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1.
ABSTRACT

Crystals of potassium chloroplatinate, studied by means
of spectral and Taue photographs, are shown to have the polassium

chlorostannate structure with le 29.73 R ana u = 0.240 = 0.005 .

0
The reported value of U 3 0.16 is shown %o be incorrecit, and the
theoretical treatment of Jones and Dent which supported this latter
value is thereby deprived of its supposed agreement with experiment.
The parameters in diaspore are redstermined, and the
structure is discussed from the standpoint of the coordination
theory. The existence and location of hydrogen bonds in the
structure ars established, and repregentative formulas are proposed.
The unit of siructure, space group symmetry, and detalled
atomic arrangements of lepldocrocite are deiermined from x-ray
data, and the exlstence and location of hydrogen bonds in the
structure are established from considerations of interatomic dise
tances. The relationship between the diaspore and lepldocrocite
structures iz discussed from the standpoint of the coordination theory,
and found to depend on two alternztive ways of satisfying the

electrostatic valence rule.
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Introduction.

It has been reportedl), without publication of substantiating experi- .
mental information, that crystals of potassium chloroplatinate, K,PtCl,
have the potassium chlorostannate structure, and that the parameter u
determining the position of-the chloride ions has a value of about 0,16.
On the other hand, the carefully prosecuted study?) of ammonium chloro-
platinate, (NHy),PtCls, led to a value for w for this substance lying
between 0,22 and 0,24. The discrepancy in results reported for these
two related substances has been pointed out by Wyckoff3), who wrote
“Inasmuch as » has the same value for both the potassium and the
ammonium chlorostannates4) it might be anticipated that w = == 0,24
for KyPtCl;. A more detailed investigation is hence to be desired”.

Lennard-Jones and Miss Dent have recently®) developed a theory
designed to predict parameter values for crystals of this type, and have
obtained results agreeing with Scherrer and Stoll’s work on potassium
chloroplatinate and disagreeing with Dickinson’s on potassium chloro-
stannate. This attached still greater interest to the reinvestigation of
the structure of this erystal, and especially to the accurate determination
of the value of the parameter. The research described in the following
pages leads definitely to the conclusion that Scherrer and Stoll's para-

1) P.Scherrer and P. Stoll, Z. anorg. Ch. 121, 319. 1929. ,
2) R W. G. Wyckoff and E. Posnjak, J. Am. Chem. Soc. 43, 2292, 1924.

3) R. W. G. Wyckoff, “The Structure of Crystals”, Chemical Catalog Co., New
York, 1924, p. 344.

4) R. G. Dickinson, J. Am, Chem. Soc. 44, 276. 1922.

5) J. E. Lennard-Jones and B. M. Dent, Phil. Mag. 3, 1204. 1927.
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meter value is incorrect, and hence that Lennard-Jones and Miss
Dent’s theory disagrees with experiment for potassium chloroplatinate
as well as for potassium chlorostannate.

Experimental methods.

Potassium chloroplatinate, prepared from chloroplatinic acid and
potassium chloride, was recrystallized from distilled water. The crystals
obtained were small isolropic octahedra.

The standard method of investigation with X-rays involving the
preparation and interpretation of Laue and spectral photographs was
used in order to avoid as far as possible any chance of introducing
serious error in the structure determination. Spectral photographs were
made of the molybdenum K-radiation reflected from the face (141) of
a crystal about 2 mm. on an edge and simultaneously from (100) of
calcite. Laue photographs were then taken with the incident beam of
X-rays at various small angles with the normal to (111) of a perfect
crystal about 0,7 mm. in its largest dimension. A tungsten anticathode
Coolidge tube operated at a peak voltage of about 52 kv. was used.
Indices were assigned to the Laue spots with the aid of gnomonic pro-
jections.

Determination of the structure.

The spectral data of Table I lead to dyg/rp = 9,73 A, in which n,
is the order of reflection of the first line reflected from (141). Values
of mi calculated on the basis of the unit with n; =1 for over 200
spots arising from planes of over 75 different forms on a Laue photo-
graph were in every case larger than 0,24 Z\, the short wave-length
limit of the incident radiation. There is accordingly no evidence requir-
ing or indicating the existence of a larger unit of structure than that
with dygp = 9,73 A. The density calculated from this unit containing
bk KyPtCOlg is 3,50, in acceptible agreement with the directly measured
values, 3,58—3,69.

No odd order reflections were observed from any planes except those
with all indices odd, so that the structure may be assumed to be based
on a face-centered lattice. A Laue photograph taken with the incident
beam normal to (111) showed three planes of symmetry in addition to
the three-fold axis; the crystal hence has the symmetry of one of the
point-groups Ty, O, or O,. The only space-groups?) satisfying these
requirements and providing atomic positions for 8 K, &Pt and 24 Cl are

1) R. W. G. Wyckoff, “The Analytical Representation of the Results of the
Theory of Space-Groups”, Pub. Carnegie Inst., No. 318, 1922.
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Table 1.
Spectral data from potassium chloroplatinate.
Ay Order Angle' 2k AT Intensity o S(u=0,16)
line1) 4 reflection 7y ((foru=10,240)
0
A o #94 By5id } strong 0,827 1,300
« 7y 3 37 5,63
« 27y 7 14 5,64 med. weak 0,60 2) 0,034
e a9 1053} 5,58 } medium 0,577 0,228
@ 3ng 10 58 5,62
8 hng 12 56 5,65
@ kg 14 354 5,61 strong 2,405 0,499
s hmy 14 421 5,61
@ 5m 18 22 5,61 } medium
oy 57 18 26 5,62 strong 1,878 1,018
Mean e o 5,63 A
79

200

700

2
700 —
5 | ] | | | I | 1
0 a7 4 1 03 o4
po A ———r

Fig. 1. Structure factor curves for the first five orders of reflection from (111).

1) B signifies MoKy, 4 = 0,6311 Z.\; @, MoaKa,, 2 =10,7078 ;\; s, MoKy, )=
0,7121 A; «, mean of «; and es, A= 0,7100 A.

