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A ZNTRODUCTION 

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

The intramolecular (Internal) vrbration modes of the complex ion in the low fre- 
quency region are more or less coupled with the lattice (external) modes and 
accordmgly the metal-ligand vrbratrons 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 mfrared spectra and lattice vrbratrons of some funda- 
mental types of complex salts with the cubic, tetragonal and monochmc structures 
will be discussed. Before drscussing individual probiems, a survey will be given of 
the lattrce vrbratrons of iomc crystals observed by optical methods-optically 

active lattice vrbratrons-, since the interaction between the complex Ions and 
outer eons may anse pnma.rrly from an ionic character. 

B. OPTICALLY ACTIVE LATTICE VIBRATIONS OF CRYSTALS 

(i) Vibrations of a diatomic chain 

Consider a one-drmensronal infimte chain composed of different types of 
atoms 1 and 2 occupying alternate positions (Fig. 1). This model includes varrous 
features common to lattrce vrbratrons in generalr. 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 l ‘&--------_o 
- - 
=0 ui, & 

Fig. 1. One drmenaonal dratomrc crystal. 

If one restricts the atoms to move along the chain, the equations of motton 
for the two hinds of atoms can be descrrbed as: 

rnG= = Bc~~~-~3-+“--4-,~1 

m’ii’, = BC(%,l -u>-(u;-uJJ 

(1) 

(2) 

where u,, and u’,, 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 fi the potential constant for the 

bond between 1 and 2 atoms. The solutions for the above simultaneous equations 
(ink&e in number) are as follows: 

% = u exp [z(wt+2nqa)] 

ui = u’ exp [i(ot+2nqa)] 

(3) 

(4) 
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Here o’s are the angular frequencies (w = 2~; v = frequency) and q is the so- 
called wave vector and corresponds to the phase dtfTerence for each suceesstve eeli. 

For a given 41 which can take any value between -7$&z and I$&, there are two 
values for the frequency, and they constitute two branches, acoustrcal and optrcal 

Rg 2 Relation between fattxe frequencies of crystal (CO) and wave vector (PJ) for a on~di~ension- 
al dzatomic crystal 

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

wlule for the acoustrcal brauch: 

ce(q = 0) = 0 (acoustical) (81 

The corresponding amplitude ratio is given by: 

ufu’ = - m’/m or rnri +m*u* = 0 (optical) (9) 

and 

u = ii’ (acoustical) (101 

This means that, for the optical vibration, the center of mass of each c&l remains 
statronary while in the acoustreal 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, 

Coordrn Chem. Rev., 4 (1969) 423-462 
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Fig 3 Two-dlmensional (a) and three-dimensional (b) chatonuc crystals. 

the doubly degenerate and tr~ply 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 m wave- 
numbers is wntten as: 

3(cm- ‘) =&#J_ (II) 

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

qcm-l) = &t&+$) (113 

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

(ir) GE-matrix method for calculation of optically active lattice frequencies 

Wilson’s GF-matrix method3 may also be apphed to the calculation of 
optrcally active lattice frequencies of crystals and has been described in detad in 
a paper by Shimanouchi, Tsuboi and Miyazawa4. An outline of this method is 
descrkd below. 

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

T r= -) C m,(?i2 -I-$i2 + 2,‘) = J- Z&i.. (12) 
i 

V = ~K,(Ar,)2+~K2(Ar,)2 + . . . +k,(Ar,) (Ar,)+ . . . 

= ~fixR12+3fizR22+. . . t-fi2 RlR2-k. - . 
= *kw (13) 

R =BX (14) 
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V = #.8FBX = $2FJ (15) 
Fs = %FB (16) 

j M--‘F~-Etl~ = 0 (17) 
vl(cm-l) = (1127~) fi (If9 

X=L,Q (19 

M-‘F&, = LA (20) 

Here 
x: 

R: 

F: 

B: 

F;: 

column matrix corresponding to the Cartesian displacement coordinates 
such as dx1, dy,, dzl, . . _ 

column matrix corresponding to the internal coordinates such as drl, 

A&, &zl, - - - 
potential energy matrix 
transformation matrix between R and X 
potential energy matrix in terms of Cartesian displacement coordinates 

L=: transformation matrix between the Cartesian displacement coordmates 
and the normal coordinates Q, 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 coordmates X,, and internal coordi- 
nates Rap are set up as: 

(21) 

Rap = NR c &c 
:Jk 

(22) 

where X& and RJj, are respectively the Cartesian displacement and internal 
coordmates associated with the three-drmensional Bravais primitive cell (uk). These 
are summed up for all the cells so that &, and Ro,, which describe the in-phase 
motions of all the cells corresponding to q = 0 may be obtained (see Eqs (3,4)). 
The optically active g matrix, Bop is defined as: 

R op = RmXp 

and is calculated as: 

(23) 

where B~gr,ir/,k, is the submatrrx associated with the internal coordinates RIJk of 
the cell ijk and the Cartesian displacement coordinates Xr,lPr, of the cell i’j’k’. 

The F matrix m terms of internal coordinates for the optically active vibrations 
is given by: 

FOP = c F&jz. (25) 
i/it 

Coordm. Chetn Rev., 4 (1969) 423462 
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where FgJk,t.l.r. is the submatrrx ccrresponding to the cells ij& and i’j’k’. (F;ltrJk 

denotes the diagonal submatrix w*th respect to each Bravais primitive cell). 
In a simrlar manner, as for free molecule calculation described above, the 

vibrational frequencies are calculated as follows: 

V 
OP = 23&G&y,p (26) 

Cop = ~op&Ap (27) 

(M-‘F&L, = L,A (28) 

From the eigenvalues and eigenvectors of (M-‘S’X,P) matrix, one can obtam the 
vibrational frequencies and vibrational modes of the optically active vtbrations 

The GF-matrix method may also be applied to the problem of a one-dimen- 
sional mfinite chain discussed in the previous section (l3, i) The B matrix is 
written as: 

. 

. . 

-1 1 0 0 

0 -1 1 0 

/,” i/-i -: 
0 0 0 0 

0 0 0 0 

- 

- 

0 0 

0 0 

0 0 

1 0 

-1 1 

0 -1 
. . 

. 

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

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

V=-)K[ - +(Arx)2+(Ar’g)2+ . J+k[. . . +(Ar,) (Ar’,)+. . . J 
+k’[. . . +(dr&) (Lb-‘,_,)+. . .] 

(29) 

(30) 

(31) 

the F matrix becomes 
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. 

. . 

. 

Arz-1 
At-i- 1 

‘4 
Ar: 

Ar,+I 
At+ I 

. 

. 

. 

and by Eq. (2 

Ir k 0 0 k K k’ 0 I k'0 K k 0 0 kt0 K I 0 k’ 0 0 0 0 0 I 
OOOk’Kk 

0 0 0 0 k K 
. 

. . 

the Fop is gven as: 

By solving the secular equation (28), one obtains 

1, = 2 ;+ -$ (K-k-k') 
( 1 

A, = 0 

/ 

(32) 

(33) 

(34) 

(35) 

where AI and 1, correspond to the optical and acoustical vlbrational frequencies 
at q = 0 (see Eqs. (7, 8) in section (B, 1)). 

