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Abstract: The final product resulting from the reaction of KMnO4 and KCN in saturated aqueous solution is a gold-brown
compound K5[(CN)sMnOMn(CN)s]CN, as established by a single-crystal X-ray diffraction study. Full-matrix least-
squares refinement included anisotropic temperature parameters for all atoms and converged with a final R index (on F) of
0.091. The structure contains the oxo bridged [Mn,O(CN);o]é~ ion, which has 2/m crystallographic symmetry with the
bridging oxygen atom lying at a center of symmetry. The ion exists in an eclipsed rotomeric configuration. The Mn-O dis-
tance is relatively short, 1.723 (4) A. Crystallographically independent potassium ions are coordinated to the nitrogen ends
of cyanide groups in trigonal prismatic, octahedral, and square antiprismatic geometries. Crystal data are as follows: ortho-
rhombic; space group Jbam; a = 12.397 (8), b = 12.772 (8), ¢ = 14.618 (7) A (temperature 23°); Z = 4; dgpsq = 1.98,
dcaied = 1.97 g/cm3. The synthesis, isolation, and physical characteristics of K7[Mn2O(CN)0]JCN are reported along with
spectral and magnetic data. The principal features in the infrared spectrum are cyanide stretching bands centered around
2090 cm™!, The optical absorption spectrum in a KBr pellet consists of a primary band at 370 nm with a prominent shoulder
at 410 nm and a weak shoulder at approximately 610 nm. The gold-brown crystals are strongly pleochroic, the crystals being
colorless whén the £ vector is parallel to the long needle axis. This characteristic serves as a convenient means of identifica-
tion for this substance. At room temperature K7[Mn,O(CN);o]CN is diamagnetic.

In 1930 Yakimach! reported that the action of KCN on
KMnOy in saturated aqueous solution led to a red crystal-
line substance of composition K4[Mn(CN)s], which decom-
posed in water giving HCN and MnO,. It was suggested,
assuming this composition, that the salt was a crystal aggre-

gate of K;Mn(CN)g and 2KCN.2 Goldenberg,? in an at-
tempt to prepare this double cyanide of tetravalent manga-
nese, noted that when using Yakimach’s preparation, i.e.,
saturated aqueous KMnOy (6.7%) and a solution contain-
ing 80 g of KCN to 100 g H,0, a bulky precipitate of
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MnQ; resulted. Upon altering the formulation, however, to
4 ml of saturated KMnOy, and 5 ml of the KCN solution,
Goldenberg obtained brown diamagnetic crystals, which he
formulated as K:Mn,(CN)g - 4KOH.? He thereby carried
out a large scale preparation at ice temperature whereupon
“5 g of apparently pure golden brown crystalline plates
were obtained.”

We have confirmed that the predominant crystalline
species formed when saturated aqueous solutions of KCN
and KMnOy are mixed, and the water evaporated, is a gold-
brown compound existing as single or clustered crystals of
long thin needles or blades. The most striking physical
property of these crystals is their pleochroism as observed
by polarized light microscopy. The infrared spectrum of the
compound indicates the presence of cyanide, as does the
fact that decomposition occurs in water to give manganese
dioxide and hydrogen cyanide. These observations, taken
together with electronic spectral and magnetic data, serve
to distinguish the gold-brown compound from all known
cyano complexes of manganese. Although elemental analy-
ses of the compound confirmed the presence of potassium,
manganese, oxygen, and cyanide, our attempts to establish
the empirical formula of the compound from these analyses
were unsuccessful. Thus we undertook a single-crystal X-
ray diffraction study of the compound.

This paper reports the synthesis, isolation, and structural
characterization of this new compound, heptapotassium y-
oxo-bis[pentacyanomanganate(III)]cyanide.

