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The structure of (NH4~S04 has been studied by electron diffraction. The study was carried out on
the basis of intensities determined from electron diffraction spot patterns. A dynamic correction
was introduced for the intensities. Cross sections of three -dimensional Fourier symheses were con-
structed in the planes y =1/4 and y =3/60, Sections were also constructed from difference Fourier

series in the planes y =1/4and y =6/60' From these syntheses the coordinates of all atOms, includ-
ing H, have been determined. The reliability coefficient is 3ff1/o. InteratOmic distances are cal-
culated, and it is shown that the S04 and NH4 tetrahedra are strongly distorted. A possible explana-
tion of this is the pFesence of hydrogen bonds in the structure.

Introduction
In 1956 it was discovered [lJ that below -50.Cam-

monium sulfate exhibits ferroelectric properties.
A study of the crystallographic and structural fea-

tures of the phase transformation from the paraelectric
to the ferroelectric state would help to elucidate the
role of structural changes in the formation of ferroelec-
tric properties. At present it is assumed that the origin
of the spontaneous polarization in crystals containing hy-
drogen is a function of a system of hydrogen bonds and
depends upon the existence of ions with tetrahedral,
pyramidal, or planar configurations.

.
Although the structure of (NH.thS04 at room tem-

perature was studied by x-ray techniques as early as
1916 -193 0 [2 -6J, nevertheless there are discrepancies in
the structural data. Furthermore, in these papers the
parameters of hydrogen were not determined. The prob-
lem in this present work consisted in a correction of the
general structure of the (NH4hS04 model and in a lo-
calization of the hydrogen atOms using electron diffrac-
tion at room temperature. Because of peculiarities of
the crystallization of ammonium sulfate, the electron
diffraction study of its structure had to be carried out
using electron diffraction spot patterns.

In the light of the contemporary dynamic theory of
scattering of electrons, electron diffraction spot patterns
are regarded as an example of a rather complex diffrac-
tion pattern which does not lead itself to a simple inter-
pretation [7-10J. However, as the experience of struc-
tural analysis [11-13J shows, in particular the results of
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the present work, spot patterns from a mosaic single crys-
tal can be used successfully in the solution of such deli-
cate problems as the localization of hydrogen atoms in
the presence of sulfur atoms, where the ratio of atomic
number is 16:1. Apparently the block structure of a
mosaic sample creates favorable conditions for kinematic
scattering. An essential detail, not considered by theorists,
appears to be that in electron diffraction spot patterns of
a mosaic single crystal, each crystal particle as a rule
participates in the formation of one reflection only. This
probably explains the fact that a strongly expressed ex-

tinction effect for intense reflections is added to the
Blackman correction in the approximation of two strong
beams. At the same time a significant reduction in the
coefficient of reliability is achieved.

Structuraf Data
According to the x-ray data [2-6]. ammonium sul-

fate has an orthorhombic lattice with periods a = 5.97,

b = 10.60, c = 7.76 A. The number of molecules Z = 4,
and the space group is D ~~- Pmcn. The crystal belongs
to the K2S04 or H16structure type {according to the
Strukturberichte classification [14J (see Fig. 6)}. The S
atoms, half of the 0 atoms, and the NH.t groups lie on
symmetry planes and occupy the fourfold position ~.
Two 0 atoms occupy a general eighfold ~position. The
parameters of all heavy atOms were determined from
geometrical and crystal chemical considerations on the
basis of the known pattern of K2S04 [14J. It must be
pointed out that the parameters of atOms which were de-
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TABLE 1. Atomic Coordinates in the StructUre of (N~hS04

termined by Ogg [3] and Taylor [6] do not coincide. The
great difference in the atOmic coordinates in these papers,
visible at a glance, is explained by the fact that the co-
ordinate origin chosen by Taylor is displaced relative to
the origin of Ogg"s cell along the X axis by 0.500 and
along the Y axis by -0.500. After a reduction of the
data to one system, the difference in atomic coordinates
is 0.001-0.006 partS of the cell period (0.01-0.06 A).
One exception is the atom NIl whose ~ parameter differs
in the two papers by 0.033 (- 0.3 A).