(iii) Interionic potential constants of dlatomic tome crystals 

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

TABLE 1 

LACTOSE FREQUENCIES (v), INTERIONIC POTE~AL CONSTANTS (B) AND INTERIONIC DISTANCES (r) 

OF SOME ALKALI HALIDES* 

Compound v (cm -1 l * ) $~mrilA) 4) 

NaCI 
NaBr 
KC1 
KBr 
KI 
CSCI 
CsBr 
CSI 

165 0 112 2 82 
140 0 103 2 98 

145 0 115 3 15 
122 0 11s 3 30 
103 0% 3 53 
102 0 086 3 57 
82 0099 3 71 
66 0 OS3 3 95 

l The crystal structures of Na- and K-salts are NaCl type (Ohs, F m3m). Those of Cs salts are 

CsCl type (f&‘, P m3m). The lattice frequency of the Cscl type crystal is also given by eq. (11). 
l * The observed frequencies are taken from the review by Mdler’. 

Coordm. Chem. Rev., 4 (1969) 423462 
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as the first derivatrve of the potential energy with respect to mtenonic drstance 
(- 6 VJGr), consists of various terms. These terms may be divided into two parts, 
repulsive and attractrve forces. In the equrhbnum position these two terms are 
equal in magnitude. In the second derivative of the potentral (S2V,8r2), the 
repulsion term may be much larger than the attraction term resultmg m a posrtive 
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, (6’ V~r2)rcpuls,vc may primarrly govern the lattice frequencies. Therefore 
one of the approaches to analyze the lattrce frequencres of IO&Z crystal 1s based 
on the molecular dynamical model m which the optical frequency w. at q = 0 
is evaluated by the local elastic restoring force (the force constant B between the 
nearest ion pairs). Table 1 grves the lattrce frequencres and correspondmg potential 
constants calculated from Eq. (11) for alkali halide ionic crystals’. It can be seen 

- that the value of potentral constants correspondmg to typrcal romc bonds IS about 
0.1 mdyn/& which is much smaller than those obtamed for covalent bonds such 
as in Cl, (3.2 mdyn/tf). 

(iv) Factor group analysis for optically actrve vibrations of complex salts 

If the Bravars prrmttive cell contams p atoms, there are 3p-3 optical vrbra- 
tions and 3 acoustical vrbrations. The 3p-3 optrcal vrbratrons of the complex 
salts may be classified as internal (mtramolecular) vibrations in the complex ion 
and external (lattice) vrbrations, although the in ternal and external vrbrations are 
more or less coupled wrth each other. Based on the knowledge of the space group 
of the crystal, the 3p-3 optrcal and 3 acoustical vrbratrons are classrfied mto each 
symmetry specres, using a method analogous to the normal vrbratrons of free 
molecules. This analysis for the crystal vrbrations may be called “factor group 
analysis”, and is descrrbed below, usmg as an example K,[Fe(CN),], for which 
the far infrared spectra and lattice vrbrations ~111 be drscussed later. 

The number of vibrations (n,) of each symmetry specres (r), that IS, m each 
irreducrble representation is grven by* 

n, = (l/g) c gpx,(R)il;(R) (36) 
P 

where xI (R) and XL (R) are the characters of the operation R in the representatron 
r, and r, respectively, g is the order of the group and gP IS the number of the 
operations m the class p g, gP and xr (R) can be taken from the character table 
for the space group. xP’(R) may be determined when the characters of the trans- 
formations of the drsplacement coordinates are known. 

The crystal structure of K3[Fe(CN)6] is monoclinic with the space group 
CZh5 (P 2,/c; z = 2) and as shown in Frg. 4 the Bravais primitive cell contains 
32 atoms, two kinds of [Fe(CN)J3- ions and six K+ rons6. Thus crystal has 
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r Y sn@ 
L_____b______-------_____+ 

b 

OM (Fe) Fe(l) 0 0 0 

OK Fe(2) 0 b/2 c/2 

l c K (1) 0 0 c/2 

ON K(2) Ob/2 0 

K (3) 1 

K (4) 

K (5) I 
-a/2fb/-lfc/4 

Fig 4 Structure of &[Fe(CN),] wth the space group Czh5 (P 2,/c, z = 2) 

screw axes 2, parallel to b axis and passing through (x = 0, z = + 1/4c) and 
(x = f $a, z = + 1/4c), glide planes c perpendicular to b axis at (y = + 1/4b) 
and centers of symmetry I at (x = 0, y = 0, z = 0), (x = 0, y = 0, z = ++-J), 
etc. (see Fig. 4 and Table 2) 

First, consider all degrees of freedom, then 

CX;WIN = G&4 C+1+2 ~0s Al (37) 

and ni(N) obtamed by substitutmg this k;(R)], into Eq. (36) mcludes all types 
of normal modes (translations, external and internal modes). U,(p) IS the number 
of atoms which remains invariant under the operation R. According as R is a 
pure rotation (proper operation) through & or a rotation through & accompanied 
by a reflection (Improper operation), a + or - sign is used (see Table 2 of the 
example K, pe(CN),]). 

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

h;(R)], = +:1+2 cos & 

and n,(T) IS obtamed m a slrmlar way. 

(38) 

External (lattice) modes are further subdivided into translational and 
rotational lattice modes. Here one should account for the number of ions in the 
Bravais Tr’mitlve cell. U,(S) represents the number of ions whose center of 

Coordin. Chem Rev, 4 (1969) 423-462 
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TABLE 2 

FACTOR GROUP ANALYSIS FOR OPTICALLY ACTWE VIBRATIONS OF K,[Fe(CN)J CRYSTAL (c2h5, 

P 2,/c, 2 = 2) 

g=4 
c,,s E 21 C I ni(NI n,(T) ni/T’) nl(R’) m(n) 

AS 1 1 1 1 21 0 3 3 15 
A” 1 1 -1 -1 27 1 8 0 18 
B. 1 -1 -1 1 21 0 3 3 15 
BU 1 -1 1 -1 27 2 7 0 18 

UPI 32 0 0 
Ws) 8 0 0 
U&s - v) 2 0 0 
*1+2cos@~ 3 --I I 
lf2eos@a 3 -1 -1 

[;C~(R)IN 96 0 0 
1 

-1 -9x 
I 

0 6- 

- the number of atoms whrch remam Invariant under operation R. 
_ the number of Ions whose center of symmetry remains invariant under operation R 

v) - the number of rons whrch are constitued by more than one atom among &(a) ions 
: the number of total freedom 

the number of translatronal mottons of a crystal as a who e 
the number of translatronal lattrce modes. 

: the number of rotatronal lattrce modes 
: the number of internal modes in the complex ran 

symmetry remains invarrant unc’er the operation R. Among these &(s), the 
number of ions whrch are constrtuted by more than one atom, IS destgnated by 
U&-V). Then the characters correspondmg to the translational lattice modes 
[;cb(R)r], and those for the rotational lattice modes h&R)]a,, are given as: 

~~(R)]R* = Ua(s-U) (1 2 2 COS +R) (W 

From these characters, the numbers of the translational modes P+(T) and rotational 
lattice modes n,(X) are calculated. 

Fmally, the number of the internal modes (mtramolecular modes in the 
complex ion) n,(n) may be obtained by direct subtraction of n,(T), n,(r). n,(E) 
from the total number of degree of freedom n,(N): 

q(n) = n,(N)- n,(7) - II, - n,( R’) 

These procedures mentioned above are summarrzed in Table 2 for the example 
of K,[Fe(CN)s] with the space group CZh5 @2,/c). 
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C. EXPEXIMEN-I’AL METHODS 

(i) Spectrometer and device for low-temperature measurement 

For spectroscopic measurements in the far infrared region, both the 
diffraction and interferometric methods are avadable. As far as measurement 
down to 30 cm-l 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 usmg mainly the 
vacuum and double-beam HITACHI FIS-1 and FIS3 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 
IS kept at high vacuum (10m4- lo- ’ mmHg). Samples are inserted into silicon 
plates contacted with the metal conductor or directly contacted with the conductor 
in the low temperature cell’. 

