and transition metal 
cations. The structure of Na2CaP2O7 has been 
previously determined [2], and the purpose 
of this work is to create positive vacancies 
in this matrix in order to produce good elec-
trical performance. The matrix was doped 
with a trivalent element (Eu3+) producing 
vacancies in the mobile lattice of sodium 
cations. The synthesis, crystal structure and 
the conductivity of Na1.96Ca0.96Eu0.04P2O7 are 

herein reported.
2. Experimental
2.1 Synthesis
2.1.1 Powder state synthesis
 The starting materials Na2CO3, CaCO3, 
Eu2O3 and (NH4)2HPO4 of high purity grade 
(>99%) were heated together in a porcelain 
crucible to 953 K and then cooled while 
grinding in an agate mortar until a tempera-
ture of 423 K was reached. The reaction oc-
curs according to the following equation:
(1-x/2)Na2CO3 + (1-x) CaCO3 + x/2 Eu2O3 + 
2(NH4)2HPO4 → Na2-xCa1-xEuxP2O7 + 4NH3↑ 
+ 3H2O↑ + (2-3x/2)CO2↑
(with x= 0.04)
 The purity of the final product was 
evaluated by powder X-ray diffraction using 
a D500 X-ray diffractometer. A comparison 
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was made with a powder pattern generated 
from single crystal data of the crystals with 
the same composition, or by isotipy with 
the pattern of the isomorphous diphosphate 
Na2CaP2O7

 [2]. 

2.1.2 Single crystal synthesis
 The crystals of Na1.96Ca0.96Eu0.04P2O7 were 
prepared from the powder obtained at 953 
K as described above by a direct fusion 
method in a porcelain crucible. The melting 
temperature (1223 K) was maintained for 24 
hours and followed by controlled cooling 
(5°/h) to 773 K, whereupon heating was 
stopped and allowed to equilibrate at room 
temperature. The crystals obtained were 
observed under a polarization microscope 
as colorless transparent needles.

2.2 Single crystal X-ray diffraction
 A single crystal of Na1.96Ca0.96Eu0.04P2O7 
(0.2 x 0.2 x 0.2 mm3) was mounted on a 
Siemens P4 automated diffractometer, 
equipped with graphite monochromated 
Mo Kα radiation ( λ= 0.71073 Å). Data was 

collected at room temperature with a θ-2θ 
data collection mode [3]. Three standard re-
flections were remeasured after each 97 data. 
The intensities of these reflections showed 
insignificant variation. Data were corrected 
for Lorentz, polarization, background, 
centering and absorption effects. Atomic 
positional parameters were determined us-
ing direct methods [4] and refinements were 
carried out using full-matrix least-squares 
techniques [5]. Details of data collection and 
crystal structure are presented in Table 1.

2.3 Ionic conductivity
 The conductivity measurements of 
Na1.96Ca0.96Eu0.04P2O7 were carried out on a 
powdered sample, pressed to a cylindrical 
pellet form (of thickness = 1.26 mm and di-
ameter = 8.20 mm), and sintered under the 
same operating conditions as for powder 
synthesis (973 K for 24 hours). Compactness 
is approximately 90%. Vacuum evaporated 
gold was used as the electrode material. 
The Au//Sample//Au device was placed 
in a quartz measurement cell, degassed at 

Table 1: Crystal data for Na1.96Ca0.96Eu0.04P2O7.

Formula Na1.96Ca0.96Eu0.04P2O7
MW (g/mol) 263.26
Temperature (K) 293(2)
a(Å) 5.473(3)
b(Å) 7.163(4)
c(Å) 8.897(5)
α(°) 69.54(2)
β(°) 89.12(3)
γ(°) 88.83(4)
Volume (Å3) 326.7(3)
Z 2
Crystal system, Space group Triclinic, P1
F(000) 258
Absorption coefficient µMoK