Experimental Section

A, Synthesis and Isolation. Heptapotassium u-oxo-bis[pentacya-
nomanganate(III)Jcyanide may be prepared by mixing together
saturated aqueous solutions of KCN and KMnO, and allowing
H >0 to evaporate (25°, 1 atm) until a slurry of crystalline material
is obtained. The slurry contains the product as gold-brown needles
or blades along with other compounds such as KOCN, red-orange
K3Mn(CN)g, K2COj3, and possibly KHCOj;. Both the yield and
crystal quality of the product seem to improve when the reaction is
carried out at lower temperatures. In a typical run, 100 ml of satu-
rated aqueous KCN at 4° are added to 50 ml of saturated aqueous
KMnOQy, also at 4°, The reddish brown solution is allowed to evap-
orate (4°, 1 atm) to approximately 50 ml, whereupon gold-brown
needles and aggregates may be obtained by decanting the remain-
ing solution. Quantities of several hundred milligrams of product
may be isolated, and at this stage relatively pure samples of com-
pound may be obtained by picking out the crystalline impurities
under a microscope.*

The solid compound is stable in dry air and light and is insoluble
in ordinary polar> and nonpolar solvents. The compound rapidly
decomposes in water at 20°, forming HCN and a voluminous pre-
cipitate of hydrous MnO,. For instance, a solution of 2 mi of H,0
and 10 mg of compound undergoes visible decomposition within
seconds. At 0°, however, the solution appears unchanged for about
40 min.

Distilled H>O and reagent grade KCN and KMnOy4 were used
as starting materials. Attempts to recrystallize the product led to
decomposition. Decomposition of the crystals in a He atmosphere
sets in at about 270° (TGA data) and melting is not observed. An-
alytical samples were hand picked, crystal by crystal, but infrared
spectral analysis almost always showed impurities, such as H,O,
CO327, and HCO;™, that are usually associated with ionic cya-
nide. The elemental analysis reported represents an average of sev-
eral analyses performed by Galbraith Laboratories, Inc., Knox-
ville, Tenn., Schwarzkopf Microanalytical Laboratories, Woods-
ide, N. Y., and M-H-W Laboratories, Garden City, Mich. Anal.
Calcd for KsMny(CN);10: K, 39.9; Mn, 16.0; C, 19.3; N, 22.4; O,
2.3. Found: K, 41.8; Mn, 15.5; C, 19.5; N, 21.7;, O, 3.0; H, 0.4.

B. Physical Measurements. Electronic absorption spectra were
recorded on a Cary Model 17 spectrophotometer, and infrared
measurements were made on a Perkin-Elmer 180 spectrophotome-
ter. Both spectral studies used a 1.0-mg sample in a 250 mg, 13
mm diameter KBr disk. Far-infrared spectra were obtained with a
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paraffin wax pellet. Magnetic susceptibilities were measured with
a Princeton Applied Research FM-1 vibrating sample magnetome-
ter.

C. Collection and Reduction of Intensity Data. Thirty-eight well-
formed, but very thin, needle-like crystals, which gave good optical
extinction under crossed polarizers, were selected for X-ray analy-
sis. Only one (0.08 X 0.19 X 0.61 mm) proved to be a single crys-
tal and was used in the subsequent X-ray investigation. A series of
Weissenberg and precession photographs taken with Mo Ka and
Cu Ka radiations indicated systematic absences of reflections hk/
with & + k + [ odd, 0kl with k odd and k0! with & odd. The
crystals were assigned to the orthorhombic system, space group
Iba?2 or Ibam. The measured density of the crystal, by flotation in
a CHBrj-n-CgH /4 mixture, is 1.98 (3) g/cm? and the calculated
density, assuming four formula units per unit cell, is 1.97 g/cm?.

Sixteen reflections (26 > 20°) were centered in the counter ap-
erture by varying 28, ¢, and x in conjunction with the left-right
and top-bottom balancing features of the variable receiving aper-
ture. The cell constants and their standard deviations were deter-
mined by a least-squares refinement of the 26 values for these six-
teen reflections. The results (Mo Ka radiation, A 0.7107, 23°) are
a =12.397(8), b = 12.772 (8), and ¢ = 14.618 (7) A. The corre-
sponding ¢ and x values for 14 of the reflections were used as input
data for the orientation program operating under the CRYM crys-
tallographic computing system.® The independent intensity data
set was collected from a single crystal at 23° using a Datex-auto-
mated General Electric diffractometer. The crystal was mounted
with its ¢ axis approximately parallel to the ¢ axis of the diffracto-
meter.

A total of 567 independent reflections was collected by the §-26
scan technique in the range 4° < 26(Mo Ka) < 40°. A check of
several high-angle reflections indicated that our settings included
the entire peak in the scan. The pulse height analyzer was set for
approximately a 90% window centered on the Mo K peak. A scan
rate of 0.5°/min (in 26) was used with stationary counter, station-
ary crystal background counts of 60 sec duration taken at each end
of the scan. A symmetric scan range of between 2.0 and 4.0° was
adjusted to account for aj-ay splitting.

