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Introduction

The investigation with X-rays of the structures of crystals makes possible
in many cases the elucidation of points of chemical interest, especially in re-
gard to atoms connected by non-polar bonds, The tetrahedral arrangement
of atoms about a carbon atom has been verified in hexamethylenetetram-
ine,? CgH 2Ny, but found not to prevail in penta-erythritol,® C(CH,OH)..
The nitrate and carbonate ions are formed of three atoms located about
a central atom in positions such that the ions possess a 3-fold sym-
metry axis. Such information is of use in testing proposed theories of
valence and molecular structure. The investigation reported in this
paper involved the determination of the structures of three crystals con-
taining triatomic ions which had not previously been studied in this way,
namely, the trinitride and cyanate ions.

Sodium trinitride, NaNj, is described! as forming hexagonal plates with
prismatic cleavage. Potassium trinitride, KNj;, rubidium trinitride,
RbN;, and thallous trinitride, TIN;, form apparently isomorphous tetrag-
onal crystals* with only slightly different axial ratios, that of potassium
trinitrides being given as a:¢ = 1:0.5798. Potassium cyanate, KNCO,
is also reported® to form tetragonal crystals with a:¢c = 1:0.5766. We
have determined the structures of crystals of sodium and potassium tri-
nitride and potassium cyanate by using data obtained from Laue and
spectral photographs interpreted with the aid of the theory of space groups.®
Small basal plates of the two trinitride crystals were prepared by slow
crystallization from aqueous solution,” and of the cyanate by crystalliza-
tion from methyl alcohol. Photographs were made of the K-radiation
of molybdenum reflected from the basal plane and prism planes of the

1 National Research Fellow.

2 Dickinson and Raymond, Tu1s JOURNAL, 45, 22 (1923).

8 Mark and Weissenberg, Z. Physik, 17, 301 (1923); also an unpublished investi-
gation by Huggins and Hendricks in this Laboratory.

4 Groth, ‘““Chemische Krystallographie,”” Engelmann, Leipzig, 1908, vol. 1, p. 204.

5 Ref. 4, vol. 2, p. 2. ’

8 For a detailed description of the experimental methods see R. W. G. Wyckoff,
“The Structure of Crystals,” The Chemical Catalog Co., New York, 1924, pp. 109-116
and 161-164.

7 We wish to thank Mr, Richard Pomeroy for the preparation and crystallization of
these compounds.
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crystals. Symmetrical and unsymmetrical Laue photographs were made
with thin basal plates, using the X-radiation from a tube with a tungsten
anticathode operated at a peak voltage of 52 kilovolts. Indices were
assigned to the Laue spots with the help of gnomonic projections.

The densities of the sodium and potassium trinitrides, which have not
been reported previously, were determined by the suspension method of
Retgers to be 1.853 and 2.038 g./cc., respectively.

The investigation was aided financially from a grant made to Professor
A. A. Noyes by the Carnegie Institution of Washington. We further
wish to thank Professor Noyes for suggesting the study of the trinitrides,
and Dr. M. L. Huggins of this Laboratory for assistance in the preparation
of the portion of this paper dealing with the nature of the trinitride group.

The Structure of Sodium Trinitride

The Unit of Structure.—Spectral data for sodium trinitride are given
in Table I. The possible axial ratios determined from the positions of

TaBLE I
SPECTRAL DATA FROM SODIUM TRINITRIDE
Angle of + Intensity of

hkl Line® Order reflection d/n reflectiond
111 8 " 3°33.7' 5.081 A, w

a 7 4° 0.2’ 5.086 m

B 2n 7° 9.5’ 5.069 w

a 2n 8° 0.7 5.068 m

ap 2n 8° 4.0’ 5.074 w

v 3n 10° 35.5' 5.059 vvw

B 3n 10° 47.0' 5.077 mw-w

a1 3n 12° 5.7/ 5.065 ms

a; 3n 12°10.5' 5.065 m

v 4n 14° 9.7’ 5.067 vw

B 4n 14° 26.5’ 5.061 mw

a 4n 16° 14.0' 5.065 s
B o 4n 16°20.5’ 5.061 ms
110 ¥ 7 9° 48’ 1.819 vw

B " 9°59.5’ 1.819 w

@ n 11° 15’ 1.819 m

¢ In tables of spectral data v indicates MoK~, A = 0.6197 A. ; B, MoK, » = 0.6311;
a1, MoKay, M = 0.7078; az, MoKay, A = 0.7121; «, mean of a; and a3, A = 0.710.

