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Local structural analysis of hopeite crystals 
by the EXAFS curve-fitting method 
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Structural analysis of hopeite crystals was performed by the extendi~d X-ray absorption fine 
structure (EXAFS) curve fitting method. Two types of hopeite crystals, Zn3 (PO4)2"4H20 and 
Zn3_,Mnx(PO4)2.4H20 which is doped by manganese, were studied. Fourier transform of 
EXAFS gave Zn-O bond distances of 0.146 nm for the former and 0.144 nm for the latter. The 
real bond distances were determined by the reverse operation of Fourier transform and 
curve-fitting. By this procedure, the real bond distances of Zn-O were determined to be 0.194 
and 0.196 nm, respectively. These distances indicated a Zn-O bond in [ZnO4] of tetrahedral 
structure. Although the Mn-O bond distance in Zn3_xMn,(PO4)2.4H20 was found to be 
0.162 nm by the Fourier transform of EXAFS, the reverse operation of Fourier transform gave a 
real bond distance of 0.215 nm for the Mn-O bond in the hopeite crystal. The data supported 
the idea that the Mn-O bond refered to [MnO2(H20)4] of the octahedral structure in the 
crystal. The coordination numbers of the zinc and manganese components clarified their local 
structure in hopeite crystals. 

1. Introduction 
Extended X-ray absorption fine structure (EXAFS) is 
a very useful method by which to analyse the local 
structure of various kinds of materials. The bond 
distances between absorbing atoms of X-ray and 
scattering atoms, or the coordination number of ab- 
sorbing atoms, in particular, may be clarified by the 
EXAFS curve-fitting method which is performed as 
the reverse operation of Fourier transform. 

Two types of hopeite crystals-are formed on zinc- 
coated steels for use as automobile bodies. One is the 
conventional hopeite (Zn3(PO4) 2 �9 4H20), the other is 
modified hopeite (Zn a _ x Mex(PO4)2 "4H20) (Me: Mn 
and/or Ni) [1 12]. 

Here, Zn3_xMnx(PO4)2-4H20, the modified 
hopeite was studied and compared to the conven- 
;ional hopeite, because the manganese component is 
more important than the nickel with regard to the 
durability against corrosion [1, 6]. 

EXAFS was applied to clarify the crystalline struc- 
ture for these materials, because EXAFS data can 
elucidate detailed structure, such as the manganese 
position in the crystals. 

2. Mater ia ls  and methods 
2.1. Hopeite crystal samples 
Two kinds of hopeite crystals were studied: one with- 
out manganese (h0peite A) and the other with a 
manganese component (hopeite B) 

Zna (PO4)z '4HzO hopeite A (Zn 42.6 wt %) 

Zn3_xMnx(PO4) 2 "4H20 hopeite B 

(Zn 38.0wt %; Mn 4.8 wt %) 

* Present address: 11 Laboratory, Honda Wako Research Center, 1-4-1, Chuo, Wako, 351-01, Japan. 
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Metallic component compositions were determined 
by atomic absorption spectroscopy using a Hitachi 
180-60 instrument. 

2.2. Analysis by EXAFS 
The EXAFS instrument at the National Laboratory 
for High Energy Physics was used under the following 
conditions. 

1. Absorbing edges: ZnK and MnK crusts. 
2. Monochromator: 

Si (3 1 1) channel cut 
Dual crystal monochromator 
Lattice constants d = 0.163 747 nm 
Plane spacing D = 9.5 ram. 

3. Measurement by the penetration system at room 
temperature. 

4. Beam line: BL10B. 
In general, the vibrational structure x(K) of EXAFS 

is expressed by Equations 1 and 2 [13] 

x(K) = A ( K ) s i n [ 2 K R  + qb(K)] (1) 

A(K)  = N S ( K ) I f ( K  , rc)lexp( -- 2cyZK2)/KR 2 (2) 

N is the coordination number of the scattering atom, 
K is the wavenumber expressed as 2rc/X (X = wave- 
length), S(K) is the damping parameter, If(K, ~)J is the 
back-scattering factor, ~ is the Debye-Waller factor, 
R the bond distance and d0(K ) the deviation of phase 
shift caused by interactions between absorption 
atoms and scattering atoms. K R  2 refers to the ex- 
tending degree of electrons with a spherical wave 
condition. 
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When the vibrational structure of EXAFS is ana- 
lysed, Fourier transform of Equation 3 is performed, 
because the structure would become complicated by 
the summation of atoms which have different bond 
lengths. Fourier transform of EXAFS implies a radial 
distribution of an atom and provides some informa- 
tion about environmental conditions for the atoms. 

