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A INTRODUCTION

During the last few years the far infrared spectra of various complex salts
have been measured. Bands corresponding to lattice vibrations due to the inter-
action between complex ions and outer 10ns, as well as those of the metal-ligand
vibrations in the complex ion, have been observed. An interpretation of the lattice
vibrations yields important information regarding the interaction between the com-
plex ions and the outer 10ns, in other words the interionic forces in the crystal.
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424 1. NAKAGAWA

The intramolecular (internal) vibration modes of the complex ion in the low fre-
quency region are more or less coupled with the lattice (externmal) modes and
accordingly the metal-ligand vibrations are correctly interpreted on the basis of
the whole crystal model including the outer ions as well as the complex ion con-
cerned.

In this review the far infrared spectra and lattice vibrations of some funda-
mental types of complex salts with the cubic, tetragonal and monoclinic structures
will be discussed. Before discussing individual problems, a survey will be given of
the lattice vibrations of ionic crystals observed by optical methods——optically
active lattice vibrations—, since the interaction between the complex 10ns and
outer ions may arise primarily from an ionic character.

B. OPTICALLY ACTIVE LATTICE VIBRATIONS OF CRYSTALS
(i) Vibrations of a diatomic chain

Consider a one-dimenstonal infinite chain composed of different types of
atoms 1 and 2 occupying alternate positions (Fig. 1). This model includes various
features common to lattice vibrations in general'. This chain forms a linear lattice
with two atoms m the “Bravais primitive cell’. Here the “Bravais primitive cell”
is defined as the smallest unit in which no two groups of atoms become equivalent
by a simple translation?.

a
-————-0 ® O—————————=-0 ® O————
%®Q %o Un-1 Un Un

Fig. 1. One dimensional diatomic crystal.

If one restricts the atoms to move along the chain, the equations of motion
for the two kinds of atoms can be described as:

mﬁu = B[(urls_un)—(un_u;—l)] (1)
m,ﬁ’n = ﬂ[(uu"l'l-—ul’l)—(ui’l_un)] (2)

where u, and ', denote the displacements of 1 and 2 atoms in the cell indexed
by n, m and m’ the masses of 1 and 2 atoms and § the potential constant for the
bond between 1 and 2 atoms. The solutions for the above simultaneous equations
(infinite in number) are as follows:

u, = uexp [W(wt+2nna)] ) 3)
u) = u’ exp [i(wt+2nna)] @
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Here w’s are the angular frequencies (@ = 2nv; v = frequency) and # is the so-
called wave vector and corresponds to the phase difference for each successive cell.
For a given i which can take any value between —nf2a and n/2a, there are two
values for the frequency, and they constitute two branches, acoustical and optical

[2‘&(_1’5?’%{ )}x 1 optical branch %)x
wy o~
T m>n
3 Es
acoustical branch

0 x/2az

B —

Fiz 2 Relation between lattice frequencies of crystal (w) and wave vector () for a one-dimension-
al diatomic crystal

branches, as shown in Fig. 2. The frequency at = 0, the in-phase vibration fre-
quency of the optical branch, can be observed by optical methods and is called
““optically active lattice frequency”. This frequency is calculated as:

atn =0 = [28(% + Z)] =0 coptica ™
while for the acoustical branch:

o = 0) = 0 (acoustical) 3
The corresponding amplitude ratio is given by:

ufu’' = —m'fm or mu+m'u’ =0 (optical) €)]
and

u = u’ (acoustical) (10)

This means that, for the optical vibration, the center of mass of each cell remains
stationary while in the acoustical vibration the two atoms move as one unit, cor-
responding to translational motion of the crystal as a whole.

For the two-dimensional and three-dimensional lattices as shown in Fig. 3,
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426 1. NAKAGAWA

Fig 3 Two-dimensional (a) and three-dimensional (b) diatomic crystals.

the doubly degenerate and triply degenerate infrared-active vibration frequencies
are also given by Eq. (7), if only the stretching potential constant between the
nearest atom pairs is taken into consideration. The vibration frequency in wave-
numbers is written as:

Sem™t) = -1 /28 (i + i,) an
27c m m

It 1s to be noted that the vibrational frequency for the diatomic free molecule is
1 1 1

F(em™1) = *A/p (— + —,) (1)
2re m m

The frequency for a diatomic crystal is different from this by a factor of 28 instead
of B in the potential constant part.

(i) GF-matrix method for calculation of optically active lattice frequencies

Wilson’s GF-matrix method® may also be applied to the calculation of
optically active lattice frequencies of crystals and has been described in detail in
a paper by Shimanouchi, Tsuboi and Miyazawa®*. An outline of this method is
described below.

The first procedure of the normal coordinate analysis is to describe the free
molecule by using Cartesian displacement coordinates:

T = 1Y m@G2+p2+52) = + XMX 12)
i
V = 31K, (4Ar) > +3K,(Ar)2 + . . . + ky(dry) (Ary) + . . .
= 3f1R P +10R 4 +f1a RyRo+ - .. (13)
= +RFR

R = BX (14)
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V = 1XBFBX = }XF.X as)

F,= BFB (16)

IM 'F,.~Ei]|=0 an

v(em™Y) = (1/2nc) \/4; (18)

X=L_Q 19

M™'FL, =LA (20

Here

X: column matrix corresponding to the Cartesian displacement coordinates
such as Ax,, 4Ay,, 4z,, ...

R: column matrix corresponding to the internal coordinates such as Ary,
Ady, Aqy, ...

F: potential energy matrix

B: transformation matrix between R and X

F,: potential energy matrix in terms of Cartesian displacement coordinates

L_: transformation matrix between the Cartesian displacement coordinates

and the normal coordinates @, which supplies the displacement of each
atom for each vibration.
In the normal coordinate treatment of optically active vibrations of a crystal,
the optically active Cartesian displacement coordinates X,, and internal coordi-
nates R,, are set up as:

Xop = N: zﬂ:‘Xijk (21)
Rap = N, R 2:. Rijk (22)
1]

where X; and Ry are respectively the Cartesian displacement and internal
coordinates associated with the three-dimensional Bravais primitive cell (ijk). These
are summed up for all the cells so that X,,, and R,, which describe the in-phase
motions of all the cells corresponding to 7 = 0 may be obtained (see Eqs (3, 4)).
The optically active B matrix, B, is defined as:

R,,= B, X,, 23)
and is calculated as:
Bop= Y Bipajn 29
“iK

where By ik, is the submatrix associated with the internal coordinates Ry of
the cell ijk and the Cartesian displacement coordinates Xj.;.- of the cell i’j'k’.
The F matrix 1n terms of internal coordinates for the optically active vibrations
is given by:
Fop= ) Fijuusw (25)
ijk
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428 I. NAKAGAWA

where Fj ;.55 is the submatrix ccrresponding to the cells ijk and i'k’. (Fyju,ix
denotes the diagonal submatrix w-th respect to each Bravais primitive cell).

In a similar manner, as for free molecule calculation described above, the
vibrational frequencies are calculated as follows:

I,op = %iopFopXop (26)
F xop = Eopl;' opBop (27)
(M~ lanp)L, =LA (28)

From the eigenvalues and eigenvectors of (M ~!F,,,) matrix, one can obtain the
vibrational frequencies and vibrational modes of the optically active vibrations

The GF-matrix method may also be applied to the problem of a one-dimen-
sional infinite chain discussed in the previous section (B, i) The B matrix is
written as:

ceer AXSD, AXD, AxD AxD AxD, AxD, - -

Ari_y -1 1 0 0 0 0
4r,_, 0o -1 1 0 0 0
Ar:- 0 0] —1 1 0 0 29)
ar, 0 0 0 -1 1 0
Ar,. 4 0 0 0 0o -1 1
Ariyy ) 0 0 0 0o -1

By the use of Eq. (24), the B, is calculated as:

2= o o+ [To <l # [0 o] = [7 ] e

If the potential energy V of this system is expressed as:

V=3K[ . +@r)*+@r)*+ . T+k[...+(dr) (Ar)+...]
+K[...+Ur)(dr;_)+...] (31

the F matrix becomes
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""Ar‘_l Ari_l Arg Ar,

Argpy Argyq - -

Ar,_, K 0 0 o0 o0
Ar_, k K ¥ 0o o0 o0
Ar; 0 K| K kKlo o
Ar, 0 0| kX K| K O
Ar.., 0 0 0 k¥ K «k
Ar, ., 0O 0 0 0 k£ K
and by Eq. (25) the F,, 1s given as:
O i R A R P s
°* 10 0 k K 0 k+k'

By solving the secular equation (28), one obtains

A = 2(1—+ 1 )(K-—k—k’)
m

m

)-2=

429

(32)

33)

9

(335)

where A4, and 4, correspond to the optical and acoustical vibrational frequencies
at n = 0 (see Egs. (7, 8) in section (B, 1)).

