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Single crystals of the title compound are prepared by the U-tube slow diffusion method. The orthorhom-
bic form of YbKFe(CN), - 3.5H,0 crystallizes in space group Cmcm (No. 63, DY with a = 7.186(3),

b = 12.544(2), ¢

13.4333) A, Z = 4, D,, = 2.6(1) Mg m~?, and D, = 2.67 Mg m~>. The lattice

constants were obtained from powder diffraction data, F(34) = 24(0.013, 106) and M20 = 22.0. The
final least-squares full-matrix refinement based on 1316 unique reflections has yielded R = 0.041 and
R, = 0.046. Cyanide bridges link the nine-coordinated (TTP) YbNH,0); groups to the octahedral
FeC groups. Cavities within the structure are occupied by uncoordinated zeolitic water molecules and
potassium ions. Important mean bond lengths are: Yb—N = 2.337; Yb—O = 2.467; Fe—C = 1.891;

and C=N = 1.155 A © 1991 Academic Press, Inc.

Introduction

The ferro- and ferricyanides of the lan-
thanide series exhibit ion-exchange and
semipermeable membrane properties. The
manner in which the water molecules are
structurally maintained in these compounds
can be further understood when one of the
water molecules is replaced by an alkali
metal ion such as sodium or potassium. Of
particular interest is the physical character-
istics and structural arrangement of the cavi-
ties in which the water molecules and alkali
ions are held. A crystallographic study re-
lated to the physiochemical and structural
properties of potassium-lanthanide ferrocy-
anides would determine the amount of water
and potassium ions and the positions of
these species within the cavities of the
lattice.

The first double salt ferrocyanide con-
taining a lanthanide atom was prepared by
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Robinson (/), CeKFe(CN),. Prandtl and
Mohr (2) reported the preparation of lan-
thanide ferrocyanides containing sodium
and potassium and the number of water mol-
ecules associated with these alkali-lanthan-
ide ferrocyanide compounds. The structural
features were not adequately described.
Single-crystal X-ray analyses of
LnKFe(CN);s - 4H,0 have shown that the
first four members of the lanthanide series
(Ln = La, Ce, Pr, and Nd) crystallize in the
hexagonal space group P6,/m (3) and are
structurally isomorphous with LaFe(CN) -
5H,0 (4), the only difference is the replace-
ment of a water molecule with a potassium
ion. However, the next basic member of the
series, SmKFe(CN), - 3H,0, crystallizes in
the monoclinic space group P2,/m (5). The
space group symmetry was verified by em-
ploying the program MISSYM (6). For this
reason, it was deemed necessary to continue
structural investigations of other members



INVESTIGATION OF YbKFe(CN), - 3.5H,0 99

of the series. YbKFe(CN), - 3.5H,0 was
chosen because of its position in the lanthan-
ide series. If the monoclinic lattice persisted
from samarium onward in the series or if a
change were to be found, it would be ob-
served by studying ytterbium potassium
hexacyanoferrate (II).

Experimental

Clear colorless crystals of the titled com-
pound were synthesized by employing the
U-tube slow diffusion method. Starting ma-
terials, YbCl, and K,Fe(CN),, were ob-
tained commercially (reagent grade) and
used without further purification. The flota-
tion technique was used to obtain the experi-
mental density, 2.6(1) Mg m* (D, = 2.67
Mg m~?%. A Perkin-Elmer TGS-1 thermo-
balance, operated at 2.5°C min ' while be-
ing purged with nitrogen (20 cm min~'), was
used to determine the thermal dehydration,
3.52(3) water molecules-formula unit~'. An
infrared spectrum obtained over a fre-
quency range of 4000 to 450 cm ' using the
pressed-disk method (KBr pellet) on a Matt-
son Fourrier Transform analyzer displays a
sharp peak at 3610 cm ™! and a very broad
peak with a distinctive shoulder between
3505 and 3150 cm ', which are attributed to
coordinated water molecules and hydrogen
bonded zeolitic water molecules, respec-
tively. An extremely sharp cyanide band is
located at 2082 cm ! as well as a sharp
H-O-H deformation at 1598 cm~!. Two re-
spective metal carbon peaks at 603 and 486
cm~!, Fe—CN (8) and Fe—C (v), are also
observed.