~K ~max F(R) = [1/(2n) ~] K"x(K)exp(  - 2iKR)dK 
rain 

. f  (3) 

where Kma x and Kmi n refer to the wavenumber region 
of Fourier transform. Coefficient, K" to emphasize 
z(K) is performed for Fourier transform of Equa- 
tion 3. The radial distribution F(R), which has a peak 
in R' = R + qb(K), is obtained by this procedure. 

However, the Fourier transform contains a devi- 
ation qb(K) of phase shift as shown in Equations 1 to 3. 
Therefore, the bond distances obtained by these pro- 
cedures do not indicate the real values. It is necessary 
to correct the deviation of phase shift to investigate 
the real distances. For  that purpose, the reverse opera- 
tion of Fourier transform should be carried out. 

The reverse operation of Fourier transform from R 
space to K space is expressed by 

~Rmax 
K"z(K ) = [1/(2n) ~] | W(R) F(R)exp(2iKR)dR 

dR min 
(4) 

1 - cos[n(R - Rmin)/D]/2 

w ( n )  = ] 

1 - C O S [ ~ ( R m a  x - -  R)/D]/2 

Rmi n < R < Rmi n + D 

Rmi . + D < R < Rm, x -  D 
(5) 

R~.. x - -  D < R < Rma x 

(D ~ 0.01 nm) 

After correction of the phaseshift ~b(K), ~(K) is calcu- 
lated from Equation 3. Then, the best N, R and a 
which can explain x(K), found by experiment are 
determined by the curve-fitting method. 

3. Results and discussion 
3.1. Zinc component analysis 
Fourier transform of EXAFS related to the zinc com- 
ponents in hopeite A and B was carried out using 
Equation 3, and is shown in Fig. 1. The radial distribu- 
tions of the first neighbouring atoms appeared at a 
distance of 0.146 nm for hopeite A and at 0.144 nm for 
hopeite B [10]. The peaks of hopeite B were smaller 
than those of hopeite A, because the local structure of 
the zinc component was disordered by the manganese 
component in hopeite B. It was thought that the local 
structure of the zinc component became complicated 
by the manganese coordination in the crystals. 

As an example, the reverse operation of Fourier 
transform was performed for the first peak of hopeite 
A in Fig. 1 and the curve-fitting method, which is able 
to explain the best N, R and or, was performed. The 

866 

10.0 

8.0 

6,0 
Q~ 

h4.o 

2,0 

Ist 
L j  0.146 

2 
i i(~d 

I 

0.1 0.2 
Oistance (nm] 

3rd 
. ~ 4th 

i na i 

0.3 0.r 0.5 0.6 

Figure 1 Fourier transforms of EXAFS showing ZnK absorption 
edges of hopeite (--) A and ( - - - )  B. 

results are shown in Fig. 2. Here, K" for %(K) was 
treated as n = 3. 

Figs 2 and 3 show the results for the first peaks of 
hopeite A and B, and Figs 4 and 5 those for the second 
peaks of hopeite A and B. 

When the first neighbouring atoms in Figs 2 and 3 
were assumed to be oxygen, the curve fitting was quite 
good. When the atoms of the second peaks in Figs 4 
and 5 were assumed to be phosphorus, the curve 
fitting was also satisfactory. 

These data imply the distance of Zn -P  position. 
When the second peaks were assumed to be Zn-O, 
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Figure 2 Reverse operation of Fourier transform and curve fitting 
for the first peak of hopeite A. (--) Experimental values, ( - - - )  
calculated values. 
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Figure 3 Reverse operation of Fourier transform and curve fitting 
for the first peak of hopeite B. (--) Experimental values, ( - - - )  
calculated values. 



