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ESR results for y-irradiated Kg[Co(CN),] in powder and single crystal forms are reported. The main para-
magnetic species detected at 77 K were diisocyanide [Co"(CN),(NC),]*~ and pentacyanocobaltate (II) [Co™
(CN);]*~. On annealing, diisocyanide was lost and pentacyanocobaltate was formed. In Part I the reaction
mechanism is discussed from the results of the powdered sample and in Part II the noncollinear structure is
presented as the plausible molecular form of diisocyanide from the results of the single crystal.

The central diamagnetic transition metal ions in
inorganic complex compounds are transformed into
paramagnetic ones by high energy radiation, leaving the
mother lattice almost unchanged. The products have
been referred to as the hot ions.» Hot ions of Zn
and Cd in cyanocomplexes have recently been inves-
tigated extensively as single crystals.2=® The cyano-
complexes are useful as the samples of the investigation
of hot ions because they easily form good single crystals
and show interesting features, such as the dimer forma-
tion and the high ligand lability; thus, cyanocobaltate-
(III) has been taken as the sample of the present
experiment. The cyanocabaltate(II) complexes are
dimerized when synthesized by the usual chemical
methods, forming a diamagnetic compound. Also, the
hot ion Co(II) presents ESR data which refer to the
low spin state of d? in contrast to the usual method.
It has been reported that the paramagnetic diisocyanide
[Co™(CN)(NC),]*-, (to be referred to as species I),**
and the pentacyanocobaltate [Co™(CN);]3~ (species II)
are produced by the high energy irradiation of cyano-
cobaltate.®~® However, those investigations in the
literature are preliminary and leave several problems to
be investigated. For example, when the sample is
annealed from 77 K to room temperature, only species I1
can be observed, and not I. Also, the mechanisms
of the formation and the temperature dependence of the
stability of these species have not been clarified. Hence,
we decided to investigate these problems more in detail;
we found that species I and species II are stable at
77 K, but, on annealing, an electron is released from
species I resulting in the formation of species II. The
first part of this paper is concerned with the investiga-
tion of the powdered sample, and the second part, that
of the single crystal.

Part I Powdered Sample
Experimental

Potassium hexacyanocobaltate(III) was prepared with
cobalt(II) chloride hexahydrate and potassium cyanide.!®)
The reagents used were of the reagent grade and no further
putification was done. The purity of the synthesized sample
was checked by elemental analyses: Caled for K;[Co(CN)g]:

* Present address: Department of Chemistry and Physics,
National Institute for Environmental Studies, P. O. Yatabe,
Tsukuba, Ibaraki 300-21.

**  With respect to the real form of the molecule, it is not
clear whether two of the cyanide ligands are inversed® or
twisted.®® We use the formula [Co™(CN),(NC),]¢~ for

convenience.

C, 21.68; H, 0; N, 25.29%. Found: C, 21.65; H, 0; N, 25.74
% mol wt 332.25. The powdered samples were exposed to
y-rays from a %Co source of the University of Tokyo at room
temperature and at 77 K. ESR spectra were obtained with a
JEOL 3BS Type X-band spectrometer using 100 kHz field
modulation. The magnetic field was calibrated by Mn?*
(doped in MgO) and the resonance position of DPPH (g=
2.0036). The ESR spectrum was measured for each specimen
before irradiation and it was confirmed that the sample did
not contain any ESR-active paramagnetic species. The num-
ber of the hot ions was determined by comparing the integrated
intensity of hot ions with that of the standard sample [Co'-
(NH,)g] [CuCl;] which contained 1.3x 101® Cu(II) ions.
The sample was sealed in vacuo (4.2 X 10-¢ Torr), and this
was compared to the sample in air in order to see the atmos-
pheric effect. The sample irradiated at 77 K was annealed
gradually, and ESR was measured during this procedure.
The effect of the total dose applied to the sample was also exa-
mined. When the sample was kept at constant temperature,
species I decayed and II was formed. The rate of this decay
and that of the formation were also measured.