A Debye—Scherrer cylindrical camera
(114.6 mm) using nickel-filtered CuKa radia-
tion (A, = 1.54184 A) under vacuum at
293 K was used to obtain the X-ray powder
diffraction data from which the unit cell pa-
rameters were determined, see Table 1. Yb
KFe(CN), - 3.5H,O crystals were finely
ground and placed into a 0.2-mm capillary.
Characterization was based on 34 lines

which were refined by placing measured §
values into a least-squares X-ray powder
diffraction data program designed by Roof
(7). The employed measuring tests for rating
the quality and assessment of the reliability
of the powder-pattern indexing are the fig-
ures of merit £ and M,,. The quantitative
figure of merit F, (8) reveals accuracy and
completeness of measured interplanar spac-
ings. The figure of merit M,, (9) rates the
reliability of the unit cell and indexing. In
this work, Fj, = 24(0.013,106) [F,, =
29(0.013,53)] with an average A26 percent-
age deviation of 0.033 and M,, = 22.0. The
observed and calculated 26 values with as-
sociated Miller indices, the visual estimated
relative intensities based on 100 as the inten-
sity for the strongest observed reflection and
the observed d-spacing values in A are pre-
sented in Table II. The mean deviation be-
tween the observed and the calculated d-
spacing values is 0.13 percent.

A single crystal of ytterbium potassium
iron (II) hexacyanide (0.19 x 0.16 x 0.11
mm) was chosen on the basis of optical pu-
rity. Using a Zeiss Photomicroscope (II),
the biaxial nature of the system was verified
by a conoscopic study which also negated
any possibility of the system being consid-
ered hexagonal (a uniaxial system). The se-
lected crystal was mounted on an Enraf-
Nonius CAD-4F automated diffractometer
equipped with a dense graphite monochro-
mator (take-off angle, 5.8°). The orientation
matrix and lattice parameters, which are in
good agreement with the X-ray powder dif-
fraction results (see Table 1), were obtained
using 25 well-centered reflections acquired
through the application of CAD4 subrou-
tines SEARCH, PHOTO, and INDEX (/0).
Intensity data were collected using MoK«
radiation (A,,.,, = 0.71073 A) at a tempera-
ture of 294 K employing the w-26 scan tech-
nique with a variable scan rate (0.38-3.35°
min~!) determined by a fast prescan of 3.35°
min~' and a scan angle of 1.30 + 0.35 tan
over a 260 range of 3.0 to 70.0°. The variance



100

MULLICA, SAPPENFIELD, AND CUNNINGHAM

TABLE I

EXPERIMENTAL AND STATISTICAL SUMMARIES

Powder Single crystal
a () 7.186(3) 7.189(2)
b (A) 12.544(2) 12.544(6)
c Q) 13.433(3) 13.430(6)
vV (AY) 1210.9 1211.1
M, 487.18 487.18
z 4 4
D, Mgm™) 2.6(1) 2.6(1)
D, Mgm™) 2.67 2.67
Radiation CuKa MoKa

Space group
Systematic abs.

F(000) (e7)

# (MoKa@)(mm ')

g(e”2(1077)

Aw (°) (w-26 scan)

A0 ()

Scan limits (°min~")

Unique reflections (>3a(1))

Rint

R, R,

Gnft ()

Transmission coefficient range
Maximum
Minimum
Average

Abscission value [A£/a(£)]
Maximum (107
Average (107°)

Residual density (e A7)
Maximum
Minimum

Cmcem (No. 63, D)
hkl, h + k =2n + 1
hol, hl =2n + 1
911
9.212
7.1(11)
1.30 + 0.35 tan @
1.5-35.0
0.38-3.35
1316
0.034
0.041, 0.046
1.44