® The abbreviations signify: s, strong; ms, medium strong; m, medium; mw,
medium weak; w, weak; vw, very weak; vvw, very very weak.

spots on Laue photographs are in agreement with these data. The
smallest hexagonal unit compatible with these data has ¢ = 2.100 A. and
¢ = 5.067 A. Upon calculating values of #\ on the basis of this unit for
the X-rays producing the Laue spots for which data are tabulated in
Table II, many of these values were much less than 0.24 A., the short
wave-length limit of X-rays present in the incident beam. This def-
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initely eliminates this unit. Moreover, it can be shown that every pos-
sible hexagonal unit with ¢ = 5.067 A. and every one with ¢ = 10.134 A.
are definitely eliminated by these data. The smallest hexagonal unit not
eliminated by the observed reflections has @ = 3.638 A. and ¢ = 15.201 &,
and contains 3 NaNj.
) TaBrLe II

LAUE PHOTOGRAPHIC DATA FROM SODIUM ‘TRINITRIDE
Incident beam normal to (111)

hkl dym. A, n\, A, Est, intensity S for u = 0.423 Class
110 1.832 0.46 10.0 36.00 1
117 1.578 .40 0.5 4.37 2
270 1.195 .38 .05 4.37 2
120 1.195 .45 .05 4.37 2
310 1.145 .37 1.0 17 .45 1
217 1.117 .28 1.0 29.95 1
320 1.117 .48 1.5 18.50 2
221 1.042 .46 0.15 6.30 2
370 0.875 .38 .6 29.95 1
327 .862 .35 .12 17 .45 1
231 .862 .48 4 17 .45 1
410 .846 .47 .3 18.50 2
430 .816 41 .05 21.62 2
521 .802 .46 1 11.50 1
541 762 .46 .2 22.75 1
032¢ 1.117 .34 2 18.50 2
112® 1.088 .41 1.3 36.00 1
241¢ 1.0568 .39 0.4 21.62 2

¢ Data from another Laue photograph of NaNj.

The rhombohedral units corresponding to the eliminated hexagonal
units are, of course, also eliminated by the Laue data. The rhombohedral
unit corresponding to the smallest possible hexagonal unit is, however,
in complete agreement with all the observed reflections. This unit has
a = 5481 A. and « = 38°43’, and contains 1NaNj, corresponding to a
calculated density of 1.838 g./cc., in good agreement with the directly
determined value 1.853 g./cc.

It would be very difficult with any atomic arrangement based on the
hexagonal unit to account for the observed absences in the first and second
orders of all planes for which —H + K + L,2H + K + L,and —H —
2K + L are not divisible by three. Accordingly, the rhombohedral unit
described is accepted as the correct unit of structure. All indices used in
this paper for sodiutn trinitride are referred to the axes of this unit.

The Space Group.—The observation that a Laue photograph taken
with the incident beam normal to (111) shows a trigonal axis and three
planes of symmetry requires that the structure be isomorphous with one
of the point-groups C,, D;, Dyg. The only space groups satisfying



Dec., 1925 ~ CRYSTAL STRUCTURES OF TRINITRIDES 2907

this requirement and based on a rhombohedral lattice are? C,f, C,8 D',
D,S and D,%. Of these C;& and D,$ do not provide any arrangement for
one sodium and three nitrogen atoms in the unit.

The Atomic Arrangement.—Possible arrangements with the three nitro-

gen atoms in crystallographically equivalent positions are the following.

C33: Na at uuu; 3N at vvw, VWV, wvv;

D37: Na at 000 or $33; 3N at uii0, @i0u, Oud, or uii}, 0iu, jui;

D,3: Naat 000 or $3%; 3N at 003, 030, 300, or 430, 403, 034.
All of these arrangements are eliminated by the observed relative inten-
sities of reflection in different orders from (111), given in Table I; namely,
4 >3 >2>1. However, inasmuch as the intensity of reflection at
small angles of X-rays from crystal faces is dependent to some extent on
the nature of the reflecting surface,® some care must be taken in the use of
these intensities. Indeed, we found that the intensity of reflection from
(111) in the first order was somewhat increased if the crystal face were
previously ground with fine emery and oil. Accordingly, we proceeded
upon the assumption that the true intensity of the first-order reflection
might be greater than that of the second, and attempted to determine
the correct arrangement with the use of Laue photographic data, given in
Table II. 'The use made of Laue data throughout our work is independent
of quantitative assumptions concerning dependence of intensity of re-
flection on interplanar distance, and is based on the following principle:
if a plane reflects X-rays of a given wave length more strongly than a
second plane with a larger value of d/#, the structure factor for the first
plane must be greater than that for the second. In this way it was found
possible again to eliminate definitely all of the atomic arrangements listed
above, without making any assumptions regarding the relative reflecting
powers of the different atoms present other than the very safe one that
a sodium atom reflects more strongly than a nitrogen atom. Since these
arrangements are the only ones placing the three nitrogen atoms in a ring,
such a structure cannot be assigned to the trinitride ion.

The only other possible arrangement is the following, derived from

space-group D,’ or D,&: Na at 000; N at 33%; 2N at uuu, aad.

The structure factor S for any plane (kkl) has the following value.
Class 1; n (b + k + 1) even; S = Na + N + 2N cos 2mn (b + k + I) u;
Class2; n(h+ %k +1)odd; S =Na— N+ 2Ncos2mn (b -k + 1) u.

As is seen from Fig. 1 the observed intensities of reflection from (111)
restrict u to the regions 0.083 to 0.105, 0.228 to 0.250 and 0.417 to 0.438.
Further restrictions may be made by the use of Laue data. The intensity

8 R. W. G. Wyckoff, ““The Analytical Expression of the Results of the Theory of
Space-Groups,” Carnegie Inst. Publ., No. 318 (1922).