2) Increase in the relative reflecting power of platinum would decrease this
value of S further, giving better agreement with the observed intensity.
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Ty% 03 and 0,5 Of the several alternative structures provided by these
space-groups all but one must be excluded, since they are in pronounced
disagreement with the observed relative intensities of reflection from
different planes?).
The allowed structure, obtainable from all three space-groups, is

the following:

kPt at &b: (0 0 0);

8K at 8e: (11 4);

2% Cl at 24a: =(w 00, 020, 00 ),

in which each indicated position represents one point of a face-centered
lattice.

The parameter « defining the chloride positions can be determined
from the relative intensities of reflection with the use of only qualitative
assumptions regarding intensity factors other than the structure factor,
for if of two planes the one with the smaller value of d/n reflects more
strongly than the other its structure factor must be the larger. Curves
of structure factors calculated for the small orders of reflection from
(111) are given in fig. 1. In making this calculation the relative reflect-
ing powers of the various atoms were taken proportional to the atomic
numbers of the atoms. This is very nearly correct so far as potassium
and chlorine are concerned, and error in ‘the case of platinum will have
only the effect of changing the origin somewhat; in limiting the para-
meter exact values of the relative reflecting powers need not be assumed.
The observed intensities of the various orders from (111) (Table I) require
that the structure-factor for » = %4 be larger than for n=1, 2, or 3,
for =3 larger than for » =2, and for » =2>5 larger than for » = 3.
These requirements are seen to be satisfied only if « lies in the region
between 0,18 and 0,250. The upper limit 0,250 does not depend on
the assumption of definite reflecting powers.

The parameter « can be further limited with the aid of Laue data.
Planes giving useful Laue spots may be divided into three classes, with
the following structure factors:

Class 1: all indices odd.
n—="NS L Pt + 8 Cl(cos 2whu 4 cos 2wku + cos 27z lu).
Class 2: one index even,
=l 8= 0; =2,
S = 4 Pt + 8K + 8 Cl (cos k sehu + cos kku - cos kwlu).
1) The detailed argument involved has been presented before; see, for example

R.G.Dickinson, J. Am.Chem. Soc. 44, 276. 1922; R.W.G. Wyckoff, “The Structure
of Crystals”, Chemical Catalog Co., New York, 1924, pp. 334—337; etc.
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Class 3: two indices even,

gy S — 0 ame— 9¢
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S = kPt — 8K + 8 Cl (cos kwhw 4 cos & wku - cos korlu).

Table II.
Selected Laue data for potassium chloroplatinate.
Wkl Closs djn 2 E.stlma.ted S N
A A intensity %= 0,240 ©w=10,16

224 3 1,62 0,37 0,9 2,122 0,524
551 1 1,36 0,36 0,9 2,973 3,446
553 1 1,27 0,36 0,6 2,723 0,617
733 1 1,49 0,38 0,6 1,692 1,087
322 3 1,18 0,35 0,4 2,184 0,874
444 2 1,45 0,44 0,5 2,300 2,369
754 1 1,12 0,37 0,4 2,238 3,866
424 3 1,06 0,44 0,5 2,029 0,074
755 1 0,978 0,36 0,3 2,484 3,639
430 3 0,973 0,35 0,3 2,122 2,958
430 3 0,973 0,42 0,3 2,122 2,958
431 4 0,954 0,37 0,3 2,362 3,764
951 1 0,941 0,35 0,3 3,200 2,207
951 1 0,944 0,42 0,3 3,200 2,207
773 1 0,941 0,38 0,1 1,258 2,758
773 1 0,944 0,42 0,2 1,253 2,758
520 3 0,903 0,42 0,2 2,336 0,730
432 3 0,903 0,41 0,2 2,091 2,595
524 2 0,888 0,37 0,2 2,576 1,536
971 1 0,873 0,36 0,2 2,465 2,627
530 2 0,834 0,37 0,1 2,669 4,568
530 9 0,834 0,44 0,2 2,669 4,568 .
433 2 0,834 0,46 0,25 92,424 5,159
973 1 0,825 0,36 0,2 2,215 1,099
1133 1 0,825 0,38 0,1 1,284 0,374
1151 1 0,802 0,38 0,1 9,027 3,200
14-5-4 1 0,502 0,40 0,1 2,027 3,200
532 9 0,790 0,44 0,2 9,638 2,931
611 2 0,790 0,47 0,2 2,453 3,432
11-5-3 1 0,782 0,36 0,05 1,171 1,672
975 1 0,782 0,38 0,4 2,711 2,400
443 3 0,760 0,40 0,1 1,998 1,774
621 3 0,760 0,37 0,1 1,882 0,989
624 3 0,760 0,41 0,1 1,882 0,989
544 2 0,750 0,44 0,1 9,483 1,986
11744 1 0,744 0,37 0,05 1,292 3,620
147+ 1 0,744 0,42 0,05 1,292 3,620
1173 1 0,727 0,39 0,00 1,042 2,092
977 1 0,727 0,44 0,05 1,976 2,820
542 3 0,723 0,43 0,05 2,212 0,437
631 2 0,718 0,44 0,05 2,213 4,827
631 2 0,718 0,38 0,03 2,213 4,827
995 1 0,712 0,39 0,45 3,673 0,744
13.3-3 1 0,712 0,40 0,1 2,647 1,484
13-5-1 1 0,697 0,39 0,1 3,393 4,013
11-7-5 1 0,697 0,38 0,00 1,538 3,393
13.5-3 1 0,683 0,38 0,05 3,143 2,485
641 3 0,668 0,39 0,04 1,789 1,439
721 ) 0,662 0,38 0,05 2,748 - 2,408



228 F.J.Ewing and Linus Pauling

In comparing relative intensities of two planes of the same class only
qualitative assumptions need be made regarding relative reflecting powers.
Values of S as a function of « for various planes of Class 1 are shown in
Fig. 2. From this figure it is seen that the experimental observation
that the form {951} reflects more strongly than {755} at the same
wave length limits «# to the region between 0,196 and 0,250. The
inequality {975} = {11.5.1} requires similarly that « lie between 0,211
and 0,250, and several other such inequalities given in the Laue data

075 s 020 025

Fig. 2. Structure factor curves for planes of Class 4.

in Table 2 limit « to about this same range. A closer lower limit is

provided by the equality in intensity of {13.3.3} and {975}, which

requires that « be not much less than 0,24. On the other hand the

very small intensity of {11.7.3} requires that « be not much greater

than 0,24; so that the parameter value can be safely given as
w=10,240 == 0,005.