Throughout the data collection the intensities of three reference
reflections were measured every 60 reflections. There were no signs
of crystal decomposition in the X-ray beam.

The values for the observed intensities, / opsd, Were derived from
the scalar counts using the formula

B, + B 4
Iobsd: S - 12 2<§6>

where § is the scan count, B, and B, are the two background
counts, and ¢ is the scan time in seconds. Negative values of [ opsd
calculated from this formula were set equal to zero. The standard
deviation for each reflection was calculated using

2
) = 8 + BB (L) + 0,028

The last term in this equation is an empirical term (Busing and
Levy)7 which presumably allows for errors not due to counting sta-
tistics. The standard deviations calculated in this way were the
basis for the weights used in the least-squares refinement. The in-
tensities and their standard deviations were corrected for Lorentz
and polarization effects but not for absorption.® The linear absorp-
tion coefficient (Mo Ke) for this compound is 24.1 em™!, uf max =
1.5. The data were put on an approximately absolute scale with a
Wilson plot.° The distribution of the normalized structure fac-
tors!® and application of the zero moment test of Howells, Phillips,
and Rogers!! suggested the centric space group /bam, and, in ac-
cordance with this, Jbam was assumed for the analysis. Of the 567
reflections collected, 426 obeyed the condition F2 > ¢(F?) and
were used in subsequent calculations,

D. Solution and Refinement of the Structure. The approximate
coordinates of the manganese atom were readily determined from
a three-dimensional Patterson map. Subsequent Fourier and dif-
ference Fourier maps were used to locate the potassium, oxygen,
carbon, and nitrogen atoms. The positions of the potassium ions
suggested further that the space group is /bam rather than /ba2.
The function minimized throughout the full-matrix least-squares

Ziolo, Stanford, Rossman, Gray /| K7[(CN)sMnOMn(CN)s]CN
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Table I. Atom Positional and Thermal Parameters (X 104)e—¢

Atom x y z Bu Ba2 Bss B2 Brs Bas
Mn 1309 (3) 451 (3) 0(2) 23 (3) 23 (3) 17 (2) —1(5) 0 0
K(1) 3535 (3) 1793 (3) 1931 (2) 64 (4) 44 (3) 30 (2) 19 (6) —6(5) —17 (5)
K(2) 1045 (4) 3754 (5) 0 33(5) 48 (5) 61 (4) —14 (8) 0 0
K(3) 0 0 Yy 49 (6) 40 (6) 30 (4) 0 0 0
(6§} 989 (11) 1528 (14) 955 (10) 25 (14) 56 (15) 13 (9) —25(26) —6(21) 3(21)
C(2) 1794 (12) —522(14) 965 (11) 28 (13) 44 (14) 14 (9) —4(23) —2(20) 0(20)
C(3) 2882 (22) 962 (18) 0 54 (29) 22(19) 16 (14) —48 (38) 0 0
C(4), N(4) Y, 0 2189 (79) 73 (20) 7317 275 (141) 69 (77) 0 0
N(D 760 (11) 2156 (11) 1480 (9) 58 (13) 37 (13) 16 (7) —-7(19) —-207) -8 (17)
N(2) 2119 (11) —1074 (10) 1549 (10) 56 (15) 31 (12) 35(9) 9 (20) —25(17) 3017
N(@3) 3756 (20) 1215 (16) 0 34 (20) 44 (17) 47 (14) —90 (33) 0
(6] 4] 0 0 20(17) 29 (15) 27 (12) 7 (28) 0 0

@ A zero or Ifractional qotation fpr a_positional parameter indicates a special position. The fractional form has not been multiplied by 10+.
”.Th.e numbe_:rllng system 1s.shown in Figure 1. ¢ Errors estimated by the least-squares refinement process via the inverse matrix for the least
significant digits are given in parentheses following the parameter. ¢ The temperature factors are of the form exp[ —(Buh? + Ba2k? + B33/2 +

Biohk + Bishl + Baskl)].