9 W. 1. Bragg, James and Bosanquet, Phil. Mag., 41, 309 (1921). Dickinson and
Goodhue, THIs JOURNAL, 43, 2045 (1921).
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inequality (810) > (210) eliminates the first of these regions, and that of
(541) > (521) the second; moreover, the inequality (541) = (430) requires
that u be less than 0.425, as is seen from Fig. 2. The parameter is accord-
ingly limited to the region 0.417 to 0.425; the approximate equality of
intensities of reflection from (321) and (410) indicates that u is not far
from 0.425, and we have taken as the most probable value 0.423.

It is interesting to observe that the comparison (221) > (210) is satisfied
for the above range of values of u only if the relative reflecting power of
sodium ion is increased by more than 509, above its electron number

1.00

0.50

f

»n

.00
0.000 3U —> 0.125 0.250 0.375 0.500
1.000 <— 0.875 0.750 0.625 0.500
1.000 —> 1.125 1.250 1.375 1.500

Fig. 1—Structure-factor curves for the first four orders of reflection
from (111) of sodium trinitride. ‘T'he curves represent three sets of values
of the abscissa 3U; namely, 0 to 0.500, extending from left to right; 0.500
to 1.000, from right to left; and 1.000 to 1.500, from left fo right. ‘The
numbers on the curves are the orders of reflection,

(Fig. 2). Values of the structure factor S in Table II are calculated for
this 509, increase. _

The Structure of Potassium Trinitride

The Unit of Structure.—Spectral photographic data for potassium
trinitride are given in Table ITI.. The possible axial ratios determined by
the positions of the spots on Laue photographs are in agreement with these
data. The smallest unit of structure compatible with them has diw =
4.308 A. and doy = 1.764 A. On calculating values of #»\ for the Laue
spots for which data are given in Table IV on the basis of this unit, some
of these values were found to be less than 0.24 A., the short wave-length
limit of X-rays present in the incident beam. This definitely eliminates
this unit. In the same way the Laue data eliminate every unit with
dooy = 1.764 A., 3.528 A. or 5.292 A. The unit with dio = 4.308 A. and
don = 7.056 A. is similarly eliminated, but the unit obtained from it by
rotation through 45° is in complete agreement with the Laue data; in
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default of any evidence requiring a still larger unit of structure, this is

accepted as the true one. It hasdie = 6.094 A. and doy = 7.056 A., and

contains 4 KNj3; the density calculated from this information is 2.045 g.

per cc., in good agreement with the directly determined value 2.038. All

indices used in this paper for po- ,

tassium trinitride are referred to I
the axes of this unit.

The Space Lattice and the Space (

|

|

30.0,

Group.—The observation that a
Laue photograph taken with the
incident beam normal to (001) of
this tetragonal crystal showed a 4-
fold axis and four planes of sym-
metry requires that the structure
be isomorphous with one of the
point groups Vg4, Dy, Dy and Dy,.
In the absence of any evidence to
the contrary, we have proceeded \
upon the assumption that the crys- —\l_y\
tals are holohedral, arid have con- 0.0

sidered only structures isomor- ‘
phous with D,;. This assumption —5.0 1
is necessitated by the difficulty
which would be introduced if con- L
sideration were afforded all of the 415 U—> 425 435
possible arrangements with lower  Fig. 2.—Structure-factor curves for first-
symmetry, some of which involve order reflections from sodium trinitride; the
more than one parameter, and is attached numbers are thevaluesof » + &+
justified to a considerable extent for the planes to which the curves correspond.

by the fact that an atomic arrangement completely explaining all the ob-
served X-ray data was derived by means of it.

The absence of any first-order reflections from planes with & + k + 1
odd makes it very probable that the structure is based on the body-centered
tetragonal lattice I;. The space groups satisfying this requirement and
isomorphous with Dy, are D}, D&, D} and DX. A choice may be made
among these through use of the following criteria.1®

Reflection in odd orders will not occur from these planes:

Dig:

D h =0;

Dih; b = k, with (2% + 7)/4 not integral; or I = 0;

DX; h = = k, with (2k + 1)/4 not integral; or & = 0; or [ = O.

15.0

S —>

10 These are taken from a complete tabulation of criteria for all tetragonal space-
groups prepared by Dr, Huggins.
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SPECTRAL PHOTOGRAPHIC DATA FROM POTASSIUM TRINITRIDE

hkl
001

010

110°

S. B. HENDRICKS AND L. PAULING

Line
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8
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TaBLE IIT

Order

Oy Oy Ot i i CO DD DN o s DN N N

¢ The data for this plane are less accurate than those for (001) and (010).

hkl

132
051
521
053
532
161
161
165
732
561
554
752
176
091
376
912
556
772

duit, g
A, &,

1.69
1.20
1.12
1.10
1.00
0.97
97
.82
.79
77
.78
.70
.69
.67
.66
.66
.65
.60

TasLg IV
LAUE PHOTOGRAPHIC DATA ¥ROM POTASSIUM TRINITRIDE
Incident beam 30° from normal to (001)