Verification of this value is provided also by planes of Classes 2
and 3. For w= 0,25 their structure-factors are
Class 2: n=2, S=4Pi+4 8K — 8CI;
Class 3: n =2, S=4Pt— 8K+ 8CL
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These values are only slightly changed (by a maximum of 10% for
w=0,24) as u is changed, for in each case the slope of the curve is
zero at v = 0,25; i. e., (gq) = 0,25. Accordingly the observation that

U Ju=0,25
no intensity inequalities are observed between planes of Class 2 or of

Class 3 substantiates the conclusion that «# must be close to 0,25. In

| | | Il
020 021 g2z 023 0.2 925

U ————=

Fig. 3. Structure factor curves for planes of Class 2.

particular the equalities {611},—y = {532},—5 and {433},—9 = {530},—»
require that « be considerably greater than 0,23 (see fig. 3).

It was also found that no intensity inequalities between a plane of
Class 2 and one of Class 3 exist. This is explicable on the assumption
that K= CI1). The ions K* and CI have the same number of electrons,

1) Similar observations and conclusions are reported by Dickinson for potas-
sium chlorostannate.
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and may hence be expected to have the same reflecling power for smali
angles of reflection; at large angles of reflection, however, the reflecting
power of CI” should fall off somewhat more rapidly than that of K™,
on account of its larger size. This effect is not sufficiently great to
appear in the visually estimated intensities of Table IL

The intensity inequality {13.3.3} > {541},_, again substantiates the
value decided on for w. With K= CI this requires % > 0,230, and
if K is slightly greater than Cl, as is reasonable, the lower limit for «
is increased. If K were more than 259, greater than C/ no value of u
would account for the inequality.

In the sixth column of Table II are given values of S calculated
for w==0,240, and in the seventh column for w=0,16. It will be
seen that the value v = 0,16 is in very many cases definitely at variance

with the observed intensities, while the value » = 0,240 is in complete

agreement with them.

It is probable that in ammonium chloroplatinate the chlorine-platinum
distance is nearly the same as in the potassium salt. If this is assumed
to be true, and our parameter value is accepted, ammonium chloro-
platinate should have » — 0,237 == 0,005, which is within the region
0,22—0,24 reported by Wyckott.

Interatomic distances in the crystal are given in Table III, together
with those for related substances.

Table III.
Interatomic distances.

Crystal digo L s M—Cl |Cl—KorNH; M—K:}r"NH,,
FEGe. TSN A A A

= L
K,PtClg 9,73 0,240 2,33 3,45 5,21
(NHy)y Pt Cl 9,84 0,237 2,33 3,48 4,26
Ky8nClg 9,96 0,245 2,44 3,52 4,81
(NHy)sSnClg 10,05 | 0,245 2,46 3,55 4,35

Summary.

Crystals of potassium chloroplatinate, studied by means of spectral
and Laue photographs, are shown to have the potassium chlorostannate
structure with digp = 9,73 A and w = 0,240 == 0,005. The value
w==0,16 reported by Scherrer and Stoll is shown to be incorrect.

Pasadena, California, February, 1928.
Received March 27th {928,
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The parameters in diaspore are redetermined, and the structure is discussed from the
standpoint of the coordination theory. The existence and location of hydrogen bonds in the
structure are established, and representative formulas are proposed.

INTRODUCTION

HE mineral diaspore, AIHO,, is described as
forming orthorhombic crystals, with the
axial ratios a :b:¢=0.9372 :1 :0.6039, ac-
cording to Groth. Its composition, symmetry and
axial ratios suggest its isomorphism with the
goethite modification of FeHO,, and with
manganite, MnHO,. A second modification of
FeHO., lepidocrocite, also exists and forms
orthorhombic crystals. The existence of a second
modification of AIHO, corresponding to lepido-
crocite is indicated by the x-ray studies made by
Bohm! on certain bauxites.

Work begun by the writer in 1929 had disclosed
the structure of diaspore and suggested a
probable structure for lepidocrocite. The com-
pletion of this work was unavoidably delayed
until recently, and in the meantime the structure
of diaspore was derived by Deflandre? and
independently by Takané,® and Goldsztaub*
found that the goethite structure was essentially
that of diaspore.

In the present paper the diaspore-goethite
structure is discussed from the standpoint of the
coordination theory, with particular reference to
the distribution of the hydrogen atoms and their
relation to the existence of a second modification.?
The results of a more accurate determination of
the parameters in diaspore are given, and the
interatomic distances thus determined are shown
to establish the existence and location of the
hydrogen bonds as suggested by the coordination
theory.

* No. 456.

1 J. Bohm, Zeits. f. anorg. Chemie 149, 203 (1925).

2 M. Deflandre, Bull. Soc. Franc. Mineral. 55, 140 (1932).

3 Takané, Proc. Imp. Acad. Tokyo 9, 113 (1933).

48S. Goldsztaub, Comptes rendus 195, 964 (1932).

5 The structure of the second modification as typified by
lepidocrocite will be described in a future publication.

THE UNIT OF STRUCTURE, SPACE GROUP SyM-
METRY AND THE GENERAL POSITIONS
OF THE ATOMS

The unit cell of diaspore was determined from
oscillation and Laue photographs to correspond
to the axial lengths

a=4.40A, b=9.39A, c=2.84A.

These values give the axial ratios 0.469 : 1 :
0.302,in good agreement with the crystallographic
ratios 0.4686 : 1 : 0.3020 obtained by doubling
the b-axis. The observed density of diaspore, 3.4,
indicates that a unit of these dimensions contains
4 AIHO:..

The space group of diaspore was determined
from Laue data to be V,!— Pbum, as found by
Deflandre and Takané.