Results

Figure 1 shows the ESR spectra of the sample after
irradiation at 77 K (referred to as I in the figure) and
that at room temperature (II). In both spectra g,
and g, are split into eight lines by Co(II) with a nuclear
spin of 7/2. The spectral patterns are different, with
the different parameters shown in Table 1. Apparently,

TABLE 1. ESR PARAMETERS OF HOT IONS FORMED IN
9-IRRADIATED POWDER K;[Co(CN),].

g 4,G) g 4.6

Irradiated at 77 K (Spectrum I)
- 2.001 61.7 2.091 —70.0
[Co™(CN),4(NC),]* (£0.002) (4-0.3) (£0.001) (0.3)
2.004 89 2.170 —29.3

[Co"(CN)s]*~ (£0.005) (£2) (<40.003) (1)

Irradiated at room temperature (Spectrum IT)

1 _ 2.004 89 2.170 —29.3
[Co™(CN)s)* (4£0.005) (£2) (+0.003) (1)

the features of the spectrum in Fig. 1 are complicated
and cannot be analysed by simple observation. After the
analysis of the angular dependence of the ESR spectra
of the single crystal, it was revealed that the tensors of
g and 4 for species I were orthogonal to each other,
and g, was split by 4, and g, by 4,,and 4,. More details
of the latter finding will be described in Part II of
this article. For species II the 4, can be observed as
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Fig. 1. ESR spectra of y-irradiated powder K,[Co-

(CN)g] at 77 K (Spectrum I) and room temperature.
(Spectrum II).

the split of the g, part, as usual. Species I can be
assigned to the hexacoordinated species [Co"(CN),-
(NC),]*~ and species II to the pentacoordinated one
[Co™(CN);]3-, by the comparison of the g and A4 values
with those of the alkylisocyanide complexes.!1? The
temperature dependence of the two species was
noticeable. As the sample which has been irradiated at
77 K was annealed to room temperature, the formation
of the species II was observed by ESR. During
annealing both species I and II were observed simul-
taneously: I decreased and II increased. The results
are shown in Fig. 2. Species I decreases and 1I in-
creases with time. Besides species I and II, an ESR
signal of narrow linewidth was observed in the center
of the spectrum; this was attributed to the radical
produced by irradiation. Since the intensity of the
radical species was independent of the decay of I, hence,
it was not taken into the consideration of the reaction
mechanisms of I and II. No sizable difference was
observed between the samples sealed in vacuo and that
in the air.

The magnitudes of the total dose exerts a large
influence on the yield of hot ions, as seen in Table 2.
The experimental results can be summarized as: i)
on irradiation of the same dosage, the total yield of I
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Fig. 2. The process of the decay and the formation of hot
ions at 215 K.
(X : Species I, O: species II, ----: total paramagnetic
species.)

TasLE 2. Dosk EFFecT ( X 10-7 mol g-1)
I: [Co™(CN),(NC),]*~
II: [Co™(CN);]3~
IIT: diamagnetic species

Irradiated at 77 K

Total

dose After annealing AtIf‘t‘
(rad) I 11 —_—
I III
1x108 4.8 0.2 3.8 ( 1.2 5.8
5x 108 18 0.8 13 ( 5.8) 18
1x 108 32 1.7 22 (12 ) 32
5x 108 92 9.0 47 (54 ) 90
1x107 120 14 52 (82 ) 133
5% 107 171 50 87 (134 ) 215

and II is independent of the temperature, and ii) on
annealing, some part of species I changes into the
diamagnetic species. Figures 3 and 4 present the
process of the decay and formation of hot ions. The
formations of species II and the diamagnetic species
are second order reactions, and the activation energies
of the two reactions were measured as 9 and 8 kcal/
mol, respectively.

