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Abstract

The crystal structure of zinc nitrosylpentacyano-
ferrate trihydrate has been determined from three
dimensional, single-crystal X-ray diffraction data.
Final full-matrix least-squares refinement yielded
R =0.028 and R, =0.028 for 791 unique reflections.
ZnFe(CN)sNO-3H,0 contains iron and zinc atomic
centers with distorted octahedral symmetries. The
compound crystailizes in the rhombohedral space
group R3 (No. 148, C%) on a hexagonal lattice, a =
19.305(5) and ¢ = 17.627(5) A, Z = 18, D, = 1.76(1)
Mg m™® and D, =1.762 Mg m *. The lattice con-
stants were obtained from powder diffraction data,
F(30)=38(0.011,69) and M(20)=30.0. The iron
atom is coordinated to five cyanide ligands and one
nitrosyl group, while the zinc atom is coordinated to
five cyanide ligands and one water molecule. Fe—C=
N—Zn bridging links the metal atoms. Two uncoordi-
nated water molecules, one of which is disordered,
occupy channels in the crystal. Optical, infrared,
X-ray fluorescence and thermal gravimetric analyses
have also been carried out. Important mean bond
lengths are: Zn—N = 2.110(20), Fe—C = 1.933(8) and
C=N=1.129(6) A. Other notable bond lengths
include: Zn—-0=2224(7), Fe-N=1.684(9) and
N=0=1.102(9) A.

Introduction

The first cited work related to nitrosylpentacyano-
ferrates was published by Playfair in 1848 [1]. For
the next one hundred and twenty years, the majority
of the published work in this area dealt solely with
the sodium analogues. The discovery of an ortho-
rhombic lattice (Pnnm) for sodium nitroprusside
[2] generated interest in other metal nitroprussides
and prompted a series of spectral and X-ray powder
diffraction studies.

The metal prussides (hexacyanoferrates) are
known to be zeolitic in nature and can take up water,
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ammonia and other small molecules from the air.
The absorption of gases can be explained by the
open channels formed between the bridging cyanide
ligands in the crystal. When a nitrosyl group is
substituted for a cyanide ligand, the normal and
systematic arrangement of the lattice is disrupted,
offering greater selectivity for separating mixtures
of molecules such as CO, and CH,. Subsequent,
studies have reported successful separations of C6
isomers and established the precedence for predicting
molecular sieving properties [3].

By 1968, many of the metal nitrosylpentacyano-
ferrates had been characterized by X-ray powder
diffraction. Contrary to sodium nitroprusside, the
heavy metal analogues adopted a primitive or face-
centered cubic lattice. However, the zinc analogue
(zinc nitrosylpentacyanoferrate) proved to be more
difficult to characterize. Even though the reported
structure [4] agreed basically with other metal nitro-
prussides (face-centered cubic), subsequent spectral
studies raised serious doubts about the validity of
earlier work on zinc nitroprusside [5].

A major discrepancy was related to the number
of associated water molecules in the crystal structure.
Values of two, three, four, five and six [6—8] had
been reported. Since only X-ray powder diffraction
studies had been carried out on zinc nitroprusside,
and since X-ray powder diffraction data obtained in
this laboratory revealed extraneous lines which did
not relate to a cubic system, a single crystal analysis
was deemed necessary.

Experimental

Synthesis and Physical Analysis

Commercially available analytical reagent grade
sodium nitroprusside and zinc chloride were used as
starting materials. The ‘slow-diffusion-tube’ method
was employed to synthesize the title compound. The
diffusion tubes were stored in the dark and sizeable
crystals appeared in four to six months. After
harvesting, the crystals were washed with distilled
water and left to air-dry.
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TABLE 1. Infrared frequencies for ZnFe(CN)sNO-3H,0
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TABLE 2. Experimental and statistical summaries of
ZnFe(CN)sNO-3H,0