The observed even orders of reflection from
(001) were found to decline normally in intensity,
indicating that all the atoms are situated in
planes perpendicular to ¢ at a distance ¢/2 apart.
To place the oxygens anywhere except on the
reflection plane m would give O—O distances of
1.42A or less, which is impossible. All the atoms
therefore lie on the m reflection planes, the
general positions, referred to a center of sym-
metry as origin, being as follows:

LY 1 1.1 i oay
4:Alatu,‘l),—Z,§—u,'2‘+7),—Z,7+u,§—‘v,%,u,?),71‘.
4 Oratuy, vy, —%;etc.

4 Op atus, vz, —%; etc.

THE DETERMINATION OF PARAMETERS

Oscillation photographs were taken of Mo Ka
radiation by reflection from (010), ten even
orders of reflection being observed. Using the
usual methods it was found that the observed
intensities of reflections at large angles serve to
fix v, the aluminum parameter, at +0.144+0.003
irrespective of the oxygen positions. By using

203
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values of the aluminum parameter within these
limits it was then found possible on the basis of
observed intensities to fix the oxygen parameters
within the ranges —0.216<9;<—0.190 and
—0.062 <v,< —0.042. The parameters were then
adjusted within these limits to give the best
quantitative relation between observed and
calculated intensities. The values thus obtained
are

v=+0.146£0.001, ;= —0.2000.002,

and 2= —0.05240.002,

in which the probable limits of error as given
correspond to the minimum displacement causing
disagreement between observed and calculated
intensities. The extent of the agreement between
observed and calculated intensities of reflection
from (010) using these values of the parameters is
shown in Table I.

TABLE 1. Observed and calculated intensities of reflection on
oscillation photograph from (010) with [001] as axis.

Intensity Intensity
{hkl} Obs.2 Calc.? {hkl} Obs.2 Calc.b
(020) 40 54 (021) 2.0 1.7
(040) 10 7.3 (041) 4.5 4.0
(060) €0 4.7 (061) 25 17.5
(080) 025 1.2 (081) 4.0 3.0
(0.10.0) 3.0 241 (0.10.1) 0.7 0.15
(0.12.0) 0.7 0.15 (0.12.1) 1.4 0.79
(0.14.0) 1.1 0.48 (0.14.1) 0.85 0.22
(0.16.0) 0.0 0.03 (0.16.1) 0.5 0.1¢
(0.18.0) 0.25 0.07 (0.18.1) 0.0 0.04
(0.20.0) 0.7 0.15 (0.20.1) 0.0 0.03

s Estimated visually, and corrected in the case of side spectra for
varying time of reflection.
b Based on Bragg and West's f values.

The relative shortness of the ¢-axis limits the
amount of diffraction data obtainable by re-
flection from (100), so that an exact determi-
nation of the parameters along a by rigorous
methods is difficult. By assumptions which will
be discussed in the next section it is possible to
predict values of these parameters, the predicted
values being '

u=—0.036, uy=-+0.27, ue= —0.21.

These values give excellent quantitative
agreement between the calculated and observed
intensities of reflection, as is shown in Table II.
A shift of 0.01 in any of these parameters some-
what impairs the quantitative nature of the
agreement.

EWING

TaBLE 1. Observed and calculated intensities of reflection on
oscillation photograph from (100) with [001] vertical.

Intensity Intensity
{hkl} Obs.2  Calc.®| {hkl} Obs.t Calc.k
(200) 0.2 0.13 | (101) 0.8 0.81
(400) 5.0 3.4 (301) 1.7 2.2,
(600) 0.0 0.00 | (501) 0.5 0.57
(500) 0.0 0.08 | (701) 0.3 0.28

s Estimated visually, and corrected in the case of side spectra for
varying time of reflection.
b Based on Bragg and West's f values.

The parameter values determined by Deflandre

are, restated in our convention, u#= —0.042,
u1=—+0.25, us=—0.25, v=+40.144, v;= —0.20,
o= —0.05. His values for v, ; and v, are in close

accord with ours, but his values for %, %; and %,
do not account quantitatively for reflections from
(100) as well as do ours. This is illustrated, for
instance, by the reflection (701), which is
observed 0.6 as strong as (501); the calculated
ratio is 0.5 using our parameters values and 0.2
using Deflandre’s values. Takané's parameter
values differ more widely from ours, and lead in
some instances to calculated intensities that are
in qualitative disagreement with our data.

DISCUSSION OF THE STRUCTURE

The diaspore-goethite structure can be regarded
as built of aluminum or iron centered octahedra
arranged in the manner shown in Fig. 1. The
octahedra share edges in such a way as to form
one-dimensionally infinite aggregates which may
be called “‘double rutile strings’’ running parallel
to the ¢ axis. These strings are joined by sharing
corners, as shown in the figure. Each anion is
common to three octahedra.

This type of structure is readily predictable on
the basis of the coordination theory® if a distri-
bution of the hydrogens is assumed giving all the
anions the form (OH,;)~% such anions being
required by the electrostatic valence rule to be
shared between three octahedra.” The only
alternative distribution of the hydrogens gives
the anions O= and OH-, and the electrostatic

6 Linus Pauling, J. Am. Chem. Soc. 51, 1010 (1929).

” With the character of the polyhedra and their method of
sharing defined, the number of structures fitting the unit
cell is greatly limited, and the structure shown in Fig. 1 is
the only one that is immediately apparent under the condi-
tions given.



CRYSTAL STRUCTURE OF DIASPORE

F16. 1. The ideal structure of diaspore, showing the
“double rutile strings” formed by the aluminum-centered
oxygen octahedra. The relationship between the octahedra
and the close packed arrangement of the oxygens is also
shown. The aluminums are represented by the small
spheres.

valence rule requires that O= and OH~ anions be
shared between four and two octahedra, re-
spectively. This latter type of sharing is actually
that found in the structure of the second modifi-
cation of FeHOq, lepidocrocite.?