Discussion

Electronic States of Hot Ions. From the crystal field
approximation, the ESR parameters of the d’-low spin
state in the Cy, (or Dy,) symmetry may be expressed
as follows:13)

g, = 2.0023 (1)

g, = 2.0023 + 6% @)
4 6 2

A//-—P[—E'F—T—'-szj (3)
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TABLE 3. SOME PARAMETERS DERIVED FROM ESR MEASUREMENTS (USING CRYSTAL FIELD APPROXIMATION)
;'/A P(Cm _1) K A (Cm _1) A(cm-l) Y4 Aiso (G) Aanlso (G)
Species I 0.0148 0.0168 0.215 340 23000 0.04 —36.5 100
Species IT 0.0279 0.0173 0.0654 352 12600 0.06 —9.8 103

4, = P[—x+%—$ %] )
where A=E(z%) —E (xz or yz), £ is an isotropic term,
and A is the spin-orbit coupling constant. The values
calculated for /4, P, and & from the experimental
results listed in Table 1 are shown in Table 3, where 4,,
and 4, are assumed to have opposite signs. A com-
parison of the value of P (see Table 3) to that of the free
ion P, (0.0254 cm™1) suggests that the unpaired electron
is delocalized considerably in the orbital of the cyanide
ligands (339%,). This also gives rise to a smaller value
of A (see Table 3) than that for the free ion 44 (515
cm~1). With the consideration of the delocalization,
the value of 4 for hot ions can be estimated from /.
Values of 4;,, and 4,,;s, can also be calculated from
—Pr and 4/7P, respectively. Symons and Wilkinson!4
gave an equation to derive the spin density x in Co(4s):
Aiso(G)=1320x—90—(1—yx), where 1320G is the
theoretical value of A;,, from Co(4s) and 90 G is the
3d,2 contribution to A, via spin polarization. yx was
calculated by applying this relation. The values of
%, Aiso, and A, are shown in Table 3. From the
molecular orbital approximation, the ESR parameters
of the d’-low spin state in a C,, (or D,,) symmetry can
be obtained as follows:1%

g, = 2.0023 5)
~2.0023 + 6 %P
8= 2.0028 + 6 s (6)
N SR S B
Ay =P —et 3w g Ty ] O
2 45

4, = Po[—-/c + 2ot Lalal, ] (8)

777 ECE)-E(A,)

The molecular orbitals are
*Ay(ethy’a,) = ad,2 — d'dy(2?) 9)
*E(e®b,%a,*) = fdy, (or dy,) — B'd, (xz or yz) (10)
The values of P, and 4, for a free Co ion are calculated

from atomic spectral data. They depend on their Co
charge!6-18 (Table 4). From the optical spectrum?!®

TasLE 4. THE VALUES oF P, and 4, For A Co 10N
THEY DEPEND ON THE CHARGE ON THE Co ION

Assumed Co charge P,(cm-1) Ag(cm-1)
Co® 0.022® 390'®
Co™0-52 0.0224 424
Co* 0.0228'" 455'®
Co?* 0.0254'" 515

of [Co"(CN);13~, E(®E)—E(2A,) has been determined
to be 10350 cm~t. By substituting E(2E) —E(2A,), a?82,
and the experimentally observed g, value into Eq. 6,
4¢, the charge of Co, and P, of hot ions are evaluated
as 424 cm™!, +0.52, and 0.0224, respectively. With the
values of E(2E)—E(%A;), Py, 4y, and «2f? thus fixed,

the orbital coefficients «> and (2 and the isotropic
hyperfine interaction —Py can be calculated from
Egs. 7 and 8.

In the case of the hot ion [Co"(CN),(NC),]*-,
substituting «36?%, 4y, and the experimentally obtained
g. value into Eq. 6, E(?E)—E(2A,) is evaluated as
18900 cm~-t. With the values of E(?E)—E(?A,), P,
Agp> and «?B? thus obtained, the orbital coefficients o2
and 2 and the isotropic hyperfine interaction — Py
can be calculated from Eqgs. 7 and 8. The calculated
results are summarized in Table 5.

TABLE 5. SOME PARAMETERS DERIVED FROM ESR
MEASUREMENTS (USING MOLECULAR
ORBITAL APPROXIMATION)

E(CE)—

E((2 A)1) o? B — Py (cm-1)
Species 1 18900 0.783 0.847 —0.00395
Species IT 10350 0.826 0.826 —0.00171

According to the results shown in Tables 3 and 5, it is
concluded that: i) the A values for penta and hexa
coordinated species are the same (about 350 cm~1); ii)
the energy difference between the ground and the
excited states is different for the two salts (about 10000
cm™! for the pectacoordinated hot ion and about 20000
cm™! for the hexacoordinated hot ion); and iii) the spin
densities of hot ions are calculated as Co(3d,2) 0.78
and Co(4s) 0.04 for species I, and Co(3d,2) 0.83 and
Co(4s) 0.06 for species II.