M Al
0.33
.46
.32
.24
.41
.37
.46
.43
.33
.41
41
37
.38
.37
.38
.37
.34
.36

Vol. 47
Angle of Interplanar Intensity of
reflection distance, A, reflection
5° 45’ 7.098 VVW
10° 6/ 7.060 w
10° 19’ 7.046 m
11° 35’ 7.048 m
11° 37/ 7.064 ms
5° 51’ 6.082 w
5° 57/ 6.088 ms
6° 38’ 6.094 vs
11° 57/ 6.094 w
13° 28/ 6.096 m
4°12/ 4.31 vw
4°42' 4.33 m
8° 21’ 4.33 w
9° 26’ 4.32 ms
14° 26/ 4.28 vw
17° 10/ 4.29 w
19° 22/ 4.29 m
25° 10’ 4.28 vw
30° 14’ 4.25 w
30° 3’ 4.28 w
Estimated
intensity Sforu = 0.135% Class
5.0 12.00 2
0 0 1
0.25 7.06 1
0 0 1
5.0 19.22 2
0.12 5.58 1
.20 5.58 1
.08 5.58 1
.15 9.77 2
.10 6.57 1
.25 6.23 3
.17 12.60 2
1.0 21.19 2
0 0 1
12 9.77 2
17 17 .40 2
.16 17.65 2
17 23.08 2

¢ The structure factor is materially affected by assumptions concerning the relative

reflécting powers.
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The observed first-order reflection from (110) (Table IV) definitely elimi-
nates DY and DX, No first-order reflections from planes with 4 = 0
were observed on any Laue photograph, though several such planes were
in positions favorable to reflection, as is seen from Tables III and IV.
It would be difficult to explain these absences with an arrangement de-
rived from DJ; accordingly D}, which is in complete agreement with
the above observations, is accepted as the correct space group.
The Atomic Arrangement.—The following atomic arrangements are
provided! by D2
4 K or 4 N at (a) 000, 00%, 413, 330;
(b) 030, 300, 033, 0%;
(c) 00%, 00%, 333, 331;
(d) 0%%, 304, 304, 03%;
8 N at {e) 110, {10, 10, 30;
£, 13 1 i
(f) 00u, 33u, 43 #+u, 00 3+u,
004, $34, 33 3—u, 00 §—u;
(g) Odu, $0u, 30 3+u, 04 3+u,
034, 304, 30 3—u, 0} $—u;
() uitui d—vud G4-u i fHudl
ttuupud-ud j-yaf 0d+ud
No arrangement with atoms in Position e, f or g is able to give a larger
structure-factor to the fifth order from (110) than to the third order; ac-
cordingly the observation on a spectral photograph that the fifth order of
(110) actually reflects as strongly as the third order eliminates all such
arrangements. Arrangements with the 4 potassium and 12 nitrogen
atoms in Positions a, b, ¢ and d are similarly eliminated. Of the arrange-
ments with 8 nitrogen atoms at (h), those with 4 nitrogen atoms at (c)
or (d) and 4 potassium atoms at (d) or (c) are ruled out by the fact that
the fourth-order reflection from (001) is stronger than the second-order
one, for the corresponding structure factors are the same. The structure
factor for the second order of (001) is 4K + 4N for potassium. atoms at
(c) or (d) and nitrogen atoms at (a) or (b), and is 4K — 4N for potassium
atoms at (a) and nitrogen atoms at (b). Inasmuch as the reflecting powers
of potassium and nitrogen atoms are at least approximately proportional
to their atomic numbers, 19 and 7, respectively, and previous experimental
results indicate that the deviation from strict proportionality is in such
directions as to increase the reflecting power of the heavier atom, all of
these arrangements are removed from further consideration by their in-
ability to explain the extremely weak observed second-order reflection
from (001). The minimum value of the structure factor for the third order
of (110) with potassium atomns at (b) and nitrogen at (c) or potassium at
(b) and nitrogen at (d) is 4K — 4N; with potassium atoms at (a) and

# Ref. 5, p. 100.
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nitrogen at (c) it is 4K. These arrangements, also, are accordingly re-
moved from further consideration, for they are incapable of accounting for
the observed very weak third-order reflection from (110).

The only remaining arrangement is that with potassium atoms at (a)
and nitrogen atoms at (d) as well as at (h). Changing the origin of co-
ordinates to 00% for convenience, the arrangement becomes the following.

4K at 004, 00%, 344, %%z,

4N at 030, 300, 303, 03%;

8Natu$4+u0,3—uu0,d3—-u0, §4+udo,
f+uuiui—ui, l—uu i, d3+ui

With this arrangement the structure factor for the second-order re-
flection from (001) is 4K — 12N; the extremely weak reflection obtained
experimentally shows that the reflecting power of K+ is almost exactly
equal to that of Ny—. With this information we can easily evaluate the
parameter u. All distinct arrangements are provided by giving u values
between 0 and 0.25. The only regions explaining the observation that the
fifth-order reflection from (110) is as strong as the third order are 0 to
0.063 and 0.125 to 0.187.

All planes may be divided into three classes, which have the following
structure factors.

Class 1, I odd, # odd; S = 4N [cos 2zn(h+k) u — cos 2rn(k—R)ul;

Class 2 lodd n odd;or nl/2 even, neven; S = 4K + 4N -+ 4N [cos 2zn(k+E)u +

'2
cos 2rn(h—k)ul; _

Class 3, nl/2 even, n odd; or #l/2 odd, neven; § = 4K — 4N — 4N [cos 2rn(h+E)u

+ cos 2rn(h—k)ul.

