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ABSTRACT

Single crystals of KCl doped with Ni(CN)4K2 0.02M were ix
radiated with 2 MeV electrons. ESR';tudies of the éamples with;?OZ
of 13C reveal the existence of four species assigned to be
(Ni(CN)4C12)3- and (Ni(CN)4C12)5- in the‘isomeric states cis and
trans. The form of the g and A tensofs is discussed and it indicates

that the great anisotropies observed in the cis species are due to

the influence of the vacancy created by charge compensation.

1. INTRODUCTION

i 1-6 . . . -

Danon and co-workers produced paramagnetic d7 species

, . ‘e s - . 6 ' s -

by electron irradiation of low spin d  complexes iike M(CN)FZ. In
b

this wvaper we study the interesting case of paramagnefic species

submitted to the Journal of Chemical Physics.
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cbtained by electron irradiation of low spin d- complexes. tarii

3 introducing the compliex ion

er ESR studies' © may be simplified
in a cubic host lattice such as KC1. The advantages are obvious:
diamagnetic dilution, stability by local charge compensation and
a véry easy orientation of the cubic crystal.

In this paper Qe stﬁdy the coordination_and the oxida-
tion-reduction of (Ni(CN),)?™ ih KC1. Diamagnetic Ni(CN),K, shows
square-planar symmetry. Assuming that‘no dissociation of the mo-
lecule is producéd during the crystal growth or after irradiation
we may expect the formation of two‘isomers: a trans-isomer if

square-planar symmetry is preserved and a cis isomer if it is not.

We found both types of isomers.

2. EXPERIMENTAL

The single crystals were grown by slow evaporation from
saturated aqueous solution of KC1 to which N1'(CN)4K2 was added in
molar proportion of 2 per cent. They were of about 5mm edge and
the best ones were chbsen by visual inspection.

Irradiation was perférmed a£ 77K. The irradiated sam -
ples were brought to room temperature and exposed to UV rays in
order to eliminate the undesired sigﬁa]s from Vk centers. Each
sample was irradiated during 20 seconds with 2MeV electrons at a
current of 5pA.

Spectra were obtained with a Varian 4500 X-band spectro
meter at liquid nitrogen temperature. Q-band measurements were
performed to obtain angular veriation and to check on the coheren

ce of the species assignment.

For examination in the spectrometer the crystals were



“mounted on a cold-finger ESR cryostat in such a way that they
could be rotated around one of the principal axis. In Fig. 1 we
13

show a tipical spectrum observed with 70% of '“C.

3. ANGULAR DEPENDENCE OF g-FACTOR

For a paramagnetic complex ion in a cubic crystal the

ESR spectrum is}gxpected to present a complicated structure due
to the fact that a number of non-equivalént positions in the host
are possible. We shall now deduce the theoretical spectrum star
ting from an arbitrary position of the g-tensor associated to
the complex ion and all possibie non—equivalenﬁ positions gene-
rated from the host cubic symmetry.

. For any paramagnetic.compIex ion the g-factor has an an

gular variation inen by

2 3 I ' .
gc=m.% .nm (1)
where
) 3
and
95 % 9gj s (3)
7

for it is easy to show' that the g-tensor for a Kramers' doublet
is diagonal if there are two perpendicular C2 axis coincident with
the coordinate system of the complex ion. The matrix m is the co-
Tumn matrix of the direction cosines of the magnetic field H = HO
. n
relative to the crystal cubic axis and’E is the row vector.
Since the host Tattice has cubic symmetry fhere are

twenty four different orientations for the g-tensor of a comnle:



"jon. having one of them, the others can be ohtained frow tne rg

"lations:

3 v e

g, = P4(Rﬁ)gr4(Rn) n=1,2,...,24 . (4)
r4 is the fourth irreducible representation in Bethe notation and

R, is an element of the octahedral group 0. From (1) and (4) it

follows that

gn—mn . .mn . .
+ > ‘ '
m = T,(R)m . ‘ (6)