0.4524
0.1467
0.3390

3.53
3.7

3.0(2)
—3.4(2)

in intensity of the two check reflections
(232,231) was less than 0.3% throughout the
entire data collection, verifying crystal sta-
bility and instrument reliability. Lorentz
and polarization corrections were applied to
the data. An absorption correction (u
9.212 mm™!) based on the crystal shape and
dimensions was applied to the data. The nu-
merical absorption correction (/0) is based
on Gaussian integration techniques de-
scribed by Coppens et al. (11). After averag-
ing redundant data, 1316 reflections were
found to be greater than 3o (/) and were used

in the full-matrix least-squares refinement.
Experimental and statistical summaries are
presented in Table 1.

do-hexagonal (a = b # ¢, = B = 90°, and
v = 120.0) system. Since, as mentioned in
the introduction that SmKFe(CN), - 3H,0
was also pseudohexagonal and in the experi-
mental section that YbKFe(CN), - 3.5H,0
was biaxial, the lattice constants were trans-
formed to the monoclinic system (a # b #
c,a =7y =90.0° 8 = 119.82) and the data
were collected accordingly. Collecting the
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TABLE 1l

X-Ray POWDER DIFFRACTION DATA FOR
YbKFe(CN), - 3.5 H,O

h k200 20,0 I, dy(A)
0 0 2 13.18 13.18 10 672

1 {0 14.19 14.19 10 6.24

0 2 1 15.60 15.60 95  5.68

0 2 2 19.38 19.38 95  4.58

1 13 24.50 24.48 100 3.633
13 25.52 25.52 5 3.490
0 0 4 26.55 26.54 5 3.357
0 4 0 2847 28.46 5 3135
2 2 0 2865 28.63 5 3.116
2 2 1 29.40 29.41 S 3.038
1 {4 3024 30.22 S 2955
0 4 2 31.52 31.48 20 2.838
0 4 3 34.95 34.93 90  2.567
0 2 5 36.40 36.37 g0 2.468
15 38.59 38.59 50 2333
0 4 4 39.33 39.31 3 2.291
0 0 6 4032 40.28 60  2.237
1 1 6 429 42.92 50 2.1070
0 6 0 4328 43.28 20 2.0907
0 4 5 4440 44.40 20 2.0403
303 2 4570 45.69 3 1.9853
1 3 6 47.80 47.79 10 1.9028
1 17 49.72 49.71 10 1.8336
22 6 5018 50.17 10 1.8182
2 6 1 51.00 50.99 s 1.7907
1 5 5 51.45 51.43 20 17761
2 6 2 52.45 52.44 S 1.7446
71 53.12 53.11 10 1.7240
T3 7 5412 54.11 3 1.6945
0 o0 8 54.68 54.66 10 1.6787
0 4 7 56.22 56.20 15 1.6361
2 4 6 56.65 56.64 S 1.6248
2 6 4 5797 57.95 5 1.5908
0 8 1 59.35 59.34 5 15572

data using a lower symmetry (monoclinic)
system provided the option of solving the
titled compound in either the monoclinic
system or a higher symmetry system. Even
though a hexagonal lattice was not consid-
ered possible, the data were transformed to
a hexagonal system. Then, after rejecting a
hexagonal lattice due to nonequivalent cy-
clic permutations of #k0 reflections, the data
were returned to the monoclinic P2,/m (No.
11) space group as was done with
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SmKFe(CN), - 3H,0 (5). Take note, the
data for SmKFe(CN), - 3H,0 was tested
using the program MISSYM (6), which veri-
fied no additional symmetry. The data of the
title compound also fitted the P2,/m model
especially well, yielding respectable reliabil-
ity factors (R = 0.042, R, = 0.042) and the
resultant bond distances and angle provided
a solution comparable to that of
SmKFe(CN), - 3H,0. However, after sub-
jecting the data to the MISSYM program
(6), additional symmetry was found, an or-
thorhombic system (Cmcm, No. 63). Since
the data fitted both models (P2;/m and
Cmcem) equally well with equivalent solu-
tions, the higher symmetry model was
chosen.