The coordination theory not only gives the
ideal structure successfully, but also indicates the
degree of distortion to be expected. Edges shared
between octahedra, according to the rule for
distortion, should be reduced to 2.50A, with
other edges being compensatorily lengthened.
The lengthened edge is given in the case of
diaspore by the ¢ identity distance, 2.84A. By
fitting the distorted octahedra to the unit cell
values for the entire set of parameters can be
obtained, and o, v; and v, thus obtained are
within 0.02 of the values derived rigorously from
intensity measurements.

Starting with the rigorously determined values
of 91 and v, the requirement that shared edges be
2.50A long leads directly to the values of 40.27
and —0.21 for #; and u,, respectively. As previ-
ously shown arguments based on quantitative
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agreement with intensities serve to confirm these
values, but equally important is the fact that
they introduce into the structure the 2.50A
shared edge which appears in many accurately
known structuressuch asrutile, anatase, brookite,
and corundum, and which has been shown to
correspond to a minimum of crystal energy in
the case of rutile and anatase.®

The value of —0.036 for the aluminum
parameter # is calculated by making the reason-
able assumption that structurally similar Al—O
distances inside the octahedron are equal, i.e.
that the aluminum is equidistant from the three
oxygens in the center of the double rutile string,
and likewise equidistant from the three oxygens
at the corner of the string. These two conditions
lead to slightly different values for u, the average
of which is given by —0.036.

The formal existence of (OH;)~% anions is most
readily explained by postulating hydrogen bonds
between pairs of oxygens. Hydrogen bonds,
forming collinear OHO groups, have been found
in certain crystals containing oxygen and acidic
hydrogen, namely - H3;BO;° NaHCO;,'® and
KoHPO4" and in ice? and the crystalline
hydrates HoC204- 2H,0 ¥ and Li,SO4- H,0.1* The
hydrogen bond has also been shown to exist in
gaseous (HCOOH), by means of electron diffrac-
tion methods.'?

In diaspore the location of the hydrogen bonds
can be expected to be between oxygens in
different octahedra because of the effect of
Al—H repulsion; their exact location is finally
determined by a comparison of the interatomic
distances concerned.

Interatomic distances calculated from our
values of the parameters are shown in Table III.
With the exception of the shared edges (which
are 2.50A long), the O—O distances within each
octahedron lie in the range from 2.73 to 2.84A, or
somewhat in excess of 2.70A, the sum of the ionic
radii. Between different octahedra the O—O
distances are 3.10A or greater with the important

8 Linus Pauling, Zeits. f. Krist. 67, 377 (1928).

9 W. H. Zachariasen, Zeits. f. Krist. 88, 150 (1934).

10W. H. Zachariasen, J. Chem. Phys. 1, 634 (1933).

1], West, Zeits. f. Krist. 74, 306 (1930).

2W. H. Barnes, Proc. Roy. Soc. (London) 125, 670
(1929).

13 W, H. Zachariasen, Zeits. f. Krist. 89, 442 (1934).

UG, E. Ziegler, Zeits. f. Krist. 89, 456 (1934).

15 L. Pauling and L. O. Brockway, Proc. Nat. Acad. Sci.
20, 336 (1934).
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TABLE I11. Interatomic distances in diaspore.

Neighbors in Neighbors in

Atom same octahedron other octahedra
O, 2 O; at 2.84A 2 Oy at 4.11A
4 0; at 2.78 2 Oy at 3.92
2 Oy at 2.78 1Oy at 2.71
2 Oy at 2.73
1 Oy at 2.50
Ou 2 Oy at 2.84A 20, at 4.11A
20; at 2.78 20y at:3.92
20; at 2.73 2 Oy at 3.10
2 Oy at 2.50 10, at 2.71
1 0; at 2.50
Al 1 Oy at 2.01A 2 Al at 3.10A
2 Oy at 1.98
1 0; at 1.86
2 O; at 1.82

exception of the 2.71A distance. This distance of
2.71A is not only characterized by the fact that
it is much the shortest of similar distances, but
also by the fact that it is inexplicably so unless
it is assumed to correspond with a hydrogen
bond.

The location of the 2.71A distances in the
diaspore structure is shown by the small tubes in
Fig. 2. This figure perhaps makes it clear that by
slightly twisting the double strings about their
points of contact the distances corresponding to
the tubes can be lengthened and brought into
equality with other O—O distances between
octahedra. The only apparent explanation for the
structure having a twist which differentiates

EWING

these distances is that the tubes correspond to
hydrogen bonds.'6 '

The allocation of one hydrogen to each tube
gives the correct stoichiometric composition to
the crystal, and hence accounts for all of the
hydrogens. '

The value of 2.71A found for the OHO distance
in diaspore is in agreement with the values 2.71
and 2.67A found in H;BO; and (HCOOH),,
respectively, and lies somewhat above the values
2.54 and 2.55A found in K;HPO4 and NaHCO3,
and below the values 2.77 and 2.96A found in
H.0 and LisSO4-H;0. This indicates that the
strength of the hydrogen bond in diaspore is
considerably greater than that in ice or in the
hydrate LizSO4-H:0, and is approximately the
same as in H3BO3; and (HCOOH),.

The Al—O distances in diaspore correspond
closely to the Al—O distances of 1.99 and 1.85A
found in corundum, since in diaspore the
Al—Oy; distances average 1.99A and the Al—O;
distances average 1.84A. The slight deviations of
0.01 to 0.02A from these average Al—O distances
shown in Table III are within the error of the
parameter determinations, but on the other hand
they are in the proper direction to be related to
a distortion produced by the hydrogen bond. In

16 This differentiation of distances is not seriously af-
fected by variation of the parameter values over ranges
considerably greater than their probable error. Deflandre’s
values of the parameters might have been used to deduce

the hydrogen bond, obtaining an OHO distance of 2.60A
in comparison with a next smallest distance of 2.80A.

Fic. 2. A pictorial representation of the diaspore structure, with the hydrogen bonds shown as tubes.



CRYSTAL STRUCTURE OF DIASPORE

both corundum and diaspore the shift of the
Al—O distances from 1.90A, the sum of the radii
concerned, is evidence of the effect of Al—Al
repulsion.