Comparisons may be made between planes of the same class with only
qualitative assumptions concerning relative reflecting powers. The ob-
servation that on a Laue photograph (912) reflects more strongly than
(752) accordingly eliminates the first of the above regions and further
restricts the second to 0.125 to 0.145. The data did not permit further
rigorous restriction of the parameter; however, the observed intensities
seem to be in best agreement with the structure factors for u = 0.135,
which is accepted as the most probable value.

The Structure of Potassium Cyanate

The Unit of Structure.—Spectral photographic data for potassium
cyanate are given in Table V, and Laue data in Table VI. ‘The smallest
unit of structure completely accounting for these data has diw = 6.070 A
and do; = 7.030 A., and contains 4 KNCO. The density calculated from
these data is 2.085 g. per ce., in good agreement with the directly deter-
mined value® 2.056 g. per cc. All indices used in this paper for potassium
cyanate are referred to the axes of this unit. The elimination of other
units of structure was made in the same way as for potassium trinitride.
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TABLE V
SPECTRAL PHOTOGRAPHIC DATA FROM Porassium CYANATE
Angle of Interplanar Intensity of

hkl Line Order reflection distance reflection
001 P 2 5° 51 6.97 A, vvw

v 4 10 10.5 7.020

8 4 10 21 7.020 m

o 4 11 36 7.034 vs

oy 4 11 41 7.030 s
010 v 2 5 51 6.075 vvw

B 2 5 59 6.060 w

a 2 6 43.3 6.070 m
110 a 1 4 47 4.26 m

B 2 8 34 4.26 w

a 2 9 29 4.31 m

a 3 14 27.5 4.28 vVW

a 4 19 19 4.26 mw

o 5 24 21 4.30 vw

oy 5 25 0.5 4,22 w

% These measurements are less accurate than those from (001) and (010).
TaBLE VI
LAUg PHOTOGRAPHIC DATA FROM PoTAsSIuM CYANATE
Incident beam 22.5° from normal to (001)

LA Estimated  Structure factor
hkl " A Al intensity foru = 0.135  Class
332 1.32 0.24 0.6 21.21 2
413 1.25 42 2 1.60 1
350 1.04 .43 1.0 4.84 3
514 0.99 .46 1.5 10.61 3
230, n=2 .84 .37 0.6 14.92 2
712 .83 .26 .1 20.78 2
172 .83 46 3.0 20.78 2
615 .81 .36 0.05 5.58 1
232, n=2 .76 .31 15 14.92 2
750 71 .45 .3 11.36 3
716 .69 .32 .3 21.19 2
241, n=2 .67 .46 3 14.69 3
737 .64 .39 .05 2.64 1
302 .63 .36 .15 14.24 2
104 .63 .36 .05 6.64 3
430, n=2 .61 .38 .15 18.49 2
243, n=2 .59 .37 .07 14.69 3

The Space Lattice and the Space Group.—A Laue photograph taken
with the incident beam of X-rays in the plane containing the a and ¢ axes
showed a plane of symmetry, requiring that the crystal be isomorphous
with one of the point groups Vg4, C4, D, and Dy. As with potassium
trinitride, we have preliminarily assumed that the crystals are isomorphous
with Dy, in the absence of evidence to the contrary. No first-order re-
flections were observed from any planes with 4 4 & 4 I odd, indicating
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that the structure is based on the lattice T';/. Of the space groups D}, D3,
Dy; and D satisfying these requirements the last two are eliminated by the
observed odd-order reflections from (110) (Table V), and the first is made
improbable by the absence of any odd-order reflections from planes with
h = 0. Djiis,accordingly, temporarily accepted as the correct space group.

The Atomic Arrangement.—The atomic arrangements provided by
D/ are listed in the discussion of potassium trinitride. The only arrange-
ments of 4 potassium, 4 nitrogen, 4 carbon and 4 oxygen
atoms are (a), (b), (c¢) and (d). These arrangements do
not permit the structure factor for the fifth-order reflection
from (110) to be greater than that for the third-order re-
flection; the experimental observation that this is true ac-
cordingly eliminates these arrangements.

If, however, it is assumed that atoms of two different
elements, say oxygen and nitrogen, may be considered to
be, as far as the diffraction of X-rays is concerned, in crys-
tallographically equivalent positions, the remaining arrange-
ments discussed for potassium trinitride must be given con-
sideration. Reference to Table V shows that the relative
intensities of the spectral reflections in different orders from
(001) and (110) are the same as for potassium trinitride;
the atomic arrangement is accordingly restricted to that
determined for this crystal, the parameter u lying between
0 and 0.063 or 0.125 and 0.187. ‘The observation that (716)

Fig. 3.—The _ .
unit of structure reflects more strongly than (232), n = 2, eliminates the

of sodium trini- region O to 0.063, and the further comparison (430), » = 2,
tride; the rings greater than (392) requires that u be less than 0.146. How-
denote sodium eyer throughout the remaining region 0.125 to 0.146 the

atoms, the solid /' re factor for (727) is less than that for (615), whereas
black circles ni-

trogen atoms,  the observation that (727) reflects more strongly than (615)

requires the reverse relation to be true. Accordingly, the
structure of potassium cyanate is not that of potassium trinitride; the fact
that most of the experimental data are satisfied by the same arrangement,
with a value of u of about 0.13 shows, however, that the true structure is
closely similar to this one.

