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The Complex Cyanides ThT(CN)s - 5H,0 (T = Fe, Ru, Os)
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The title compounds, synthesized in powder form from solutions, are characterized by thermogravi-
metric analysis and X-ray diffraction. They are nonmagnetic and isostructural with hexagonal

LaFe(CN), - 5SH,O (space group P6;/m, No. 176).

Introduction

The ferricyanides of the rare-earth ele-
ments, LnFe(CN)g - SH,O, have attracted
some interest for possible application as
semipermeable membranes (/, 2) and ion
exchangers (3). Their possible suitability is
based on the zeolitic property of their crys-
tal lattice. In the hexagonal members of the
LnFe(CN)g - SH,0 series (4, 5) as well as in
the isostructural chromicyanides and cobal-
ticyanides where Ln = La---Nd (5), only
three water molecules are coordinated to
the rare-earth cation. The remaining two
water molecules are of a zeolitic nature and
are held in cavities by hydrogen bonding.
The five water molecules form a trigonal
bipyramid framed by five (3 + 2) trigonal
prisms [LnNg] and six octahedra [FeCg];
see Fig. 1. One of the zeolitic water mole-
cules can be replaced by potassium, as was
verified in the case of KLn[Fe(CN)y] -
4H,0 where Ln = La---Nd (6—9). Substitu-
tion of an H,O molecule with a K ion in the
4f positions (P6;/m, No. 176) occurs in a
disordered way. Possibly the structure is
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even stable after substitution of both
zeolitic water molecules, e.g., in hypotheti-
cal K;Ba[Fe(CN),] - 3H,0.

The rare-earth ferri- and cobalticyanides
exist also with only four H,O molecules (for
the smaller Ln elements only this species
appears to be stable). Surprisingly, it is not
one of the zeolitic water molecules that is
given off, but one of those bonded to the Ln
ion. As a consequence, the hexagonal sym-
metry is reduced to orthorhombic (5, 10) or
even monoclinic (/7, 12).

Since in the crystal structure of both hy-
drates, the transition element is octahe-
drally coordinated by 6C, further represen-
tatives of the form M#*[T™(CN)¢] - nH-,0,
where u + 7 = 6, are to be expected with
low-spin 7%* = Ru, Os; T3~ = Rh, Ir; T** =
Ti, Mn, . . . . In this paper we report the
synthesis and characterization of new cya-
nides M**[T2*(CN),] - SH,0, with M4 =
Th and T?* = Fe, Ru, Os.

Experimental

The chemical reactions for these thorium
compounds are described by the following
equation (T = Fe, Ru, Os):

120



COMPLEX CYANIDES ThT(CN), * 5H-O

Th(NO3), (ag) + K4T(CN)s (aq) —
ThT(CN)s - SH,0 (s) + 4 KNO; (aq).

All materials were commercially available
(Merck, Darmstadt) except K;Os(CN)g
which was prepared in this laboratory. For
the synthesis of ThFe(CN), - 5SH,0, the
procedure was as follows. Thorium nitrate
was dissolved in 6 N hydrochloric acid and
diluted to a concentration of 0.1 mole Th**/
liter. The solution was heated to 45°C and
under permanent stirring, a small excess of
the K ,Fe(CN)g solution of equal concentra-
tion was slowly added drop by drop. The
precipitate, a bluish-gray crystalline pow-
der, was rinsed with cold water, until a fer-
richloride solution was unable to turn the
wash water blue. Finally, the sediment was
dried in a desiccator with silica gel. A fast
mixing of the thorium nitrate and the potas-
sium ferrocyanide solutions leads to an ex-
tremely fine precipitate that is not retained
by the finest filter paper. At room tempera-
ture, the solubility of ThFe(CN), - SH,O is
so low that precipitation is extremely fast
and, therefore, the crystallinity of the re-
sulting material is so poor that the X-ray
powder pattern shows only a few diffuse
lines. The reaction temperature, however,
cannot be increased arbitrarily because at
80 to 90°C, a thorium ferrocyanide with a
slightly lower water content (n = 5 — x)
appears to precipitate.