Without loss of generality the crystal axis of rotation
can be taken in the z direction. Thus, the magnetic field is con

tained in the (xy) plane and m can be written as m o= cos¢ <L+

+ sen¢ 5 where ¢ is the ang1e'between the x axis direction and H.
It is convenient to decomposed the group ¢ in terms of

the left-cosets of the group D2 =,(E,C§) X (E,Cg) resulting 1in

_ : . 8
0 = DZ’ale”"’aSDS

It follows that Cg M = - m and the effect of Cg on m is to turn ¢

" into -¢. Thus, applying Cg to m we get that only twelve gn-factors
%
m

are different, Computing M by means of €52y ..53g which form
the subgroup 03 of 0 we obtain.six 9, that are expressed analytical

ly by:

2

_ 2 . canly -
g (ij)(¢) = Aii cos"¢ + Aij sen2d + Ajj sen & i#3 . (7)

Lquation (7) can be simplified by noticing that for i< j

y . . . 2 ’ 2 »
ve can define the new quantities a ..y and g .. i ‘e
new q S 97(55) nd 92(17) which satisfy:



A, + A, . ..
2 ) = — 3J 13 ¢ A g
91(ij)(¢) = . + ) .:en 2(¢+ 13) (8
A..+ A.. k.. )
2 = A3 3 4 W osen 2(¢-q, . - (9)
gZ(ij)(¢) " " (¢ 1J) |
where
a ) 2 2 \1/2 10
kij = ((Aii Aij) + 4 Aij) (10)
" and the angle % is such that

We can expand the definitions given in (8) and (9) to

account for +¢ and -¢:

S A..+A.. k.. :
g$ (13}(¢) - “2 3.+ A sen 2(¢+aij) (12)
A..+A. . k..
2 _ i 33 ij -
-9, (ij)(¢) = > t y sen 2(¢ aij) (13)

From (12) and (13) it follows that the first two sums below

2 - 2 2 2 | :
: 91+(ij)(¢) + 91—(ij)(¢) = 92+(ij)(¢)+92—(ij)(¢)= Aii+Ajj (14)

are independent of ¢.

Equation (14) gives Fhe nossibility of fitting the ob-
served angular variation of the ESR spectrum using a simple table
|

of experimental g ¢i) factors.

In Figure 2 we show the observed anguliar variation of g-
~-factors. The lines joining experimental points were calculated

subjected to condition {14).

The matrix A is easily computed from equations (11} & .d



{14). Even when more than one kind of complex ions 1s present,
‘aquation (11) can still be used, since for each-ion 4, from (1

we get:

klz(i)sen Za]Z(L)-k]3(£) sen 2a13(i)+k23(£) fen 2a23(£) =0 (15)
L= 1,245...

This relation determines the three parameters corresponding to

1]
the g-tensor remains right-handed.

each ion and the sign of a.. so that the coordinate system of

In Table i we show the obtained g-tensor values for.

the Ni(CN)4K2 in KC1 irradiated with electrons.

4. INTERPRETATION OF THE g-TENSORS

If the Ni(CN)4K2 ion preserves the square-planar symme

try we can expect a Ni(CN)4C'I2 trans isomer in a state of charge

3+

Ni+(3d9) for reduction and as Ni (3d7) for oxidaticon. The ordég

'ihg is that given by the spectrochemical series rough approxima-

tiong. When N12+'captures an electron in the e(b]) orbital it is

10

easy to calculate the resulting g-factors in second-order per-

turbation theory, obtaining:

L2 o
Ag, 8)\!("/({:(_:-EC) . (]6)

bay = 2KG/(E,

1

eoE) (17)

where X is the spin-orbit coupling constani, k the orbital redur

tion factor, and Ee’ Et, Eq . the orbital energies in Griffith
10 o

nomenclature



3+

ror Ni the unpaired electron is in a e(a]) virpizal ,

and, being B the electrostatic parameter of Racah, the g-factor

is given by]O:

Ag, = 0 ' (18)

. 2 . a _ .
bgy = 6Xk°/(E -Eg-5B) . | (19)

23

Using Equations (16) and (18) and values listed in Ta-
ble I one finds that species I and II can be assigned to be

3+ respectively.'