α
(mm-1) 1.887

Octants measured  -7<h<1, -9<k<9, -12<l<12
Wavelength (Å) 0.71073
Dcal (mg/m3) 2.676
Independent reflections(Rint) 2412 (0.0962)
Observed reflections  1876
R/Rw (I > 2σ(I)) 4.08/10.63
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473 K for 2 hours in order to eliminate pos-
sible traces of water, then heated to several 
measurement temperatures.
 The electrical properties were deter-
mined by a complex impedance method us-
ing a frequency response analyzer (Solartron 
1260) [6]. The frequency range was 10-2 – 106 
Hz over the thermal interval 300-718 K in 
several cycles. The real and imaginary parts 
of the complex impedance (Z* = Z’-jZ’’, with 
j2=-1) were measured as a function of the fre-
quency. The relative resistance of the sample 
at each temperature was determined as the 
intersection of the semicircle (extrapolated) 
of the impedance curve (real component) 
with the Z’ axis.

RESuLTS AND DISCuSSION

3.1 Structure
 Figure 1 gives a projection view of 
the structure of Na1.96Ca 0.96Eu 0.04P2O7. The 
structure is characterized by the presence of 
two types of tunnels, both parallel to [100] 
direction. These tunnels are built up from 
P2O7 

4- moieties and calcium polyhedra. Po-
sitional parameters for Na1.96Ca 0.96Eu 0.04P2O7 
are presented in Table 2. The P2O7 

4- groups 

presented P-O distances averaging 1.525(3) 
Å. They are located in staggered conforma-
tion with a torsion angle O-P…P-O of 43.4° 
and a bridge angle P-O-P of 125.49(12)°.
 Ca2+ cations are surrounded by six oxy-
gen atoms belonging to six different P2O7

4- 
groups. The (Ca/Eu)-O distances average 
2.362 Å.
 The Na atoms are seven-coordinate 
and are located in two different crystallo-
graphic sites: Na(1) and Na(2). The average 
Na-O distances are 2.598(3) Å for Na(1) and 

Table 2: Positional parameters for  Na1.96Ca0.96Eu0.04P2O7

Atom occupation x(σ(x)) y(σ(y)) z(σ(z)) Ueq

Ca 0.9633 0.2340(1) 0.2438(1) 0.7233(2) 0.014(1)
Eu 0.0366 0.2340(1) 0.2438(1) 0.7233(2) 0.014(1)
Na(1) 1 0.2332(2) -0.1391(2) 0.5475(2) 0.023(1)
Na(2) 0.9633+0.04  +Na 0.2641(3) 0.7840(3) 0.9812(2) 0.037(1)
P(1) 1 0.2478(1) 0.1170(1) 1.1751(1) 0.011(1)
O(11) 1 0.2745(4) 0.1276(3) 1.0021(2) 0.023(1)
O(12) 1 0.4591(4) 0.0050(3) 1.2822(3) 0.018(1)
O(13) 1 -0.0058(4) 0.0505(3) 1.2466(3) 0.017(1)
O(14) 1 0.2697(4) 0.3507(3) 1.1590(2) 0.016(1)
P(2) 1 0.2951(1) 0.4319(1) 1.3095(1) 0.012(1)
O(21) 1 0.1762(4) 0.2768(3) 1.4554(2) 0.020(1)
O(22) 1 0.1613(4) 0.6335(4) 1.2485(3) 0.022(1)
O(23) 1 0.5706(4) 0.4516(3) 1.3290(3) 0.023(1)

Ueq : Equivalent isotropic U defined as one third of the trace of the orthogonalized Vij  
tensor.

F i g u r e  1 :  P r o j e c t i o n  v i e w  o f 
Na1.96Ca0.96Eu0.04P2O7 
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2.658(3) Å for Na(2). The substitution of Ca2+ 
by Eu3+ cations in Na1.96Ca0.96Eu0.04P2O7 gen-
erated positive vacancies in the sub lattice 
of Na(2), ( +Na(2)) which should favor the 
transport properties of the diphosphate.
 The structure of the diphosphate 
Na1.96Ca0.96Eu0.04P2O7 is isomorphous to that 
of Na2CaP2O7, previously determined [2]. It 

is very similar to those of the diphosphates 
K2SrP2O7 [7], K2CdP2O7 [8] and K2MnP2O7 
[9]. 