The experimental data are not sufficiently numerous to permit the de-
duction of the true structure; indeed, this deduction would be difficult
because of the similarity to the structure discussed above, for very small
variations in intensities of Laue spots would be of importance. The prob-
lem could be more easily solved by a study of the tetragonal crystal thallous
thiocyanate, TINCS, which has the very closely similar axial ratio aic =
1:0.5593.12

12 Ref. 5, p. 3.
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Discussion and Conclusions

Description of the Structures.—The arrangement of atoms in the unit
of structure of sodium trinitride is shown in Fig. 3. No NaNj; molecules
can be distinguished in the crystal; however, the nitrogen atoms are seen
to be arranged in groups of three, evidently constituting the trinitride ion.
Each such ion is_surrounded by 6 sodium ions, and each sodium ion by
6 trinitride ions. The determined interatomic distances for this salt are
given in Table VII,

TaBLE VII
INTERATOMIC DISTANCES FOR THE THREE SUBSTANCES
N—N (or N—C, C—0) Metal-metal Metal-N (or O)
Substance distance, A. distance, A. distance, A.
NaN; 1.17 3.632 2.48
KN; 1.16 3.528 2.96
KNCO 1.16 3.515 2.95

The similarity of this structure to others is seen by a consideration of
Figs. 4, 5 and 6.

In Fig. 5 is represented the unit of structure of the
cubic crystal sodium chloride, containing 4NaCl,
. with the zone axis [111] vertical, in Fig. 4 a por-
tion of a crystal of sodium trinitride, the face-
centered rhombohedron containing 4NaN;, and
in Fig. 6 a cleavage rhombohedron of sodium ni-
trate, containing 4NaNQ; It will be observed

Fig.

rhombohedron of sodium ni-

Fig. 4—The face- 6.—The cleavage

centered rhombohedron 5.—The unit of

Fig.

of sodium trinitride; the
rings denote sodium atoms
and the solid black circles
nitrogen atoms.

structure of sodium chloride;
the rings denote sodium
atoms and the solid black
circles chlorine atoms,

trate; the large rings denote
sodium atoms, the solid black
circles nitrogen atoms and
the small rings oxygen atoms.

that in all three crystals the ions are similarly located. By substituting tri-
nitride for chloride ions the atomic arrangement is extended vertically and
compressed horizontally; the substitution of nitrate ions has the reverse
effect. The shortest distance between sodium ions in a plane parallel to
(111) is 3.63 A. for the trinitride, 3.98 A. for the chloride, and 4.92 A. for
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the nitrate; the distances apart of these planes containing sodium ions
are 5.07, 3.25 and 2.77 A, respectively.

The unit of structure’of potassium trinitride is shown in Fig. 7. Here
also, no molecules of KNj can be distinguished, and the nitrogen atoms are
in groups of three, forming trinitride ions. Each trinitride ion is equidis-

tant from 8 potassium ions, and each potassium ion
equidistant from 8 trinitride jons. * The arrangement
is closely similar to that of the cubic crystal cesium
2 chloride, the structure of which is represented in
Fig. 8. The approximately spherical chloride ions
in cesium chloride are replaced by trinitride ions,
whose infinite symmetry axes coincide with 2-fold

Fig. 7—The unit of symmetry axes of the cryostal. In this ﬁgu.re tl.le h-
structure of potassiym and k-axes are rotated 45° from the usual directions.
trinitride; the rings de- This replacement expands the structure in directions
note potassium atoms normal to the l-axis; the axial ratio ¢/a becomes 1.158,
and the solid black cir- a5 compared with the corresponding value 1.414 for
cles nitrogen atoms.  .rytals with the cesium chloride arrangement.

Fig. 7 also represents approximately the structure of potassiutn cyanate,
the trinitride ions being replaced by cyanate ions, NCO~. Interatomic
distances for potassium trinitride and potassium cyanate are included in
Table VII. The space group symmetry of potassium cyanate crystals is
not that of D};, as for potassium trinitride, but something else, presumably
of a space group of lower symmetry than point group
Dy, The atomic arrangement is closely similar to that
assigned potassium trinitride.

Langmuir®® has stated that, since the trinitride ion and
the cyanate ion are isosteric, similar compounds of these
ions should be isomorphous, and has quoted morpho-
logical data for their potassium salts in support of this
contention. While our work has shown that the crys-
tals do not have completely identical structures, and so  gjg. 8—"The ar-
are not completely isomorphous, the great similarity rangement ofatoms
found makes it probable that solid solutions of every in cesium chloride;
composition could be formed. Any given solid solution the rings denote

. . o ais cesium atoms and
could be assigned either the trinitride or the cyanate =~ “r.'piock cir
structure; if less than a certain fraction of cyanate were (es chlorine atoms. .
present, the crystal would be one of potassium trinitride
with a number of the trinitride ions replaced by cyanate ions, introduced
at random, and with no directional preference shown the nitrogen or carbon
end of the group. With a greater fraction of cyanate the influence of the
lack of a center of symmetry in the cyanate jons would be felt; the crystal

13 Langmuir, THIS JOURNAL, 41, 1543 (1919).
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would be one of potassium cyanate, with some of the cyanate ions replaced
at random by trinitride ions, and with lower point-group symmetry than
potassium trinitride.