Ni(CN)4C12 tfans, invstates of charge Nit and Ni
The existence of a small distortion in g-values may be due to the
influence of.the vacancies created by charge compensation in the
KC1 1attice3. |

| Species III and IV can be intérpreted as Ni(CN)4C12 cis

3% However, the presence of

isomer in states of charge Ni' and Ni
one'unpaired'eléctron in the 6 orbital imp]ies an axially symme-
tric g-tensor because we assumed that n and £ functions are dege
nerate. As can be seen 1in Table I fhe g-tensor for species IIT
is not axially symmetric. This.apparent discrepancy can be under-
stood if the degeneracy of the n and £ o;bitals is raised and it
can be raised by the contribution of.fhe following terms: second-
-order terms appearing by phe mixture with (1//2)(4px+4py) orbi-
tals.and/or static distortion induced by.yacanciés. These terms

give rise in the expansion of V to a term with the symmetry

T2g
.
the results obtained by Griffith

cis
In order to calculate the contribution of this term we use
11

C
s Where R] and R2 are arbitra

vy constants.
129

r can release the

These ma@rices show that the term C



T T
2g C 29
CC e z r n g
6 |0 Ry on 0 | R, (20;
4 R] 0 ' R2 "0

degeneracy of the orbitals 99 = (1//2)(n+£) and ¢, = (1/v2)(n-£)
and.also produces a mixture of the © and'c orbitals.
Being

[w+> = cosy |6>+ seny |[g>

(21)

|¥_> =-seny |06>+ cosy |z> s

for one electron in ¥, orbital in second-order perturbation theory

we obtain
cq +81k2 sen? J(E -E, )
90017pT O n - SN Y/ E TRy
2 ' 2

g =g, + 2Xki" (V3 cosy-seny)“/(E, ~-E, ) (22)

1107% ( ) 6, ",

9970590 * ZAk:Z(/3 cqsy+seny)2/(E -Ey )

$ ) ¢2 .
where tn27z~2R]/(EC-Ee) : . (23)

‘ For small and positive values of equation (22) and
(25) show that the order 9001 < 9770 <.QJT5 is obtained, in agrea
ment with the g-values for species III given in.Tab}e 1.

He shall now Qroceed to estimate the value of vy.
Considering only the first term in the expansion of

.
¢, 28

e

. .1
of-V in tesseral harmonics ', we have



Ry = <6{f(r) 232 lg>= - 2AY5/7 | (24)

R, = <n|f(r) 23, l&>= AV15/7 . ' (25)

Thus, using (23), (24) and (25) one obtains:

Ry = (/3/4)(EC-Ee)tn 2v.

From (22) and the experimental ratio {(9110-90)/(9110~90)} = 0.57,

after some algebra one finds:
(V3-tny)2 4% (8y725) tn 2y(2 tny-v3)

3 = 0.57
(V/3+tny)S 4+ (A]/Az) tn 2y(2 tny+v3)

where A] = E;-Ee and A2 = Eg,n'Ee

‘Assuming that 1 < (AI/AZ) < 2 E we obtain 80 < y < 5.50.
This relation shows that the mixture between e.and r is a small one
and that the great anisotropy in g-values in species IIl is due to
the addition of both effects, the mixture and the raise of degene-
racy. |

As-spegies IV must be.a cis Ni3+ (3d7) with the unpaired
electron in the é(b]) orbital, and assuming that n and £ are dege-

nerate, we have according to reference 11:

Ag

~ k2 - . 2 . : :
2z = BXK,/(8y-8,5) , Ag, = Z;k;/(AZ 8,+15B) . (26)

Using (26) we obtain Ag. > Ag, as observed experimental

ly. However, it is not possible to justify the observed anisotropy

T2g
_ g
would reice the degeneracy between n and £ , because the calcula

in {xy) plane for this species as previously by a term C that
ted principal directions of g-tensor in (xy) planc would nefessa
rely be 110 and 110, which do not coincide with those observed

experimentally,
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Another possibility to explain the qbsgrved anisotro-
py is to invoque the role of vacancies. From eTectrostatic point
of View, if the vacancy for.charge compensation is near the Nj3$;
it would minimize the crysta]'enekgy. Then, it is possible to as
sume that it is located as a second neighbour of the potassium.