(iii) Interionic potential constants of diatomic onic crystals

The interionic force in the diatomic crystal like NaCl, which may be regarded

TABLE 1

LATTICE FREQUENCIES (Vv), INTERIONIC POTENTIAL CONSTANTS (ff) AND INTERIONIC DISTANCES (T)

OF SOME ALKALI HALIDES*

Compound v (em™1)%* B(mdl4) r(4d)
NaCl 165 011, 282
NaBr 140 0103 298
KCl 145 01l 315
KBr 122 0115 330
K1 103 009, 353
CsCl 102 0 08¢ 357
CsBr 82 009, 371
Csl 66 0083 395

* The crystal structures of Na- and K-salts are NaCl type (0,5, F m3m). Those of Cs salts are
CsCl type (O,*, P m3m). The lattice frequency of the CsCl type crystal is also given by eq. (11).

** The observed frequencies are taken from the review by Miller5s.

Coordin. Chem. Rev., 4 (1969) 423-462
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as the first derivative of the potential energy with respect to interionic distance
(—0V/ér), consists of various terms. These terms may be divided into two parts,
repulsive and attractive forces. In the equilibrium position these two terms are
equal in magnitude. In the second derivative of the potential (62¥/6r?), the
repulsion term may be much larger than the attraction term resulting in a positive
value of the potential constant (force constant). If one neglects the long-range
force and takes into consideration only the interaction between the nearest ion
pairs, (8°V/0r?),,usve may primarily govern the lattice frequencies. Therefore
one of the approaches to analyze the lattice frequencies of 1onic crystal 1s based
on the molecular dynamical model in which the optical frequency w, at = 0
is evaluated by the local elastic restoring force (the force constant 8 between the
nearest ion pairs). Table 1 gives the lattice frequencies and corresponding potential
constants calculated from Eq. (11) for alkali halide ionic crystals®. It can be seen
that the value of potential constants corresponding to typical 1onic bonds 1s about
0.1 mdyn/A, which is much smaller than those obtaimned for covalent bonds such

as in Cl, (3.2 mdyn/A).
(iv) Factor group analysis for optically active vibrations of complex salts

If the Bravais primitive cell contains p atoms, there are 3p-3 optical vibra-
tions and 3 acoustical vibraticns. The 3p-3 optical vibrations of the complex
salts may be classified as internal (intramolecular) vibrations in the complex ion
and external (lattice) vibrations, although the internal and external vibrations are
more or less coupled with each other. Based on the knowledge of the space group
of the crystal, the 3p-3 optical and 3 acoustical vibrations are classified into each
symmetry species, using a method analogous to the normal vibrations of free
molecules. This analysis for the crystal vibrations may be called ““factor group
analysis™, and is described below, using as an example K ;[Fe(CN),], for which
the far infrared spzctra and lattice vibrations will be discussed later.

The number of vibrations (,) of each symmetry species (1), that 1s, 1n each

irreducible representation is given by-

n, = (1/8) ¥ g, (R)x(R) (36)
P

where y, (R) and x; (R) are the characters of the operation R in the representation
I'; and T, respectively, g is the order of the group and g, 1s the number of the
operations 1n the class p g, g, and x; (R) can be taken from the character table
for the space group. x,’(R) may be determined when the characters of the trans-
formations of the displacement coordinates are known.

The crystal structure of K;[Fe(CN)g] is monoclinic with the space group
Cz,° (P 2,/c; z = 2) and as shown in Fig. 4 the Bravais primitive cell contains
32 atoms, two kinds of [Fe(CN)¢]®*~ ions and six K* 1ons®. This crystal has
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Fig 4 Structure of K3[Fe(CN)g] with the space group C,,5 (P 2,/c,z = 2)

screw axes 2; parallel to b axis and passing through (x = 0, z = *+1/4c) and
(x = +1a, z = +1/4c), glide planes ¢ perpendicular to b axis at (y = +1/4b)
and centers of symmetry1at (x =0,y =0,z=0), x=0,y =0, z = 31ic),
etc. (see Fig. 4 and Table 2)

First, consider all degrees of freedom, then

Dp(R)In = Ur(p) [+1+2 cos ¢g] 37

and »#,(N) obtained by substituting this [z;,(R)]N into Eq. (36) includes all types
of normal modes (translations, external and internal modes). Up(p) 1s the number
of atoms which remains invariant under the operation R. According as R is a
pure rotation (proper operation) through ¢y or a rotation through ¢y accompanied
by a reflection (improper operation), a + or — sign is used (see Table 2 of the
example K ;[Fe(CN)g).

Next, consider the acoustical modes. In this case Ug(p) is to be put equal
to 1 for all R, since the whole group moves as one unit. Therefore

xp(R)Ixr = £1+2cos g (38)

and n(T) 1s obtained 1n a sumlar way.

External (lattice) modes are further subdivided into translational and
rotational lattice modes. Here one should account for the number of ions in the
Bravais =~~'mitive cell. Uy(s) represents the number of ions whose center of

Coaordin. Chem Rev , 4 (1969) 423462
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TABLE 2

FACTOR GROUP ANALYSIS FOR OPTICALLY ACTIVE VIBRATIONS OF K3[Fe(CN)sl CRYSTAL (Cazy5,
P2,/c,z=2)

g=4
Can® E 2, c 1 m(N) m(T) nm(T’) m(R) m(n)
A 1 1 1 1 21 0 3 3 15
A 1 1 —1 —1 27 1 8 0 i8
B, 1 —1 —1 1 21 0 3 3 15
B, 1 —1 1 — 1 27 2 7 0 18
Ur(p) 32 0 0 4 4 "
Ug(s) 8 0 0 4 !
Ur{s—v) 2 0 0 2 ll
+14+2cosdg 3 —1 1 — 3
1+2 cos Py 3 —1 —1 3
L (R)In 96 0 0 —12 —— l §
Lo’ (R)Ie 3 —1 1 P S S — ;
" R 21 1 —1 —9
D" (R’ 6 0 0 6
Ug(p) - the number of atoms which remain 1nvariant under operation R.
Ug(s) . the number of 10ns whose center of symmetry remains invariant under operation R

Ur(s—v) - the number of 1ons which are constitued by more than one atom among Ug(s) 10ns
m(N) : the number of total freedom

m(T) the number of translational motions of a crystal as a who ¢
n(T") the number of translational lattice modes.

m(R’) :the number of rotational lattice modes

m(n) : the number of internal modes in the complex 1on

symmetry remains invariant uncdzr the operation R. Among these Ug(s), the
number of ions which are constituted by more than one atom, 1s designated by
Ugr(s—7v). Then the characters corresponding to the translational lattice modes
[x;,(R)T], and those for the rotational Iattice modes [x;,(R)]R., are given as:

Dep(R)]r = [Ur(s—1)]1 (£1+2 cos ¢r) (39)
[xo(R)Ir: = Ugr(s—v) (1 & 2 cos ¢g) (40)

From these characters, the numbers of the translational modes n(7”) and rotational
lattice modes n,(R") are calculated.

Finally, the number of the internal modes (intramolecular modes in the
complex 10n) n(r) may be obtained by direct subtraction of n(T), n(T"). n(R")
from the total number of degree of freedom n,(N):

nn) = n(N)—n(T)~n(T)—n(R)

These procedures mentioned above are summarized in Table 2 for the example
of K ;[Fe(CN),] with the space group C,;,° (P2,/c).
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C. EXPERIMENTAL METHODS
(&) Spectrometer and device for low-temperature measurement

For spectroscopic measurements in the far infrared region, both the
diffraction and interferometric methods are available. As far as measurement
down to 30 cm ™! is concerned, a spectrometer with a diffraction grating is more
convenient to use for a chemical study than the interferometer. A vacuum and
double-beam infrared spectrometer is most useful, if it is used carefully, especially
in low-temperature measurement.

The results given in the present review were obtained using mainly the
vacuum and double-beam HITACHI FIS-1 and FIS-3 far infrared spectrophoto-
meters. For measurements at low temperature, down to liquid nitrogen temper-
ature, a Dewar vessel (low temperature cell) is placed in the sample box which
1s kept at high vacuum (10~*~ 10~ 5 mmHg). Samples are inserted into sthicon
plates contacted with the metal conductor or directly contacted with the conductor
in the low temperature cell’.

Chopper
{ Reference M
S, - ___@__ ! '_Bf\ irror
Source Comb
!
N R | Spe_gt:’ometer
Mirror N
Chopper B

Fig 5 Chopper system of vacuum and double-beam Hitachi FIS-1 and -3 spectrophotometers
in the far-infrared.

In the spectrometers are installed two choppers, F and B; one (F) is in front
of a sample box, and the other (B) is behind a sample box as shown in Fig 5.
For room temperature measurement a synchronous rotation is obtained for the
two choppers. However, for low-temperature measurements the rotation of the
chopper B should be stopped, in order to eliminate the temperature effect due
to the temperature difference between the sample and reference sides, and the
comb attenuator. By operating only the chopper F, about 509, of the sample
beam and about 50% of the reference beam enter the spectrometer alternately.
By fixing the chopper B at the appropriate position, one can adjust the 100%
line of the spectrum.