Bond Wavenumber Transmission
(em™} (%) Powder Single crystal
Fe—C (») 433 25.7 Space group R3 (No. 148,C%)
445 17.9 Radiation Cu K& Mo K&
Fe-CN (8) 518 49.0 Amean (A) 1.54184  0.71073
Fe—NO (8) 651 519 a (A) 19.305(5) 19.296(6)
667 46.7 c (A) 17.627(5) 17.642(6)
H-0-H (5) 1619 28.7 v (&3) 5689.2  5688.1
N=0 () 1953 37 Dy (Mg m™3) 1.76¢1)  1.76(1)
C=N (v) 2192 12.4 Dy, (Mg m™3) 1.762 1.762
O—H (v), broad M, 335.36
Intermolecular 3425 (3100-3600) 3222 VA 18
H-bonding F(000) () 2988
O-H (v) 3660 39.1 Crystal size (mm) 0.43 X 0.35 Xx0.27
i (Mo Ka) (mm™1) 3.104
A6 () 1.5-25.0
Using the flotation method (1-hexene and iodo- Aw (°) (=20 scan) 125+0.35 tan 6
methane), the density of ZnFe(CN)sNO-3H,0 was Rint 0.019
X - 5.028
determined, 1.76(1) Mg m™>. Infrared spectroscopy R 0.028
was carried out using the pressed-disk method (KBr U:ique reflections 791
pellet). The results obtained from the absorption g (e2) (X107 1.38(8)
spectrum are presented in Table 1. A thermogravi- Shift/error (A;/o(E;) (X1075)
metric analysis (TGA) employing a Perkin-Elmer maximum 51.5
TGS-1 at a rate of 2.5 °C min? from 25 to 245 C average 1.84
yielded a loss of 3.1(1) water molecules per formula Residual density (e~ A™)
unit which is in accord with the work of Mohai et al. maximum 0.376
[7]. X-ray fluorescence data obtained on a Novascan minimum ~0.257
Gnft (S2) 1.03

30 scanning electron microscope equipped with a
PGT microprobe, confirmed the presence of the
metal elements and yielded a molar ratio of 1:1 for
the iron and zinc.

A Debye-Scherrer cylindrical camera (114.6 mm,
293 K, under vacuum using nickel filtered Cu Ka
radiation, Ay ean = 1.54184 A) was used to obtain the
X-ray powder diffraction data. Zinc nitroprusside
crystals were finely ground and placed into a 0.2 mm
capillary. Characterization was based on 39 lines
which were refined by placing measured S values into
a least-squares X-ray powder diffraction data program
[9]. The refined powder lattice constants are a =
19.305(5) and ¢=17.627(5) A (see Table 2) with
‘figures-of-merit’ values of F(30)=238(0.011, 69)
[10] and M(20)=30.0 [11]. Observed d-spacing
values (A) and visually estimated relative intensities
based on 100 as the strongest reflection are presented
in Table 3. The mean deviation between the observed
and calculated d-spacing values is 0.13%.

A single crystal of ZnFe(CN)sNO-3H,O0, selected
on the basis of optical quality, was mounted on a
goniometer head. X-ray data were collected on an
automated diffractometer (Enraf-Nonius CAD-4F)
equipped with a dense graphite monochromator
(take-off angle of 5.8°). Using Mo Ka radiation
(Ammean = 0.71073 A), the orientation matrix and
cell dimensions were obtained through the applica-
tion of subroutines SEARCH and INDEX which are

a part of the CAD4 operating system. After least-
squares refinement of twenty-five accurately centered
reflections, the hexagonal cell parameters were estab-
lished, a =19.296(6) and ¢ =17.642(6) A. These
parameters are in good agreement with the X-ray
powder diffraction data, see Table 2. Data were then
collected over the range of 3.0°< 28 < 50.0° utilizing
the w20 scan technique at a scan rate between 0.38
and 3.35° min'. No significant variations (<1.1%)
were observed in the intensities of the monitored
standards (534 and 31 4). Of the 1058 collected
reflections (h: 0-+19; k: 0—>19; I: 0->20), 791
reflections fitted I, > 20(f). Lorentz and polariza-
tion corrections were applied to the data.

Careful examination of the collected reflections
revealed —#A + k +1=3n which indicates a thombo-
hedral lattice. Additional examination of the col-
lected reflections using an N(Z) analysis (cumulative
probability distribution relative to centrosymmetry)
verified a centrosymmetric symmetry. A negative
pyroelectric test gave credence to the N(Z) statistical
test. Further, #ki0 # hikQ supports the space group
assignment of R3. These hkiQ(C values were col-
lected independently after the collected data set so as
to distinguish R3 from R3m.
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TABLE 3. X-ray powder diffraction data for ZnFe(CN)sNO-
3H,0
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TABLE 4. Atomic coordinates (x10%) and equivalent
isotropic thermal parameters (X103)