The synthesis of ThRu(CN)¢ - SH,O and
ThOs(CN)g - SH,O is similar except that the
reactions can be carried out at room tem-
perature. The solubilities of the Ru and Os
compounds are higher than that of the Fe
analog. A higher reaction temperature of
course improves the crystallinity of the pre-
cipitate but increases the risk of an incom-
plete water content. Indeed, the crystallin-
ity of our room-temperature ThRu and
ThOs cyanide powders was inferior to that
of the ThFe cyanide, but we chose the low-
est possible reaction temperature in order
to ensure a water content closest to the
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ideal value of n = 5. In contrast to the rare-
earth ferricyanides, we did not succeed in
preparing thorium double-salt cyanides
with exactly four H,O molecules.
ThRu(CN)s - nH,O powder samples pre-
pared at 85°C showed the same Guinier pat-
terns as the room-temperature samples.
Even though sharper lines were produced,
there was no indication of a lower symme-
try.

Since K4Os(CN)¢ - nH,O was not com-
mercially available, we prepared it follow-
ing the procedure of Kraus and Schrader
(13) and Brauer (/4). Metallic osmium pow-
der (Johnson-Matthey) was slowly heated
to red heat (over a period of 4 hr to 400°C
and then over a period of 4 days to 800°C) in
a stream of oxygen in order to oxidize it to
0s0, which was later easily absorbed into
a 20% KOH solution. On adding alcohol
to the KOH solution, the red-violet salt
K;0s0, - 2H,0 precipitated. The salt was
isolated, washed with absolute alcohol, and
immediately dried in a vacuum desiccator.
Addition of an appropriate amount of KCN
powder to an aqueous 0.5 M solution of
K,0s0, - 2H,0 (which at this concentration
is violet-brownish and muddy) led to a clear
reddish-brown solution which then was
slowly evaporated on a waterbath. The re-
sulting brown-black mass was heated to
about 500°C until it was a pale yellow pow-
der. Evaporation of a colorless aqueous so-
lution of this powder finally yielded pale
yellow plate-like crystals of K4Os(CN)g -
3H,0. In a similar manner as its ruthenium
analog, the thorium osmium cyanide was
prepared by slowly adding the Th** solu-
tion to an acidic solution containing the
{Os(CN)e¢]*~ ions at room temperature. Af-
ter 2 days, the fine white precipitate was
removed and dried at 50°C which led to a
bluish powder. That is to say, upon stand-
ing the original white powder gradually
turned grayish and finally to a bluish pow-
der.

The room-temperature lattice constants
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of the new compounds were derived from
Guinier patterns obtained with copper or
iron radiation. Silicon (assumed lattice con-
stant at 22°C, a = 5.43047 A) was used as
an internal standard. The water content of
each compound was determined by thermo-
gravimetric analysis up to 1000°C in air, ni-
trogen, or vacuum. A Mettler TG/DTA bal-
ance was used with heating speeds varying
from 1 to 10°C/min.

The iron and ruthenjum salts were inves-
tigated also by high-temperature X-ray dif-
fraction with a Guinier-Lenné camera at
40--900°C in air. Up to 220°C we again used
silicon for calibration with Keppler’s values
for its thermal expansion (/5). The runs
were made up to 900°C at a heating speed of
32°C/hr. On the iron salt we made addi-
tional stationary measurements at 40, 80,
120, 180, and 220°C, annealing a sample 4
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hr at each step before exposing it to the X-
rays for half an hour.

Results and Discussion

The X-ray patterns of the new
ThT?*(CN)s - nH,O compounds were in-
dexed based on the hexagonal LaFe(CN); -
5H,O0 structure (¢) shown in Fig. 1. The cal-
culated values of the lattice constants are
listed in Table I. A satisfactory agreement
for the intensities was obtained with LAZY
PULVERIX (/6) using the site parameters
of the prototype (see Table II).

Initially we suspected that these cyanides
would contain only three H,O molecules
because the unit-cell volume of ThFe(CN),
- SH,0 appears to be rather small compared
with those of the isovalence-electronic Ln-
Co(CN)s - SH;0. In a diagram of the unit-

TABLE 1

CRYSTALLOGRAPHIC DATA OF THE NEwW LaFe(CN), -

SH,O-TYPE REPRESENTATIVES

Th{ T7(CN)] - nH,0 (T = Fe, Ru, Os)

