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‹µµ§¥ �. ¨ ¤·. E14-2005-1
“ÉµÎ´¥´¨¥ ¢µ¤µ·µ¤´ÒÌ ¶µ§¨Í¨° ¢ (NH4)2SeO4

ˆ§ÊÎ¥´¨¥ ±·¨¸É ²²¨Î¥¸±µ° ¸É·Ê±ÉÊ·Ò ¸¥²¥´ É   ³³µ´¨Ö ¶·µ¢¥¤¥´µ ¸
¶µ³µÐÓÕ ³µ´µ±·¨¸É ²Ó´µ° ·¥´É£¥´µ¢¸±µ° ¨ ´¥°É·µ´´µ° ¤¨Ë· ±Í¨¨ ¸ Í¥²ÓÕ
ÊÉµÎ´¥´¨Ö ¢µ¤µ·µ¤´ÒÌ ¶µ§¨Í¨°. “ÉµÎ´¥´´Ò¥ ¢µ¤µ·µ¤´Ò¥ ¶µ§¨Í¨¨, ¶µ²ÊÎ¥´-
´Ò¥ ¸ ¶µ³µÐÓÕ ³µ´µ±·¨¸É ²Ó´µ° ´¥°É·µ´´µ° ¤¨Ë· ±Í¨¨, ¶µ± §Ò¢ ÕÉ, ÎÉµ
NÄH ¤²¨´Ò ¸¢Ö§¥° ¸µµÉ¢¥É¸É¢ÊÕÉ ¨µ´Ê  ³³µ´¨Ö ± ± ¤¥°¸É¢¨É¥²Ó´µ ·¥£Ê²Ö·-
´µ³Ê É¥É· Ô¤·Ê. Œµ´µ±·¨¸É ²Ó´ Ö ·¥´É£¥´µ¢¸± Ö ¤¨Ë· ±Í¨Ö ¶µ± §Ò¢ ¥É, ÎÉµ
NÄH ¤²¨´Ò ¸¢Ö§¥° ±µ·µÎ¥ ¶µ ¸· ¢´¥´¨Õ ¸ ¶µ²ÊÎ¥´´Ò³¨ ¸ ¶µ³µÐÓÕ ´¥°É·µ´´µ°
¤¨Ë· ±Í¨¨ ¨ ´¥ · ¢´Ò ³¥¦¤Ê ¸µ¡µ°. ’ ±¨³ µ¡· §µ³, ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ ·¥´É-
£¥´µ¢¸±µ° ¨ ´¥°É·µ´´µ° ¤¨Ë· ±Í¨° ¤ ¥É µ¸´µ¢ ´¨¥ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¡µ²¥¥
±µ·µÉ±¨¥ NÄH ¤²¨´Ò ¸¢Ö§¥°, ¶µ²ÊÎ¥´´Ò¥ ¸ ¶µ³µÐÓÕ ·¥´É£¥´µ¢¸±µ° ¤¨Ë· ±Í¨¨,
µÉ· ¦ ÕÉ · ¸¶·¥¤¥²¥´¨¥ § ·Ö¤µ¢ Ô²¥±É·µ´´µ° ¶²µÉ´µ¸É¨ ¨µ´µ¢  ³³µ´¨Ö ¢´ÊÉ·¨
±·¨¸É ²²¨Î¥¸±µ° ·¥Ï¥É±¨ (NH4)2SeO4.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ ´¥°É·µ´´µ° Ë¨§¨±¨ ¨³. ˆ. Œ. ”· ´± 
�ˆŸˆ.
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Loose A. et al. E14-2005-1
Reˇnement of Hydrogen Positions in (NH4)2SeO4

The crystal structure of ammonium selenate has been studied by means of single
crystal X-ray and neutron diffraction with the purpose of the reˇnement of hydrogen
positions. The reˇned hydrogen positions obtained by single crystal neutron diffrac-
tion show that NÄH bond lengths form a regular tetrahedron in an ammonium ion.
The single crystal X-ray diffraction data show that NÄH bond lengths are shorter
than those obtained by neutron diffraction and are not equal between themselves.
Thus, the comparison of the results of X-ray and neutron diffraction allows one to
suggest that the shorter NÄH bond lengths obtained by X-ray diffraction re�ect the
distribution of the electron charge density of ammonium ions within the (NH4)2SeO4

crystal lattice.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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INTRODUCTION

Until recently ammonium selenate, (NH4)2SeO4, or ASE, has been known
as a compound which has a monoclinic crystal structure at room temperature as
determined by X-ray diffraction in [1]. Not long ago a communication appeared
saying that a phase transition above room temperature, i. e., from 380 to 400 K,
possibly via an intermediate phase was observed in it [2]. The high temperature
crystal structure of ASE was not determined in this communication. On the other
hand, the authors indicated that they did not observe any phase transition from
300 to 5 K.