The.observed g-values and principa].d{rections are consistent

with the vacancy located in the plane of n or £ orbitals, given

thus maximum splitting between them.

5. TRANSFERRED HYPERFINE STRUCTURE

Table I shows in brackets the calculated orbita] den-

13 35C1. Those values have not bLeen

12

sities fzsyand fzp for C and

corrected for 1S not for point dfpole contributions due to
the abseﬁce of structure data for our Spécies.

Since the anisotropic térmé are small, we restrict the
analysis to isofropic contribution, which can be described by

the Hamiltonian term with the usual notatﬁons:

- § Ac3) 3. ‘TJ. | (27)

where -

Ros(3) = (Br/3) 9,8,98]v.(0)|5 (28)
and j runs for different ligands.
I'n order to obtain approximated relationships between
che splitting for different ions we use the group 0, Since 6
nd £ are the twe components of the represrntatwon Eg, using th

X . .
generatar £7 we Ohﬁaxnloz



g8 > = (1//3)(1Ege > - 2¢y | Ege >) (28

which is valid for metal functions and for the MO of the same sgm

metry é]so. Hence, we can write for the MO of |Ee> symmetry

e > = N{dxz- 5 = (A/2)(S1-5,+55-5,)} (30)

Y

where we use d-nomenclature for metal orbitals; 1,2,3,4 label the
ligands in (xy) plane and 5,6 the lignads on z axis.

Applying (3G6) in (29) we have

EERRUNE (A//12)(255-5,-5,-5,-5,) )" . (31)
Then, it fs easy to obtain the orbital densities Tisted in Table
I1 using (30) and (31).

As we expect a weaker coupling with C1 ligands than that

with 13

C, transferred hyperfine structures of species I, III and
IV are very simple to interpret wifh.the aid of Table II and Figu
re 4(a) and éb) which shows the array of ligands. The_uhpaired

electron of specfes I is in an 6 orbital, which implies a struc-

13

ture coming from the four equivalent C. Species III with the

electron in a € orbital should present a spectrum of two axial

equivalent 13

C and two equatorial with an approximate ratio of
4:1. Species IV should have only two equatcerial and equivalent
]BC because the unpaired electron is in an ¢ orbfta}. The angu-
Tar variation of the line width in the latter species must be due
to the non-resolved structure of the chlorides. '

It should be noted that we expect similar fS values for

.+ T . . . .
13" and HNi because a contraction of the radial functions of

NN

WRCE L - Tays , :
My can be compensated by a greater poTarization of the ligandr.
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Then, trouw-Table 11, we expect for equatorial C contributiovun

to transferred hyperfine structure in species 'II, one third of

that observed for species I and IV, i.e. 10'3 cmf]. This value

is ten times greater than the experimental error and then, de-
tectable. The lack of observed ]3C structufe in species Il sug-
gests that calculations must be'carrigd out taking into account
.the mixture between 6 and 4S orbitals. This argument is similar
‘tb that used in the analysis of isotropic contribution to ﬁypeﬁ :
fine structure 6f D4h'comp1ex ions '3, |
Let us calculate the minimum of the energy for the

function V¥ = c}d]+c2d2+c3¢ where d stands for metal functions
and ¢ is a linear combination of the ligands' functions. In our