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 50% 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 FE-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 0 9 cycles in the case of the low-temperature 

Coordin. Chem Rev, 4 (1969) 42342 
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measurement, so that the temperature effect is ehmmated without stoppmg the 
chopper EL 

(ii) Determination of lattice frequencies 

It has been shown that in the one-dimensional diatonuc chain discussed In 
the previous section (I3, i), atoms of one type move as one body against atoms of 
other type for the optical vlbratron oc(27rv,,) at q = 0. The procedure for deter- 
mining this v, frequency experimentally 1s described below. 

This frequency v,, 1s the infrared dispersron frequency, or the resonant 
frequency, at which the refractive index and the dielectric constant become 
infimtely large. It would be measured as the absorptron frequency (the frequency 
of the mimmum transmissron) 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 transnut sufficient radiation and so a direct determmation of 
the v. as a thickness d + 0 is not possrble. Therefore transmission measurements 
for the sample should be made in some other dispersing medium. In most of the 
examples discussed in the later sectrons of this review, transmrssion measurements 
were made for samples as &rely drvrded powders dispersed in polyethylene and 
in a Nujol mull and the absorptron frequencies for these samples were regarded 
as the vc’s. 

The reflectron spectrum of a smgle crystal can also determine the v0’s8. 
By transforming the reflectance data usmg the Kramers-Kronig relation, the real 
and rmagmary parts of the complex drelectnc constant (s = n2-k2, E” = 2 nk), 
where n is the refractive mdex and k IS the absorptron coefficient, are obtained_ 
The maxima of the imaginary part 8” supply the resonant frequencies. Making 
the assumption that the dispersion can be interpreted m terms of sample mdepen- 
dent oscillator, the oscrllator parameters (v,‘, 4~~3, and ylv,‘; the resonant fre- 
quency, the strength and the line width of the i-th oscillator, respectively), are 
obtained by usmg the E’ and E” data. The dtfference between the resonant frequencies 
obtained from the reflection data of a crystal and those from the transmtssron 
data of a powder sample in other medra IS less than 5% for the lattice vibrations 
of an ionic crystal such as KNIF, and KMgF,, accordmg to the results by Perry 
et al.‘. 

D. INDIVIDUAL COMPLEX SALTS 

The discussron ~111 mainly consider the results of several types of crystals 
studied by the author or his colleagues 
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Nt K F 

O@O 

(a) 

I NI*+ spm l F- 

(b) 

Fig. 6 Structure of KNIFE (a) arrangement of ator&; (I+) magnetx structure. 

(i) Perovskite fluorides and rutile fluorides 

The far u&a-red spectra and latttce vrbrattons of the so-called sonic crystal 
perovskite fluorides and their ruttle counterparts are presented before discussion 
of the inorganic complex salts. Several investigations (Perry et aZ_‘, Balkanski et 

aLlo and Barker”) have been made on the lattice vibrations and the nature of 
the interatomic forces in the crystal. 

The crystal structure of KNrF, as well as KMgF, and KZnF, IS of the 
regular cubic perovskite type with the space group 0,’ as shown” in Frg. 6(a). 
KNiF, exhibits antiferromagnetism below13 the Neel temperature 275” K and 
Ftg. 6(b) shows the magnetic structure; the spin arrangement IS due to the Nr2+ 
ions. This magnetic behaviour suggests a superexchange interaction of Ni2f 
spms through F- ions, in other words electron delocahzation in the NI-F bond. 
A study of how the magnetic behaviour of this ionic crystal is reflected in the 
lattice vrbrations or interionic potentral constants wrll be discussed below. The 
Bravais primitive ceil for KMF, conststs of five atoms, K, M and three F’s 
(Fig 6(a)). Optically active latttce vrbrations are 3f,,+ Ifi,, of which the f2, 
mode is inacttve in the infra-red. There is also anotherf,, acoustical vrbratton 
corresponding to the translational motion of a crystal as a whole. 

The i&a-red spectra of KMF3 together wrth that of NaNiF, are givenI 
in Frg. 7. The three absorption bands are observed for KMF, as expected for 
the cubic perovskite structure of 0, ‘. 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 

Coordm. 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 
bendmg mode, in which the F- ions displace perpendicularly to the M-F-M line 
(see vr and v2 of Fig. 8 below). The lowest band is assigned to the K+ ion Iattice 
mode, in which the Iattrce of the Kt ions displaces relative to the main lattrce 
consisting of the M2+ and F- ions (see vj of Fig. 8). At low temperature the M-F 
bond becomes shorter, the M-F stretching force constant becomes Iarger, and, 
accordrngly, 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 remams rather constant with temperature change. At low 
temperature both of the lattices conslstmg of the K+ Ions and of the M2+ and 

0 500 400 300 200 100 cm-’ 

Fig. 7. Infrared absorption spectra of the perovskite fluorides and rutlle fluonde MgF,. Powdered 
samples dispersed m polyethylene (l-2 mg/cm2) and in the NUJO~ mull - -) room temperature: 
- - - - -, fiquid-nitrogen temperature. 
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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 IS 
given by comparison of the spectrum of KMgF, with that of MgF2 as shown 
m Fig. 7, srnce no band is observed in the MgF, spectrum corresponding to the 
lowest one around 150 cm-’ in KMgF, which arises from the Kf ion-lattice 
vibration. Further confirmation for the vibrational assignment of KMF, ~111 be 
given later in the analysis of MF2. 

A more comphcated spectrum is obtained with NaNIF than KMF3 as 
shown in Fig. 7. According to the X-ray analysis of this salt, the Ni-F-Ni bond 
is not linear but 1s bent15. The NaNIF does not form a regular perovskite but 
shows a distorted structure giving rise to a complicated spectrum. The distorted 
structure of NaNIF, may be understood from the smaller ionic radius of the Na+ 
ion. If the condition : 

(the sum of the ionic radii of Mf and F-) = 
= J ( 2t the sum of the ionic radii of Mzt and F-) (41) 

0.89 < t < 1.00 (42) 

IS satisfied for the M’MF3 salt, it may form a regular perovskite16. As shown in 
Table 3, for KNiF3, KMgFB and KZnF3, this condition is satisfied. However, 

TABLE 3 

IONIC RADII AND FORMATION OF REGULAR CUBIC PEROVSKITE Sl-RUCl-URES 

M’MFs r(Wf) r(M2+) r(F-1 t Comment 

KNlFJ 1 33 A 0 70 A 136 A 092 OK 
KMgF3 1 33 0 65 1.36 0.95 OK 
-F3 1.33 0.74 136 091 OK 
NaNIF 095 0 70 1 36 0 79 NO 

for NaNIF,, t amounts to 0.79, and ths results in an appreciable distortion from 
the regular pervoskite structure. Agam 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 accordmg 
to the procedure outlined in the previous sectlon (B,u). The following type of 
potential function is used: 

where K and H denote the M-F bond stretching and the F-M-F angle bending 
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force constants, respectively, P denotes the repulsion constant between the nearest 
nonbonded F- ions, andf, and fi denote the interaction between Kf and F- 
and that between Ki and M2+, respectively. The valence force type potentml 
was assumed for the MF,-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 FXOP matrix defined in eq. (27) is derived for the perovskite type 
crystal as: 

iK+SH++f, 

-2K 2K+4F 

-4I-I -2F 4H+2F+2fl 
-4H -2F 0 4H+2F+2fi 

-5 “f 2 0 -2f1 -2f1 4fi + Zf2. 

where the basis coordinates are 

1 (44) 

(45) 

or the corresponding coordmates for dX or A Y. AZ,,(z) denotes the optlcally 

active Cartesian coordinate corresponding to the i-th atom (1: M; 2, 3,4: F; and 
5 - K, see Fig 6). The elgenvalues (li) and elgenvectors (LX) of the M- ‘FXOP matrix 
are calculated. Five eigenvalues corresponding to four flu and one f2, vibrations 
are obtained, one eigenvalue of the flu 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 M CM-l OF THE PEROVSKITE FLUORIDES KMF3 (M Ni, 
Mg AND zn). 