In the works cited, a setting was selected with a < c

< b. We transformed the setting in our work to b < a < c,
which is the setting accepted in the International Tables.
In addition. as origins we chose atoms other NI and NIl
atoms. After insertion of the appropriate changes, the
data regarding the atomic coordinates, as determined by
x-ray methods, are presented in Table 1.
Methods of Study

The sam pies for study were prepared by crystalliza-
tion of droplets of an aqueous solution of (N~hS04 with
a concentration of 0.1-0.210. They crystallized on an
amorphous film at room temperatUre; occassionally the
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Fig. 1. Traces of the reciprocal lattice planes obtained by the
rotation method: a) rotation about the a* axis; b) rotation
about the b* axis; c) rotation about the c* axis.
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Fig. 2. Electron diffraction patterns of planes. a) hOl; b) Okl;; c) hkh; d) 2kkl.

solution drops were placed on a substrate warmed to
~ 50.C. From these samples we obtained electron dif-

fraction spot patterns.. In order to obtain a large num-
ber of reflections we used the rotation method [15]. Fig-
ure 1 shows the disposition of 18 planes of the reciprocal
lattice which we succeeded in photOgraphing. Some
electron diffraction patterns are shown in Fig. 2. For all
the planes of the reciprocal lattice we obtained electron
diffraction patterns with multiple exposures. In the first
stage of the study, estimation of the reflection intensities
was carried out generally according to a 9-point scale.
The experimental structure factOrs thus obtained were
compared with theoretical values calculated without al-
lowance for the scattering of hydrogen, and were also
used in calculating a cross section of the F-series in the
plane y = 14' At the same time we observed a signifi-

cant discrepancy between Fe and Ft and in the F-series
section we secured only heavy atom peaks and strong
parasitic maxima. Therefore we again estimated the re-
flection intensities according to x-ray darkening marks
on the film, on a scale of 39 points.

A particular difficulty in the present case was the
establishment of a single scale of intensities for all the
electron diffraction patterns. We selected as the basis
of our scale the intensities of the (hOl) reflections, of
which there are 203. These intensities, however, as
was also the case for all the other planes, were deter-

mined from multiple exposure electron diffraction pat-
terns. Then, by comparison of the same reflections,
which were available on different planes, we arrived at
a mean coefficient of conversion of intensities to one
scale. In this manner we obtained intensities for all
639 reflections (the range of intensities is from 6300 to
1 in relative units).

Determination of the intensities of the electron dif-
fraction spot patterns using the method of scanning
analysis proposed by Cowley [16] is practically impos-
sible for such a large number of reflections. For con-
version from intensities to structure factors we used the
well-known fo"rmula Fhkl = YIIdhk1. However, it is

only natural to assume that electron diffraction spot pat-
terns do not correspond to a case of pure kinematic
scattering. Comparison of theoretical and experimen-
tal structure factOrs (Table 2) revealed a regular dimi-
nut ion of the experimental intensities for the strongest
reflections. Therefore we introduced a dynamic cor-
rection for the strongest reflections [17]. In spite of the
rather large scatter of the effective dimensions of the
crystal particles (from 84 to 615 A, with a mean value

·Electron diffraction patterns of polycrystalline samples
and of teKtureS which we succeeded in obtaining were
of poor quality and it was not possible to use them in
evaluating the reflection intensities.
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TABLE 2. Theoretical and Experimental Structure Factors of the (hOl) Zone
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TABLE 2. (continued)

Numeri

l

-
cal
order

hOI hOI

of 242 A). this approach gave a good result. Use of
the method described in [18] for determination of the
empirical scattering la w is in this case less convenient
because there are many reflections of great intensity.

For refinement of the coordinates of the H atoms
we constructed difference Fourier syntheses. In their
construction one generally uses structure factors which
have been obtained according to the formula FH = Fe

- Ft, where Ft is calculated for all atoms with the ex-
ception of the H atom. The fundamental defect of this
method is that all errors in the determination of inten-
sities enter into the difference synthesis. At the same
time their weight increases because the value which is
being determined is smaller than the magnitude of the
usual synthesis. Therefore it is preferable to use the
method proposed in [19] in which for the calculations
one uses structure factors which are determined from
the formula FeH = (F tH / F t) . Fe' And although the first

of these methods possesses great objectivity. in this case
it is possible to use the second method because the co-
ordinates of the H atoms were first determined from a
typical Fourier synthesis calculated from the signs ofthe
structure factors determined on the basis of a model in-
volving the heavy atoms.

In the calculation of the theoretical structure fac-
tors we used atomic factors, according to [20]. We in-
troduced an isotropic temperature correction in deriving
the theoretical structure factors (BS= 1.2. BO= BN= 2,
BH = 2.7).

Course of the Study
Study of the systematic extinctions in the electron

diffraction patterns of (NH4hS04 indicated that system-

atic absences occur for, hkO reflections for which h
'"

2n

and for (OkZ) reflections for which k + Z", 2nt. corres-
ponding to the space group D i~ - Pnma or ~v - Pn2a.