Rkl 20445 () 200a1c ) I/lo do (A) Atom  x y z Ueq (A%
110 9.17 9.16 15 9.64 Zn 2450.1(4) 466.7(5) 8373.5(5) 16.0(2)
012 11.35 11.35 15 7.80 Fe 1812.0(6) 2254.8(6) 6654.7(6) 14.4(3)
202 14.62 14.61 20 6.06 Q) 2037(4) 1612(4) 7342(4) 22(2)
300 15.90 15.90 25 5.57 N(1) 2159(3) 1225(3) 7746(4) 26(2)
122 17.28 17.27 100 513 C(2) 589(4) 4163(4) 615(4) 19(2)
220 18.40 18.38 25 4.822 N(@2) 2699(3) 3382(3) 2358(4) 28(2)
131 19.80 19.80 10 4.484 c3) 3519(4)  2736(4) 617(4) 20(2)
104 20.85 20.85 20 4.260 N(@3) 2990(3) 2652(4) 954(4) 32(2)
312 21.68 21.66 15 4.100 C4) 2157(4) 1158(4) 2655(4) 22(2)
024 22.82 22.81 12 3.896 N4) 2092(4) 1586(3) 2262(4) 28(2)
042 2358 23.56 17 3.774 c) 1665(4)  3637(4) 586(4) 22(2)
410 24 .40 24.40 60 3.648 N(§) 1759(4) 3192(3) 916(4) 31(2)
214 24.63 24.63 12 3.615 N 3621(3) 5470(3) 2760(4) 25(2)
232 25.35 25.35 17 3.513 0 2357(3) 6475(4) 2400(3) 57(2)
015 2583 25.83 2 3.450 o) 1257(4) 1492(4) 794(3) 58(3)
330 27.72 27.72 2 3.218 0(2) 1797(1) 314(5) 744(4) 137(5)
134 27.95 27.93 10 3.1922 0(3) 2906(5) 8322(6) 2430(6) 58(4)
241 28.72 28.71 3 3.1078 0O(3a) 0000 0000 7200(10) 65(6)
422 30.05 30.04 S 2.9738 0O(3b) 0000 0000 8780(20) 97(9)
006 30.43 30.43 15 2.9380

152 31.50 31.48 7 2.8401 Ueq is the isotropic equivalent thermal parameter and is
054 33.65 33.65 10 2.6634 defined as one-third the trace of the orthogonalized Uy
244 34.95 34.94 80 2.5673 tensor.

226 35.80 35.78 3 2.5082

612 36.73 36.70 2 2.4471

§23 36.92 36.90 7 2.4344

3 .2, ; ;ggg gggg 48 %ggg refinement yielded final reliability factors, R =
621  39.20 29.19 3 22982 ZAF|ZF,=0028 and R, = ZVWAF/ZVWF,=
262 4023 40.22 7 2.2419 0.028 where AF =||F,| — |Fcll. The ‘goodness-of-fit’
336 41.65 41.63 3 2.1685 value (Z,) was 1.03. Atomic scattering factors and
630 42.95 4297 8 2.1058 anomalous dispersion correction factors were taken
704  43.07 43.08 20 2.1000 from the International Tables [13]. Final atomic
2’37; :g;’g :g’gg ; %82;; coordinates and isotropic equivalent thermal param-
009 46.38 46 36 p 19579 f;:}rlshz:egz’sented in Table 4. See also ‘Supplemen
642 48.60 48.59 3 1.8734 :

820 50.02 50.00 20 1.8233

428 50.53 50.50 5 1.8064

Average A26 percent deviation = 0.044.

Crystallographic analysis employing MULTAN
[12] revealed the initial locations of seven atoms.
Difference Fourier mapping of residual electron den-
sity revealed the locations of the remaining atoms,
including the positions of the oxygen atoms (water
molecules) in ordered and disordered sites. Intensities
greater than 20(J) were used in the structural refine-
ment. A final difference Fourier map was virtually
featureless, revealing only a random fluctuating back-
ground. Table 2 lists the experimental and statistical
summaries for ZnFe(CN)sNO-3H,0. After applying
secondary extinctions (g) and varying the anisotropic
thermal parameters, the full-matrix least-squares

Results and Discussion

The crystallographic data of zinc nitrosylpenta-
cyanoferrate trihydrate best fit a rhombohedral
lattice, space group R3 (No. 148, C%;),a = 19.305(5)
and ¢ =17.627(5) A, with 18 molecules per unit cell.
Five cyanide ligands and one nitrosyl group form a
distorted octahedral arrangement about the iron
atoms. Likewise, the zinc atoms are octahedrally
coordinated by five cyanide ligands and one water
molecule. The metal atoms are linked by cyanide
bridging, Zn—N=C—Fe is non-linear (see Fig. 1). The
coordinated water molecules bonded to the zinc
atoms and the nitrosyl groups bonded to the iron
atoms are geometrically arranged so that there are
three tunnel-like formations in the crystal. These
channels are diagonally located in the unit cell. The
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Fig. 1. A projected view of ZnFe(CN);NO-3H,0 showing
the distorted octahedral arrangements about the Zn and Fe
atoms, the cyanide bridging, the location of O(2) with
respect to O(1), and the locations of O(3) and O(3a) with
respect to ON.