KNlF, KMgF3 h-ZnF3 

Call2 ObP Calc Obsb Calc Obs 

vluld 455 446 
MU 250 255 
VJ_fIY) 144 153 
V4cf2”) 214 ia 

477 478 
285 300 
160 156 
234 ia 

435 430 
225 206 
134 142 
196 iac 

s Reflection data (Per@‘: 445, 245, 153. 
b ReflectIon data (Perry)g: 450,295, 140 
e la, mactwe m the infrared spectrum. 

The values of force constants are given m Table 5. These values were 
determined as follows. Among the five potential constants m eq. (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’ 7 such as CF,, SIF, 
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TABLE 5 

FORCECONSTANTSIN md/A OFTHEPEROVSKITEFLUORIDES KMF3 

KMF3 KMgF, KZnF3 

KW--F) 080 060 0 75 
H(FMF) 0 063 0.083 0 038 
FtF F) 0 05 0 05 0 05 
fi(K+ F-1 009 0 09 0 09 
J-~(K+ -M’+) 003 003 003 

and BF3. The values offi and f2 are assumed to be of the same value for KNrF3, 
KMgF, and KZnF,, since the distances 4’ and q* are almost the same for all 
of them. The values off, and fi are determined to obtain a good fit for the v3 
frequencres of these salts, because they contrrbute mainly to the v3 frequency. 
Then for each fluorrde, K and H are calculated to get good agreement between 
the observed and calculated frequencies. The elements of the Fxop matrix are the 
values of the force constants (m md/A) In terms of Cartesian coordmates gtven m 
eq. (45). For KNrF,, they are 

J’_,(KNiF,) = 

2 18 

- 1.60 1.80 
-0.25 -0.10 0 53 
-0.25 -0.10 0 0.53 
-Oo.08 0 -0 18 -0.18 044 

(46) 

There remams the problem of whether there IS another set of force constants 
which could explain the observed frequencres. However, wrth the restrrctron that 
the stretching force constant K should be larger than the bending force constant 
H as well as the interaction constants f, and f2, only one set of force constants, 
shown in Table 5, IS obtained, from the observed frequencres. 

The displacement of each atom for each mode may be sketched on the basis 
of the ergenvectors (1;,. - eq. (28)). An approximate (mass-adJusted) drsplacement 
of each atom in the crystal KNIF,, IS grven as an example in Fig. 8, on the basrs 
of the calculated values of the matrix elements of the M*L, matrix shown in Table 

TABLE 6 

MASS-ADJUSTEDL,hIATRMELEhaNTSOF KNIFE 

QI 455 Qz * 20 Q3:Z44 Q4*2Z8 

+/mNldZI @w -049 -0 36 -0 50 0 
l/&f& U=) +0 87 -0.18 -0 29 0 
+/ihZ, (F) -0 01 +0 61 -too0 -0.71 
~z~~o (F) -0 01 +0.61 +000 +o 71 
l/%&G (K) +o 01 -0 29 +os1 0 
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Fig 8. Displacements of each atom for the lattice wbrations m KNIFB (based on mass-adjusted 
LX matnx elements) 

6. It can be seen that the yI mode is a pure Ni-F stretching mode of theNIF,- 
octahedron with a neghgrble amount of K+ eon displacements and the v2 mode 

is nearly a Nr-F bendmg mode with small displacements of Ki ions. The v1 
mode may be desrgnated as a K-NiF, lattice mode but it should be noted that 
the displacements of F(3) and F(4) are negIiglbIe. 

The lattice vrbrations of the ruttle fluorides will be discussed bnefty next, 
since its analysis is useful to confirm the vibrational asstgnments of the perovskite 
fluorides. The ruttle fluoride such as NtF, has a tetragonal structure wrth the 

space group D.+h 14. The Bravais p rimitive cell consists of two molecules of NIF,, 

i.e., two Nt’s (1 and 2) and four F’s (3,4, 5, and 6), as shown m Fig. 9. Optically 
active lattice vrbrations are 
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la,, + la& + lb,, + lbz* + le, + la,, + 2b,” + 3e, 

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

a,, : (x,), = $4(X, - x, - Y, + Ye), 
azg : (KJ2 = 4A(Y3 - Y, + X5 - X6), 
b lg : WA, = %4X, - -& + Ys - I’,), 
b 2s : WA = MY3 - Y4 - x, + &I, 

es : (x,1, = W*AW3 - ZJ; W*4G -ZA 

a2, : a lmear combmatron of 

(X)6 = (3)*4& + 221, 

03, = Mz, + Zs + 2, + GA 

b I” : linear combinations of 
(x,), = (B’~(Z2 - Z,), 

WA = +&Z, +Z, - Z, - Zd, 

% : linear combinations of 

(-&)I, = AX, ; AY,, 

_ WA, = AX,; AY2, 

wJl2 = (3)*4X3 + Xd; CH*GY3 + YaJ 

GQl3 = W*4% + &I; W’4Ys + Yd. 

A calculation of the optically active lattice frequencies was made by usmg 
the potential constants transferred from the perovskrte fluorides drscussed above. 
Although the potential field whrch governs the rutrle fluoride is not exactly the 
same as that for the NrF,-octahedral part in the perovslcite fluoride, the same 
values of the Ni-F stretching (K) and F-Ni-F bending (H) force constants were 
assumed. The purpose of the calculatron IS to confirm the vrbrational assignment 
of the perovslute fluorrde and also to learn the approximate modes of lattice 
vibrations of a rutile type crystal. The repulsive constants J’(F**-F) were adjusted 
according to the fluorine-fluorine distances q(F S-F). The results of the calculation 
on the basis of the above approximate values of force constants are shown in 
Table 7 and compared wrth 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 bendmg force constants of the KMF, were transferred 
to the rutile counterpart without any modification. This result provides further 
evidence for the vibrational assrgnments of the perovskrte fluoride. An approximate 
drsplacement of each atom in the crystal is given in Fig. 9, from which the v6(a2J 
and v&J around 400 cm-’ may be designated as the M-F stretching mode and 
the vIo(eU) and v,,(e,) around 250 cm-’ as the -M-F bending mode. A comparison 
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TABLE 7 

LA-I-I-ICE VIBRATION FREQUENCIES IN Chl-’ OF THE RUTILE FLUORIDES MF2 

Calc 

MgF, ZnFz 

Obs 9 lo I9 Calc. Obs 9*1o I9 Calc. 