Mechanism of the Changes of Species I and I1. At7TIK:
The mechanism of the reactions which take place in the
p-irradiated solid sample is assumed to take the scheme
shown in Fig. 3. The secondary electrons which are
formed by the yp-ray irradiation will hit Co™ in the
complex of [Co™Lg]3~(1) in Fig. 3. With respect
to the subsequent reactions, several different possible
paths can be assumed. The first one is the case where
the species(1) kicks out an electron, leaving itself as an
positive hole. If the hole is stable, it will persist (3).
Ifit is unstable, it may release one of the cyanide ligands,

1colViLg1Z™ e~
(2)

v ——

stable poai)tive hole

l *reollli n12-, o
tcolll 53" unstable [CQ,bs1"7 L

(1

* 115 42~ -
[CoLgl4™s L
) >

e+ [ColllLg13~ — [CollLg4-

(1 species |
e” +"IColllLg12~ — [CollLg) 3~
(4) speciesl]

Fig. 3. The reaction mechanism at 77 K.
Y stands for an excited species.
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thus forming species (4). The latter can also be produced
from species (1) directly. The active electron which
is produced by the irradiation or by the process of the
formation of (2) is trapped by (1) or (4), and produces
hot ions.

Scheme 1 l
species] — decay

speciesll— remain speciesl [Co"LS!’"

Schemell
species] —> speciesIl «+ oL |
speciesll—» remain :

Schemelll
speciesl —» [Comlea' . e
e+ positive hole —» diamag.
(3)

speciesll (CollLg3-

e *[c?il;l.s]z - —> species II

speciesll—» remain

Fig. 4. The reaction mechanism on annealing.
% stands for an excited species.

On Annealing: From the experimental results, three
processes of annealing can be imagined, as shown in
Fig. 4. Among the processes shown in Fig. 4, we take
scheme III as the most plausible. Scheme I cannot
explain why the intensity of species II increases with
temperature. Scheme II cannot explain the fact that
some part of species I changes into the diamagnetic
species. And of scheme II is the actual case, the
formation of species II must be a first order reaction.
In fact, this is against the experimental findings that
both the formation of species II and that of the dia-
magnetic species are second order. But scheme III
can explain the observed facts fairly well. According
to this scheme, species I [Co"Lg]4- releases an electron
and returns to the original complex [Co™L,]3~, and
the electron thus released is trapped by another Co
complex ion, such as [Co'Lg]2- (3) or [Co™L;]%~ (4),
forming either the diamagnetic ion or species II
[Co"Lg]3~. Furthermore, the originally formed species
IT is kept unchanged according to this scheme.

Part I Single Crystal
Experimental

Potassium hexacyanocobaltate(III) was prepared in the
same way as in Part I from cobalt(II) chloride hexahydrate

ESR Study of y-Irradiated K,;[Co(CN)4]
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and potassium cyanide. Single crystals of Ky[Co(CN),l,
approximately 3 X 3x 1 mm3 in size, were obtained by slow
evaporation of the aqueous solution. They were irradiated
at 77 K with °Co p-rays. 1x 10° rads of y-rays in total were
applied to the sample at the rate of 5x 104 rads/h. All condi-
tions of the ESR measurements were the same as those in Part
I. The crystals of K j[Co(CN)g] exhibit polytypism.19:29
Two unit cells occur in the structure of K;[Co(CN)¢]: one,
which is dominant, is orthorhombic (20 r) and the other mono-
clinic (IM,3M,7M). The ESR spectra observed in the present
refer to the orthorhombic symmetry. The orthorhombic
axes b and c of the crystal were easily identified with the aid of
the crystallographic data,?) and the axis of the right-handed
orthorhombic system was unambiguously assigned. The ESR
spectra were observed by rotating the sample at 15° intervals
with the external magnetic field in the ab, ac, or bc plane.