In a FIS-3 spectrometer, a means for double-chopping is utilized. In addition
to the choppers B and F of 10 cycles, another chopper is installed just behind
the light source and is operated at 09 cycles in the case of the low-temperature

Coordin. Chem Rev , 4 (1969) 423-462



434 I. NAKAGAWA

measurement, so that the temperature effect is eliminated without stopping the
chopper B.

(ii) Determination of lattice frequencies

It has been shown that in the one-dimensional diatomic chain discussed 1n
the previous section (B, i), atoms of one type move as one body against atoms of
other type for the optical vibration wy(2nv,) at n = 0. The procedure for deter-
mining this v, frequency experimentally is described below.

This frequency v, i1s the infrared dispersion frequency, or the resonant
frequency, at which the refractive index and the dielectric constant become
infinitely large. It would be measured as the absorption frequency (the frequency
of the mimmum transmission) of a thin film of a crystal, if such a thin specimen
of a crystal would be prepared. However, in practice one can not prepare a thin
film of a crystal to transmut sufficient radiation and so a direct determination of
the vg as a thickness d — 0 is not possible. Thercfore transmission measurements
for the sample should be made in some other dispersing medium. In most of the
examples discussed in the later sections of this review, transmission measurements
were made for samples as finely divided powders dispersed in polyethylene and
in a Nujol mull and the absorption frequencies for these samples were regarded
as the vg’s.

The reflection spectrum of a single crystal can also determine the v,’s.
By transforming the reflectance data using the Kramers—Kronig relation, the real
and imaginary parts of the complex dielectric constant (¢’ = n®2—k?, ¢’ = 2 nk),
where n is the refractive index and & 1s the absorption coefficient, are obtained.
The maxima of the imaginary part &” supply the resonant frequencies. Making
the assumption that the dispersion can be interpreted m terms of simple imndepen-
dent oscillator, the oscillator parameters (v,’, 47p, and y,vo*; the resonant fre-
quency, the strength and the line width of the i-th oscillator, respectively), are
obtained by using the ¢” and £” data. The difference between the resonant frequencies
obtained from the reflection data of a crystal and those from the transmission
data of a powder sample in other media 1s less than 59 for the lattice vibrations
of an ionic crystal such as KNiF; and KMgF;, according to the results by Perry
et al.®.

D. INDIVIDUAL COMPLEX SALTS

The discusston will mainly consider the results of several types of crystals
studied by the author or his colleagues
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(b)
Fig. 6 Structure of KN1F, (a) arrangement of atoras; (b) magnetic structure.

(i) Perovskite fluorides and rutile fluorides

The far infra-red spectra and lattice vibrations of the so-called 1onic crystal
perovskite fluorides and their rutile counterparts are presented before discussion
of the inorganic complex salts. Several investigations (Perry et al.®, Balkanski et
al.*® and Barker'!) have been made on the lattice vibrations and the nature of
the interatomic forces in the crystal.

The crystal structure of KNiF; as well as KMgF; and KZnF; 1s of the
regular cubic perovskite type with the space group O,' as shown!? in Fig. 6(a).
KNiF; exhibits antiferromagnetism below'? the Néel temperature 275° K and
Fig. 6(b) shows the magnetic structure; the spin arrangement 1s due to the N2+
ions. This magnetic behaviour suggests a superexchange interaction of Ni2*
spins through F~ ions, in other words electron delocalization in the Ni+-F bond.
A study of how the magnetic behaviour of this ionic crystal is reflected in the
lattice vibrations or interionic potential constants will be discussed below. The
Bravais primitive cell for KMF; consists of five atoms, K, M and three F’s
(Fig 6(a)). Optically active lattice vibrations are 3f,,-+1f5;,, of which the £,
mode is inactive in the infra-red. There is also another f;, acoustical vibration
corresponding to the translational motion of a crystal as a whole.

The infra-red spectra of KMF; together with that of NaNiF; are given'#
in Fig. 7. The three absorption bands are observed for KMF; as expected for
the cubic perovskite structure of O,'. Of these three bands the highest shifts by
10-20 cm ™! to higher frequency at low temperature, while the other two do not
change their frequencies appreciably. These results are explained as follows. The
highest band is assigned to the M-F stretching mode, in which the F~ ions

Coordin. Chem. Rev., 4 (1969) 423462
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displace along the M—F-M line, while the second one is assigned to the M-F
bending mode, in which the F~ ions displace perpendicularly to the M—-F-M line
(see v, and v, of Fig. 8 below). The lowest band is assigned to the K™ ion lattice
mode, in which the lattice of the K* ions displaces relative to the main lattice
consisting of the M2* and F~ ions (see v; of Fig. 8). At low temperature the M—~F
bond becomes shorter, the M-F stretching force constant becomes larger, and,
accordingly, the corresponding frequency becomes higher. The M-F bending
force constant may not change as much as the stretching force constant and the
bending frequency remains rather constant with temperature change. At low
temperature both of the lattices consisting of the K* 10ns and of the M** and

% transmission

2/
< / not observed
£

1
\ S ~JY
2 ’ TARYS 1 ——
R AW Va /¥ 3t low temp.
3l 28V
| B B, N | 1 1 L § S ) S |

0 500 400 300 200 100 cm™!

Fig. 7. Infrared absorption spectra of the perovskite fluorides and rutile fluoride MgF,. Powdered
samples dispersed 1n polyethylene (1-2 mg/cm?) and in the Nuyol mull. , Yoom temperature;
————— , liquid-nitrogen temperature.




INORGANIC COMPLEX SALTS 437

F~ ions contract and the interaction between these two lattices, which primarily
governs the frequency of the lowest band, may not change much and accordingly
may result in a small temperature effect on the lowest frequency. From the fore-
going argument, the temperature effect yields experimental evidence for the above
assignments of the three lattice modes. Other evidence for the assignments 1s
given by comparison of the spectrum of KMgF; with that of MgF, as shown
in Fig. 7, since no band is observed in the MgF, spectrum corresponding to the
lowest one around 150 cm™! in KMgF,; which arises from the K* ion-lattice
vibration. Further confirmation for the vibrational assignment of KMF; will be
given later in the analysis of MF,.

A more complicated spectrum is obtained with NaMNiF; than KMF; as
shown in Fig. 7. According to the X-ray analysis of this salt, the Ni-F-Ni bond
is not linear but 1s bent'®. The NaNiF3 does not form a regular perovskite but
shows a distorted structure giving rise to a complicated spectrum. The distorted
structure of NaN1F; may be understood from the smaller ionic radius of the Na*
ion. If the condition:

(the sum of the ionic radii of M* and F™) =
=./2t (the sum of the ionic radii of M2* and F~) (41)

0.89 < ¢ < 1.00 (42)

1s satisfied for the M’MF; salt, it may form a regular perovskite!®. As shown in
Table 3, for KNiF,, KMgF; and KZnF;, this condition is satisfied. However,

TABLE 3

IONIC RADII AND FORMATION OF REGULAR CUBIC PEROVSKITE STRUCTURES

M’'MF, r(M’*) r(Mz2t) r(F~) 4 Comment
KNiF3 133A 070 A 136 A 092 OK
KMgF; 133 065 1.36 0.95 OK
KZnF; 1.33 0.74 136 091 OK
NaNiF; 095 070 136 079 NO

for NaNIF 5, t amounts to 0.79, and this results in an appreciable distortion from
the regular pervoskite structure. Again for NaNiF; the highest band due to the
Ni-F stretching mode shifts to higher frequency by 8 cm™* at low temperature.

The optically active lattice vibration frequencies are calculated according
to the procedure outlined in the previous section (B,i). The following type of
potential function is used:

V=13 K(Arye')? +3 Y, Hryedagme')’ +4 Y, F(4g¢ ¢')?
+1 iZfl(Aq'lb eV +1Y fo(da*x m*), (43)
where K and H denote the M-F bond stretching and the F~-M-F angle bending
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force constants, respectively, F denotes the repulsion constant between the nearest
nonbonded F~ ions, and f; and f, denote the interaction between K* and F~
and that between K+ and M?2*, respectively. The valence force type potential
was assumed for the MFg-octahedron, taking into account the covalent character
of the M—F bond, and the central force type potential was assumed for all the
atom pairs for which the nonbonded repulsions or the ionic interactions are
expected to be considerable.

Then the F,,, matrix defined in eq. (27) is derived for the perovskite type
crystal as:

2K+8H+Lf,
—-2K 2K +4F
Fopp= —4H —2F 4H+2F+2f, . (44)
—4H —2F 0 4H+2F +2f;
—3f2 0 —-2f —-2f1 afi+4fs
where the basis coordinates are
[4Z, (1), AZ,(2), 4Z,,(3), 4Z,,(4), 4Z,(5)] (45)

or the corresponding coordinates for 4X or 4AY. 4Z,,(t) denotes the optically
active Cartesian coordinate corresponding to the i-th atom (1:M; 2, 3, 4: F; and
5-K, see Fig 6). The eigenvalues (4) and eigenvectors (L,) of the M ~1F_,, matrix
are calculated. Five eigenvalues corresponding to four f;, and one f5, vibrations
are obtained, one cigenvalue of the f;, species corresponding to the acoustical
(translational) mode being zero. The calculated frequencies are listed in Table 4,
together with the observed frequencies.