vl(a13- 12’ - 481 410 389 350 395 
vz(azJ _ la* - 288 - 319 - 244 
v&,3 R - 444 515 417 522 423 
y&b&- R - 68 92 76 70 58 
vs(e3: R - 330 295 303 253 314 
v6(& IR’ 370 421 399 489 294 385 
v#lJ: la - 414 - 454 - 389 
vs(bld- ia - 164 - 233 - 133 
v&3- IR 439 447 450 477 380 421 
vl&3- JR 287 254 410 358 244 21.5 
VI,(G) IR 227 215 247 261 173 186 

*) R, Raman active b la) inactwe m the infrared spectrum. 3 IR, Infrared active 

~4 : 68 (bzg) 

. 1,2:N1 

o 3.4, - F 
5,6 

FIN 9. Displacements of each atom for the lattice vibrations m N& (based on mass-adjusted L, 
mat= elements). 
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l [M (NoA Ion 

\” 

@ M’ ton 
0 M” Ion 

Fig 10. Structure of hexamtro-complex salts wrth the space group Th3 and approximate modes 
of lattrce vlbratlons vg and ~10 

of the calculated frequencies of g-specres with the observed Raman frequencres 
obtained by Pot-to et al.’ g IS also given m Table 7 

(IZ) Hexanitrocomplex salts 

Complex salts partrcularly suitable for the study of the interactron between 

complex ion and outer ion are hexamtrocomplex salts. The crystal structure of 

M,[Co(NO,),] (M:K, Rb and Cs) and K,M[Ni(NO,),] (M: Ca and Ba) is cubic 
with the space group Th3 as shown in Fig. 10. The Bravais prnnltive cell consists 
of 22 atoms; one complex ion (19 atoms) and three cations. The result of the 
factor group analysis performed accordmg to the procedure described in section 

(B, IV) is gwen m Table 8, from which ten vibrations of theflU species are expected 

to be observed m the mfrared. 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 M,[Co(NO,),] 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 NO2 symmetric and antisymmetric stretching, 

NO2 scissoring, and NO2 waggmg modes (see Table 10 below). Therefore, the 
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TABLE 8 

FACTOR GROUP ANALYSIS OF M3[Co(N0,),] (K, Rb, AND Csy AND K2Mm~(N0&] (M:Ca AND 

W 

Th 3 N T T R' n 

4 3 0 0 0 3 R 
A” 1 0 0 0 1 la 
E. 3 0 0 0 3 R 
E” 1 0 0 0 1 la 
F. 7 0 1 1 5 R 
FU 11 1 2 0 8 IR 

* Symbols N, number of the total freedoms, T, number of the acoustzal translatronal mottons. 
T’, number of the optical translatronal lattice vrbratrons; R’, number of the rotatronal lattice 
vrbratrons, n, number of the mtramolecular vrbrations of [Co(N0,)J3- ton, R, Raman active, 
IR, infrared actwe, la, inactive 

)rJ?yJ+ 
. ,I . . , . . 

400 300 
cai 

200 Km ca 
300 LOO 104 ‘x-1 

(b) 

Fig. 11 Far infrared spectra of hexanitro-complex salts at room temperature (samples dispersed 
in poIyethylene sheet 3-5 mg/cmz)_ 
(a) MJCo(NO,),] (M:K, Rb and CS), (b) KtM ~I@IO&,] (M.Ca and Ba). 

KKdhdN0d.I 

hzBa[NdNO,Ll 

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-l; 
and 106,74 and 63 cm- I, for K, Rb and Cs salts, respecttvely) These two bands 
are interpreted to arise mainly from lattice vlbratrons due to the interactton 
between the complex ion and the outer cations. In a sirmlar manner, the spectra 

of K,M[N$NO,),] are plausibly explained on the basis of the Th3 structure. 

However, the intramolecular vibrations of the complex ion in the low frequency 
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TABLE 9 

INTRAMOLECULARPOTENTIALCONSTANTS (md/& FOR [Co(N0,)J3- AND WI(NO&I~-* 

&&MN str) md/A 
&&NO str) md/A 
F&NMN def) md A 
F&ON0 def) md A 
F&MN0 def) md A 

F&NO2 wag) md-8, 
F&NO2 twist) rnd.A 
F(N -N) ma/A 
F(0 -0) md/A 
F(M -0) md/A 
p(N0, NO) md/A 

1.50 
9.30 
1.10 
1.78 

0 50 

0 30 (Na salt) 

0 55 

0 03 (assumed) 
005 
3.00 
0 20 
0 50 

0 80 
9 30 
0 60 
200 
040 

0 32 
003 
0 20** 
3.00 
0 10 
0 50 

* In the Urey-Bradley approach, diagonal elements of the Fmatrrx correspondmg to the bond 
stretchmg 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 m terms of F 
** Taking mto account the appreciable Interaction between the Ni-N stretching and NMN 

deformation modes, the effective value of F(N N) was assumed to be largezz’. 

region are more or less coupled with the lattice vlbratlons. A normal coordmate 
analysis is needed for a further dIscussIon about this problem. 

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

(47) 

where L, and K,,,, denote the mtramolecular potential in the complex ion 
and the interionic interaction potential between the complex ion and the outer 
catlons, respectively. For the intramolecular potential, the modified Urey-Bradley 
force field (MUBFF) has been used and the use of this type of potential m the 
vlbrational analysis of the complex Ions has been fully discussed m the several 
papersz2 pubhshed in our laboratory and so there wdl be no further discussion 
here. The force constants used are listed m Table 9, where K, H, and F denote 
the bond stretching, the angle bending, and the repulsion between nonbonded 
atoms, respectively. Fdla means the diagonal element of the F matrix (potential 
energy matrix) for the corresponding mode. p(N0, NO) is the resonance interactlon 
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 
0 atoms23. For these complex salts the nearest and the second nearest M+--.O 
distances are 2.80-3.15 A (q2(Mn- 0) and 3.05-3.30 A (ql(M’*-‘O), 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 connderation. 
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TABLE 10 (a) 

OBSERVED AND CALCULATEDFREQUENCIES(Chi-l)OF MJCo(NO&] SALTS 

Th 3 

F, 
CsKo(NW61 
Obsd Calcd 

&~CofNOzl.sl Rb,[ColNOdsl 
Obsd Calcd Obsd Calcd 

1386 1393 1399 1393 
1332 1325 1327 1325 
827 818 827 818 
637 619 633 619 
416 421 413 421 
293 293 287 288 

Vlb modes 

1400 1393 
1326 1325 
832 817 
630 618 
409 420 
281 286 

NOz anttsym stf 
NO* sym str 
NO* scissor 
NO2 wag 
Co-N str 
NO, rock and skei 
def 
skel def and M’ 
latttce 
skel def, NOz rock, 
and M” latttce 
M’ and M’ Iattice 
M’ and M” lattice 

Vl 
Vt 

v3 

V4 

V5 

V6 

V-l 195 201 191 181 186 170 

VS 154 157 141 149 136 141 

v9 132 162 109 117 94 95 
VlO 106 106 74 76 63 59 

Interiomc potentral constants and lnteratomc dutances of M3[Co(NOJ 61 salts 

K+ 0 Rb+ 0 cs+ 0 

fi, md/A 0 11 0 10 0 08 
41. A 3 05 3 15 3 30 
J2, md/A 0.14 0 12 0 10 
42, A 2 83 2 9.5 3.15 

TABLE 10 (b) 

OBSERVED AND CALCULATED FREQUENCIES(CM-')OF K&a[NI(NO&] AND K,Ba[N@IO&] 