Th[ T?*(CN)] - nH,O a(A) c(hy  VIZ(AY d, (glem?)
Room-temp. X-ray data:
ThFe(CN), - 5H,0 7.4083(7) 13.943(2) 331.4(1) 2.68
ThRu(CN), - 5H,0 7.5175(8) 14.233(2) 348.3(2) 2.76
ThOs(CN), - 5H,O 7.5271(7) 14.249(3)  349.6(2) 3.17
ThFe(CN), - xH,O prepared at 45°C,
after
50 hr vacuum 90°C 7.350(2)  14.038(6) 328.4(3)
TGA in air to 147°C 7.3888(5) 13.959(2) 330.0(1)
190°C 7.254(4) 14.24(2) 324.4(8)
242°C 7.284(5) 14.07(2)  323.409)
TGA in N, to 260°C 7.307(2)  13.880(6) 320.9(3)
prepared at 85°C 7.3912(5) 13.981(2) 330.7(1)
X-ray diffraction at higher temperatures:
ThFe(CN)s - xH,0 prepared at 45°C,
X-rayed in air at 40°C 7.390(3) 13.947(8) 329.8(5)
80°C 7.341(2) 13.621(4) 317.9(3)
120°C 7.2992) 13.632(3) 314.5(3)
180°C 7.143(9) 13.49(3) 298(2)
ThRu(CN), - xH,0
X-rayed in air at 140°C 7.39(2) [3.84(5)  327(3)

Note. Space group P6;/m (No. 176), Z = 2. T = 295 K (22°C) for the upper part, 40—
180°C for the lower part. Estimated uncertainties of the last digits are added in parenthe-

Ses.
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F1G. 1. Projection of the central part (z = 0.25---0.9)
of the hexagonal LaFe(CN), - SH,O-type structure of
ThT(CN), - SH,0, where T = Fe, Ru, and Os. The
[TCe¢] moieties are symbolized by the octahedrons
while the [ThNg)] trigonal prisms appear as triangles.
The H,0 molecules are shown as circles, but half the
zeolitic water molecules (those above and below the
upper nitrogen prisms) are omitted.

cell volumes versus the volumes of the Ln
ions (5) the misfit of the entry for
ThFe(CN)s - SH,O seemed to indicate a
deficit of one to two H,O (if we assume the
radius of the Th** ion, r = 1.08 A, to be
close to that of Gd3*, 1.078 A, according to
Shannon (/7)). A similar though smaller dis-
crepancy was met by us earlier in the case
of BiFe(CN),, - 4H,0 and BiCo(CN), - 4H,0
(18). In fact, the removal of the two zeolitic
water molecules (O1 in positions 4f of P65/
m) does not destroy the hexagonal symme-
try of the structure. However, thermogravi-
metric analysis lends credence to the
conclusion that the cavities in the structure
are filled, at least to a high probability.
Table I also lists the lattice constants (ob-
tained at room temperature) of some
ThFe(CN)g - nH,0 samples measured after
diffesent heat treatments. All heat-treated
samples still appeared to be hexagonal,
though with a lower H,O content the sym-
metry might well be reduced. This could
have several reasons. First, the resolution
of the diffraction patterns was reduced, ob-
viously as a result of a less perfect crystalli-
zation. Second, if Th** can be located near
Gd?** then we deduce from the V/Z vs
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r3(Ln**) diagram of the corresponding rare-
earth cobalticyanides (5) that an ortho-
rhombic distortion of the hexagonal cell
would be small anyway. Finally, the H,0O
vacancies may be distributed statistically so
that the average hexagonal symmetry is re-
tained.

The difference in V/Z between
Ln**T3*(CN) - nH,0 compounds with n =
Sand n = 4is 15 A3. The spread of V/Z at
22°C in our heat-treated samples is between
331.4 and 320.9 A3, which corresponds to
about 0.7 H,0. Obviously the samples had
again taken up some water from the atmo-
sphere during exposure to the X-rays.

Nevertheless, the hexagonal symmetry
of the heat-treated samples is somewhat
surprising in view of similar experiments of
Rietman (/9) on LnFe(CN);, dehydrated by
drying the powders in a vacuum oven at
80°C for 48 hr. From X-ray diffraction data
Rietman (/9) derived simple cubic struc-
tures for both the LnFe(CN)¢ and the Ln,
[Fe(CN)g)s series.