3.2 Conductivity
 Complex impedance diagrams of 
Z”(kΩ) as a function of Z’(kΩ), are presented 
in Figure 2 for Na1.96Ca0.96Eu0.04P2O7 at 623, 

Table 3: Selected bond distances (Å) and angles (°)  for Na1.96Ca0.96Eu0.04P2O7

Ca/Eu-O(11) 2.336(3) O(11)-Ca/Eu-O(21’)  165.61(8)
Ca/Eu-O(12v) 2.436(2) O(11)-Ca/Eu-O(23’’)  97.24(9)
Ca/Eu-O(13iv)  2.361(3) O(21’)-Ca/Eu-O(23’’) 96.44(9)
Ca/Eu-O(21’) 2.337(3) O(11)-Ca/Eu-O(22’’’) 89.46(9)
Ca/Eu-O(22’’’) 2.361(3) O(21’)-Ca/Eu-O(22’’’) 93.68(9)
Ca/Eu-O(23’’) 2.343(2) O(23’’’)-Ca/Eu-O(22’’’) 95.42(9)
   O(11)-Ca/Eu-O(13iv) 87.81(8)
   O(21’)-Ca/Eu-O(13iv)  78.82(8)
Na(1)-O(12’) 2.534(3) O(23’’)-Ca/Eu-O(13iv) 173.91(8)
Na(1)-O12v) 2.687(3) O(22’’’)-Ca/Eu-O(13iv) 81.17(9)
Na(1)-O(13iv) 2.453(3) O(11)-Ca/Eu-O(12v)  87.57(8)
Na(1)-O(21 iv) 2.471(3) O(21’)-Ca/Eu-O(12v)  83.92(8)
Na(1)-O(21’) 2.812(3) O(23’’)-Ca/Eu-O(12v) 108.31(9)
Na(1)-O(13’) 2.866(3) O(22’’’)-Ca/Eu-O(12v) 156.27(8)
Na(1)-O(23v) 2.365(3) O(13iv)-Ca/Eu-O(12v)  108.1(1)
    
 
Na(2)-O(14) 2.950(3)
Na(2)-O(22) 2.308(3) O(11)-P(1)-O(12)  113.35(13)
Na(2)-O(11vi) 2.528(3) O(12)-P(1)-O(13)  113.90(13)
Na(2)O(11’’) 2.637(3) O(12)-P(1)-O(14)  106.34(12)
Na(2)-O(11’’’) 3.016(3) O(11)-P(1)-O(13)  113.06(13)
Na(2)-O(12’’) 2.753(3) O(11)-P(1)-O(14)  102.72(12)
Na(2)-O(13’’’) 2.419(3) O(13)-P(1)-O(14)  106.30(12)

P(1)-O(11) 1.521(2) O(14)-P(2)-O(21)  106.75(12)
P(1)-O(12) 1.533(2) O(14)-P(2)-O(22)  102.79(13)
P(1)-O(13) 1.532(2) O(21)-P(2)-O(22)  114.74(14)
P(1)-O(14) 1.637(2) O(14)-P(2)-O(23)  105.49(13)
   O(22)-P(2)-O(23)  112.70(13)
   O(21)-P(2)-O(23)  113.17(13)
P(2)-O(14) 1.644(2)
P(2)-O(21) 1.529 (2)
P(2)-O(22) 1.528(2) P(1)-O(14)-P(2)  125.49(12)
P(2)-O(23) 1.536(2)

Symmetry codes: ’ = x, y, z-1 ; ’’ = -x+1, -y+1, -z+2 ; ’’’ = -x, -y+1, -z+2, iv = -x, -y, -z+2 ; v = -x+1, -y, -z+2 ; 
vi = x, y+1, z
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638 and 653 K. The electric behavior of this 
phosphate is a Cole-Cole type [10-11]. The 
semi-circles represent the bulk response of 
the sample. The low frequency region of the 
semi-circle graph shows an inclined spike 
which indicates a purely ionic conductivity. 
In fact, this spike represents the polariza-
tion phenomena at the electrode-electrolyte 
interface. 
 The ionic conductivity is due to the so-
dium cations which constitute the carriers 
across the tunnels of the structure. This mo-
bility is expected from the crystallographic 
data (Table 1) that shows a higher isotropic 
coefficient for the sodium sites Na(1) and 
Na(2). This coefficient is more important 
for Na(2) which have positive vacancies in 
their respective tunnels.
 The temperature dependence of the con-
ductivity is presented in Figure 3 as a plot of 
Log σT versus 1000/T. There are two distinct 
domains. The transition between them oc-
curs at 544 K, and each domain is seen as a 
linear segment which follows the Arrhenius 