refinement was Tw(F 2 = F2)2, where w = 1/a2(F,?). The un-

TN

SN, 4 |
weighted and weighted residuals are defined as N ;:gt”'
@) : 1146
(1 s 7{
Ry = S||F,| - |F,|!/ziF,] 77&

and

ool

R, = Suf(F,? - F 2/ SuF! ogos 84 saa ,
: N \ [ L1190 TN1723 2956 i o IR

In the final cycle of refinement, 97 parameters, including the N\m/-‘t 2 ' goge \",)'-SLH/-—\ ™ (E )
scale factor, were varied. No atom parameter shifted by as much 55?\‘%2” igm
as 0.1 esd with the exception of C(4)(N(4)) where parameter ]
shifts were 0.2 esd (vide infra). The final R, and R, values for TN Sewr)
the 426 reflections whose intensities were observed to be greater ‘\\Ji\ ms
than one standard deviation above background were found to be N N
0.091 and 0.009, respectively. The goodness of fit, [Ew(F > — S ~—

FA)?2/(m = s)]1/2, where m is the number of reflections and s the
aumber of refined parameters, was 0.94.

All calculations were carried out on an IBM 370/155 computer
using subprograms operating under the CRYM crystallographic
computing system.6 Atomic form factors for neutral Mn, K, O, C,
and N were taken from Hansen, Herman, Lea, and Skillman,!? the
value for Mn being reduced by 0.5 electron to take account of the
real part of anomalous dispersion.!3> AF” was ignored. The final

Figute 1. Structure of the [Mn,O(CN) ]~ ion. The mirror planc is in
the plane of the paper and is normal to the ¢ axis.

scribed. Although we cannot absolutely eliminate the possibility of
some contribution from proposals 1 and 2, we find that the sim-
plest situation, case 3, adequately fits our observations.

difference map, computed using all data, showed residual features l\,‘ 9

in the range —0.68 to +0.67 ¢/A3. A table of observed and calcu- c N i .

lated structure factor amplitudes is available.!4 The positional and y/ o ¢ N ? J\

thermal parameters are listed in Table I. 7 f—N—C U
The estimated standard deviations in the positions of the manga- || ¢ N NC

nese and potassium atoms are approximately 0.004 A, whereas ¢ N I I

those for the oxygen, carbon, and nitrogen atoms are about 0.02 A, N o€

except for C(4)(N(4)), whose vibrational amplitude exceeds 0.4 A (D (2) (3)

The thermal motions of the atoms, as reflected by their rms dis- Resul d Di .

placements along the principal axes of the temperature factor ellip- esults and Discussion

soids, showed no anomalies and were reasonable in magnitude and Our X-ray study establishes the formulation

direction. Furthermore, no excessive thermal motion normal to the
mirror plane was noted for those atoms (Mn, K(2), C(3), N(3))
that lie in the plane if the space group is Jbam. Thus, no attempt
was made to refine the structure in the noncentrosymmetric space
group Iba 2, as this observation strongly suggests that the mirror
piane is genuine and that the space group is truly the centrosym-
metric one, /bam. Supporting this conclusion are the results of the
statistical tests (vide supra) and also the agreement between the
observed and calculated structure factors which is about as good as
can be expected considering the quality of the crystals available
(vide infra).}>

Our assignment of the disorder of the cyanide group, C(4)-
N(4), resulted from a number of attempts to explain the features
seen in the difference Fourier maps. Three possible cases of disor-
der were examined and these are illustrated below. The various
trials included keeping either the nitrogen or carbon atom fixed at
15,0,; and allowing the other atom to be distributed equally be-
tween the two positions at '5,0,% £ Az, as in case 1. Allowance
was also made for the cyanide group to be distributed about the
points at '5,0,% £ Az, as in case 2. The final choice, case 3, where-
in the cyanide group is distributed about the point 15,0,%, fits the
data as well as either of the two more complicated possibilities de-

K;[(CN)sMnOMn(CN)s]CN for the gold-brown crystal-
line compound obtained from the reaction between saturat-
ed aqueous KCN and KMnO4.'® The compound contains
the binuclear [Mn,O(CN)0]®~ complex anion, which has
2/m crystallographic symmetry with the bridging oxygen
atom lying at a center of symmetry. Carbon-bonded cya-
nide groups!” complete a distorted octahedral coordination
geometry around each Mn(III) ion and have an eclipsed
configuration (Figure 1), as required by the center of sym-
metry, giving the anion an overall idealized symmetry of
D 4. Alisting of important interatomic distances and angles
is given in Table II.