The Nature of the Trinitride Group.—The present research has shown
that the crystals investigated contain trinitride ions composed of three
collinear nitrogen atoms. Moreover, the trinitride ions in both sodium
and potassium trinitrides are located in positions requiring that they possess
centers of symmetry. These facts require that some suggested structures
for these ions be discarded; for example, a structure in which the central
nitrogen is connected with one end nitrogen by a triple bond and with the
other by a double bond is no longer tenable. It is worthy of especial
emphasis that this investigation has definitely shown that the trinitride ion
does not possess a ring structure. ‘

The trinitride ion consists of 3 nuclei and 22 electrons or, assigning 2
K-electrons to each nucleus, of 3 kernels and 16 outer electrons. We
shall represent these kernels by the symbol N, and the electrons, which we
shall assume to be paired, by dots. Possible electronic structures of the
trinitride ion involving electron sharing and in agreement with our results
are these

NENsN (@) NN @ 5..N:N:N:: 3)

It is probable that all trinitride ions in crystals possess one of these arrange-
ments. It is to be understood that the electrons are not necessarily static,
but may be in orbits, possibly including, in the case of shared electrons,
two nuclei. If, as has been suggested, the double bond does not involve
the sharing of four electrons, choice remains to be made between Structures
2 and 3.

We cannot decide between these structures on symmetry considerations.
Structure 2 possesses a 2-fold symmetry axis and 3 a 3-fold axis. In the
potassium salt the trinitride ion is located on a 2-fold axis, and in the
sodium salt on a 3-fold axis; evidently neither of the structures conforms
completely with the symmetry of both crystals. It is possible, but very
improbable, that the ion has one structure in one crystal and another in
the other; the alternative and to us preferable explanation is that the
electron arrangement of the group need not conform to the symmetry
requirements of the crystals; that is, the group acts as though it had an
infinite symmetry axis. That this is a plausible explanation is strikingly
shown by the fact that it has been found that even the hydrogen nuclei
in ammonia groups and ammonium ions do not conform to the symmetry
of the entire crystal.!* We are accordingly unable to decide between
Structures 2 and 3.

The addition of an organic radical to the trinitride group can hardly

14 Ref. 6, p. 398.
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produce a large change in its structure; we accordingly believe that the
azide group has the same collinear structure as the trinitride ion. The
original statement of Fischer!® that the azide group had a ring structure
has been criticized also by Thiele,'® Turrentine,!” Langmuir!® and others,
but has been included in at least one modern text.!* A careful investiga-
tion of the literature on the reactions of the azide group has led us to the
conclusion that these reactions can be satisfactorily explained by the struc-
tures given above. It is probable that the aliphatic diazo-amino com-
pounds, RHCN,, have a closely similar structure.!81920

The Structures of the Acid Fluorides.—The acid fluoride ion, HF,,
consists of 3 atomic kernels and 16 outer electrons, and might be expected
to have the structure of the trinitride ion, in which case its salts would prob-
ably have the crystal structures described in this paper. Crystals of both
potassium and sodium acid fluorides have been previously investigated
with X-rays. .

The tetragonal crystals formed by potassium acid fluoride have an axial
ratio only 4%, ‘greater than the trinitride. The X-ray data obtained are
closely similar to those for the trinitride, and from them the same structure
was assigned to the crystal.?? The data were not as complete as for the
trinitride, and assumptions not usually permitted were made in their
treatment;2? however, the agreement of the data with those from potas-
sium trinitride makes it extremely probable that the structure assigned
is correct. ‘The hydrogen-fluoride distance was found to be 1.12 A., with
an estimated maximum error of 0.08 A. The unit of structure has ¢ =
5.67 A. and ¢ = 6.81 A.

X-ray powder photographs® have been taken of the rhombohedral
crystal sodium acid fluoride, NaHF,. With the assumption that the
structure of this crystal is similar to that of cesium dichloro-iodide; that is,
of sodium trinitride with the center nitrogen replaced by hydrogen and
the end nitrogens by fluorine, the variable parameter was evaluated. The
structure assigned was in agreement with the data obtained, and is prob-
ably correct; the probable hydrogen-fluorine distance is said to be 1.18 A,
with a possible error of about 0.07 A. The unit of structure has o = 39°44’
and ¢ = 5.17 A.

15 Rischer, Ann., 190, 67 (1878).

18 Thiele, Ber., 44, 2522 (1911).

v Tyurrentine, THIS JOURNAL, 36, 23 (1914).