In Fig. 2 we reproduce as an example the
TGA curves measured on ThFe(CN)¢ -
5H,0 in air and nitrogen. It is seen that the
dehydration proceeds discontinuously. A
distinct plateau is observed around 200°C
after three H,O molecules are released. In

ThO; + Fe

————— ~ ThO; +Fe, 03

~ ThO, +Fe(CN),

ThFe (CN)g " 5H20 (prep.at 45°C)

(D heated in air at 1K/min
(@ heated in 99% Np at 1K/min

- 3H,0/
2H 0/
1H,0 /

Lo
[s] 200 400 600 800 1000
T (°C)

F1G. 2. The mass loss of ThFe(CN), - SH,O samples
(prepared at 45°C) heated in air and nitrogen up to
about 1000°C, as derived from the TGA curves.
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TABLE II
DIFFRACTION DATA FOR ThFe(CN) - SH,0 TAKEN WITH A GUINIER CAMERA AND Cu Ka; RADIATION

48 (°) Intensities d (A) 40 () Intensities d(A)
Obs. Calc. Obs. Calc. Obs.  Calc. hki Obs. Caic. Obs. Calc. Obs.  Calc. hkl
25.26 25.37 w 146 7.003 6.9715 002 —_ 109.03 — 8 — 1.6819 108
— 27.58 — 33 — 6.4158 100 109.31 109.32 w 100 1.6779 1.6778 216/126
30.29 30.38 s 1000 5.845 5.8284 101 110.46 110.46 w 60 1.6617 1.6618 313/133
37.50 37.56 m-s 700 4.728 4.7209 102 112.40 112.39 w 1.6352  1.6355 224
47.205 47.24 m 288 3.7662 3.7639 103 — 114.80 — 4 — 1.6039 400
48.00 48.01 m 338 3.7049  3.7041 110 115.61 115.63 vvw 25 1.5937  1.5934 401
— 49.70 — 0 — 3.5800 111 — 116,32 — 6 — 1.5849 314/134
51.035 51.07 vw 51 3.4878 3.4857 004 116.905 116.95 w 58 1.5776 1.5770 18
54.49 54.48 w-m 116 3.2705  3.2711 112 117.21 117.23 vvw 26 1.5738 1.5736 306
55.545 55.57 vvw 24 3.2095 3.2078 200 18.12 118.10 vvw 20 1.5628 1.5631 402
57.05 57.06 w 69 31264 3.1262 201 — 119.81 — 0 — 1.5428 225
58.25 58.26 vw 27 3.0634 3.0629 104 120.06 120.12 w 77 1.5399 1.5392 217127
61.31 61.31 w 58 29139 29142 202 — 120.79 — 1 — 1.5314 208
— 61.69 — 9 — 2.8967 113 122.06 122.13 vw 45 1.5169  1.5162 403
67.855 67.85 m 377 2.6400 2.6401 203 123.06 123.05 vw 42 1.5058  1.5059 109
70.12 70.12 w 79 2.5573  2.5575 105 123.585 123.59 vw 43 1.5001 1.5000 315/135
70.66 70.66 m 260 2.5383 2.5385 114 — 126.22 — 4 — 1.4719 320/230
74.095 74.08 vvw 17 2.4245  2.4249 210/120 127.14 127.01 vw 57 1.4623  1.4637 321/231
75.27 75.24 m 272 2.3880 2.3891 2117121 — 127.61 — 1 — 1.4576 307
76.03 76.18 vvw 5 23649 2.3604 204 — 127.66 — 0 — 1.4571 404
77.445 77.43 vw 45 2.3234 23238 006 128.56 128.52 vw 40 1.4479  1.4484 226
78.625  78.61 w-m 136 2.2899  2.2903 2127122 12931  129.34 vw 53 1.4404  1.4401 322/232
—_ 80.91 — 2 —_— 2.2278 115 — 130.45 — 0 — 1.4293 119
82.585  82.57 w 69 2.1845 2.1849 106 — 131.90 —_ 2 — 1.4153 218/128
83.99 83.98 m 200 2.1496  2.1499 213/123 132.14 132.16 w 52 1.4129 1.4128 316/136
84.445 8445 w 69 2.1385 2.1386 300 13311 133.18 vw 46 1.4038  1.4032 323/233
— 85.48 — 2 — 2.1139 301 133.40 133.52 vw 68 1.4011  1.4000 410/140
85.88 85.88 w 81 2.1044  2.1046 205 134.065 134.06 vw 34 1.3949  1.3951 209
88.505 88.53 w 47 2.0450  2.0446 302 — 134.14 — 4 — 1.3943 0°0°10
91.015 91.06 vvw 24 1.9915  1.9906 214/124 — 134.28 — 2 — 1.3930 411/141
92.15 92.14 w 55 1.9683 1.9685 t1e 134.605 134.57 vw 30 1.3900  1.3904 405
—_ 93.43 — 3 — 1.9428 303 136.56 136.55 VW 36 1.3724  1.3726 412/142
95.515 95.55 w 58 1.9028 1.9023 107 137.67 137.70 VW 21 1.3628 1.3625 1°0°10
96.635 96.64 w 43 1.8821 1.881% 206 — 138.42 — 0 — 1.3563 227
98.30 98.30 w-m 110 1.8521 1.8521 220 — 138.46 — 3 — 1.3560 324/234
— 99.23 — 0 — 1.8359 221 139.06 139.04 vw 46 1.3508 1.3510 308
9.57 99.58 w-m 134 1.8300 [.8298 215/125 — 140.29 — 2 — 1.3405 413/143
100.00 99.99 W-m 117 1.8226 1.8229 304 142.01 141.93 vw 44 1.3263 13270 317137
101.94 101.95 vw 36 1.7893  1.7900 222 142.80 142.80 vvw 22 1.3200 t.3200 406
— 102.60 — 10 — 1.7794 310/130 144.635 144.63 vYw 59 1.3055 1.3055 219/129
103.505  103.50 w 79 1.7649  1.765t 3117131 — 144.71 — 14 — 1.3049 o
— 104.18 — 4] — 1.7543 117 — 145.13 — 28 — 1.3017 325/235
104.93 104.92 vw 25 1.7426 1.7429 008 145.445 14545 vw 95 1.2992  1.2992 414/144
106.145  106.14 w 67 1.7241  1.7241 312/132 — 147.57 — 1 — 1.2832 500
— 106.39 — 1 — 1.7205 223 — 148.16 —_ 10 — 1.2787 2°0°10
— 107.98 — 1 — 1.6970 305 148.245 148.29 vw 28 1.2781  1.2778 501
108.32 108.31 vvw 21 1.6919  1.6922 207 149.51 149.46 \ 60 1.2688 1.2692 228