The formula for diaspore we have written
AIHOs,, the HO, group so indicated being taken
as representing hydrogen-bonded oxygens. The
formula HAIO; would be equally correct as
indicating that both H and Al cations formed
coordinated structures with the oxygen cations,
and the chemical inference in this latter formula
that diaspore is meta-aluminic acid is borne out

ZQ7

by the existence of meta-aluminate salts such as
the spinels. Either formula would be more
correctly written in the polymerized form
(AIHO,), or (HAIO), to admit the known
coordination number of 6 for Al. The usual
formulas for diaspore, Al;Oz-H20, Al,O2(OH)s,,
or AIO(OH) are wrong in indicating a distinct
existence of water or OH™ ions.

I am gratefully indebted to Professor Linus
Pauling for his original suggestion as to the
probable structure of diaspore and for his
interest and advice during the work.

lb.
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The Qrystal 8tructure of Lepidocrocite.



The Crystal Structure of lepidocrocite.

Surmary

The unit of structurey space group symmedry, and detailed
atomic arrangement of lepidocrocite are determined from zersy data,
and the existence and location of hydrogen bonds in the struciture are
egtablished from considerstions of interatomic distances. The
orthorhombic lattice is end centeored on (100), and has the axes
a = 3.87 g. b = 12.51 g. and ¢ = 3.06 R The space group is

O [] [¢]

2h17 - Amame. 'The parameters are determined as s -0.232, gg =

1 e
$0.282, and EGH = 40.075. The structure is described as consisting
of ironecentered oxygen ochahedra joined by the sharing of edges into
twoedinensionally infinlte layers, with the successive layers held
vtogether by hydrogen bonds. The relationship between the diasporee
goethite structure and the béhmite-lepidocrocite structure is dise
cussed from the standpoint of the coordination theory, and found to b
depend on two alternative ways of satisfying the electrostatic vslence
rule.

Introduction

1l
Lepidocrocite, Ped(0H), is desecribed by Posnjak and Yerwin

as forming orthorhombic crystals with the axial ratios 0.64 : 1 3 0.43.

The crystals are red and transparent, and form thin plates tabular on
{010), slightly striated in the direction of the ceaxis.

The monohydrates of iron and a2luminum oxide, with the general

formula‘mﬁog, exist in two modifications. The structure of the modifi-

cation corresponding to diaspore, AIHDZ, and geethite, FeH0o, is knownz,

18.



but no srevious investigation of the structure of the second modifica-
tion corvesponding to lepidocrocite, Fed(OH), and b;hmites, ALO(OH),
hag been madee.

In the present investigation the unit of structure, space
group symmetrys, and detailed atomic arrsngement of lepidocrocite are
determined from xeray data, and existence and lacatioﬁ of hydrogen
bonds in the siructure are established from considerations of intere
atomic distances. The lepidocrociie strueture and iis relation %o

the diaspore-goethite structure is discussed from the standpoint of

the coordination theory.

The Unit of Structure and Space Group Syrmetry

Dacillation and Laue photographs were prepared with crystals

of lepldocrocite from Eiserfeld, Westerfald, Gormany. The crysials

were tabular on b, forming thin plates about 1 v

in arca. 0scils
lation photographs of ¥¢ ¥ a radiation reflected from or transmitied
through (010) with (001) as the axis gave the value 3.06 K for Eb on
the basis of the intervals between side specira; and gave gb as 1.935
Ei’ and gb as 5.258 gﬁ on the basig of the pinacoidal reflections.
Caloulated values of nh for observed Laue reflections require

that El =1,
orthorhombic axes,

= 2¢ The correct unit cell is therefore given by the

fa] Q O
& = 3487 A, _}2 - 12,51 A, and = 3408 Ae
0 O O

Ho first order Laue reflections were observed in which (k +2)
[}
was odd, and the lattice is therefore based on(:ﬂ + end centered on

(100).  Assuming holohedral symmeiry for the crysial, the possible

space groups are ¥7 ta‘ﬂiE . o evidence was found in support of

i =

19.



the statement by Goldsztaubéthat lepidocrocite possesses the space
group symmetry vi. Gggerved é;rst orvder Laue reflections such as {520)
and (580) eliminate gh and gﬁ « Humerous first order prism reflections
on the oscillation 9hggegrap§§; suchgis'(ﬁll), (031), (051), etc., also

and ¥V, » Qf the two remaining space

eliminate the space groups E%‘ n

17 19

groups E% and Eh + the former allows only two prism zones to reflect,

e

while the latter permits reflections from all three. No first order
reflections from planes of the type {hol) were observed in any of the
phiotographs, althoush a mumber of such planes weres in a position favor-

able for reflection. The space group of lepidocrocite iz thus indicsted

17
to be gﬁ & fmam.

The assigmment of four formulas of Fed (OH) to the unit cell
ééves a caleculated density of 3.96 gms/cem., which is in agreement with
the observed density of 4.07.

The eight oxygen atoms in the unit ﬁeil must be placed on the
intersections of the syrmetry planes to avoid 0«0 distances of 1.98 Z
or less. The four iron atoms cannot be al centers of syrmetry,
 because the intensity of the reflection {260) is obssrved much stronger
than that of (400). The genersl positions of the atoms, referred to 2
center of gsyvmetry as origin, are therefores

4 Pe ot 1/4,u,0; /41,05 1/4,u-1,d; 3/4,3eu,d :
40 at 1/4.u,0; ete.:
4 OI at 1/4;§io; etce

% 4 2

The four hydrogen atoms are located subsequenily from considers=

tion of interatomic distances.
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Prediction of the Atomic Arrangement

A structure may be predicted for lepidocrocite from considera-
tion of the following arguments, which are derived from the rules given
in Pauling®s ° coordination theory of the gtruc%ure of ionic crystals.

l. The elements of the structure are iron-centered oxygen
octahedra, in which the Pe«( distances are close to 2.00 g, and the
0-0 distances have values in the nelghborhood of 2.70 Ae

2¢ The electrogtatic valence rule is satisfied, vwhereby the
aniong are effectually neutralized by adjscent cations.e The two
formel ways of distributing the hydrozen ions in ?eﬂag are inﬁiqated

by writing (0N )‘3/2 anions in one instance, and distinct 0° and (OH)

anions in the other. It hag been sha@aﬁ that the assumpiion that all

f2

the anions are of the form (aﬁé)“g leads to the diaspore-goethite
structures It see=s legical %o asaue, therefore, that lepidocrocite
exists as a second modification of Feﬂbzby virtue of having the
alternative distribution of hydrogens. The Q: and (aa)i anions
corresponding to this second slternative are required by the eleciroe
astatic valence rule to be shared between four and two octahedra.