Ti 3 

F” 
KKaCN~(NOd61 
Obsd Calcd Vtb modes 

fGBaW~(NOd61 
Obsd Calcd Vtb modes 

VI 1355 1388 NO2 antlsym str 
VZ 1325 1325 NO+ sym str 
v3 834 838 NOz sctssor 

1343 
1306 
838 

(813) 
433 
291 

1387 NO+ antls>m str 
1325 NO, sym str 

837 NOz scissor 

V‘% 458 461 

VS 284 306 
NO3 wag 
Nt-N str and NO2 
rock and wag 
NOZ rock and Ca 
lattice 
K lattice and skel def 
Ca lattice and skel def 
skel def and NO+ rock 
Ca and K lattice and 
skel def 

460 
304 

255 230 

NO2 wag 
Nt-N str and NO1 
rock and wag 
NOz rock and skel 
def 

173 180 K lattice and skel def 
130 132 skel def and K lattice 

(130) 107 skel def and NOZ rock 
80 73 Ba lattice 

v6 255 244 

V-I 192 196 

V.3 176 154 

v9 135 140 

VlO 105 94 

Intertonic potentral constants and mteratomrc drstances 

&CaW(NO/A 
K’.__O Ca++ 0 

fx, =-WA 0.12 
419 A 301 

0.15 
277 

K~BalN~W0,I.J 
Ic+-- 0 Ba2+ - 0 
0.10 
3.13 

0 12 
2 93 
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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 satisfactordy explained by the above potential function 
and by use of the mterionic potential constantsf(Mt -0) of CQ. 0.1 md/A, which 
change slightly with the interatomic distances. 

A sketch for the approximate motion for M,[Co(NO,),] IS given in Fig. 

10, on the basis of the calculated eigenvectors (IM*L,). It IS seen that M’ and M” 
displace in the same direction for the va mode and in the opposite drrection for 
the vrO mode, though in the vg vrbration for the K and Rb salts the lattice modes 
are coupled considerably with the mtramolecular modes For the K,M~i(N0,)6] 
salts, the vibrations below 200 cm- 1 exhibit very comphcated modes in which 

lattice modes of Kt and MZt _ ions and intramolecular deformation modes are 
mrxed in a complex manner. Approximate modes are described m Table 10. 

- Fig. 12. Low-temperature far mfrared spectra of NaXo(NO&l (a) and Na,Ba[Ni(NO&] (b). 

Coordm. Chem. Rev., 4 (1969) 423-462 
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Next the spectra of Na,[Co(NO,),] 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 M,[Co(NO,),] 
(M : K, Rb and CS)*~**~. The complicated spectrum of the Na salt will be explamed 
on the basis of a structure with a lower symmetry for the [Co(N0,),.J3- Ion, the 
C,, structure where the NO, plane rotates about the Co-N axis. This C,, structure 
may be understood by the smaller ionic radms of the Na+ ion, since for the Th 
structure four interatomic distances q1 (Na’ -0) in Fig. 13, are too large to form 
a stable crystal. When the [Co(N02),J3- ion takes a CSi structure, two of the 
ql(Na’-- 0) distances become shorter and a stable crystal may be formed (see Frg. 13). 

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

M 

, 
Na’ N8” 

Na’ Na 

k 
Na’ 

‘\ 

Na 

Frg 13 PosItions of oxygen atoms and outer cations for MJCo(NO&] (M K, Rb and Cs) and 
Naj(Co(NOz)e], and structure of [Co(NO,),#- in the Na salt 
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TABLE 11 

FACTORGROUPANALYSISOF NaJCo@IO&l* 

c31 N T T R n 

A* 10 0 1 1 8 R 
A” 12 1 2 0 9 IR 
E* 10 0 1 1 8 R 
EU 12 1 2 0 9 IR 

l 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 Na+ 
catlons and Co atoms are located at the lattice pomts as shown in Fig. 10 as m 
the case of a cubic crystal. However, owing to the twisting of the NO2 plane, 
the crystal structure is no longer cubic. On the basis of the C3, structure with a 
twlsting angle of 30” and a = 10.00 A, the interatomic distances q(Na--0) are 
calculated as: q,(Na’-0) = 2.55 A, q,‘(Na’...O) = 3.42 A. and q#?Ja”- -0) = 
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 m Table 12, together with the mterlomc potential constants. 
In this calculation the intramolecular force constants are the same as those for 

TABLE 12 

CALCULATEDANDOBSERVEDFREQUENCIES(CM-l)OF NaJCo(NO,),J 

A” Calcd Vzb modes E” Calcd Vrb modes Obsd 

VI 1389 
V2 1324 
v3 802 
V4 662 
V5 382 
V6 270 

v7 219 
Vs 179 

v9 163 

VI0 109 
VI1 94 

NOz antisym str V1’ 1391 
NO2 sym str v2' 1324 
NO= scissor v3' 801 
NO= wag Vd’ 630 
Co-N str vs’ 441 
NO2 rock and skel def vg’ 283 

Na” lattice v7* 

skel def and Na’ and vs’ 
Na- lattice 

237 
194 

skel def and Na’ and 
Na” lattice 

vg’ 158 

Na’ latttce and skel def ho’ 

NOr twist Vll’ 
133 
94 

NOz antisym str 
NO2 sym str 
NO2 scissor 
NO2 wag 
Co-N str 
NO2 rock and Na” 
lattice 
Na’ and Na- lattice 
Na- lattice and NO2 
rock 
skel def and Na’ and 
Na* lattice 
skel def 
NOz twist 

1425 
1333 
845, 831 
623 
449, 372 
276, 249 

214 
195, 183 

147 

123 

Interiomc potent/al constants and mteratomrc distances 

(Na+ 0) Value, Dutance 
Constant mdJA 

% 0 005 15 41 41’ 

fz’ 0.15 q2 

Coordm Chem. Ret,, 4 (1969) 423-462 

Value, 
A 
2 3 42 55 

2.62 
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the K, Rb, and Cs salts. It can be seen from Table 12 that the calculated frequencies 
for the C1, crystal structure correspond with the observed frequencies of Na,- 
mm%M- 

In the spectrum of Na,[Co(NO,),], 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 mtenslty enhancement are seen for the band at 214 cm-‘. 
The reason for this feature is not certam. According to the calculation shown in 
Table 12, this band is assigned to the lattice vibration where the Nat ion displaces 
primarily_ In the spectrum of Na,Bawi(NO,),] shown in Fig. 12(b), the band 
around 200 cm- 1 behaves m a similar manner, which suggests that this band may 
be assigned to the lattice mode related to the Naf ion. The lowest band around 
80 cm-’ of Na,Bami(NO,),] may be assigned to the lattice mode related to the 
Ba’+ ion, since a simdar band is observed in the spectrum of K,Ba@Ii(NO,),]. 

(izz) Lattice tzbratzons of A’,A” C type cubzc crystal (Hexanztro- and Izexammine- 

complex salts) 

If a hexanitrocomplex ion is regarded as one umt in Fig. 10, an A’2A” C 
type cubic crystal (C: complex Ion) IS formed. There are many hexamtrocomplex 
salts belonging to this type of cubic structure, some of which have been dlscussed 
in the precedmg sectlon (D, il). Hexammine complex salts such as [Co(NH,),]CI, 
and [N@JH,),]CI, also belong to this type of cubic structure (A’: Cl-, A”: Cl- 
and C: [Co(NH,),J3’ for the former; and A’: Cl-, A”: none and C: [NI(NH~)J~’ 
for the latter). Since such a thorough normal coordinate analysis of complex 
salts as described m the preceding sections is not always possrble, an approximate 
analysis of the lattice vibrations on the basis of the above simplrfied model is 
needed and worth whde investigatmg. Though the low-frequency inner vibrations 
in the complex Ion are somewhat coupled with the lattice vIbratlons as has been 
discussed m the previous section, the above approximate analysis neglects the 
couphng effect and estimates the intrmsic (uncoupled) lattice frequencies. 