TABLE 4

CALCULATED AND OBSERVED FREQUENCIES IN CM™! OF THE PEROVSKITE FLUORIDES KMF3; (M Ni,
Mg AND Zn).

KN1F3 KMgF; KZnFy

Calc Obs* Calc Obs® Calc Obs
vi(fiw) 455 446 477 478 435 430
Va(fiw) 250 255 285 300 225 206
v3(fiw) 144 153 160 156 134 142
va(f2u) 214 ia 234 ia 196 ia®

= Reflection data (Perry)®: 445, 245, 153.
b Reflection data (Perry)®: 450, 295, 140
¢ ia, mactive in the infrared spectrum.

The values of force constants are given in Table 5. These values were
determined as follows. Among the five potential constants 1n €q. (43), Fis estimated
from the nonbonded fluorine—fluorine interaction potential of the Lennard-Jones
6-12 type which were studied in detail for organic compounds!? such as CF,, SiF,



INORGANIC COMPLEX SALTS 439

TABLE 5

FORCE CONSTANTS IN md/A OF THE PEROVSKITE FLUORIDES KMF3

KNiF, KMgF, KZnFs
KM—F) 080 060 075
H(FMF) 0063 0.083 0038
F(F F) 005 005 005
fi(K+  F7) 009 009 009
(KT -M3Y) 003 003 003

and BF ;. The values of f; and £, are assumed to be of the same value for KNNiF,,
KMgF; and KZnF,, since the distances g’ and g* are almost the same for all
of them. The values of f; and f, are determined to obtain a good fit for the v;
frequencies of these salts, because they contribute mainly to the v; frequency.
Then for each fluoride, K and H are calculated to get good agreement between
the observed and calculated frequencies. The elements of the F,,, matrix are the
values of the force constants (1in md/A) 1n terms of Cartesian coordinates given mn
eq. (45). For KNiF;, they are

218
—1.60 1.80
F (KNiF;) = —0.25 —0.10 053 (46)
—025 —010 O 0.53
|~008 0 —018 —0.18 044

There remains the problem of whether there 1s another set of force constants
which could explain the observed frequencies. However, with the restriction that
the stretching force constant K should be larger than the bending force constant
H as well as the interaction constants f; and f,, only one set of force constants,
shown in Table 5, 1s obtained, from the observed frequencies.

The displacement of each atom for each mode may be sketched on the basis
of the eigenvectors (L,: eq. (28)). An approximate (mass-adjusted) displacement
of each atom in the crystal KNIiF 3, 1s given as an example in Fig. 8, on the basis
of the calculated values of the matrix elements of the M*L_ matrix shown in Table

TABLE 6
MASS-ADIUSTED L MATRIX ELEMENTS OF KNi1F;

0, 455 Q.°250 Q3:144 0.-218
VmudZ, (N) —049 —0136 —050 0
A/ medZ, (F) +087 —0.18 —029 0
A/ mgAZ 5 (F) —001 +0 61 +0 00 —0.71
AV mcAZ, (F) —001 +0.61 +0 00 +0 71
AV mgdZ s (K) 4001 —029 +081 )

Z,=(1/N)Z4z,;

Coordin Chem Rev , 4 (1969) 423-462
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R
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R.._..._..._ PO

-

Y

Fig 8. Displacements of each atom for the lattice vibrations in KNi1F 5 (based on mass-adjusted
L, matrnix elements)

6. It can be seen that the v; mode is a pure Ni-F stretching mode of the NiF-
octahedron with a negligible amount of K* 1on displacements and the v, mode
is nearly a Ni-F bending mode with small displacements of K* ions. The v,
mode may be designated as a K-NiF; lattice mode but it should be noted that
the displacements of F(3) and F(4) are negligible.

The lattice vibrations of the rutile fluorides will be discussed briefly next,
since its analysis is useful to confirm the vibrational assignments of the perovskite
fluorides. The rutile fluoride such as NiF, has a tetragonal structure with the
space group D,,'*4. The Bravais primitive cell consists of two molecules of NiF,,
i.e., two Nr’s (1 and 2) and four F’s (3, 4, 5, and 6), as shown 1n Fig. 9. Optically
active lattice vibrations are
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lalg + lazg + lblg + lbzg + leg + lazu + 2b1u + 3eu

of which the la,, and 3e, modes are infrared active. The Cartesian displacements
of these lattice vibrations are as follows:

a;, (X)), = 3A(X; — X5 — Y5 + Y),
ay, : (X)), = 3A4(Y; — Y, + X5 — X§),
big:(X)); = 3A(X5 — X, + Y5 — Yg),
(X)) = (Y5 — Y, — X5 + Xo),
e, 1 (X)s = BPAZ; — Z,); RPAZs—Zg),

a,, : a linear combmation of
(X)s = DAz, + Z)),
(X7 = 3A(Z5 + Z, + Z5 + Zy),

by, : linear combinations of
(Xos = ®*a(z, - Z3),
X)o = 3MZ3+2Z, — Z5 — Zg),

: linear combinations of
(Xd1o = 4X,; 47,

. (X1 = 4X,; AY,,
(X)12 = DAX; + Xy); 3)PA(Y; + 1)
(X)13 = BHMWXs + X6); BHAYs + Y).

A calculation of the optically active lattice frequencies was made by using
the potential constants transferred from the perovskite fluorides discussed above.
Although the potential field which governs the rutile fluoride is not exactly the
same as that for the NiFg-octahedral part in the perovskite fluoride, the same
values of the Ni-F stretching (K) and F-Ni-F bending (H) force constants were
assumed. The purpose of the calculation is to confirm the vibrational assignment
of the perovskite fluoride and also to learn the approximate modes of lattice
vibrations of a rutile type crystal. The repulsive constants F(F---F) were adjusted
according to the fluorine—fluorine distances g(F -°F). The results of the calculation
on the basis of the above approximate values of force constants are shown in
Table 7 and compared with the observed frequencies obtained by Balkanski et
al.'® and Perry et al.°. The agreement between the observed and calculated
frequencies in Table 7 is satisfactory, when considering that in the present approach
the M-F stretching and bending force constants of the KMF; were transferred
to the rutile counterpart without any modification. This result provides further
evidence for the vibrational assignments of the perovskite fluoride. An approximate
displacement of each atom in the crystal is given in Fig. 9, from which the v¢(a,,)
and vg(e,) around 400 cm ™! may be designated as the M—F stretching mode and
the v,o(e,) and v;,(e,) around 250 cm ™! as the M-F bending mode. A comparison

Coordin. Chem. Rev , 4 (1969) 423-462
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TABLE 7
LATTICE VIBRATION FREQUENCIES IN CM™ 1 OF THE RUTILE FLUORIDES MFZ

NiF, MgF, ZnF,

Obs.? 10 Calc Obs® 1919 Calc. Obs 9:1° 19 Calc.
vi(a;g)- R? — 481 410 389 350 395
va(azy). 1a” — 288 — 319 _— 244
va(b:p) R — 444 515 417 522 423
va(bzg)- R — 68 92 76 70 58
vs(eg: R —_— 330 295 303 253 314
ve(as,) IRS 370 421 399 489 294 385
va(byu): 12 —_ 414 _— 454 — 389
ve(b,u)- ia —_ 164 —_ 233 — 133
vo(ey) IR 439 447 450 477 380 421
violew)- IR 287 254 410 358 244 215
vyiey) IR 227 215 247 261 173 186

* R, Raman active ®1a) inactive in the infrared spectrum. ©) IR, infrared active

e [ Do

vy - 418(a;,) Vs~ 330(eg) vy 1 447 (ey)
V2 ) 288(a2g) Ve © 421 (aZu) 1’10 254(eu
1/3 ° 444(b1g) 1’7 414(blu) Vicl . 215(eu)

V4 : 68 (bgg) vs - 164(blu)

Fig 9. Displacements of each atom for the lattice vibrations 1n NiF, (based on mass-adjusted L,
matnx elements).
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Fig 10. Structure of hexamtro-complex salts with the space group T3 and approximate modes
of lattice vibrations vg and v,

of the calculated frequencies of g-species with the observed Raman frequencies
obtained by Porto et al.!® 1s also given i Table 7

(1) Hexanitrocomplex salts

Complex salts particularly suitable for the study of the interaction between
complex ion and outer ion are hexamitrocomplex salts. The crystal structure of
M,[Co(NO,)s] (M:K, Rb and Cs) and K,M[Ni(NO,)s] (M:Ca and Ba) is cubic
with the space group 7, as shown in Fig. 10. The Bravais primitive cell consists
of 22 atoms; one complex ion (19 atoms) and three cations. The result of the
factor group analysis performed according to the procedure described in section
(B, »v) is given 1n Table 8, from which ten vibrations of the f;, species are expected
to be observed in the infrared. The far infrared spectra are given in Fig. 11. The
bands become sharp and shift to higher frequency with a lowering of temper-
ature?!.