(1/2(5(]:N + SgN + SgN)‘

case d] = 0, d2 = 4S and ¢

Defining

B, = <dy | h | ¢>

3

where h is an appropriated Hamiltonian ‘for a single electron

and taking into account that

we obtain the eigenvalues from the roots of the cubic form:

i

3 2, -
7z = (g—a})(a—ce)(a-c¢) - (81*518) (c-ez)-(82~bze)2(€-€}\
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: ' ‘ ’ . . n
‘hus, the unpaired electron is in the Wn orbital with energy ¢
where €y < el < (e]+sé)/2.'The corresponding coefficient c3'is
given by

¢y = (1= ((8pm5,e™)/(B1-51eM) (e 9/ (epmeM)H(By=Sqe™ ) ey /(e ,) -

Calling f the factor in curly brackets, the fact that no

]3C transferred hyperfine structure is observed, is consistent

with |[f]| < 1/3. This result requires the condition €45 €g<<Eg 4y

Thus, it is possible to explain the absence of 13

C hyperfine struc
ture in species II by a large mixture of the 4S orbital to the 6
orbital which increases its non-bonding character in the equato-

rial plane.,

6. DISCUSSION

Using equations (17), (19), (22) and (26) respectively

for species 1, II, III ahd IV we can calculate expressions for
9, and.gb. From these expressions and the measured values of 9,

and g, it is possible to calculate the difference AE=|E_-E_|.
b n g

The comparasion between the values of AE for the four observed
species can suggest some mechanism on the origin of the molecu-

lar distortion of the complex ion.
Assuming esual orbital reduction factors for both 9,

and g, taking A(NIZT)/a(mi*) = 1.2 1%, we found by these calcy

lations:

AE <?,'_('\(*) A E

1 y :‘.CII = 2230 > /\EIIIY 3()80 s A[IV if. 2}80 (32

() Siuce species I was found to he axially symmetric, tha E

dilbierence 1s repovted in the limit of the cxperimental
errov

T

! 'y -;!i ! < “"4 5 . T Y w7 ? !
I, =6, 110 in equation AEI~'k'Agga*;b[/AgaAgb.



wiere
g0 = KEA(NiT)/4

The fact that similar values are obtain for AE;,; and .
AEIv'suggests that the observed anisotropies are due to similar
deformation of the molecule which could grise by the presence of
the.vacancy needed for charge csmpensation. ’

The calculated AE; and AE;; values for the trans isomer

I _
are in agreement with experimental fact that these species are mo

15,16

re stable than the cis ohes and consequently less deformable.

We have also performed measurements of the ESR spectrum

2~ 15

of electron irradiated (Ni(CN)4) ion in NaCl It is interes-

ting to observe that in this host only a trans Ni(CN)4Q12 specier

16 but

s formed. Similar results were reported by Jain et al.
with the difference that authors invoque a two vacancy mechanism

for the Ni3+ species in NaCl.
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LIGAND 8 €
axial (2 equiv.) ' fo 0
~equatorial(4 equiv.) fs/4 3fs/4

TABLE II. Orbital densifies.‘fs

-

n2r2/3




- 909L¢l

: QQMQ:
||
al w \, M“m ,(,f ,/\/}{Cé w%__?(\ m m\‘v fk}%&%\m \,rz
Nl ol lool  §°
| O |
o} %o
®
o




3250 ¥+~

3150 -

3000

Fig. 2




bt A o et

-19-

FIG-3




FiG- 4



Figure 1

Figure 2

Figure 3

Figure 4
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FIGURE CAPTIONS

ESR spectrum of single crystals of KC1 with 0.02M
of Ni(CN),, irradiated at 77K, recorded at 77K, Q

band. Numbers 1 to 10 run for gC(IV), {(gg(III) +

+ gl(rrny)/23V2, g (11), g (11), g (1), g, (1V) ,

ga(IV), g,(I), gc(III) and'gc(II) respectively.

Experimental angular variation of g-factors of sin

gle crystals of KC! with 0.02M of Ni(CN)4, irradia

ted at 77K, recorded at 77K, X band.

Energy levels for .different isomers. Left: trans.

Right: Cis.

Trans {a) and cis (b) array,o? ligaﬁds. A. stands

-

for cach CN in position 1. Bi stands for each C1

in position 1.
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