3« Bdges shared between oclahedra are conbtracted to aboud
2.50 Z, with other edges being compensaborily lengthened.

The length of the g and ¢ axes suggzest the probable orientation

o

of the octahedra, since the value 3.87 4 far'gbvis glose %o the length
o)

2082 A of the diagonal of an undistorted octahedron, and since the ¢

o
axis, 3.06 3, can readily be assoclated only with a lengthened edpe of

an octahedron.
%ith the character of the sharing and the orientation of the

octahedra defined, and with the additionel resiriction that an identity



0
period of 12.51 A be maintained in the direction of the b axis, the

layer structure indicated in Pigure 1 irmediately suggests itself. The
layers are formed by the sharing of edges between octahedra in such a
way that the oxygens QI near the middla of the layers are common to
four octahedra and correspond to G-, while the oxygens 0 on the
outer ridges of the layers are common to itwe octahedra aig correspond
5 (QHS. The layers can be regarded as formed by the sharing of edges
betweens "double rutile strings" that were found as charascteristic
aggrezates in dlaspore.

The a and ¢ identity distances are contained in the plane of
the layer and correspond to a body diagonal and an edge of an octaw
hedron, respectivelys The b axis is perpendicular to the layers, and
its value of 12.51 g suzcests that it represents two layer intervals.
The most apparent way to satisfy this periedieity is to translate svery
other layer by g/2.

The strucbure predicted in this manner hes the same space

17

3% that is found for lepidocrogite, which is a sirong

indication that the correct structure has been obbained.

group syrmebry

In this structure the pararmeters for the oxygens are fixzed
at u = $0.267 and u = $0.067 by the requirement that shared edges be
2.5013 long, while ihe iron parameter g is calculated as =0.332 on the
assumpbion that the Fe«0 distances are as nesrly equal as pessible.
These parameter values differ only by 0.008 to 0,015 from the values

t0o be derived from intensity data irn the next section.

Verification of the Atomic Arrancement.

Spectra up to the twentieth order were photographed by

reflecting Yo ¥ radiation from the pinacoidal plane (010) of a

»
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erystel oscillating about [0C1) as an axis. The observed intensities
of reflection were related to the atomic arrpagement by means of the

formula

I+cos 28
1= C35inze
in which ¢ is a constant,

. o
wp? o~2B (sin 8/N)*

1 - 0932 2 8 is the polarization factor, W is the 0ttt factor for

2sin 28 -oB (=in 8/a)®
garying time of reflection, e is the temperature factor,

an@ P has the usual fom 2
27 i{hx; « ky; 4K z4)

) s

The value of B was estimated as 1.00. Values of £ were taken

from Pauling and Sherman*37

¢aloulated £ values for Pe and Ge

The f values for Fe are so much larger than for § at large
angles of reflection that it is possible to evaluate u, the Pe parameter,
independently of the oxygen paramelbers <) and & « This wes done by
writing the intensity formulas conceraedlfor & givan observed inequality,
agssigning values to the ozygen paranehters most faverasble to the observed
inequality, and solving graphically for permitied velues of the iron
paranecters The solution of fen inegualities over the range « 0.50<
u < =0.250 served to limit u to the region =0.3235 % 0.004.

The oxygen parameders were varied over the ranges 0.085 to 0.085
and 0.265 $o 0.285 which ranges were suggested by the predicted values,
while the iron parsmeter was veried within its above limits; the
intensities thereowith caloulated were found to agree with observed
intensities for the walves

g = <0.322% 0.001;

w = 0.202 £ 0.005;



u = +0.075 T 0.005.
2

The probable errors as given correspond o the minimum dise
placements giving qualit&tive disagreencnt between observed and
galoulated intensitiess The sxbtent of the agreement obtained between
observed and calculated intensities useing these values of the parae

neters is chown in Table I»

Diseussion of the Struciure.

The gtomic arrangement as calculated from intensities differs
from the predicted arrangement only by shifts of G«008 to 0,012 in
the parameter values, and the predicted structure for lepidocrocite is
thereby veriflede A3 was mentioned previously the layers in this
structure have the (GH}‘ anions on their outer surfaces, and it is

now possible 40 show that these aniong give riss to O0HQ groups, or

hydrogen bonds, holding the layers together.

Hydrogen bonds are postulated in lepidocrocite, 2s in diaspore,

for the explanation of certain O=0 distances. In Table II are given
the interatomic distances in lepidocrocitee In each layer the O=0
Alstances along shared edges are 2.59 Z, and the other 0«0 distances,
along the lengthened octahodral edges, are 2.08 g and 3.08 2. Between
the layers the 0«0 distances are 2.703,,3.10 K. and greater. -The Q=0
digtance of 2,70 E between the layers is not only the shortest unshared
0=0 distance in the structure, but is inexplicably so unless it is
regarded as a hydrogen bonde Alternatively the only forces holding
the layers together would be the relatively weak ones arising from

dipole interactions, against which the repulsive force between the

6
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(hk1)

Table I,

Observed‘ Calculated

from (010) with {001) as axis.

a

(Bquator)Intensity Intensity

Pinacoid

c 2 0
0 4 0
0 6 0
0 8 0
010 ©
012 O
014 O
016 0
018 ©
0 20 O
1 4 0
1 6 0
1 8 0
110 ©
112 O
114 0O
116 0
118 o

120 0O

15.
1.

10,

20.
0.7
2.
1.3
0.4
0.0

0.7

Se
0.7

4.
1.
0.0
1.0
1.4

0.0

153.
1.23
9.40

23.9
0.81
2.14
0.91
0.27
0.09
0.86

9.35
1.67
4.9
16.45
2433
0,009
0.49
1.07

0.12

a Estimated visuwally.