The spectra of M3[Co(NO;)s] shown in Fig 11(a) reveal six bands in the
region below 500 cm ™! and in the higher frequency region not shown here there
are four bands, corresponding to the NO, symmetric and antisymmetric stretching,
NO, scissoring, and NO, wagging modes (sece Table 10 below). Therefore, the

Coordin Chem. Rev , 4 (1969) 423462
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TABLE 8

FACTOR GROUP ANALYSIS OF M 3[Co(NO,)¢] (K, Rb, AND Cs)® AND Ko M[Ni(NO2)6] (M:Ca AND
Ba)

Tp3 N T T R n
Ay 3 () o () 3 R
Ay 1 1) o 0 1 1a
E, 3 0 ) ) 3 R
E, 1 0 0 o 1 1a
F, 7 0 1 1 5 R
F, 11 1 2 0 8 IR

* Symbols N, number of the total freedoms, T, number of the acoustical translational motions,
7’, number of the optical translational lattice vibrations; R’, number of the rotational lattice
vibrations, n, number of the intramolecular vibrations of [Ce(NO2)s]13~ 1on, R, Raman active,
IR, i1nfrared active, 1a, inactive
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Fig. 11 Far infrared spectra of hexanitro-complex salts at room temperature (samples dispersed

in polyethylene sheet 3—-5 mg/cm?).

(@) M;3[Co(NO3)6] (M:K, Rb and Cs), (b) K;M [Ni(NO.)s] (M.Ca and Ba).

total number of the observed infrared bands is ten as expected in Table 8. In the
region below 150 cm ™! are observed two bands for which there is an appreciable
dependence of the frequencies with the outer cations (132, 109 and 94 cm™!;
and 106, 74 and 63 cm™ !, for K, Rb and Cs salts, respectively) These two bands
are interpreted to arise mainly from lattice vibrations due to the interaction
between the complex ion and the outer cations. In a similar manner, the spectra
of K,M[Ni(NO,)s] are plausibly explained on the basis of the T3> structure.
However, the intramolecular vibrations of the complex ion in the low frequency
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TABLE 9
INYRAMOLECULAR POTENTIAL CONSTANTS (md/A) For [Co(NO,)s]?~ AND [NI(INO )]~ *
[Co(NO:)s1*~ [NI(NO.)s}*~
Fy,(MN str) md/A 1.50 0 80
Fa;;(NO str) md/A 9.30 930
Fy.,(NMN def) md A 1.10 060
Fa1,(ONO def) md A& 1.78 200
Fai,(MNO def) md A 050 040
0 30 (Na salt)
Fy,(NO, wag) md-A 055 032
Fa41,(NO, twist) md-A 0 03 (assumed) 003
F(N -N) md/A 005 0 20%*
F(O -0) md/A 3.00 3.00
F(M -0O) md/A 020 010
p(NO, NO) md/A 050 050

* In the Urey-Bradley approach, diagonal elements of the F-matnx corresponding to the bond
stretching modes include F as well as K and those for angle deformation modes include F as well

as H The off-diagonal elements are expressed 1n terms of F
** Taking nto account the appreciable interaction between the Ni—-N stretching and NMN

deformation modes, the effective value of F(N N) was assumed to be large?3.

region are more or less coupled with the lattice vibrations. A normal coordinate
analysis is needed for a further discussion about this problem.

The optically active vibration frequencies of the crystal are calculated for
the above complex salts according to the procedure described in section (B, ii),
by using the potential function

V= Vlntra + I/lutcr (47)

where V.., and V... denote the intramolecular potential in the complex ion
and the interionic interaction potential between the complex ion and the outer
cations, respectively. For the intramolecular potential, the modified Urey-Bradley
force field (MUBFF) has been used and the use of this type of potential in the
vibrational analysis of the complex 10ons has been fully discussed 1n the several
papers?? published in our laboratory and so there will be no further discussion
here. The force constants used are listed in Table 9, where K, H, and F denote
the bond stretching, the angle bending, and the repulsion between nonbonded
atoms, respectively. F,,, means the diagonal element of the F matrix (potential
encrgy matrix) for the corresponding mode. p(NO, NO) is the resonance interaction
constant. The value of p(MN, MN) cannot be determined unless the frequencies
of the g-species are available. For the interaction potential, it is assumed that
this term arises from the interaction between the M™ ions and the neighboring
O atoms?3. For these complex salts the nearest and the second nearest M* O
distances are 2.80-3.15 A (g,(M"--0) and 3.05-3.30 A (g,(M’--0), respectively
(see Fig. 12 and Table 10 below). The interaction between the atoms whose
distances are longer than 3.5 A is not taken into consideration.

Coordin. Chem Rev , 4 (1969) 423-462



446 1. NAKAGAWA

TABLE 10 (a)

OBSERVED AND CALCULATED FREQUENCIES (cM~ 1) oF M 3[Co(NO,)e] SALTS

Tn3 K3[Co(NO;) el RbB3[Co(NO3 )6l Cs3[Co(NO2 )¢l
F, Obsd Calcd Obsd Calcd Obsd Calcd Vib modes
vy 1386 1393 1399 1393 1400 1393 NQO, antisym str
vz 1332 1325 1327 1325 1326 1325 NO, sym str
V3 827 818 827 818 832 817 NO, scissor
Vi 637 619 633 619 630 618 NO, wag
Vs 416 421 413 421 409 420 Co-N str
Ve 293 293 287 288 281 286 NO; rock and skel
def
vy 195 201 191 181 186 170 skel def and M”
lattice
vg 154 157 141 149 136 141 skel def, NO; rock,
and M” lattice
Vo 132 162 109 117 94 95 M” and M~ lattice
Vio 106 106 74 76 63 59 M’ and M” lattice
Interionic potential constants and interatonuc distances of M3[Co(NOz )¢} salts
K* O Rb* O Cst O
fi1. mdfA 011 010 008
a1, A 305 315 330
Jf2, md/A 0.14 012 o010
g2, A 283 295 3.15

TABLE 10 (b)

OBSERVED AND CALCULATED FREQUENCIES (CM™!) oF K,Ca[Ni(NO,)s] Anp K,BafNi(NO;)¢]

Y 1 K;Ca[Ni(NO: ) 6] K;Ba[Ni(NO; )}
F, Obsd Calcd Vib modes Obsd Calcd Vib modes
vy 1355 1388 NO, antisym str 1343 1387 NO; antisym str
V2 1325 1325 NO; sym str 1306 1325 NO, sym str
V3 834 838 NO, scissor 838 837 NO; scissor
(813)
Vs 458 461 NO, wag 433 460 NO, wag
Vs 284 306 Ni-N str and NO, 291 304 Ni—N str and NO,
rock and wag rock and wag
Ve 255 244 NO, rock and Ca 255 230 NO. rock and skel
lattice def
vy 192 196 K lattice and skel def 173 180 K Ilattice and skel def
va 176 154 Ca lattice and skel def 130 132 skel def and K lattice
Vo 135 140 skel def and NO, rock (130) 107 skel def and NO, rock
Vio 105 94 Ca and K lattice and 80 73 Ba lattice
skel def
Interionic potential constants and interatomic distances
K;Ca[Ni(NO);¢] K,Ba[N:(NO:) el
K*---O Ca2+ O K*+--0O Ba?* - O
fi, md/A 0.12 0.10
q1, A 301 3.13
f>, md/A 0.15 012

a2 A 277 293
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The calculated and observed frequencies and the interionic potential
constants are shown in Table 10. It can be seen that the observed bands for this
series of complex salts are satisfactorily explained by the above potential function
and by use of the interionic potential constants f(M* ---O) of ca. 0.1 md/A, which
change slightly with the interatomic distances.

A sketch for the approximate motion for M;[Co(NO,)s] 1s given in Fig.
10, on the basis of the calculated eigenvectors (M*L,). It 1s seen that M’ and M”
displace in the same direction for the v, mode and in the opposite direction for
the v;, mode, though in the v, vibration for the K and Rb salts the lattice modes
are coupled considerably with the intramolecular modes For the K,M[Ni(NO,)s]
salts, the vibrations below 200 cm™! exhibit very complicated modes in which
lattice modes of K* and M?* ions and intramolecular deformation modes are
mixed in a complex manner. Approximate modes are described 1n Table 10.

Nas Co{NO,),
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Fig. 12. Low-temperature far infrared spectra of Na3;[Co(NO:)] (a) and Na,Ba[Ni(INO,)¢] (b).
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Next the spectra of Na;[Co(NO,)s] and Na,Ba[Ni(NO,)¢] shown in Fig.
12 will be discussed. The crystal structure of these Na salts has not been determined.
The spectrum of Na;{Co(NO,)] is quite different from those for M3[Co(NO,)e]
(M:K, Rb and Cs)***?*. The complicated spectrum of the Na salt will be explained
on the basis of a structure with a lower symmetry for the [Co(NO,)¢]>~ 10n, the
Cj, structure where the NO, plane rotates about the Co—N axis. This C;, structure
may be understood by the smaller ionic radius of the Na™* 10n, since for the T},
structure four interatomic distances g; (Na’---O) in Fig. 13, are too large to form
a stable crystal. When the [Co(NO,)¢]3~ ion takes a Cj; structure, two of the
q,(Na’---O)distances become shorter and a stable crystal may be formed (see Fig. 13).