law. The linear fit to σT= σ0 exp(-ΔE
σ
/kT) is 

shown with correlation coefficients equal to 
0.99 for both domains. 
 E l e c t r i c a l  d a t a  r e l a t i v e  t o 
Na1.96Ca0.96Eu0.04P2O7 are listed in Table 4. 
Differential Scanning Calorimetery (DSC) 
measurements on Na1.96Ca0.96Eu0.04P2O7 has 
shown the absence of a thermal (structural) 
transition in the range of temperature stud-
ied by the conductivity, and indicates that 
the change of conductivity at 544 K can be 
attributed to the mobile lattice  of sodium 
cations Na(1) and Na(2). Thus, two types of 
tunnels are present, one with Na(1) and the 
second with Na(2) + positive vacancies. 
 The Na(2)+ vacancies are probably re-
sponsible for the first domain below 544 K 
because they are faster (ΔE L.T.= 0.71eV) and 
the transport is facilitated by the presence 
of positive vacancies. Na(1) will add their 
contribution to the next domain over 544 K 
(ΔE H.T.= 0.95eV).
 The  e lec t r i ca l  per formance  o f 
Na1.96Ca0.96Eu0.04P2O7 is comparable to that 

Figure 2: Impedance diagram for  Na1.96Ca0.96Eu0.04P2O7.
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Figure 3: Variation of ionic conductivity as a function of 1000/T for Na1.96Ca0.96Eu0.04P2O7.

Table 4: Electrical data for Na1.96Ca0.96Eu0.04P2O7.

ΔEL.T(eV)±0.02 ΔEH.T(eV) ±0.02 σ200°C(Ω-1cm-1) ±0.02 σ400°C(Ω-1cm-1)±0.02 Log σ0 (L.T) Log σ0 (H.T)

0.71 0.95 6.13 10-9 1.88 10-6 2.07 4.25

found in other diphosphates in the litera-
ture. For example, Na2CoP2O7, [12] with a 
structure characterized by tunnels where 
sodium cations are located, has σ400°C= 2. 10-5 
Ω-1cm-1 with an activation energy of 0.63 eV. 
Na2PbP2O7, [13] with structure character-
ized by sodium cations carriers belonging 
to the space between layers, has σ400°C= 9.4 
10-5 Ω-1cm-1 and an activation energy of 0.9 

eV. The conductivity of Ca2P2O7-Na4P2O7 
[14] has been studied and the best results 
were σ300°C= 2. 10-6 Ω-1cm-1 obtained for 95% 
Na4P2O7.

CONCLuSION

Synthesis of both powder state and single crys-
tals of the diphosphate Na1.96Ca0.96Eu0.04P2O7 
are reported.  
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 The structure has the triclinic symmetry 
with the space group P1 (Z=2) and the unit 
cell parameters are: a=5.473(3) Å, b=7.163(4) 
Å, c=8.897(5) Å, α=69.54(2)°, β=89.12(3)°, 
γ=88.83(4)°, V=326.7(3) Å3, and Dcalc=2.676 
mg/m3. The refinements converged to R/
Rw= 4.08/10.63. The structure is isotypic to 
that of Na2CaP2O7 and it is characterized by 
tunnels where Na+ ions are located.
 E l e c t r i c a l  p r o p e r t i e s  o f 
Na1.96Ca0.96Eu0.04P2O7 have been determined 
by impedance spectroscopy. This material 
shows a pure ionic conductivity due to the 
Na+ carriers that are mobile in the tunnels 
along the a-axis. The material offers suitable 
tunnel dimensions permitting the electrical 
conduction properties associated with the 
presence of the Na+ ions.
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