Note. Intensities are calculated with LAZY PULVERIX (/6) using the parameters of LaFe(CN)g - SH,O (40), i.e., Thin2¢ (4, 4, 1), Fe in 2b (0, 0, 0),
C in 12i (0.1384, 0.2407, 0.0771), N in 12i (0.1646, 0.7803, 0.1235), Ol in 4f (4, §, 0.9145), O2 in 6h (0.4828, 0.0576, }) of space group P63/m.

air, the remaining two H,O are lost cer-
tainly below 300°C. However, there is no
clear separation between the end of the de-
hydration process and the decomposition of
the cyanide with simultaneous oxidation of
thorium. Upon heating ThFe(CN), - SH,O

in air or oxygen, the conversion to ThO,
and Fe,0; is complete at 900°C which was
confirmed by X-ray powder diffraction
(sharp lines due to a-Fe,0; and broad lines
due to ThO,). In a nitrogen atmosphere, the
decomposition is slightly delayed. Heating



COMPLEX CYANIDES ThT(CN), - SH;O

ThFe(CN)g - SH,O up to 1000°C at 10°C/
min in 99% nitrogen led to ThO, and bce a-
Fe. With a lower heating rate of 1°C/min
and 2 hr additional annealing at 1000°C until
weight constancy, fully oxidized ThO, and
Fe,O; were obtained; see Fig. 2.