The crystal structure of ammonium selenate as determined in the X-ray
investigation [1] has a monoclinic unit cell with sp. gr. C2/m, Z = 4 and lattice
parameters a = 12.152(6) �A, b = 6.418(3) �A and c = 7.711(4) �A, β = 115.50(12)◦

at room temperature. The results of the X-ray study [1] show that the ammonium
groups are deformed and the NÄH bond lengths differ signiˇcantly from those in
a free NH+

4 ion.
The objective of the recent investigation is the reˇnement of hydrogen posi-

tions in ASE with the help of X-ray and neutron single crystal diffraction.

EXPERIMENTAL RESULTS AND DISCUSSION

The investigated ASE single crystal was prepared using the reaction of syn-
thesis in an aqueous medium:

CuSeO4 + (NH4)2S → CuS + (NH4)2SeO4.

The reˇnement of the crystal structure of (NH4)2SeO4 was carried out by
single crystal X-ray and neutron diffraction. The X-ray diffraction and neutron
diffraction measurements were performed at room temperature on the Kuma4CCD
X-ray diffractometer (Warsaw University, Chemistry Department, Poland) and the
E5 neutron four-circle diffractometer (BENSC HMI, Berlin, Germany), respec-
tively. The conditions of the measurements, including experimental temperatures,
used wavelengths, reˇned space group, obtained lattice parameters, number of
measured re�ections, number of unique re�ections used for reˇning of atomic
positions and the reˇnement results, are presented in Table 1.

The experimental X-ray and neutron data were processed using the programs
[3, 4]. The atomic positions in (NH4)2SeO4 and Ueq equivalent isotropic displace-
ment parameters at 290 K reˇned by means of X-ray diffraction are presented in
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Table 1. The conditions of measurements

Formula (NH4)2SeO4

X-ray Neutron
Temperature 290 K 290 K
Wavelength 0.71073 �A 0.9019 �A
Space group C2/m C2/m
a 12.127(2) �A 12.4319(43) �A
b 6.4200(9) �A 6.5744(36) �A
c 7.700(1) �A 7.8845(31) �A
β 115.44(2)o 115.51(2)◦

Number of re�ections 4911 1055
Unique re�ections 721 874
R1 0.074 0.0677

Table 2a. The Ueq were deˇned as one third of the trace of the orthogonalized
Uij tensor.

Table 2a. The atomic positions in (NH4)2SeO4 (from X-ray diffraction reˇnement)

Atom x y z Occup. Ueq [�A2]
Se 0.175(1) 0.0 0.218(1) 0.5 0.018(1)

O(1) 0.322(2) 0.0 0.361(4) 0.5 0.033(1)
O(2) 0.097(3) 0.0 0.344(4) 0.5 0.034(1)
O(3) 0.144(2) 0.209(3) 0.086(5) 1.0 0.030(1)
N(1) 0.517(3) 0.0 0.246(5) 0.5 0.028(1)
N(2) 0.842(3) 0.0 0.261(5) 0.5 0.023(1)
H(1) 0.458(5) 0.0 0.288(7) 0.5 0.03(1)
H(2) 0.907(7) 0.0 0.266(9) 0.5 0.06(2)
H(3) 0.568(5) 0.0 0.366(8) 0.5 0.03(1)
H(4) 0.855(5) 0.0 0.372(8) 0.5 0.03(1)
H(5) 0.525(3) Ä0.106(5) 0.189(5) 1.0 0.034(9)
H(6) 0.800(4) Ä0.103(6) 0.200(5) 1.0 0.030(8)

The atomic positions in (NH4)2SeO4 and Ueq equivalent isotropic displace-
ment parameters at 290 K reˇned by means of neutron diffraction are presented
in Table 2b. The Ueq is deˇned as one third of the trace of the orthogonalized
Uij tensor.

The anisotropic displacement parameters obtained by means of neutron dif-
fraction at 290 K for (NH4)2SeO4 are presented in Table 3.