TABLE I Bond distances and coordination numbers for Hopeite A and B determined by the curve-fitting method 

Peak obtained by Bond Distance, R (nm) 
Fourier transform 

Coordination number, N 

Hopeite A Hopeite B Hopeite A Hopeite B 

1st Zn O 0.194 0.196 4.0 
(0.21 t, 0.195)* 
(0.210, 0.196) t 

2nd Zn-P 0.254 0.250 0.5 
3rd Zn P 0.317 0.318 4.1 
4th Zn-P 0.361 0.361 2.7 

3.1 

0.9 
2.1 
2.1 

* Crystallographic data from Hill [16]. t Crystallographic data from Whitaker [14]. 
t 0.211 and 0.210 nm: Zn(1)-O in [ZnO2(H20)4 ]. 
0.195 and 0.196 nm: Zn(2)-O in [ZnO4]. 

Zn-Zn,  or Zn-Mn,  the results were not good. In the 
same way, the position of Z n - P  for the third and 
fourth peaks could be explained. 

Table I gives a summary of these data. Here, the 
resolving power of distance R was about  0.005 nm, 
and that of the coordination number was about 1. 
Accordingly, the bond distances were almost the same 
in the two types of hopeite crystals. However, there is a 
difference of ~ 0.05 nm between the distances (0.146 
or 0.144 nm) obtained by Fourier transform in Fig. 1, 
and the results in Table I (0.194 or 0.196 nm) for the 
phase shift deviation, dp(K), shown in Equation 1 have 
been corrected. 
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Figure 4 Reverse operation of Fourier transform and curve fitting 
for the second peak of hopeite A. (--) Experimental values, ( - - - )  
calculated values. 
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Figure 5 Reverse operation of Fourier transform and curve fitting 
for the second peak of hopeite B. (--) Experimental values, ( - - )  
calculated values. 

The zinc components in hopeite crystals are con- 
sidered to be tetrahedral [ZnO4] and octahedral 
[ZnO2(HzO)4].  These chemical structures and the 
unit cell of the hopeite crystals are shown in Fig. 6 [14]. 
The zinc components of the octahedral and the tetra- 
hedral structures are expressed as Zn(1) and Zn(2), 
respectively. Hill and Jones [15] reported that the 
average bond distances of Zn(1)-O and Zn(2)-O were 
0.211 and 0.195 nm, respectively, by means of crystal- 
lographic investigation [15]. Whitaker reported al- 
most the same values [14]. Because the bond distances 
of Z n - O  for the first peaks in Table I were 0.194 nm 
for hopeite A and 0.196 nm for hopeite B, these data 
signify a Zn(2)-O bond in the [ZnO4]  tetrahedron. In 
fact, curve fitting was not suitable for the Zn(1)-O 
bond in the octahedral structure. The fact that the 
coordination number for the zinc component  of the 
first peak in hopeite A was 4, also implies Zn(2) -O 
bond in the [ZnO4]  tetrahedral structure. On the 
contrary, the coordination number  for hopeite B with 
a manganese component  was 3.1. 

In phosphophyllite crystals (Zn2Fe(PO4)2.4HzO), 
the zinc component  in the [ZnO2(HzO)]  octa- 
hedral structure is substituted by an iron component: 
[FeOz(H20)4]  [1611 When the manganese com- 
ponent is coordinated in the hopeite crystal struc- 
ture, it is thought that [MnO2(H20)4 ] octahedral 
structure could be formed such as with the iron 
component. In the latter case, all the octahedral struc- 
tures form [FeO2(H20)4];  however, the mangan- 
ese component  partially substitutes for the zinc 
component  in the octahedral structure, e.g. 
Zn3_xMnx(PO4) z " 4 H 2 0 : 0  < x < 1. 

Accordingly, because the manganese component  
which is coordinated in the octahedral structure of the 
hopeite crystals does not affect the [ZnO4] tetrahedral 
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Figure 6 Chemical structure and unit cell of hopeite crystals. 
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Figure 7 Fourier transform of EXAFS showing MnK absorption 
edge of hopeite B. 
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Figure 9 Reverse operation of Fourier transform and curve fitting 
for the s~cond peak of hopeite B. ( ) Experimental values, ( - - - )  
calculated values. 

structure, the coordination number of zinc for the first 
peak of hopeite B should be interpreted as 4. These 
experimental data are thought to be reasonable 
because the resolving power for the coordination 
number is approximately 1. 