High-temperature X-ray diffraction stud-
ies are expected to reveal additional infor-
mation about the dehydration process.
Thus, in the iron compound, a distinct shift
of the whole pattern near 100°C was ob-
served. The diffraction lines became rather
weak and diffuse above 140°C and at 220°C
the familiar pattern had disappeared com-
pletely. It was replaced by a faint pattern
containing only a few lines (at d = 2.57,
2.33, 2.26, 2.02, 1.96, 1.43, and 1.385 A)
that began to appear at 180°C. The ThO,
lines became visible above 600°C. The less
accurate lattice constants given in Table I
are based on the assumption that a hexago-
nal unit cell is maintained throughout the
whole temperature range, since the diffuse
lines did not permit the detection of distor-
tions to a lower symmetry. The initial vol-
ume decrease as well as the shrinking of the
¢ parameter (cgpec/cqec = 0.977 compared
t0 Con(n = B/ chex{n = 5) = 0.965 in the
case of LnFe(CN), - nH,O, n = 4 and 5)
point to the escape of the first H,O mole-
cule already at temperatures below 100°C
which is in agreement with the TGA curve.
From the volume decrease we deduce that
the sample X-rayed at 180°C had lost more
than two H;O (if such an extrapolation is
allowed). After release of between two and
three H,O molecules the crystal lattice col-
lapses.

In the case of ThRu(CN), - SH,O and
ThOs(CN), - SH,O (synthesized at room
temperature) heated in air the loss of H,O
starts at lower temperatures which is evi-
denced by the TGA curves. A first plateau
is reached at 110~130°C corresponding to a
loss of between two and three H,O. Near
100°C, a shift of the X-ray diffraction lines
due to a shrinking of the unit cell was ob-
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served on the ruthenium compound. In
both compounds dehydration is terminated
near 230-260°C. The evaporation to RuQ,
and OsO, appears to be superposed, i.e.,
relating to the loss of HO and CN and the
oxidation process. In ThRu(CN), - 5H,0
the hexagonal X-ray pattern vanished near
240°C and a distorted cubic pattern with ag
= 3.88 A appeared. ThO, was detectable
above 700°C. In a nitrogen atmosphere, the
substances are clearly more stable. X-ray
patterns taken on ThRu(CN), - SH,O after
it had been heated in the TGA apparatus to
330°C were still very similar to that of the
starting material except for being more dif-
fuse.

Both TGA curves and X-ray data give
evidence that the dehydration of these cya-
nide hydrates starts with the nonzeolitic
water molecules, which is quite plausible
when considering the structure of the Ln
Fe(CN)¢ - 4H,0 compounds. However, dis-
sociation of LaFe(CN)s + 5SH,0 (20) at 20°C
in water vapor showed a clear-cut step at
Puo = 3 Torr that exactly corresponds to
the loss of one H,O molecule per formula
unit. The next, less sharp step was found
below py,0 = 0.1 Torr. In that case, a spe-
cific equatorial H;O molecule is removed
first which induces a symmetry reduction.
It remains an open question why, in the
Th**T2*(CN)¢ - nH,O phases, the n = 4
hydrates show no preferred stability in con-
trast to the Lr**T37(CN)¢ - nH,0 phases of
comparable size.

A final note, heating ThFe(CN)s (aq) in 6
N HCI (aq) at 80-90°C for 10 hr led to a
dark blue product whose Guinier pattern
revealed a cubic structure with a lattice
constant a = 10.18 A which would be
appropriate for a Prussian blue Fej*
[Fe?*(CN)sls - xH,O analog (21, 22).

In an attempt to synthesize Ce**
[Fe2*(CN)] S5H,O from an aqueous
Ce(S0y); solution we only obtained a faintly
greenish paramagnetic powder of composi-
tion close to KCe**Fe?*(CN)¢ - 4H,O (at
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least 90% Ce3* according to the susceptibil-
ity data).

Conclusion

It has been shown that isostructural ana-
logs of the complex cyanides M3 T3*+(CN),

- nH,0 exist also with cation combinations-

M*T* . Athough all X-ray powder pat-
terns were indexed based on the hexagonal
LaFe(CN)¢ - SH,O structure, it appears that
in the case where M** = Th and T** = Fe,
Ru, and Os, the formula with exactly n = 5
is an idealization. It was not possible to iso-
late the species with n = 4 in contrast to the
case of the rare-earth ferricyanides. Never-
theless, dehydration appears to start with
the loss of the same equatorial H;O mole-
cules that are missing in the tetrahydrates
of the rare-earth analogs, but possibly not
in an ordered fashion. Rehydration in open
air takes place rather easily. Finally, the
oxidation of the rare-earth double cyanides
leads to the perovskite derivatives LnT O
(22), whereas oxidation of the title com-
pounds yields ThO, + a-Fe;0; or evapo-
rated RuO,, OsO;.
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