Results

A typical example of the spectrum is shown in Fig. 5.
It consists of one strong line due to the unidentified
radicals, two wing lines (arrows) due to hydrogen
atoms produced in the sample tube, and eight wing
lines due to the Co(II) hot ions with a nuclear spin of
7/2.  Two groups of octets are seen in the figure, which
refer to two non-equivalent directions of the hyperfine
tensor of the Co(II) hot ion. Each hyperfine line of
cobalt is, furthermore, split into five lines, suggesting
the coupling of cobalt with two equivalent nitrogen
atoms. When the magnetic field was set parallel to
the bc, ca, or ab planes, each spectrum became simple
and revealed that it was formed of the two spectra
shown in Figs. 5 and 6. Moreover, when the spectra
taken at the arbitrary positions were analysed, taking
this result into consideration, it was found that the
spectra were produced by species I of the Co(II) hot
ion located in four different sites in the unit cell. This
means the produced hot ion is assigned as species I,
which has been referred to in Part I, and is located at
four sites in the unit cell of the mother lattice. The
g-tensor was evaluated by measuring the central posi-
tion between the first and the eighth peaks. The
hyperfine coupling tensor was obtained as one-seventh
of the separation between the first and eighth peaks.
These results are shown in Fig. 7.

Site 11,1V

2 S O A

bbb

=

] A

LT 1T 1T 17 1717

|
3500

] ’
3400 3300 3200

Site 1,11

] 1) L}
3100 3000 2900 2800 (G)

Fig. 5. An ESR spectrum of an irradiated single crystal of K;[Co(CN),] at 77 K.
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Fig. 6. The angular dependence of ESR spectra of irradiated single crystals of K;[Co(CN)]
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with orientation H being perpendicular to a, b, and c.

Discussion

Three different coordinate systems must be considered
for the crystal of the sample: i) the crystallographic
coordinate system (a, b, c), ii) the principal axis system
of the g-tensor (a, B, ), and iii) the principal axis
system of the A-tensor (1, 2, 3). From the direction
consines with respect to the magnetic field, the g values,
and the hyperfine splitting K, the principal values and
the principal of axes the g-tensor and the A-tensor
are determined by the least-square method. The
principal axes of the g-tensor do not necessarily coincide
with those of the A-tensor. In the coordinates (a, £, ¥),
the g-tensor is diagonalized by
G, 0 O 1,

0 Gp 0|1,
0o o0 G,/ \1,

where Gua=gaas Gss=gis and G, =g},
In the coordinates (1, 2, 3), the A-tensor can be diag-
onalized, but the g-tensor cannot.

&= (lo 15 1)

811812 813\ [B1n 0 0\ /g11 821 a1\ [ Lu
g2K?% = (13, 1y, 15)| &2 822 8as || O Boo O || £12 £20 £32 ]| 12
831 832 833/ \ 0 0 Bys/ \g13 823 833/ \ 15

where By;=A4%,, Byy;=A3,, and By;=A4%,.
In the crystallographic coordinates, the principal values

90
H//b

[Vol. 49, No. 7

TaBLE 6. THE PRINCIPAL VALUES AND TNE DIRECTION CO-
SINES OF THE PRINGIPAL AXES OF [Co'(CN),(NC),]*",
COMPARED WITH THE DIRECTION COSINES
oF Co—C, BONDS IN UNDAMAGED

compLEXES, K3[Co(CN),]

direction cosines of Co-C; bonds in undamaged comp-
lexes, K3[Co (CN)g], calculated from Curry and Runc-

iman’s data.2t)

a b
Co-C, 0.678 0.237
Co-C, —0.421 0.906
Co-C, —0.642 —0.325

C

0.696
0.044
0.694

The principal values and the direction cosines of the

principal axes of [Co™(CN),(NC),]*".