two uncoordinated water molecules are found within
these channels hydrogen-bonded to the coordinated
water molecules and nitrosyl groups. One of the
uncoordinated water molecules is disordered and is
found in three different environments, O(3), O(3a)
and O(3b). The population of each was refined to
multiplicities of 0.66(1), 0.16(1) and 0.17(1), respec-
tively.

The averaged bond distances for Zn—N (2.110 A),
Fe—C (1933 A) and C=N (1.129 A) as well as the
bond distances of Zn—0 (2.224 A), Fe—N (1.684 A)
and N=0 (1.102 A) are in good agreement with
published values found in BIDICS [14]. There is
strong directional bonding related to the interaction
of the Fe 3d orbitals and the CN orbitals which is
confirmed by the averaged Fe—C=N bond angle of
178.4°. The Fe—N length is considerably shorter than
the Fe—C length, see Table 5. This could readily
account for the distortion of the octahedral sym-
metry about the Fe atom. Further, it is noted by the
reported bond angles in Table 6 that the greater
electronegativity of the nitrosyl ligand with respect
to the cyanide ligands can also cause a deformation
away from the nitrosyl end of the octahedral arrange-
ment about the Fe atom (N—-Fe—C > 90°, C—FeC <
90°). To the contrary, the coordinated water mole-
cule bonded to the Zn atom is less electronegative in
character than the cyanide ligands. Therefore, the
octahedral arrangement about the Zn atom is dis-
torted in the following manner, the angles
0-Zn—N <90° and the angles N(2)--Zn—N > 90°;
see Table 6.

Important intermoiety oxygen-oxygen contact
distances are O(1)---0(2) (mean) = 2.909, O(1)---
O(3b)=12.786, 0(3a)--*ON=3.114, and NO-:-
0O(3) =3.217 A. The range of these contact distances
(2.764 to 3.217, see Table 5) varies significantly
which can be attributed to different hydrogen bond
strengths, i.e. from strong to weak to very weak. The
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TABLE 5. Bond and contact distances for ZnFe(CN)sNO-
3H,0

Bond? Distance (&) Bond Distance (A)
Zn—N(1) 2.122(8) N(1)-C(1) 1.139(12)
Zn-—-N(2) 2.079(8) N(2)-C(2) 1.130(11)
Zn-—-N(3) 2.139(8) N(3)-C(3) 1.121(11)
Zn—N(4) 2.104(8) N(4)-C(4) 1.133(12)
Zn—N(5) 2.104(8) N(5)-C(5) 1.124(11)
Zn-0(1) 2.224(7) N-O 1.10209)
Fe—C(1) 1.932(11) 0(2)-0(1) 2.939(15)
Fe-C(2) 1.932(10) 0(2)-0() 2.764(11)
Fe—C(3) 1.943(10) 0(2)-01) 3.025(14)
Fe-C4) 1.919(11) 0(3)-ON 3.217(15)
I'e—C(5) 1.937(11) 0O(3a)—ON 3.114(24)
Fe—N 1.684(9) 0(3b)-0(1) 2.786(12)

20(1) = water molecules coordinated to the Zn atoms.
0O(2) = uncoordinated water molecules which are peripherally
located in the diagonal channels. O(3), O(3a), O(3b) = dis-
ordered (uncoordinated) water molecules which are located
within the diagonal channels at 2/3, 1/6 and 1/6 multi-
plicities, respectively.