An interesting feature of the binuclear anion is the short
manganese-oxygen distance of 1.723 (4) A. This distance is
shorter than normally expected for a single covalent bond.
For instance, in di-u-oxo-tetrakis(2,2’-bipyridine)dimanga-
nese(I11,IV) perchlorate trihydrate, the Mn(III)-O dis-
tances are 1.853 and 1.856 A.!18 The short distance in
[Mn,O(CN) 0]®~, however, is remarkably close in value
to the Mn(I1I)-O distance of 1.71 (1) A in u-oxo-bis-
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Figure 2. A stereoscopic view of the packing in a unit cell of K7[(CN)sMnOMn(CN)s]CN.

Table IL Interatomic Distances (A) and Angles (deg)e?

Atoms Distances Atoms Angles
Mn-O 1.723 (4) C(1)-Mn-C(3) 88.3 (6)
Mn-C(1) 1.999 17) C(1)-Mn-C(2) 89.7 (1)
Mn-C(2) 1.974 17) C(2)-Mn-C(3) 84.9 (6)
Mn-C(3) 2.056 (27) Mn-C(1)-N(1) 176.7 (14)
C(1)-N(1) 1.146 (21) Mn-C(2)-N(2) 177.1 (1)
C(2)-N(2) 1.178 (22) Mn-C(3)-N(3) 178.0 (21)
C(3)-N@3) 1.130 (36) O-Mn-C(1) 92.4(4)
C(4)-N(4) 0.910 (81) O-Mn-C(2) 94.4 (5)
K(1)-C(4) 2.947 (17) O-Mn-C(3) 179.0(7)
K(3)-O 3.654

K(1)-K(1") 3.552(8)c

@ See Figure 1 for the atom-labeling scheme, ® The values in
parentheses are estimated standard deviations in the least signifi-
cant figure(s) as obtained from the least-squares refinement pro-
cess via the inverse matrix. ¢ Closest potassium-potassium ap-
proach: K(1)[Ys— x, Yo — y, Y2 — 2].

[phthalocyanatopyridinemanganese(111)]  dipyridinate,'®
which is the only other known binuclear manganese com-
plex containing a linear oxo bridge. In the latter compound,
the phthalocyanine groups assume a staggered configura-
tion (49°), which contrasts with our findings for
[Mn,O(CN)10]®~. A similar situation of different rotomer-
ic configurations but similar M-O distances has been ob-
served for the compounds [Pt(NH3)4],[Re>O3(CN)g] and
Re;03[S,CN(C,Hs)2]4.20

In the present structure, the manganese atoms are dis-
placed out of the MnC, (eq) least-squares plane by 0.14 A
toward the oxygen atom. This type of metal-atom displace-
ment has been observed in other six-coordinate complexes
containing X4Mn-O and X4Mn-N units,2! and has been
explained as arising from the nonbonded repulsions between
the X and the O and N atoms, respectively.?? In the present
case, the distances between the oxygen atom and the carbon
atoms of the equatorial cyanide groups (2.69 and 2.72 A for
C(1) and C(2), respectively) have an optimum value of ap-
proximately 2.7 A, and about 0.1 A longer thanthe O+ .. C
distance calculated for O-Mn-C angles of 90°. The present
O-Mn-C(1) and O-Mn-C(2) angles are 92.4 (4) and 94.4
(5)°, respectively.

The manganese—carbon distances appear normal and
have a mean value of 2.010 (36) A with essentially no dif-
ference between the equatorial and axial distances (<30).
The carbon-nitrogen distances have a mean value of 1.{51
(47) A, except for the C(4)-N(4) unit, which has a distance
of 0.910 (81) A. The closest contacts of the potassium ions

g) t?s free cyanide are about the same as that in KCN (2.94
).z

Table II. Least-Squares Plane

Atoms

defining

planes Equation of plane? Deviations
Mn C(1) 0.928X + 0.372Y — Mn, —0.138; 0, —1.859; C(3),
N(1)C2 1.8 =0 —+1.914; C(1), +0.004; N(1),
N(2) +0.039; C(2), —0.043; N(2),

+0.070

@ And equivalent atoms related by x, y, Z except for Mn. ? Defined
by thereal coordinates X, Y.