Consider an interionic potential as2 5 : 

v = !E Cfi(&(A . . . C))’ ++ cj;(dq,(A” - . . C))’ 
+3 Cf,(Llq,(A’ - - - A”))2. (48) 

Accordmg to the procedure m sectlon (B, II), the followmg secular equation to 
calculate two infrared active lattice vibration frequencies is finally obtained: 

(8/3)f#0+(4/3)f&--L (4 4213) pOfi 
2 dTf2Po 2f&J+2f,p’--I? = 

o 
(@) 

where pco, p and $ denote the reciprocal masses of C (complex Ion), A’ and A”, 
respectively. If the force constant f3, the interaction between A’ and A”, IS as- 
sumed to be zero, the two force constants fl(A’.**C) and f2(A”- -C) may be 
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determmed by using the two observed lattice frequencies. The calculation has 
been made by use of the common values offi andf. among M,[Co(NO,),] and 
M’,M”[Ni(NO,),] and the result is sven in Table 13. The elgenvectors for the 
secular equation (49) show that for the higher vlbratlon the M’ and M” ions 
displace m the same direction while for the lower one in the opposite dlrection, 
corresponding to vg and vIO shown m Fig. 10, respectively. The values of these 
force constants fi and f2 are somewhat effective though artificial, however, this 
approach is useful for estunating 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 regton where the intramolecular deforma- 
tion frequencies are also expected to appear. 

TABLE 13 

LA-I-IWE VIBRATION FREQUENCIES (CM-') OF M,[Co(NO,),J AND M’2M~fN~(NO&] TREATED AS 

A’2A” C TYPE CUBICCRYSTALSANDTHE RELATEDFORCECONSTANTS (md/& 

Na&o(NO&l 180 144 
K3[C”(N02)61 144 109 
Rb[Co(NG&l 111 76 
cs3[co(No2)61 99 61 

I78 66 
143 108 
143 65 

force constants fi = 0 28, f2 = 0 13, fi = 0 00 

TABLE 14 

LAl-l-ICEVIBRATIONFREQUENCIES (CM-‘) OF[CO(NH&]& AND mI(NH3)6]X2 

~co(NH3)61x3 INI (NH31 61x2 

x = Cl 150 - 110 
X = Br 117 - 90 
x=1 104 55? 81 

Hexammme complex salts of this type of cubic structure have been studled 
m this laboratory26 and by Sacconi et al. 27. The lattice frequencies are listed in 
Table 14. For [Co(NH,),]X, 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 IS not certain but the observed band may 
correspond to the higher lattice vibration (vg in Fig. lo), for which the change of 
the dipole moment may be expected to be larger. For ~i(NH,),]X,, there is 
no X” and so only one lattice vlbratlon IS expected in the Infrared. 

(iv) Hexacyanocomplex salts 

As examples of complex salts with structures whch are neither cubic nor 
tetragonal, the infrared spectra of the hexacyanocomplex salts, K,[Cr(CN),] and 
CsJ[Cr(CN),], will be dncussed. These hexacyanocomplex salts have a monochnic 
structure with space group C,, ’ like K,[Fe(CN),], whch has been already cited 

Coordm. Chem. Rev., 4 (1969) 423462 
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in the previous section (B, iv) as an example for the general explanation of factor 
group analysis. The Bravars primitive cell is composed of two complex ions and 
SIX cations (see Fig. 4), and therefore band sphtting of the inner vibrations in the 
complex ion may be expected. It 1s seen from the factor group analysis shown in 
Table 2 that 26 Q, and 25 b, vibrations are infrared active, of which 8 a, and 7 b, 
vlbratlons correspond to the lattice modes Lattice vibrations may be observed 
below 200 cm-‘. 

The infrared 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 lowermg of temperature some of the bands split into several components. 
Most of the bands shift to the higher frequency ade; the band around 200 cm-’ 
in K salt and the one around 170 cm-’ in Cs salt are notable, and they may be 
attnbuted to the lattice modes due to the displacement of the outer cations. In 

K3CCr(CN)61 
NUJOI room temp 

NUJOI room temp 

NUJO~ hq Na temF 

.- 40 cm-’ 100 80 60 

cs3[6r(CN)61 
-1,111 
5040 30 25 20 

Fig. 14. Far infrared spectra of K&r(C&] and Cs&h(CNM. 
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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),13 -2 only three modes (M-C stretching, M-CEN bendmg and C-M-C 
deformation modes) of theflu species are expected in the infrared below 500 cm- ‘. 
The C-M-C deformation frequencies are located below 200 cm-r 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 stretchmg mode, 
smce from the correlatron table of Table 15 it 1s expected that the former mode 
has SIX components arismg from bothf,, and j& spec:es while the latter mode 
has three components arising from& species (see Table 16). Therefore, the band 
around 450 cm- ’ which does not show clearly sphttmg or multrcomponents, may 
be assigned to the M-C stretching mode, whde the band around 340 cm-‘, which 
sphts into three or four components, may be assigned to the M-C EN bendmg mode. 
The opposrte mterpretation was given by Jones for some [M(CN),$‘- rons2’. 

Optically active vrbration frequencies were calculated for the structure grven 
rn Frg. 4 of the prevrous section (B, iv), whrch was determined by neutron diffractron 
(for K,[Co(CN),]). The intenomc 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 mteratomic or interionicpotential constants depending 
upon their distances, referring to the relation grven by Rrttner and then these 
were modified so that the calculated frequencies may explain the observed fre- 

TABLE 15 

CORRELATION TABLE FOR REPRESENTATIONS OF [M(CN),j3- ION IN KJM(CN),] 

Czhs space group 

Pornt group Sate group Factor group 

D 7.h I4 space group 

Pornt group Site group Factor group 

co, I CC‘1 ‘%,I 

(2’ 
% 

a29 
\ 

(2x2’ eg - a 

(1x3’ f,g 1 ‘\bg (R’ 

(2x3’ f2g / 

a1u 

a2u 

/au (IR’ 

1 b, (IR’ 

C&d 

Coordm. Chem. Rev, 4 (1969) 423452 



TABLE 16 

OBSERVED (AT Low TEMPERATURE) AND CALCULATED FREQUENCIES (CM-‘) OF KIICr(CN)a] AND Cs&r(CN),] 

&ICrf CN) al ch[Crichr!61 [wcN1613- 

ohs, talc. (b”) Cd& (a,) obs. talc. (b,) talc. (a,) cnlc. mode 

2121,2119 2115, 2115,2113 2115,2115, 2113 
- 

2115,2115,2113 2115,2115, 2113 2113 (flu) CN str 

460 456,454,453 456, 454,453 458,443 456,454,453 456,454,453 452 uiu) MC str, 

357, 351 365, 359, 358 365, 359,358 348,342 365, 359, 358 365,359, 358 354 u-1”) MCN bend. 
339 345,342,338 345, 342, 338 331 345,342,338 345,342, 338 336 (fd 
200 202, 189 203, 189 186 188, 179 188,179 lattice 

164 156 158 135 146, 126 146,126 114 VI”) 
130,110 136, 121, 118 137, 124, 118 109 113,107 113,107 90 (h”) CMC def. 