TABLE 6. Bond angles (°) for ZnFe(CN)sNO-3H,0

Atoms Angle Atoms Angle
N(1)-Zn—N(2) 92.2(3) C(2)-Fe—-C(3) 85.1(4)
N(1)-Zn—-N(3) 175.54) C(2)-Fe-C4) 170.84)
N(1)-Zn-N(4) 88.4(3) CQ2)-Te—-C(5) 89.7(4)
N(1)-Zn—N(5) 89.8(3) C(2)-Fe-N 93.1(4)
N(1)-Zn—-0(1) 90.2(3) C(3)-Fe—-C(4) 85.7(4)
N(2)-Zn—-N(3) 92.1(4) C(3)-Te—-C(5) 86.5(4)
N(2)-Zn—N(4) 93.9(4) C(3)-Fe-N 178.2(4)
N(2)-Zn—N(5) 93.1(4) C@4)-Fe-C(5) 89.0(4)
N(2)-Zn-0(1) 177.0(8) C(4)-Fe-N 96.1(4)
N(3)—Zn-N(4) 90.0(4) C(5)~Fe-N 93.7(4)
N(3)-Zn—N(5) 91.3(4) Fe-C(1)-N(1) 179.0(10)
N(3)-Zn-0(1) 85.5(3) Zn-N(1)-C(1) 172.5(8)
N(4)—-Zn-N(5) 172.8(4) Zn—-N(2)~-C(2) 175.5(9)
N(4)-Zn-0(1) 88.0(3) Fe-C(2)-N(2) 179.0(10)
N(5)-Zn-0(1) 85.04) Zn-N(3)-C(3) 177.0(10)
C(1)-Fe-C(2) 91.5(4) Fe—C(3)-N(3) 177.0(10)
C(1)-Fe—-C(3) 84.9(4) Zn-N@#4)-C4) 17449
C(1)-Fe—-C4) 88.5(4) Fe—C(4)-N(4) 178.0(10)
C(1)~-TFe-C(5) 171.14) Zn—-N(5)-C(5) 174.0(10)
C(1)-TFe~N 95.0(4) Fe—~C(5)-N(5) 179.0(10)
Fe-N-O 179.0(9)

strength of hydrogen bonds has been shown by
Brown [15] to be dependent upon the O---O inter-
atomic distances. Strong hydrogen bonds, assuming
no geometric constraints, have contact distances of
approximately 2.73 A, and hydrogen bonding
becomes progressively weaker as the contact distances
increase. Infrared data presented in Table 1 lend
credence to the X-ray diffraction analysis. The strong
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broad peak with a pronounced shoulder, located
between 3600 and 3100 cm™?, attests to hydrogen

bonding. The shoulder may indicate different types
of hydrogen bonding.

Since ZnFe(CN)sNO+3H,O and related type
compounds are considered to be true molecular
sieves, and since many discrepancies related to the
hydration content, system and space group, and
structural geometry have been found in the literature,
future investigations of this class of compounds are
most definitely needed. This laboratory will con-
tinue chemical and structural research in this area.

Supplementary Material

Full listings of anisotropic thermal parameters and
observed and calculated structure factors are available
from author D.F M.

Acknowledgements

The authors wish to acknowledge the financial
support in part by The Robert A. Welch Founda-
tion (Grant No. AA-668) and Baylor University
(URO).

103

References

1 L. Playfair, Proc. R. Soc. London, 5 (1848) 846.

2 P. T. Manoharan and W. C. Hamilton, Inorg. Chem., 2
(1963) 1043.

3 G. Boxhoorn, J. Moolhuysen, J. G. F. Coolegem and
R. A. Van Santen, J. Chem. Soc., Chem. Commun.,
(1985) 1305.

4 . H. Iwase and S. Janigasawa, Inorg. Chim. Acta, 7
(1973) 259.

S Patent # GB2152528A41 (1985) to G. Boxhoorn, J.
Kuypen, J. Moolhuysen, R. G. Van Santen and A.
Rutgen.

6 R. L. Brennan, U. Symons and D. X. West, J. Inorg.
Nucl. Chem., 38 (1976) 1561.

7 B. Mohai, A. Horvath and P. E. Honti, J. Therm. Anal.,
31 (1986) 157.

8 J. B. Ayers and W. H. Waggoner, J. Inorg. Nucl. Chem.,
31 (1969) 2045.

9 R. B. Roof, Jr., LASL Report, Los Alamos Scientific
Laboratory, 1968.

10 G. S. Smith and R. L. Synder, J. Appl. Crystallogr., 12
(1979) 60.

11 P. M. De Wolff, J. Appl. Crystallogr., 1 (1968) 108.

12 Enraf-Nonius, VAX Structure Determination Package,
Delft, The Netherlands, 1982.

13 J. A. Ibers and W. C. Hamilton, International Tables for
X-Ray Crystallography, Vol. 1V, Kynoch Press,
Birmingham, 1974.

14 BIDICS, bond index of the determination of inorganic
crystal structures, Institute for Materials Research,
Hamilton, Canada, 1969-1981.

15 1. D. Brown, Acta Crystallogr., Sect. 4, 32 (1976) 24.