Analysis of the physical properties of ammonium sulfate
at room temperature enables one to select the space
group Di~ -Pnma. which is found to be in agreement
with the x-ray data [2-6].

As was pointed out above, in agreement with the
x-ray data, (NH4hS04 belongs to the K2S04 structure
type. In this structure type a large part of the atoms
are situated on a symmetry plane. and therefore the most
characteristic feature of the structure is a section of the
potential in the plane y = 1/4'

t It must be pointed out that in some of the hkO and OkZ
electron diffraction patterns forbidden reflections are
present. However, the determination of intensities was
made for those electron diffraction patterns in which the
extinction rules are obeyed.
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Since we had at our disposal two structure models
established by x-ray techniques [3. 6). we then also cal-
culated the signs of the structure factors on the basis of
these two models. using only the heavy atoms. The sec-
tion in the plane y =1/4' calculated according to the
signs in Ogg's structure. is shown in Fig. 3. This section
is of interest in two respects.

1. The coordinates of the heavy atoms which are
obtained from it agree. with a precision of thousandths
of a cell parameter, with the coordinates provided by
the x-ray data.

2. Maximas and steps close to the N atoms which
lie on the plane of symmetry are clearly evident; these
correspond to hydrogen atoms. The heights of these
maxima significantly exceed the heights of parasitic
maxima in this section. The reliability coefficient
(after introduction of a dynamic correction) in this case
is 42. rPJo(for Ogg's model) and 44. 70/0(for Taylor's model).

The coordinates of the S, 01. aU, NI' NIl. HI' HIl'
HIII, and HIV atoms were determined from that section
with the aid of strips along the X and Z axes through the
maximum values of the peak heights. The atomic co-
ordinates of the atoms HV and HVI were calculated on
the basis of a model of the NI-4 ion in the form of a
regular tetrahedron with an N-H distance of 1 A. and
an H-N-H angle equal to 109°30'.

b

Fig. 4. Sections of the potential: a) along the plane
y = 1/4' and b) in the plane y = 3/60, (The structure
contours are at 8-V intervals.)

On the basis of these data. now including calcula-
tions of the hydrogen atom positions. we once again esti-
mated the theoretical structure factors The signs of 48.
i.e.. 7.fP/o, of the structure factors were changed. We
introduced a dynamic correction to 61 of the experimen-
tal structure factor values. We subsequently again cal-
culated sections of the potential along the planes y =1/4

and y = %0 (Fig. 4). In the section y = 3/60 (Fig. 4b)

the 0UI atom is clearly visible. Furthermore. there is
a maximum here which corresponds to the other alII
atom lying at y =- 0.041; for refinement of the 1. co-
ordinates of am we constructed strips along a straight
line which passed through x = 0.317 and z = 0.352.

For more precise localization of the H atoms we
constructed difference synthesis sections on y =1/4 and
y =6/60 (Fig. 5). The atomic coordinates which we es-

tablished from these sections are shown in Table 1. The
root-mean-square error in the determination of coordi-
nates calculated according to [21J is 0.004 for S, 0.01
for 0.0.01 for N. and 0.04 A for H. These values are
probably on the low side. With a mean inner potential
of 8.7 V, the heights of the potential maxima are rpS(O)

= 379 V, rpN(O) = 164 V. rpoC0) = 158 V. rpH(O) = 47 V.
The discrepancy in the values of rp(O) for identical but

b
Fig. 5. Sections of the potential three -dimensional
difference series: a) in the plane y = 1/4' and b) in
the plane V = 6/60' (The structure contours are at
8 -V intervals.)



Tetra - Distance Angles
hedra
--~.- ---~

S-OI 1.61 °1 - S - On H1 , ° 6'

S04
S - Uu 1.34 (2) O[ -S-O[J[ 104° 21'

(2) S - Om 1.51 (2) 0rr - S - 0Il[ 108° 41'
mean 1.49 mean 108°1 '

N[-Hl t.15 H[ -'\'1-11[[ 94°25'
N[-HU 1.07 (2) H[ -.\fr-lly 115°25'

("HI 4)1 (2) N[-Hy 1.03 (2) IlJl -:'oJT - lIy 119°5'
mean 1.08 mean 109°3(1'

~H~,l H~ ~'~-fO'm HlJ
'

H'
ill

O' Nr
II S .