A. Crystal Packing. The packing arrangement within
crystalline K;7[MnyO(CN)o]CN is dominated by the
[Mn;O(CN)o]®~ ion and may be described with the aid of
a stereoscopic view of the unit cell contents (Figure 2). The
structure consists of layers of [Mn,O(CN)o]®~ ions, with
the linear Mn-O-Mn units of the jons lying in planes nor-
mal to the ¢ axis at z = 0, %5, and 1, and making in-plane
angles of 19.5° with respect to the a axis or its projection in
the case of z = !5. In a layer, the four nearest neighbor an-
ions, in terms of their Mn-O-Mn units, make angles of 2 X
19.5° with respect to the center anion’s Mn-O-Mn unit,
thereby orienting nearest in-plane neighbor anions 39° with
respect to each other. The layers of [Mn,O(CN)¢]®” ions
stack to form columns of anions running parallel to the ¢
axis. In the stack the oxygen atoms are arranged along the
center line of the column. The anions are again staggered,
alternatingly, 39° with respect to each other along the col-
umn. Each binuclear unit therefore has a total of six nearest
neighbors, all oriented in the same direction with respect to
each other, but all 39° with respect to the center anion in
terms of the Mn-O-Mn units.

The alternatingly staggered packing of the binuclear an-
ions gives rise to two nearly regular coordination polyhedra,
having vertices occupied by nitrogen atoms from the cya-
nide groups of the anions and a center occupied by one of
the three crystallographically independent potassium ions.
From Figure 2 it may be seen that the staggered packing
along a column gives rise to a slightly distorted square an-
tiprism (39° vs. 45°), whose vertices are composed of four
nitrogen atoms from one anion and four nitrogen atoms
from an adjacent anion in the column. The relative rotation
of the anions by 39° clearly lessens the repulsions between
the nonbonded nitrogen atoms, while leaving the oxygen-
oxygen distances unaltered. The center of the square antip-
rism, which lies midway between the oxygen atoms along
the center line of the column, is occupied by one of the inde-
pendent potassium ions, K(3). The eight K(3)-N distances
have a mean value of 3.27 (4) A. The staggered arrange-
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Figure 3. The infrared spectrum of K7[(CN)sMnOMn(CN)s]CN: KBr peliet, 4000-300 cm~'; paraffin wax, 300-33 cm ™.

ment of anions withkin a layer gives rise to a slightly distort-
ed trigonal prism, whose vertices are composed of six nitro-
gen atoms from one, two, and three cyanide groups of three
separate anions, respectively, The second independent po-
tassium ion, K(2), is located approximately at the center of
this trigonal prism, and the mean value for the six K(2)-N
distances is 2.89 (4) A. To our knowledge, this represents
the first instance of a potassium ion in a trigonal-prismatic
coordination environment. The triplet of potassium ions is
completed by K(1), which is located between the planes of
anions; K(1) has a six-coordinate, distorted octahedral ge-
ometry composed of the one free cyanide group (equatorial
position) and five nitrogen atoms from coordinated cyanide
groups, The mean value for the five K(1)-N distances and
the one K(1)-CN distance is 2.83 (5) A. Three of the five
nitrogen atoms are furnished from cyanide groups on differ-

ent anjons, whereas two come from cyanide groups of the
same anion but attached to different manganese atoms.

Finally, we note that the free cyanide group occupies
voids within the crystal lattice and may be viewed as being
centrally located within columns of potassium ions (K(1)
and K(2)) running parallel to the ¢ axis. This situation is
readily seen on the front face of the unit cell in Figure 2.

B. Spectral and Magnetic Data. The infrared spectrum of
K;[Mn,O(CN)¢]CN is presented in Figure 3. The domi-
nant features are the main cyanide stretching band at 2090
cm~! and the less intense C-N stretches at 2102, 2117,
2063, 2050, and 2161 cm™!, Other prominent features,
which are assigned to Mn-C stretching and bending modes,
are the sharp, lower energy bands at 376 and 355 cm™!, the
more intense far-infrared features at about 189 and 156
cm~!, and the series of rather sharp bands at 477, 464, 452,
431,418, and 119 cm~!. Present in the ir spectra of all sam-
ples, but of varying intensity with respect to the cyanide
features, are the bands at 1450 and 865 cm~!. These bands
may be assigned to carbonate and bicarbonate impurities,2*
which are believed to adhere to the fibrous or needle-like
compound, and which result from the decomposition of cya-
nide in the presence of CO; and H,0O. Additionally, water
bands at 3430 and ~1650 cm~! are present.