The anisotropic displacement factor exponent takes the form: Ä2π2[H2a*2U11

+. . . +2HKa∗b∗U12].
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Table 2b. The atomic positions in (NH4)2SeO4 (from neutron diffraction reˇnement)

Atom x y z Occup. Ueq [�A2]
Se 0.175 (2) 0.0 0.218(3) 0.5 0.0202(4)

O(1) 0.322(3) 0.0 0.360 (5) 0.5 0.0360(8)
O(2) 0.096 (3) 0.0 0.344(5) 0.5 0.0367(9)
O(3) 0.144(2) 0.209 (4) 0.086(3) 1.0 0.0323(5)
N(1) 0.517(2) 0.0 0.245 (3) 0.5 0.0317(5)
N(2) 0.842(2) 0.0 0.261 (3) 0.5 0.0274(4)
H(1) 0.437(7) 0.0 0.262(1) 0.5 0.057(2)
H(2) 0.923 (8) 0.0 0.253(1) 0.5 0.056(2)
H(3) 0.585(7) 0.0 0.384(1) 0.5 0.061
H(4) 0.856 (6) 0.0 0.402 (9) 0.5 0.046
H(5) 0.527(9) 0.126(1) 0.176(9) 1.0 0.072
H(6) 0.791(6) 0.126(1) 0.195(8) 1.0 0.057

Table 3. The thermal parameters for atoms in (NH4)2SeO4 (neutron diffraction
reˇnement results). The anisotropic displacement factor exponent takes the form:

Ä2π2[H2a*2U11 +. . . +2HKa∗b∗U12] and Uij are presented in �A2

Atom U11 U22 U33 U23 U13 U12
Se 0.0179(7) 0.0255(1) 0.0178(7) 0.0 0.0084(6) 0.0

O(1) 0.0208(1) 0.0544(2) 0.0279(1) 0.0 0.0060(1) 0.0
O(2) 0.0295(1) 0.0607(3) 0.0243(1) 0.0 0.0158(1) 0.0
O(3) 0.0368(1) 0.0266(11) 0.0315(9) 0.0058(8) 0.0129(8) Ä0.0002(9)
N(1) 0.0377(9) 0.0292(1) 0.0295(8) 0.0 0.0159(7) 0.0
N(2) 0.0303(9) 0.0286(1) 0.0235(7) 0.0 0.0118(7) 0.0
H(1) 0.0428(3) 0.0734(6) 0.0557(4) 0.0 0.0210(3) 0.0
H(2) 0.0566(4) 0.0696(6) 0.0569(4) 0.0 0.0378(4) 0.0
H(3) 0.0436(3) 0.0963(8) 0.0460(4) 0.0 0.0207(3) 0.0
H(4) 0.0465(3) 0.0613(5) 0.0349(3) 0.0 0.0212(2) 0.0
H(5) 0.1169(6) 0.0515(4) 0.0583(3) 0.0098(3) 0.0485(4) Ä0.0041(4)
H(6) 0.0677(33) 0.0473(3) 0.0520(3) 0.0104(2) 0.0211(2) 0.0158(3)

The SÄO(I) and N(1)ÄH(J) and N(2)ÄH(J) bond lengths in (NH4)2SeO4 de-
termined with the help of recent X-ray and neutron diffraction measurements are
presented in Table 4. A compasion of average SÄO(I), N(1)ÄH(J) and N(2)ÄH(J)
bond lenghts shows that the bond lengths determined by X-ray diffraction are
shorter than those determined by neutron diffraction.

The comparison points to that there takes place a change in the electronic
charge density if a chemical bond between SeO−2

4 and NH+
4 ions in the crystal

lattice is formed. The S-O(I) average bond lengths determined by X-ray diffrac-
tion in [1] are longer than those obtained in a recent X-ray study by 0.012 �A and
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Table 4. The bond lengths for NH4(1), NH4(2) and SeO4 ions

Atoms X-ray, �A (from [1]) Neutron, �A X-ray, �A Calculation, �A
SeÄO(1) 1.645(8) 1.682(4) 1.638(2)
SeÄO(2) 1.644(8) 1.667(4) 1.628(3)
SeÄO(3) 1.643(5) 1.667(3) 1.630(2)
mean 1.644(7) 1.672(4) 1.632(2)
SeO−2

4

Se-O 1.654
N(1)ÄH(1) 0.890 1.057(4) 0.91(6)
N(1)ÄH(3) 0.936 1.052(4) 0.86(6)
N(1)ÄH(5) 0.861 1.029(8) 0.84(4)
mean 0.896 1.046(5) 0.87(5)
N(2)ÄH(2) 0.947 1.045(6) 0.78(8)
N(2)ÄH(4) 0.922 1.047(8) 0.80(6)
N(2)ÄH(6) 0.94 1.035(7) 0.85(4)
mean 0.936 1.042(7) 0.81(6)
NH+

4

N-H 1.012

are shorter than those obtained in the neutron diffraction study by 0.028 �A. The
comparison of the averages of the N(1)ÄH(J) and N(2)ÄH(J) bond lengths with
those obtained in [1] cannot be correct as the determination of hydrogen positions
in [1] is just approximate. The authors [1] determined the hydrogen positions
from the difference map and they were not involved in a fullÄmatrix least squares
reˇnement. The ˇnal reˇnement was carried out with ˇxed H positions obtained
from the difference map.