In order to see whether this C5, structure may explain the lattice frequencies
as well as the intramolecular vibration frequencies for the Na salt, optically active

Fig 13 Positions of oxygen atoms and outer cations for M;{Co(NO2)s] (M K, Rb and Cs) and
Na;[Co(INO;)6], and structure of [Co(NO.)s]12~ in the Na salt
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TABLE 11

FACTOR GROUP ANALYSIS OF Naa[Co(NO,)e]1*

Cs N T T R n

Ay 10 0 1 1 8 R
Ay 12 1 2 0 9 IR
E, 10 0 1 1 8 R
E, 12 1 2 0 9 IR

* See Table 8 for the meanings of N, T, T’, R’, n, R, and IR.

vibration frequencies of the crystal were calculated. It is considered that Nat
cations and Co atoms are located at the lattice points as shown in Fig. 10 as in
the case of a cubic crystal. However, owing to the twisting of the NO, plane,
the crystal structure is no longer cubic. On the basis of the Cj;, structure with a
twisting angle of 30° and a = 10.00 A, the interatomic distances g(Na---O) are
calculated as: g,(Na’---Q) = 2.55 A, ¢,(Na’...0) = 3.42 A, and ¢,(Na"- -O) =
2.62 A (see Fig. 13).

The result of the factor group analysis is shown in Table 11, from which
both A, and E, vibrations are expected to appear in the infrared. The calculated
frequencies are given 1n Table 12, together with the interionic potential constants.

In this calculation the intramolecular force constants are the same as those for

TABLE 12

CALCULATED AND OBSERVED FREQUENCIES (cM™1) oF Nai[Co(NO,)s]

A, Calcd Vib modes E, Calcd Vib modes Obsd

Vs 1389 NO, antisym str 1175 1391 NO, antisym str 1425

12 1324 NO; sym str 7% 1324 NO; sym str 1333

V3 802 NO; scissor Vs’ 801 NO,; scissor 845, 831
Vs 662 NO, wag ve 630 NO, wag 623

Vs 382 Co-Nstr vs’ 441 Co-N str 449, 372
Ve 270 NO; rock and skel def v’ 283 NO. rock and Na” 276, 249

lattice
vy 219 1Na” lattice vy 237 Na’ and Na” lattice 214
vg 179 skel def and Na“” and vg’ 194 WNa" lattice and NO, 195, 183
Na” lattice rock
Vo 163 skel def and Na’ and ve’ 158 skel def and Na’” and 147
Na” lattice Na” lattice

Vio 109 Na’ lattice and skel def v;o’ 133  skel def 123

Vit 94 NO, twist vi1© 94 NO, twist .
Interionie potential constants and interatomic distances

(Na* 0O) Value, Dustance Value,

Constant mdfA A

fi 015 q: 255
F i 005 qy 342

iy 0.15 q: 2.62

Coordin Chem. Rev , 4 (1969) 423462
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the K, Rb, and Cs salts. I't can be seen from Table 12 that the calculated frequencies
for the C;, crystal structure correspond with the observed frequencies of Nas-
[Co(NO;)s]

In the spectrum of Na;[Co(NQO,)s], each band shifts to the higher frequency
side by 2-5 cm™! with a lowering of temperature. Among them a remarkable
frequency shift and an mtensity enhancement are seen for the band at 214 cm ™.
The reason for this feature is not certain. According to the calculation shown in
Table 12, this band is assigned to the lattice vibration where the Na* ion displaces
primarily. In the spectrum of Na,Ba[Ni(NO,)s] shown in Fig. 12(b), the band
around 200 cm ™! behaves 1n a similar manner, which suggests that this band may
be assigned to the lattice mode related to the Na* 1on. The lowest band around
80 cm ™! of Na,Ba[Ni(NO,)s] may be assigned to the lattice mode related to the
Ba?" ion, since a similar band is observed in the spectrum of K,Ba[Ni(NO,)]-

(iu) Lattice vibrations of A',A” C type cubic crystal (Hexamtro- and hexammine-
complex salts)

If a hexanitrocomplex ion is regarded as one umt in Fig. 10, an A’;A” C
type cubic crystal (C: complex 10n) 1s formed. There are many hexanmitrocomplex
salts belonging to this type of cubic structure, some of which have been discussed
in the preceding section (D, i1). Hexammine complex salts such as [Co(INH ;)¢]Cl;
and [Ni(NH;)¢]Cl, also belong to this type of cubic structure (A': C1~, A”: CI~
and C: [CoNH)¢]** for the former; and A’: C1~, A”: none and C: [Ni(NH;)¢1>*
for the latter). Since such a thorough normal coordinate analysis of complex
salts as described 1n the preceding sections is not always possible, an approximate
analysis of the lattice vibrations on the basis of the above simpliffied model is
needed and worth while investigating. Though the low-frequency inner vibrations
in the complex 1on are somewhat coupled with the lattice vibrations as has been
discussed 1n the previous section, the above approximate analysis neglects the
coupling effect and estimates the intrinsic (uncoupled) lattice frequencies.

Consider an interionic potential as23:

V=1 fi(4g,(A"---C)»*+1 Y f:(4g-(A"---C))*
+1 Y fa(Ags(A’---A"))2. (48)

According to the procedure in section (B, u), the following secular equation to
calculate two infrared active lattice vibration frequencies is finally obtained:

G ko +GDSin—1 GV mofi | _ )
2vV2 a0 2 fruo+2 fou' —4
where pq, 1 and p’ denote the reciprocal masses of C (complex ion), A’ and A”,

respectively. If the force constant f3, the interaction between A’ and A", 1s as-
sumed to be zero, the two force constants fi(A’---C) and f5(A”--C) may be
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determuned by using the two observed lattice frequencies. The calculation has
been made by use of the common values of f; and f, among M;[Co(NO,),] and
M’ ,M"[Ni(NO,)¢] and the result is given in Table 13. The eigenvectors for the
secular equation (49) show that for the higher vibration the M’ and M” ions
displace i the same direction while for the lower one in the opposite direction,
corresponding to vy and v,, shown 1in Fig. 10, respectively. The values of these
force constants f; and f, are somewhat effective though artificial, however, this
approach is useful for estimating the intrinsic frequencies of the lattice vibrations
when the intramolecular modes are not coupled with them. it is found in Table
13 that these frequencies are located in the region where the intramolecular deforma-
tion frequencies are also expected to appear.

TABLE 13

LATTICE VIBRATION FREQUENCIES (M~ 1) oF M;[Co(NO.)s] AND M/;M7[Ni(NO.)s] TREATED As
A’2A” C TYPE CUBIC CRYSTALS AND THE RELATED FORCE CONSTANTS (md/A)

Na3[Co(NO,)s] 180 144 Na,Ba[Ni(NO,)s] 178 66
K 3[Co(NO2)s] 144 109 K;Ca[Ni(NO,)s] 143 108
Rb3[Co(NO,)¢] 111 76 K>Ba[Ni(NO;)e] 143 65
Cs3[Co(NO;)6] 99 61

force constants f; = 028, /> =013, f3 =000

TABLE 14

LATTICE VIBRATION FREQUENCIES (CM~!) OF [Co(INNH3)¢]X 3 AND [N1i(NH 3)61X>
[Co(NH3)61X3 [Ni(NH3)61X2

X =Cl 150 — 110

X = Br 117 —_ 90

X=1I 104 55? 81

Hexammine complex salts of this type of cubic structure have been studied
n this laboratory?® and by Sacconi et al.>”. The lattice frequencies are listed in
Table 14. For [Co(NH ;)¢]X 3 two lattice vibrations should be observed, however,
only one band is observed, even If an extremely concentrated sample is used for
measurement. The reason for this 1s not certain but the observed band may
correspond to the higher lattice vibration (v, in Fig. 10), for which the change of
the dipole moment may be expected to be larger. For [Ni(NH;)s1X,, there is
no X” and so only one lattice vibration 1s expected in the infrared.

(iv) Hexacyanocomplex salts

As examples of complex salts with structures which are neither cubic nor
tetragonal, the infrared spectra of the hexacyanocomplex salts, K3[Cr(CN)s] and
Cs;3[Cr(CN)g], will be discussed. These hexacyanocomplex salts have a monochnic

structure with space group C,;,° Iike K ;[Fe(CN);], which has been already cited

Coordin. Chem. Rev., 4 (1969) 423—462
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in the previous section (B, iv) as an example for the general explanation of factor
group analysis. The Bravais primitive cell is composed of two complex ions and
six cations (see Fig. 4), and therefore band sphitting of the inner vibrations in the
complex 1on may be expected. It 1s seen from the factor group analysis shown in
Table 2 that 26 g, and 23 b, vibrations are infrared active, of which 8 a, and 7 b,

vibratione correcnand to the lattice modes Lattice vibrations mav be observed

VIULGLIVIIO VWULAWVOpULIU oV 1Nne 1atiice mogaes 21.attuce ARGV IS 2Ly LTI VO

below 200 cm 1.