Most oxo bridged binuclear species exhibit a medium to
strong intensity absorption band in the 700-900-cm™! re-
gion attributable to the asymmetric M—O-M stretching vi-
bration.252¢ For instance, this stretching vibration gives
rise?” to a prominent band at ~890 cm™! in K4[O(CN)4Re-
ORe(CN)40] - H;0,2° and in the oxo bridged mangan-
ese(I1I) phthalocyanine complex »,5(M-O-M) appears at

820 cm~!.28 The only apparent candidate for v,;(M-0O-M)
in the ir spectrum of K7[(CN)sMnOMn(CN);s]CN is a rel-
atively weak band at 880 cm™!, which is not assignable at
least to CO32-, HCO;~, OCN™, H;0, or KsiMn(CN)s. A
similarly weak absorption occurs in K4[Ru,OCl;o]H,O at
888 ¢cm™!, and its assignment as the Ru-O-Ru asymmetric
stretch has been confirmed by '#0 labeling.?’ In the present
case, however, the possibility that the 880-cm™! band repre-
sents another impurity has not been ruled out.

The  optical  absorption  spectrum  of  solid
K5[(Mn);0(CN)g]CN in a KBr pellet (300°K) consists of
a primary band at 370 nm with a prominent shoulder at 510
nm and a weak shoulder at approximately 610 nm. At
78°K, the major change is a sharpening of the two shoul-
ders. The molar extinction coefficient of the 370-nm peak is
estimated to be at least 2 X 10° from the pellet data. It is
probable, therefore, that the 370-nm feature represents a
ligand-to-metal charge transfer (LMCT) transition. The
spectrum of the [Mn(CN)s(OH)]?~ ion would be expected
to be similar. In acidic solution, it consists of a set of two
bands at 381 and 393 nm and a less intense band at 470 nm
in addition to higher energy bands.3® The two bands at 381
and 393 nm are analogous to the 370-nm feature in the
present complex.

The thin, needle-like, biaxial crystals of
K7[Mn;O(CN)|o]CN, when examined under magnifica-
tion, are strongly pleochroic. When the £ vector is parallel
to the long needle axis, the crystals are colorless, and, when
E is perpendicular to the needle axis, the color varies from
orange (§ direction) to orange-brown (v direction). The
strong color can be correlated to the structural orientations
of the [Mn,O(CN),]¢~ ions by noting that maximum
color (absorption) occurs when the electric vector is in the
plane of the Mn-O-Mn units. This strong absorption which
occurs when the electric vector is parallel to a component of
the M-O-M direction appears to be a general feature of
transition metal oxo bridged binuclear complexes.>

At room temperature, the observed gram susceptibility of
K7[Mn;O(CN)o]CN is —0.205 X 107¢ g=' cm?. After
applying a diamagnetic correction of —140 X 107°, a net
paramagnetism of +71 X 107% per mole of Mn is obtained,
which represents a g.rr/Mn of 0.41 BM. This value repre-
sents an upper limit to the paramagnetism, as the impurities
which occur with the compound can be paramagnetic man-
ganese compounds. High-spin Mn(III) compounds com-
monly have magnetic moments of about 4.9 BM when not
antiferromagnetically coupled.’’ Low-spin Mn(IIl} com-
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pounds are few in number, being limited to the salts of
[Mn(CN)g]*>~ and [Mn(CN)sOH]?*~., The magnetic mo-
ment of K3sMn(CN)g at 300°K is 3,50 BM,3Z and that of
KsMn(CN)sOH is 2.92 BM,33 These values are far above
the upper limit of 046 BM found for
K7[Mny;O(CN)o]CN. The low effective magnetic moment
could arise from antiferromagnetic coupling between the
manganese atoms. Antiferromagnetic coupling probably oc-
curs in the oxo bridged Mn(III) phthalocyanine complex,
which has a room temperature moment of 0.71 BM.!9 A
study of the temperature dependence of the susceptibility of
the gold-brown compound is obviously needed, but will not
be meaningful until extremely high-purity crystalline mate-
rial is available.
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