Fig. 1. The (NH4)2SeO4 unit cell as a projection on the (ac) plane
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A comparison of the N(2)ÄH(J) average bond length from [1] with that from a
recent X-ray study shows that they differ by 0.126 �A. It is interesting to compare
the obtained average SÄO(I) and N-H(I) bond lengths with those calculated for
free SeO−2

4 and NH+
4 ions. The calculation of the conˇguration for free SeO−2

4

and NH+
4 ions was carried out with the GAUSSIAN98 program [5]. On the

basis of the HartreeÄFock method and 6Ä31G* electron wave functions there was

Fig. 2. The (NH4)2SeO4 unit cell as a projection on the (bc) plane

accepted the HF/6-31G* model. The calculated SÄO and NÄH bond lengths are
presented in Table 4. The SÄO and NÄH bond lengths obtained from the neutron
diffraction experiment are longer than those calculated for free ions by 0.018 and
0.032 �A, respectively.

However, analysis of recent single crystal X-ray and neutron diffraction
studies shows an insigniˇcant spread in the values of bond lengths for S-O(I),
N(1)-H(I) and N(2)-H(J) prompting the conclusion that in a (NH4)2SeO4 am-
monium selenate ion each ammonium ion can be considered as a nearly regular
tetrahedron.

A (NH4)2SeO4 unit cell is presented in Fig. 1 as a projection on the (ac)
plane, in Fig. 2 as a projection on the (bc) plane and in Fig. 3 as a projection on
the (ab) plane.

It is interesting to carry out a comparison between differential Fourier elec-
tronic charge density and differential Fourier nuclear density maps obtained by
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Fig. 3. The (NH4)2SeO4 unit cell as a projection on the (ab) plane

X-ray and neutron diffraction, respectively. The corresponding Fourier maps for
NH4(1) and NH4(2) groups are presented in Figs. 4 and 5, respectively.

The differential Fourier nuclear density map for the NH4(1) ion is the cross
section in the XZ plane going through the N(1) atom showing two hydrogen
atoms of the ammonium tetrahedron edge lying in the XZ mirror plane. The
cross sections above the XZ plane going through N(1) at a step of 0.45 and
0.85 �A show an increase in the hydrogen density related with a top hydrogen
atom in the tetrahedron. There is another top hydrogen atom lying symmetrically
below the XZ plane going through the N(1) atom due to the mirror plane.

The differential Fourier electron charge density maps at 0.45 and 0.85 �A
above the XZ plane going through the N(I) atom are similar to differential
Fourier nuclear density maps. However, the differential Fourier electron charge
density map and the nuclear density map in the XZ plane going through the N(I)
atom are different.

The differential Fourier electron charge density and nuclear density maps
for the N(2) ion are similar to analogous maps for the N(1) ion except for two
hydrogen atoms form the ammonium tetrahedron edge which has a somewhat
different orientation in the XZ mirror plane. The differential Fourier electron
charge density maps at 0.45 and 0.85 �A above the XZ plane through the N(2)
atom are similar to differential Fourier nuclear density maps.

CONCLUSION

The obtained single crystal X-ray and neutron diffraction results show that
the NÄH bond lengths of ammonium ions in (NH4)2SeO4 determined with the
help of X-ray diffraction differ from those determined by neutron diffraction.
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Fig. 4. The differential Fourier electron charge density and nuclear density maps for the
NH4(1) group obtained by X-ray and neutron diffraction, respectively

The average values of the NÄH bond lengths of ammonium ions in (NH4)2SeO4

determined by single crystal X-ray and neutron diffraction are 0.84 and 1.044 �A,
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Fig. 5. The differential Fourier electron charge density and nuclear density maps for the
NH4(2) group obtained by X-ray and neutron diffraction, respectively

respectively. However, the conˇgurations of SeO−2
4 and NH+

4 ions can be con-
sidered as a nearly regular tetrahedron. On the other hand, the electronic charge
density and nuclear density maps for the NH4(1) and NH4(2) groups are sim-
ilar showing the localization of ammonium ions in the monoclinic phase of
(NH4)2SeO4.
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