The nfrared spectra of K;[Cr(CN)¢] and Cs;[Cr(CN)¢] are shown?® in
Fig. 14. Many bands are observed in this far infrared region below 500 cm™'.
With a lowering of temperature some of the bands split into several components.
Most of the bands shuft to the higher frequency side; the band around 200 cm ™1
in K salt and the one around 170 cm™! in Cs salt are notable, and they may be

attributed to the lattice modes due to the displacement of the outer cations. In
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Nujol room temp
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Fig. 14. Far infrared spectra of K3[Cr(CN)s] and Cs3[Cr(CN)¢l.
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order to clarify how each inner vibration band splits in the spectrum of the crystal,
the correlation of the point group of one complex ion, and the site group and
factor group of the crystal, is given in Table 15. For an isolated complex ion,
[M(CN)(]3", only three modes (M—C stretching, M—C=N bending and C-M-C
deformation modes) of the f;, species are expected in the infrared below 500 cm ™.
The C-M-C deformation frequencies are located below 200 cm ™! and they may
be considerably coupled with the lattice modes. The band feature of the M—C=N
bending mode may be more complicated than that of the M—C stretching mode,
since from the correlation table of Table 15 it 1s expected that the former mode
has six components arising from both f;, and f;, species while the latter mode
has three components arising from f;, species (see Table 16). Therefore, the band
around 450 cm ™! which does not show clearly splitting or multicomponents, may
be assigned to the M—C stretching mode, while the band around 340 cm ™!, which
splits into three or four components, may be assigned to the M—C=N bending mode.
The opposite interpretation was given by Jones for some [M(CN)¢]"~ 10ns2°.
Optically active vibration frequencies were calculated for the structure given
1n Fig. 4 of the previous section (B, iv), which was determined by neutron diffraction
(for K 3[Co(CN)gD). The interionic potential constants for the atom pairs with the
distances shorter than 4.0 A are taken into consideration. First an estimate was
made of the values of the mnteratomic or interionic potential constants depending
upon their distances, referring to the relation given by Rittner and then these
were modified so that the calculated frequencies may explain the observed fre-

TABLE 15
CORRELATION TABLE FOR REPRESENTATIONS OF [M(CN)g]13~ 10N 1IN K3[M(CN)¢]
Ca1% space group D,n1* space group
Point group Site group Factor group Point group Site group Factor group
[0, 1 Ica Chl [0, LC;1 [D2nl
(2 oy (2)  a44 ag (R)
ap \ / ag (R) a, \ %bm(m
(2x2) eg (2x2) eg bzg(R)
(1x3) f197 \bg (R) (x3) fyg / b3g(R)
2x3) foq (2x3) faq
ayy a,, a, C(ta)
asy ay UR) g, / byy (IR)
ey — e, b by (IR
(ax3) fy, / \ u (IR (@x3) 1.} \b3u(1R)
(2x3) f,, 2x3) f, ¢
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TABLE 17
POTENTIAL CONSTANTS USED IN THE CALCULATION

intramolecular force constants

[Cr(CN)61°~

K(M-—C) md/A* 15

K(C=N) md/A* 170

rmc® H(CMC) md A* 08

rvcrenH(MCN) md A~ 016

F(C ©) md/A 015

p(MC,, MC;) mdfA 00

p(MC, CNy md/A 04

interionic or interatoniic potential constants

FK* - N) or f(Cs* N)- 0.15 md/A (for 25 &)

005 md/A (for29~30 A)
00! md/A (for 38 A)

FK*-- C) or f(Cs*-- O): 004 md/A (for 30~324)
002 md/A (for 35 A)

* diagonal elements of F-matrix for the internal coordinates

quencies as a whole. Of the intramolecular force constants, the stretching and
deformation force constants corresponding to the diagonal matrix elements of
the potential energy matrix (F-matrix) are adjusted so that a good fit between the
observed and calculated frequencies may be obtained, while the repulsive force
constants between the non-bonded atoms, corresponding to the off-diagonal F-
matrix elements in the Urey-Bradley approach, were fixed as values derived from
the intermolecular interactions of inert gases. The results of the calculations are
listed in Table 16, together with the observed frequencies. This Table also includes
the calculated frequencies for which the interionic force constants were assumed
to be zero, from which the effect of the outer cations upon the inner vibrations
in the complex 10n is known. Table 17 gives the potential constants used for the
calculation.

As a whole the observed frequencies correspond well with the calculated
frequencies. For the monoclinic structure the metal ion is located at the center
of symmetry and the “g” inner vibrations of the isolated complex ion correspond
to the @, and b, species for the C,.5 crystal (see Table 15). Accordingly these
vibrations may not be observed in the infrared spectrum. Thus 1s actually the case,
since no band 1s observed in the region 340-200 cm ™', where the g, and b, vibra-
tions arising from the ¢, and f;; intramolecular vibrations of O, point group
exist. The band around 200 cm™! of K;[Cr(CN)¢] is assigned to the lattice mode
in which the K* ions displace primarily, on the basis of the eigenvector (L.
matrix). It is reasonable that the frequency of the corresponding band for the Cs
salt is lower than that for the K salt. With temperature change this kind of lattice
vibration is affected markedly. Several bands observed below 100 cm™' aie
assigned to the lattice vibrations in which outer cations or complex ions as a

Coordin. Chem. Rev , 4 (1969) 423462
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whole displace. The lattice vibrations due to the displacement of the [M(CN)¢]*~
ion as a whole are located in the lower frequency region and are all translational
lattice modes. Rotational lattice modes belong to @, and b, species and are not
observed in the infrared spectrum.

A report that K;[Co(CN)] is polytypic with two unit cells predominating
(one monochinic and one orthorhombic) was given by Kohn and Townes3°. In
addition to the monoclinic structure with the space group C,,° mentioned above,
the orthorhompbic structure with the space group D,,'* was found. The correlation
table for the latter crystal structure is different from that for the former and is
also given in Table 15. As seen from Table 15, the selection rule for the infrared
spectrum 1s different and details will not be discussed here. The effect of “poly-
typism™ on the infrared spectrum and lattice vibrations will be reported in a
forthcoming paper from our laboratory. However, it can be seen that ilie infrared
spectrum shown in Fig 14 of K3JCr(CN)g] and Cs;[Cr{(CN)s] is not consistent

TABLE 18
POTENTIAL CONSTANTS (md/A) OBTAINED FROM INFRARED FREQUENCIES (CM™1)*

(@) Force constants of the covalent bond
K(CICDH . 32 Cl, 556
K(PtF) : 475 PtFg- 705

(b) Force constants of the coordination bond
(bl) Halogeno complexes®

K(PtF) 307 Cs,[PtF¢] 571
K(PtCD 181 K,[PtClg] - 344
K(PdCh 147 K2[PdCle] : 340
K(PtBr) 161 K;[PtBrg] 244
K(@PtCl) 160 K,[PtCl,] . 320
K@dCl) 1.40 K,[PdCl,] . 233
K(CoCl) 1.41 [CoCl.(NH 3).]Cl . 353
K(CoBr) 157 [CoBr,(NH3)4]Br : 318
(2) Ammne complexes®

K@PtN) 239 [Pt(NH3)6]CLs-H, O 536
K(Co™N) 139 [Co(NH3)¢ICla : 503
K(CrN) 125 [Cr(NH 1)6ICl5 470
K(MNI1N) 065 [N1(NH 3)6]Cl2> - 330
K(Co"'N) 065 [Co(NH )]CL, . 318
X(PtN) 222 [Pt(NH 5)4]Cl>°H,0 - 510
K(PdN) 197 [PA(NH ;),]Cl,"H,O : 491
K(CuN) 117 [Cu(NH3),]SO.4 : 420
(b3) Niutro complexes®

K(CoN) 150 K3[Co(NO2)6] 410
K@1IN) 0 80 K,Ca[Ni(NO2)sl ¢ 286
(b4) Cyano complexes?