'4;V .H1y
I ~H'

o urn H~
HJl U

0; H~ ~Hili NIl
Hili kHv

yo,
Hill Hrr . Ha

Nr

~O~H~

Hy

Hu HN

~H~HI'

a b

ELECTRON DIFFRACTION STUDY OF STRUCTURE OF AMMONIUM SULFATE 439

TABLE 3. Interatomic Distances in Tetrahedra (in A)

.\fII-HIiI
NII-Hly

(2) NIL - BYI
mean

crystallographically nonequivalent atoms is: ~CPN =5 V,
~CPO= 10 V, ~CPH= 6 V.

TABLE 4. Interatomic N -0 Distances (in A)
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In a comparison of Ft, calculated from the final
values of the atomic coordinates, with Fe corrected for
extinction according to Blackman, we established a
final value of R for all 639 reflections = 3ff10; the Fe

values of the hOl reflections shown in Table 2 yield an
R = 34"70.

From the atOmic coordinates shown in Table I, we
calculated the interatomic distances and angles of the
S04 and N~ tetrahedra (Table 3) and some other impor-
tant distances (Table 4).

1.18
1.28
I.m
l.HJ

B I II-l\' 11- lIry 103°J3'
(2) H[LJ-"II-HYr 109°5W
(2) HIV -.\flf-HYI 105°54'

mean
.

106°3:3'

Analysis of the Structure

The structure of (NH4hS04 is constructed of S~-
tetrahedra and two types of NH1 tetrahedra. These
tetrahedra are irregular, yet they retain symmetry planes
which coincide with the planes y = 1/4 and y =%. The
S -0 distances in the S04 tetrahedra vary from 1.34 to
1.61 A, the angles vary from 104°21' to 111°6', which
somewhat exceeds the usual scatter of values of dis-
tances and angles. However, the mean S -0 distance is
1.49 A, and the mean O-S-O angle is 108°; these
agree well with the data known in the literature [20].

In the (N~)I tetrahedron the distances and the angles
vary within the N-H range from 1. 03 to 1.15 A (mean value
of 1.08 A) and H-N-H from 94°25' to 119°5' (mean
value of 109°39'). In the (N~)II tetrahedra the varia-
tion is within the range 1. 03 to 1.28 A for N - H dis-
tances (mean value of 1.16 A)and from 103°13' to 109"59'
for H - N - H angles (mean of 106°33'). It must be

pointed out that the mean value of the N - H distances
in the (NH4>rI tetrahedron is significantly larger than the

Fig. 6. Sketch of the Structure of (NH4hS04: a) projection on the plane y = 1/4 of atoms

which lie between the planes y = 0 and y = 1/2; b) projection on the plane y =% of atoms

which lie between the planes y =% and y = 1. Black dots represent atoms in the plane
of symmetry; white dots represent atoms in general positions.
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mean value of these distances in the (NKt) I tetrahedron.
In addition, the N - H distances and their mean values
exceed the values of these distances given in the litera-
ture [22]. A sketch of the structure of (NKt)2S04 is
presented in Fig. 6.

The (NH4)I ion has 10 near neighbors, the distances
to which are shown in Table 4; the nearest NI-OI dis-
tance, 2.73 A, lies in a symmetry plane. The number
of nearest neighbors of the (NH4)n complex is 9, but
these oxygen atOms are situated significantly closer to
the N arom; there are 6 N-O distances less than 3.00A,
and two of them lie on a symmetry plane, with the
other four almost normal to it. In this structUre, as in
Rochelle salt, the shortest hydrogen bond to NIl -Om is
almost parallel to the Y axis, which upon transformation
of (NH4hS04 to the ferroelectric state becomes the fer-
roelectric axis.

Although it is impossible to determine a quantita-
tive criterion, however it must be assumed that the ap-
preciable deformation of the NH4 tetrahedra is related
to the presence and directional natUre of hydrogen bonds.
This probably explains the fact that in compounds which
do not contain hydrogen bonds the deformation of the
tetrahedra is much smaller. It must also be pointed out
that a reverse relationship has been observed between
the N-H and N-O distances.

Attention must be directed ro an interesting pecu-
liarity of the hydrogen bonds in this structure; the near-
est atOms of hydrogen lie to one side of striaght lines
connecting

°
and N atoms which take part in that bond.

The distance of the hydrogen atoms from that N-O
Straight line series is 0.3-0.5 A. As is known, the "de-
flectability" of hydrogen bonds has recently been ex-
amined in a number of papers and is explained by the
rigidity of the angle of the covalent bond to the appro-
pria te a tOms [23].

The authors wish to express their thanks to B. K.
Vainshtein for his interest in the work and for valuable
advice.
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