3.2. Manganese component  analysis 
Fourier transform of EXAFS for the MnK absorption 
edge in hopeite B (Zn3_~Mnx(PO4)/ '4H20) is 
shown in Fig. 7. The first peak appeared at 0.162 nm. 
The reverse operation of Fourier transform and curve 
fitting are shown in Fig. 8. In the same way, that for 
the second peak is shown in Fig. 9. Table II gives a 
summary of these data. 

Because the first manganese peak showed an Mn-O 
distance of 0.215 nm, it confirmed that the manganese 
component substituted for zinc component in the 
octahedral structure as shown in Fig. 10. 

This is supported by the data of the coordination 
number. If the manganese component substituted for 
the zinc component in the tetrahedral structure, the 
coordination number for the first manganese peak 
would be ~ 4. On the contrary, if the manganese 
component substituted for the zinc component in the 
octahedral structure, the number would be ~ 6. The 
curve-fitting method gave a value of 6.8, which should 
be interpreted as 6, due to the resolving power. 

TABLE II Bond distances and coordination number for Hopeite 
A and B determined by the curve-fitting method 

Peak obtained by Bond Distance, R Coordination 
Fourier transform (nm) number, N 

1st Mn O 0.215 6.8 
2nd Mn-P 0.277 0.5 
3rd Mn-P 0.341 3.2 
4th Mn-P  0.405 4.6 

These data support the idea that the manganese 
component is coordinated to the octahedral structure, 
forming [MnO2(H20)4 ] with a chemical structure of 
Zn3 _ xMnx(PO4)2 �9 4HzO. 

4. Conclusions 
1. For hopeite crystals of Z n 3 ( P O 4 ) 2 - 4 H 2 0  and 

Zn3_xMnx(PO4)z'4H20, the radial distribution of 
EXAFS of the latter was smaller than that of the 
former, because the local structure of the zinc com- 
ponent became complicated by the action of the 
manganese component. 

2. In the Fourier transforms of EXAFS, oxygen, 
which is the first neighbouring atom tO the zinc com- 
ponent, showed peaks at a distance of 0.146 and 
0.144 nm. However, the real bond distances for Zn-O 
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Figure 8 Reverse operation of Fourier transform and curve fitting 
for the first peak of hopeite B. (--) Experimental values, ( -  - )  
calculated values. 
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Figure 10 Chemical structure of hopeite B containing a manganese 
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determined by the reverse operation of Fourier trans- 
form were 0.194 and 0.196 nm, respectively. Therefore, 
there is a difference of ~ 0.05 nm between these 
values. 

3. The real bond distances by curve-fitting method 
showed good consistence with crystallographic data. 
And it was confirmed that first peak shown in Fourier 
transform of EXAFS corresponded to Zn-O bond 
and second peak of that corresponded to Zn-P 
position. 

4. The coordination number, N, and bond distance, 
R, obtained by the curve-fitting method clarified that 
the first peak of Fourier transform was due to the 
Zn-O bond in the [ZnO4] structure which is the basic 
component of hopeite crystals. 

5. In the Fourier transform of EXAFS, oxygen 
which is the first neighbouring atom for the mangan- 
ese component in Zn3-xMnx(PO4)2"4H20 showed 
a peak at a distance of 0.162 nm. However, the real 
bond distance of Mn-O was determined as 0.216 nm 
from the reverse operation of Fourier transform. 

6. Data for the real bond distance of Mn-O and the 
coordination number of manganese supported the 
idea that the manganese component in hopeite crystals 
was coordinated with the octahedral structure with 
a chemical state of [MnO2(H20)4 ]. 

7. Fourier transform and its reverse operation, 
including curve fitting, were very useful in clarifying 
the hopeite crystal structure, especially the co- 
ordination state of the manganese component in 
Zn3-xMnx(PO4)2 "4H20. 
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