K(CoC) 2.60 K3{Co(CN)el 565
K(FeC) 210 K;[Fe(CN)gl . 512
K(CrC) 1.50 K;ICr(CN)6] s 456

(b5) Perovskite fluorides*®
K(N1F) 080 (201 A) KNiF; : 446
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K(MgF) 0 60 (199 A) KMgF, : 478
K(ZnF) 075 (203 A) KZnF; : 430
(b6) Metal oxides®
K@M0) : 075 (2.10 &) Ni10O : 460
K(FeO) : 0.62 .15 8) FeO : 410
K(CoO) : 065 (.12 ) CoO : 420
{c) Force constants in the inorganic crystals®
K(CaF) : 0.31 .35 4) CaF, : 322
K(CeO) : 069 (234 4) CeO, : 345
K(ThO) . 083 242 4A) ThO, : 365
K(ZnO)* : 070 (1.95 &) ZnO : 380
K(CdS)* : 060 25234 cds : 228
(* taken into account the polarization forces)
(d) Force constants in the 1omc crystals®
NaCl : 011, 284
NaBr : 010, (298 A)
KCl1 . 0.115 3154
KBr : 0.1, (3.30 &)
KI : 0093 3534
CsCl . 008 (3574
CsBr : 009 G.71 A)
CsI : 0083 (3.95 4)
(¢) Interiomic and interaction potential constants'
f(K* CI7) 0045 (344 A K2 [PtClsl : 90.
FK*+-- CI7) . 0115 (3224) K:[PtClL,] : 110
f(Na*-- O) : 015 26 A~) ]

: 0.05 (34A~)
FK* - 0) : 0.14 283 4) M3[Co(NO2)s]

: 011 305 A) ! M:Na, K, Rb and Cs
f(Rb* - 0) . 012 2954)

: 0.10 3154 See Table 10
f(Cs* - O) - 010 G154

: 008 (3304A) ]

.. J
R N 5 K, MININO,).]
M.Ca and Ba

FK*- O) : 010 (G 13 A) {
F(Baz+ - O) 012 (293 4) J See Table 10
FK* N) 015 25A~) 1

: 012 (30A~) K 3[Fe(CN)s] and

: 0.01 (3.8 A~) > K3[Cr(CN)¢}
f(K---+C) : 004 @B1A~) See Table 16

. 002 (3.5A~) ]
fH Ch 2 :g g gg g } [N{(NH3)6ICl, . 110
ra-By 0w Son ) Mo %
oo gl enR ) meewaan X

* The second column gives the values of the potential constants in md/A and the last column
gives the infrared frequencies in cm~* which contnibute primanly to determine the potential

constants
s refs. 22d, 22f, 32, ®refs. 22e, 22f, 22h; © refs. 21, 25; 9refs 22a, 28; °ref. 14, "ref. 14; sref. 33;

href. 5; 1refs 24, 26, 28, 32
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with the orthorhombic structure with the space group D,,'* but can be explained
only on the basis of the monochnic structure as discussed above.

Bloor interpreted all the bands observed below 110 cm ™! for K ;[Fe(CN)g]
as inner C-M-C deformation modes3*, on the basis of the argument that, for the
orthorhombic structure, the inner C-M-C deformation modes of ‘g’ species are
observed in the infrared (see Table 15 (b)). However, the experimental results
(temperature effect) in Fig. 14 and the results of the calculation in Table 16 for
KSICr(CN)g] andCs;[Cr(C N)g], can hardly support his interpretation.

E. SUMMARY VIEW
(1) Potential constants

The interionic potential constants of diatomic crystals were given (B, ui) using
alkali halides as examples Then the potential constants which govern the so called
ionic crystals, perovskite and rutile fluorides, were obtained on the basis of the
molecular dynamical model, followed by the interionic potential constants between
the complex ion and outer ion as well as the intramolecular force constants in
the complex 10n for some basic complex salts such as hexanitro- and hexacyano-
complex salts. For the interionic potential in the complex salts, the interpretation
was made on the basis of the molecular dynamical model that this term arises
from the interaction between the outer ions and the neighbouring atoms of the
complex 10mns.

The nteractions are usually taken for atompairs whose distances are shorter
than 4.0 A. There are several other studies not mentioned in the present review,
performed in a similar manner, the halogeno-complex salts by Hiraish1 and
Shimanouchi®*2, the ammine complex salts by Nakagawa and Shimanouchi?®, the
transition metal oxides by Nakagawa et al.’*, and some inorganic crystals such
as CaF,, ZnS, etc, by Tsuboi er al “-*>. Table 18 summarizes the potential
constants given in these studies, together with those obtained in the previous
sections of the present review.

First it can be seen that the values of the force constants for the coordination
bonds vary from 0.20 md/A to 3.0 md/A. Since the values of the force constants
for the typical ionic bonds are about 0.1 md/A, all of the force constants given
in (b) and (c) reveal that these bonds include more or less covalent character. It
should be noted that some amount of covalent character is included in the M—F
bond of the so-called ionic crystal KMF;. This is consistent with a theoretical
study (SCF molecular orbital theory) by Sugano and Tanabe which showed some
degree of covalent character®* in the Ni-F bond of KNiF ;. However, comparing
the values of the M—F stretching force constants with those of PtF (a) and [PtF¢]?~
(bl), 1t is concluded that the M—F bond in the perovskite fluoride is much weaker
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and less covalent. In relation to this, it may be seen that the M-O bond in the
transition metal oxide (NaCl-type crystal) is of the same order of covalent character
as for the M—F bond in the above KMFj;, since both of the force constants
amount to 0.60 ~ 0 80 md/A [(b5) and (b6)]. It is interesting that both KNiF,
and NiO exhibit antiferromagnetism below the Néel temperature, suggesting
electron delocalization in the Ni-F and Ni-O bonds

Interaction potential constants which are the expression of the interaction
between the complex ion and the outer 1on and which mainly govern the lattice
vibration frequencies, amount to 0.15 ~ 001 md/A, depending upon the inter-
atomic distances. It is clear that the interaction potential constants are closely
related to the distances of the atompairs However, besides this the electrostatic
factors such asthe effective charges and polariabilities of both atoms may be the
other factors to determine the interaction potential constants, as Rittner pro-
posed for the potential of alkali halide gases®5. The interpretation for these
interaction constants on a theoretical basis and the comparison of these values
with those calculated from a non-empirical formula such as Rittner’s equation,
remain to be studied in the future. It should be noted that a normal coordinate
analysis of the optically active vibrations of the crystal on the basis of the molecular
dynamical model is useful for the interpretation of the lattice vibrations as well
as the mner vibrations of the complex salts.

(1) Vibrational coupling between the lattice modes and the intramolecular modes

It was known that the lattice vibrations are located below 200 cm ™! whereas
the low-frequency inner vibrations 1n the complex ion such as skeletal deformation
modes are also observed 1n the region 300 cm™?! to 100 cm™!. Therefore, proper
vibrational frequencies for both of these modes are quite often overlapped and
these modes are coupled with each other in a complex manner. The vibrations
for which the displacements of the outer ions relative to the complex ion are
predominant and have frequencies which change markedly with the outer ions,
may be qualified as lattice vibrations. However, the vibrational frequencies below
300 cm ™! vary more or less with the outer 1ons. For example, one can see how
the lattice vibrations due to the interaction between the complex 1on and the outer
ion have an effect upon the inner vibration frequencies In Tables 10 and 16 for
the hexanitro- and hexacyano-complex salts, there are frequency changes with the
outer ion and also frequency differences between the calculated frequencies
including the interaction potential constants and those neglecting them. In Table
16 of K;[Cr(CN)¢] and Cs;[Cr(CN)¢], the bands in the region 150 cm™! to
100 cm™! can be defined either as inner C~-M-C deformation modes or as lattice
modes.

In the more sumple case of K,[PtCl,], the displacement of each atom for
the infrared active in-plane vibrations of the E, species is drawn n Fig. 15, on

Coordin Chem Rev , 4 (1969) 423-462
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Fig. 15. Vibrational modes of E, species vibrations of K,[PtCl.]

TABLE 19

OBSERVED AND CALCULATED FREQUENCIES (cM™Y) ofF K,{PtCl,]

Species Spectrum Obs Calc I* Calc II®

dase Raman 335 335 335

be Raman 164 164 164

b2g Raman 304 304 304

dzy IR 170 175 123
103 100 0

€u IR 325 325 325
190 192 142
116 110 0

90 87 0

® Calc I- including interaction constant f(K- CI) = 0 115 md/A
® Calc II. without interaction constant

the basis of the calculated result by Hiraishi and Shimanouchi2. The 190 cm™!
vibration is assigned to the CI-Pt-Cl deformation mode with an appreciable
component of the lattice mode whereas the vibrations at 116 cm~* and 90 cm™*
are assigned to the translational lattice modes with a small component of the
inner vibration. Table 19 lists the caiculated frequencies with and without the
interaction potential constant, from which one can see clearly the effect of the
outer ions upon the inner vibrations.

As a summary of the outer ion effect upon the inner vibrations, considering
the results in Tables 10, 17 and 19, it is concluded that the metal-ligand stretching
vibration usually located in the region above 300 cm ™! is not affected by the outer
ion effect. It may be said that the metal-ligand stretching frequency and the
corresponding force constant, which 1s one of the important criteria for the metal-
ligand interaction, may be reasonably interpreted on the basis of the isolated
complex ion without considering the outer ions. The above conclusion is very
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important from the physical point of view, since there are many complex salts
whose crystal structures including the outer ions are not determined, however the
study of the metal-ligand interaction in the complex ion through the vibrational
spectrum is an important subject 1n coordination chemistry.
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