(hkl)

First
§1ayer line

Prisms

01
0 3
0 5
0T
0 9
011

019

Pyramids

1 5
17
19
111
113
115
117
119
121

1

T )

fr}

o e

P

Observed
g Intensity

Se
30.
20.

8.0

2.5

.7
0.6

0.8

0.01

0.0

20,

10.
0.2
0.05
3.0
1.5
0.0
0.15
0.3

" (hk1)
Calculated Second
Intensity }layer line
Prisms
14.4
157. O 4 2
84 D 6 2
0.02 0 8§ 2
2.12 016 2
2.62 012 2
0.73 0 14 2
0.68 016 2
0.90 <018 2
0.10 0 20 2

0,001 PEyromids

1 8 2
3546 110 2
19;3 : 112 2
0.82 114 2
0.16 116 2
3.33 118 2
2,20 120 2
0.02
0.10
0.23

%

Observed

Observed and Calculated Intensities of Reflection on Uscillation Photograph

Ca}culated

Intensity Intensity

0.8
4.
8.
0.2
1.
0.5
0.1
.0

0.6

1.
8.
0.8
0.0
065
1.0

0.0

0.60
4.68
9.86
0436
1.18
0.52
0.19
0.07

0.60

2.01
7.35
1.36
0.005
0.34
Q.78

0.09

a5.
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0
oxygen would be effestive in ralsing the distance above 2.70 A« The
" v

value of 2.70 4 for the QD dlstance in lepidecrociie is, morsover,
o
equal within experimental error to the valus 2.7L A found in diaspore.

o
The ansaciation of one hydrogen with each 2.70 A distance

zlves the correct sbobechiometric composition to the crystels Tf the
hydrogens are placed exactly halfway between the bonded oxygens they
lie at contors of symobry, with the coordinates 000; 30 03 0% ;.
314 .  TFipure 1 is @ pictorial representation of the lepiéocrecite
struchture, with the hydrogen bonds drawn as small tubes between the
: layerse

The ootahedral units in the layers are considerably distorted
from the shape of a regular octahedren, this distortion expressing
itself in a2 flatiening of that porticn of ihe octahedron that is inm
the interior of the laver. sréd in & projection of %hg edge formed by
the two (@HE anions sway fron the layers The distortion is not as
marked, however, as in certain other structures, notably those of
bixbyite and the { modification of the sesquiexides.g

The GeFe distances of 2.00 to 2.01 Z are sqial to the sum of
ths radil concerned and do not oxhibit the effect of Fe«Fe repulsien
shown in hematite. The value of 2,59 z for the length of the shares
edges in lepldocrocitels in good correspondence with the velne 2.55 Z
found in hematite.

The four Fe«) bonds around 0 have directions differing by 50
e 20° from regular tetrahedral direeiians; the directions of the four
bonds around 0 4 two to Pe and two %o H, differ by only 3.59 to 9% from
tetrahedral diiﬁctiams. hile this approximate orientation of the

hydrogen bond along a tetrahedral direction is probably dependent on
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Fe
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Table IIs Interatomic Distances in Lepidocrocite

Keighbors
in the same
octahedron

20 at 2.00
II
20 at 2.00

O 0O O

20 at 201

20 at 2.06

40 at 3.05
Iz

40 at 2.59

; % 8

¥ 0

20 at 3.06
I

40 at 3.05

= o

b= )

1 0 at 2.59

PO B0 PO PO

¥eighbors Neighbors
in other ostae in the next
hedra of the layer
same layer
0
3 Fe at 3.06 4
0
20 at 3.97 A
iz
o]

20 at 3.97 A
T

40 at 3.10 &
1 o

20 at 2.70 A
k¥ 1



the speciflc structure of the crysital, it nevertheless admiis the pose
sibility that the hydrogen bond is in part covalent.

In connection wi%h the problem of correlation between the micro-
scopic siructure and macroscopic properties of crystals it may be
pointed out that the tabular hablt of lepidoecrocite is such that the
strctural layers run parallel to the tabulzr face, that the excellent
cleavage on {(010) corresponds to the breaking only of the relative wesk
hydrogen bonds, and thet the striations on the itabular face run
parallel to the "double rutile strings® in the layers. The parallel
relation between the double rutile string and sitriations on developed
- faces is'likeaise noted in dlaspore, and in rutile the striationaﬂ¥ﬁn
parallel to the single rutile stringse

The structural formula Fed(nH) has been chosen Zor lepidocrocite
as reflseting in sowe degree the character of the struciture, although
the (Qﬁ; snions do not achually exist as such, but rmthér a8 strings of
{ == HOHOMOH ~= }e

I wish tosexpress my indebtedness to Professor Linus Pauling

for the interest and helpful advice that he has extended to this worke

28.



rocite, showing the

A portion of two layers of lepidoc

Figure b 9

orm 1&38“’

ered oxygen octahedra joined to f

ironecent

together with hydrogen bonds

layers tied

and the

{drawn as tuba&-)



1.
2

Cad
L]

Se
Ge
Te

Be

30,

E. Posnjak and He. E. Merwin, Am. J. 8ci., 47, 311 (1919)1
. Deflandre, Bull. Soc. Franc. ¥ineral., 58, 140 (1932);
K. Takane, Proc. Imp. Acad. Tokyo, 9, 113 {1933);

8. Goldsztaub, Compt. rend., 195, 964 (1932);

F. J. Ewing, J. Chem. Phys., 3 (1935).

e Ee ﬁamiaﬂg Ze Kxyst., §§*’ 355 (1933).

Se Goldsztaub, Compt. rend. 193,533 (1931).

Lims Pauling, J. Am. Chem. Soc., 51, 1010 (1929).

F‘ IQ %ing' JI ch&"h ?}335‘, g' 203 {1935)3

Linus Pauling and J. Sherman, Z. Kryst., 81, 1 (1932).

Linus Panling and ¥. D. Shappell, Zef. Kryst., 75, 128 (1930).