8 Tangmuir, ¢bid., 42, 274 (1920). ’

19 Henrich-Johnson and Hahn, “Theories of Organic Chemistry,” J. Wiley and Sons,
New York, 1922, p. 149.

2 See also Staudinger, Z. angew. Chem., 27, 1, 334 (1914); Helv. chim. Acta, 5, 87
(1922); 4, 228 (1921).

21 Bozorth, THIS JOURNAL, 45, 2128 (1923).

22 See Ref, 6, p. 332, for a criticism of the investigation.

23 Rinne, Hentschel and Leonhardt, Z. Krist. Mineralog., 58, 629 (1923).
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It seems improbable that a single proton, with unit positive charge,
should be able to share more than 4 electrons with other kernels. Struc-
ture 3 is, then, to be assigned the acid fluoride ion; representing the proton
by H, this is

F HF

Other Groups of Similar Electronic Configuration.—Carbon dioxide,
CO; and nitrous oxide, N0, consist of 3 nuclei and 22 electrons, and might
be expected to have the structure of the trinitride ion. X-ray measure-
ments verify this, for crystals of these substances are found to consist of
molecules made of three collinear atoms. The previous researches are
not in complete agreement, for while one?* gives the carbon-oxygen distance
in a molecule of carbon dioxide as 1.15 A., the other® gives the value
1.59 A,  Moreover, the structure of nitrous oxide?* with the nitrogen-oxygen
distance 1.05 A., cannot be accepted, for the assumption was made that
the molecule has the formula NON, whereas the formula NNO is indicated
by a number of facts. These substances are now being investigated in
this Laboratory.

Other groups with 3 nuclei and 22 electrons, and probably with the
trinitride structure, are the metaborate ion, BO,™, the beryllate ion, BeO,=,
the fulminate ion, CNO-, and the positive nitrogen dioxide ion, NO,*.

The distances between adjacent atoms so far determined are listed in
Table VIII.

TABLE VIII
DISTANCES BETWEEN ADJACENT ATOMS
Substance Range, A. Prob. distance, .
N;~ in KN 1.08t01.25 1.18
N3~ in NaN; 1.14t01.26 1.17
NCO~in KNCO 1.16
HF,~ in KHF, 1.04t01.20 1.12
HF,~ in NaHF, 1.11t01.25 1.18
CO. 1.15
CO, (1.59)
N0 (1.05)
Summary

The crystal structures of sodium trinitride, potassium trinitride and
potassium cyanate have been determined. The rhombohedral unit of
structure of sodium trinitride has o« = 38°43’ and a = 5.481 A., and con-
tains 1 NaN;. The sodium atom is at 000, the nitrogen atoms at 11%,
uuu, Gaf, with u equal to 0.423. The tetragonal unit of potassium tri-
nitride has a = 6.094 A. and ¢ = 7.056 A., and contains 4KN;. The potas-
sium atoms are at 00%, 004, 31, 342, and the nitrogen atoms at 030,

24 Smedt and Keesom, Proc. Amsterdam Akad., 37, 13 (1924).
% Mark and Pohland, Z. Krist. Mineralog., 61, 293 (1925).
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300, 30%, 033; u3 +u0, 3 —uu0, 14 —u0 $+uwal y+uuj
ug—ul3—uiai i+ ui, with uequal to0.135. The structure of
potassium cyanate is shown to be closely similar to that of the trinitride;
the unit of structure has a = 6.070 A., and ¢ = 7.030 A.

Neither sodium nor potassium trinitride shows molecular segregation;
the trinitride ion is, however, easily distinguished. This ion is shown to
possess not a ring structure, but a linear arrangement of the three nitrogen
atoms. Possible electronic configurations are discussed in light of these
results. :

A consideration of the previously studied structures of sodium and
potassium acid fluoride is shown to indicate that the acid fluoride ion is
similar in structure to the trinitride ion and the cyanate ion.

PAsADENA, CALIFORNIA

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY OF WASHINGTON AND LEE
UNIVERSITY]

CONTRIBUTIONS TO THE KNOWLEDGE OF RUTHENIUM
VIII. THE ISOMERIC CHLORIDES!

By Jas. Lewis Howe AND LAWRENCE P. HAYNES
RecRIVED Avcust 12, 1925 PuBLISHED DECEMBER 12, 1925
In 1844 the metal ruthenium was discovered by Claus, and its double
chloride, K;RuCly (Claus’ formula, 2KCl..Ru;Cls), described and an-
alyzed,? attention being called by Claus to the similarity of this to the
corresponding rhodium salt, KsRhCl;. Later Claus prepared another
chloride by the action of aqua regia on ruthenium compounds and nat-
urally ascribed to this the formula KoRuCls (modern formulation).
In 1888 Joly® showed that this second chloride was in reality the nitroso-
chloride, KoRu(NO)Cl;. The error of Claus was not unnatural, since the
other platinum metals furnished analogous salts under this procedure.
He determined the ruthenium and the potassium chloride directly, and
the remainder of the chlorine by loss; the difference between the value
for NOCI; and that for Cly is within the limits of his experimental error.
He had also noted that potassium pentachlororuthenite, K;RuCls,
cannot be directly chlorinated to the hexachlororuthenate, KsRuCls.
In 1899 Antony and Lucchesi* described the true hexachlororuthenate,
K;RuCls, which they formed by the action of concd. hydrochloric acid
on potassium ruthenate, K,RuO4 though ordinarily the pentachloro-
1 This paper is partly based upon the thesis presented by Lawrence P. Haynes in
partial fulfilment of the requirements for the degree of Master of Science at Washington
and Lee University, June, 1925.
2 Claus, Bull. acad. sci. St. Petersburg, 3, 367 (1845).

8 Joly, Compt. rend., 107, 994 (1888); 108, 854 (1889).
4 Antony and Lucchesi, Gaszs. chim. ital., 29, i, 312; ii, 82 (1899).