The initial atomic positions for the iron
and ytterbium ions were chosen based on
isomorphic substitution using SmFe(CN), -
4H,0 (an orthorhombic system, Cmcm) as
a guide (/2). The positions of the remaining
nonhydrogen atoms were obtained from dif-
ference Fourier mapping. Full-matrix least-
squares refinement using secondary extinc-
tion corrections (g) yielded final reliability
factors, R = SAF/3 | Fy | = 0.041 and R,,
= SVWAF/SVw | Fy| = 0.046 where AF
= | IFR] - |F]|| and w =
o (| Fy|). A final electron density map
revealed some density in the vicinity of the
Yb atom, which is common for heavy met-
als. Elsewhere, the map was virtually fea-
tureless, revealing only a random fluctua-
tion in the background. Atomic scattering
factors and anomalous dispersion correc-
tion factors were taken from the ‘‘Interna-
tional Tables’ (13). Table III list the final
atomic coordinates and equivalent isotropic
thermal parameters. Full listings of aniso-
tropic thermal parameters and observed and
calculated structure factors are available
from the authors (D.F.M.).

Discussion

YbKFe(CN)s - 3.5H,0 crystallizes in the
orthorhombic space group Cmcm and is
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TABLE III

ATOMIC POSITIONAL PARAMETERS ( X 10*) AND EQUIVALENT
IsoTRoPic THERMAL PARAMETERS ( X 10°)

Atom  Occupancy X y 2 U(A2
Yb 1.00 0000 3397.5(2) 2500 13.06(6)
Fe 1.00 0000 0000 0000 1060(10)°
C(1) 1.00 3140(10)  4364(5) 779(5) 70(1)
CQ2) 1.00 0000 1192(5) 882(6) 23(1)
N(1) 1.00 2030(10)  3974(6) 1273(6) 164(2)
N(2) 1.00 0000 1927(5) 1406(6) 30(1)
K 0.50(1) 0000 6674(4) 799(6) 85(3)°
o) 0.50(1) 0000 6620(10) 880(20) 73(8)°
02) 1.00 3170(20)  2730(10) 2500 55(3)
0Q3) 0.75(1) 0000 5400(10) 2500 230(20)¢

“ Isotropic equivalent thermal parameter (U,,) is defined as one-
third the trace of the orthogonalized Uj; tensor.
b Fe was refined isotropically and the thermal parameter is in the

conventional isotropic B form.

€ 0O(1) and K atoms were refined at one-half occupancy.
4 0(3) atom was refined at three-fourths occupancy.

structurally similar to other lanthanide pot-
assium hexacyanoferrates (3, 5, 14, 15). The
9-coordinated ytterbium ion is bonded to
siX nitrogen atoms in apical positions (three
above and three below the central ion) and
to three water molecules which are equatori-
ally positioned forming a distorted tricapped
trigonal prism (TTP). The distortion, which
is quite common for lanthanide compounds,
is evidenced by the dihedral angle between
the apical planes (7.95°) and the dihedral
angles between the equatorial plane and the
apical planes (3.97°). The average Yb—N
and Yb—O bond distances of 2.337 and
2.467 A, respectively, are in good agreement
with published values found in BIDICS (/6).
Figure 1 displays a projected view of the
nitrogen atoms and the water molecules
about the ytterbium ion and the FeC, octa-
hedral arrangement and Fig. 2 presents a
stereoview of the unit cell. The iron jon is
6-coordinated to carbon atoms forming the
octahedral FeCy groups with an average
C—Fe—C angle of 90.3° and an average
Fe—C bond distance of 1.891 A, see
BIDICS (I16). The cyanide linkage of the

FeC, and YbN(H,O0), groups is close to be-
ing linear (mean Fe—C=N = 179.0° and
mean Yb—N=C = 174.0°). The average
Fe—C==N bond angle shows strong direc-
tional bonding related to the interaction of
the Fe 3d orbitals and the CN orbitals. The

FE

YB

F1G. 1. A projected view of the 9-coordinated ytter-
bium atom and the FeCq octahedral arrangement.