Principal

values (G) a b ¢
A4, 68.4 0.66 0.22 0.72
4, 70.3 —0.34 0.94 0.02
A, 61.3 —0.67 —0.26 0.69

Principal

values a b ¢

gs 2.009 0.70 0.25 0.67
& 2.089
g 2.091 1 wrt above
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Fig. 7. The variation of hyperfine splitting and g values for irradiated single crystals of K;-
[Co(CN)g] with the magnetic field H being perpendicular a, b, and c.

and the principal axes were determined (Table 6).
The direction of the A4,(A4;) axis coincides with Co-C,
and the direction of the g,(g;) axis coincides with
Co-C,. Since g,;~2g,~g,, the direction cosines of g,
and g, cannot be determined exactly. Under the
condition that the g-tensor and the A-tensor are axially
symmetric, the parallel directions are orthogonal to
each other. From the angular dependence of the
superhyperfine splitting of nitrogen it is known that two
cyanide ligands are inversed or twisted along the
parallel direction of the g-tensor (4)=3.92 G, 4AY=
2.95G). Accordingly, the structure of the hot ion is
axially symmetric along the g, axis. On the other
hand, the distribution of the electron density is axially
symmetric along the 4,, axis, i. e., perpendicular to the
gy axis.  Similar noncollinear examples have been
found in radicals,?2-2% but very rarely in metal com-
plexes. Only five cases have been reported in the
literature.%25-28)  'When the principal values and the
principal axes of the g-tensor and the A-tensor are
determined, the powder ESR spectrum can be assigned.
As the parallel components of the g-tensor and the
A-tensor are orthogonal, the 4, can be seen at the g,
part, and the A4, and A, can be seen at the g, part
(Fig. 8). Empirically it is known that [4,|<|4,] for
the hexacoordinated d’-low spin complex, whereas
4,1 >]A.] for the pentacoordinated one.) Symons
and his co-workers® reported that the g-tensor is

g, (gq)
Ay(Ag) — L 3.

i

A|| e

. Jf% t

DPPH

TR PO
—

. s Au(Ag)
j gfl(g]=92)‘ A.I.(Al)
1 . ]

3200 3000 (G)

3600 ' 3400

Fig. 8. An ESR powder spectrum of [Co'(CN),(NC),-
1¢-. ESR parameters assigned by using the single
crystal data. The superhyperfine structure at the g,
part is caused by two equivalent nitrogen atoms of
ligands.

axially symmetric (g,=g,) but the A-tensor is anisotropic
(Ay>A4y). However, this statement is not right; both
the g-tensor and the A-tensor are axially symmetric, and
hence the principal axes do not coincide.

Other alkali metals were used instead of 3K* to
examine the effect of the mother lattice (Fig. 9). Species
I can be measured only in the cases of 3K+ and 3Rb*.
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Fig. 9. ESR spectra of p-irradiated powder of M;[Co(CN)g] (M=Na, K, Rb, Cs).
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Fig. 10. ESR spectra of yp-irradiated powder of K;[Co-
(CN)¢] and Cs,Li[Co(CN),].

When the cation is changed from 3K+ to 2Cs*Lit, the
crystal system changes from orthorhombic to cubic.
ESR parameters of hot ions produced in y-irradiated
Cs,Li[Co(CN),] at 77 K are shown in Table 7 for

TasLE 7. ESR PARAMETERS OF HOT IONS PRODUCED IN
y-IRRADIATED K;[Co(CN)4] AND Cs,Li[Co(CN),].
& 4,(G) 8L 4,(G)
Cs,Li[Co(CN)g] 2.025 64 2.078 —-78.1
K;[Co(CN)g] 2.011 61.7 2.091 -70.0

comparison with the case of K3[Co(CN)g]. In the case
of Cs,Li[Co(CN)g], no superhyperfine structures due
to nitrogen atoms were observed. The A4, can be seen
at the g, part, and the 4, can be seen at the g, part
(Fig. 10). It can be concluded that the noncollinearity
of the g-tensor and the A-tensor is not due to the local
nature of the central metal, but to the entire nature of
the mother lattice of the compound.

We wish to thank Mr. Shingo Katsura of the y-ray
irradiation center for his experimental assistance. We
wish also to thank Dr. Yoji Arata and Dr. Jun-ichi
Isoya for their helpful discussion.
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