INVESTIGATION OF YbKFe(CN), - 3.5H,0

103

Fi1G. 2. A stereodrawing of the unit cell showing the arrangement of the YbN(H,0); and the
octahedral FeCy with the cyanide bridges. Note the arrangement of the potassium ions and the water

molecules.

average C=N bond distance of 1.155 A is
in excellent agreement with the vatues found
in the literature (/6) as well as with the sum-
mation of the involved triple bond radii of
carbon (0.603 A) and nitrogen (0.55 A)
atoms which are found in the work of Pau-
ling (/7), 1.153 A. Additional selected bond
and contact distances and bond angles are
listed in Table 1V.

The zeolitic type water molecules and
potassium ions are found within cage-like
cavities in the structure. These uncoordi-
nated water molecules, O(1), are within
range of hydrogen bounding to the coordi-
nated water molecules, O(2) and O(3),
2.90(2) and 2.66(2) A, respectively. These
intermoiety O---O contact distances are sig-
nificantly different, which infers that two

TABLE 1V

TABLE OF BOND DISTANCES (;\) AND ANGLES (°) FOR
YbKFe(CN) - 3.5 H,0O

Fe-C(1) 1.874(5)
Fe-C(2) 1.908(6)
avg. 1.891
Yb-0(2) 2.427(10)
Yb-0(3) 2.507(10)
avg. 2.467
O(1)-0(2) 2.90(2)
O(1)-0(3) 2.66(2)
N(D-Yb-N(1) 78.0(7)
N(1)-Yb-N(1) 90.7(5)
N(1)-Yb-N(2) 78.5(2)
N(1)-Yb-0(2) 61.2(4)
N(1)-Yb-0(3) 71.8(3)
N(2)-Yb-N(2) 77.1(3)
N(2)-Yb-0O(2) 74.3(2)
N(2)-Yb-0O(3) 141.5(2)
0(2)-Yb-0(2) 139.6(6)
0(2)-Yb-0(3) 110.2(3)

Yb-N(1) 2.315(6)
Yb-N(2) 2.358(6)
avg. 2.337
C(1)-N(1) 1.151(8)
C(2)-N(2) 1.160(8)
avg. 1.155
K-012) 2.950(6)
K-0(3) 2.790(6)
C(1)-Fe-C(1} 90.8(7)
C(1)-Fe-C(1) 89.2(7)
C(1)-Fe-C(2) 90.7(2)
avg. 90.3
Fe-C(1)-N(1) 179.0(10)
Fe-C(2)-N(2) 179.0(6)
Yb-N(1}-C(1) 169.2(7)
Yb-N(2)-C(2) 178.8(6)
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types of hydrogen bonds are present, weak
and strong. Investigations by Brown (/8)
on the geometry of hydrogen bonding have
shown that oxygen—oxygen intermolecular
distances of 2.73 A (or less) are considered
to be strong hydrogen bonds and that, as
the contact distance increases, the hydrogen
bonding becomes progressively weaker.
Such reasoning is based on the assumption
that there are no specific geometric con-
straints in the system. As mentioned in the
experimental section, an ir spectrum of the
title compound displayed a very broad band
with a pronounced shoulder (3505-3150
cm™') which lends credence that there are
two types of hydrogen bonds. Similar obser-
vations were confirmed by a neutron diffrac-
tion study (/9). This suggests that neutron
diffraction investigations of YbKFe(CN), -
3.5H,0 and other members of the
LnKFe(CN), - nH,O series could resolve
whether or not two types of hydrogen bonds
are present as welil as the elucidation of mo-
lecular sieve properties and the weak as-
pects in the theories of semipermeable mem-
branes and hydrogen bonding.
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