105 108 91 92 

95 98 92 67‘59 70,59 67, 59 
86,61 84,12, 61 81,76, 60 50,38 44,39 45, 36 lattice 
50, (30) 48,24 47,22 (23) 29 28 
(22, 19) 14 (19) 19 18, 10 

_- 
cult. (a,) m/c (6,) talc. (UJ talc. (bJ talc 

2120,2112,2111 2120,2112,2111 2120,2112, 2111 2120,2112,2111 2119 (UIJ CN str. 
211O(e3 

425,420,417 425, 420,417 425,420,417 425,420,417 416 Uz3 MCN bend. 

353 353 353 353 344 (a13 MC str 
309, 301 309, 301 308, 301 308,301 295 (e,) 

261, 256,245 261, 256, 245 261, 255, 245 261, 255,245 242 (fi3 MCN bend. 

189, 166 182, 174 177, 160 176, 162 lattice 

133, 104, 87 127, 110, 89 125,99,80 124, 101,80 103 UZJ CMC def 

82,62, 40, 8 80, 55, 40, 27 59,40,26,6 59,36,24,21 lame 
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TABLE 17 

POTENTIAL CONSTAEm USED IN THE CALCULATION 

inrFQmoze?cuzur for ce coIlstuRfs 

K(M - C) mdfA* 
K(C=N) ma/ii* 
rMcz H(CMC) md A* 
rMcrcNH(MCNl md ig* 
F(C! C) S&L% 
p(MG, MG) =dlA 
PWC, Crj) tWA 

fCr(C~s13- 
15 

170 
08 
0 16 
0 IS 
00 
04 

mterionrc or rnteratomtc potential constants 
f(K+ - N) orf(Cs+ N)- 0.15 md/A (for 2 5 & 

005md/A(for29-3OA) 
0 01 md/A (for 3 8 A) 

f(R+-- C) orf(Cs+-- C): 0 04 rnd/a (for 3 O- 3.2 A) 
0 02 mdfA (for 3 5 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 matrrx (F-matrix) are adJusted so that a good fit between the 
observed and calculated frequencres may be obtained, whtle the repulsive force 
constants between the non-bonded atoms, corresponding to the off-diagonal I;- 
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. Thrs Table also mcludes 
the calculated frequencies for which the intenomc force constants were assumed 
to be zero, from whrch the effect of the outer cations upon the inner vibrations 
in the complex ran is known. Table 17 gives the potenttal constants used for the 
calculation. 

As a whole the observed frequenctes correspond well with the calculated 
frequencies. For the monoclinic structure the metal ion is located at the center 
of symmetry and the “g” inner vtbrations of the isolated complex ion correspond 
to the 4s and bg species for the Czh5 crystal (see Table 15). Accordmgly these 
vibrations may not be observed in the infrared spectrum. This 1s actually the case, 
since no baud IS observed in the region 340-200 cm- ‘, where the us and bg vibra- 
tions arising from the es and frs intramolecular vibrations of 0, point group 
exist. The band around 200 cm-’ of K,[Cr(CN),] is assigned to the lattice mode 
iu which the K’ ions drsplacc prrmardy, on the basis of the eigenvector (Lx: 

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-’ are 
assigned to the Iatticc vibrations in which outer cations or complex ions as a 

Caordut. Chem. Rev, 4 (1969) 423-462 
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whole displace. The lattice vrbratrons due to the drsplacement of the [M(CN),J3- 
ion as a whole are located m the lower frequency region and are all translational 
lattice modes. Rotatronal lattrce modes belong to up and b, species and are not 
observed in the mfrared spectrum. 

A report that K,[Co(CN),] is polytyprc with two umt cells predominating 
(one monochmc and one orthorhombic) was given by Kohn and Townes3*. In 
addition to the monochnic structure with the space group Czh5 mentroned above, 
the orthorhombic structure with the space group Dzh14 was found. The correlation 
table for the latter crystal structure is drfferent from that for the former and is 
also given in Table 15. As seen from Table 15, the selectron rule for the infrared 
spectrum IS different and detarls wrll not be discussed here. The effect of “poly- 
typrsm” on the Infrared spectrum and lattice vrbratrons will be reported in a 
forthcoming paper from our laboratory. However, rt can be seen that the infrared 
spectrum shown in Fig 14 of K,[Cr(CN),] and Cs,[Cr(CN),] is not consistent 

TABLE 18 

POTEMIALCONSTANTS (md/& OBTAINEDFROMINFRARED FREQUENCIES(CM-I)* 

(a) Force constants of the covalent bond 
K(ClCI) _ 32 

K(PtF) : 475 

(b) Force constants of the coordrnatron bond 

Cl2 556 
PtF,- 705 

(bl) Halogen0 complexe* 
K(PtF) 3 07 
K(PtCI) 1 81 
K(PdCIJ 1 47 
K(PtBr) 161 
IY(PtCI) 160 
K(f’dCI) 1.40 
K(CoC1) 1.41 
K(CoBr) 1 57 

(b2) Ammme complexes” 
K(PW 2 39 
K(Co’“N) 1 39 
K(CrN) 1 25 
K(NIN) 0 65 
K(Co”N) 0 65 
K(PtN) 2 22 

KWN) 197 
K(C-0 1 17 

(b3) Nttro complexes’ 
K(CoN) 1 50 
K(NlNN) 080 

(b4> Cyan0 complexesd 
K(CoC) 2.60 
K(FeC) 2 10 
K(CrC) 1.50 

(b5) Pero vskrre jluortdese 
KWIF) 080 

‘%D’tF,l 571 
KzIPuXl - 344 

&CPdClsl : 340 

K#tBrJ 244 

KJPtC1.J - 320 

K&‘dCLI - 233 
ICoCL(N&LICl - 353 
ICcBrz(NH&lBr : 318 

536 
: 503 

470 
- 330 
- 318 
- 510 
: 491 
I 420 

410 
: 286 

: 565 
- 512 
: 456 

(2 01 A) KNlF3 :446 
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K(MgF) 0 60 
K(ZnF) 0 75 

(b6) Metal oxides’ 
&NO) : 075 (2.10 A) 
K(Fe0) : 0.62 (2.15 A) 
K(Co0) : 065 (2.12 A) 

(c) Force constants in die morgumc crysruI* 
K(CaF) : 0.31 (2.35 A) 
~0 : 069 (2 34 A) 
iWhO) - 083 (2 42 & 
K(ZnO)* : 070 (I.95 A) 
K(CdS)* : 060 (2 52 A) 
(* taken into account the polarization force-s) 

(d) Force constants IR the lome ;ygdsis 
NaCl : 0.112 
NaBr : 0 103 (2 98 A) 

KC1 . 0.115 KBr : 0.115 :::s$ 
KL : 0093 
CSCl _ 0086 ::‘:: g 

CsBr : 0099 CSI : OOg3 g-z:;; . 

(e) fnterromc and interactron potential constants’ 
f(K+- Cl-) 0045 
f(K*-- Cl-) . 0 115 ::%; 
f(Na+-- 0) : 015 (2 6 A-) 

: 0.05 
f(K+ - 0) : 0.14 g :3\;) 

: 011 (3 05 A) 
f(Rb+ * 0) - 0.12 (2 95 A) 

: 0.10 
f&s+ - 0) - 010 I: :::; 

: 008 (3 30 A) 

;:: az+-- l - 0) 0) : 015 0 12 :: ;: ;; 
f(K+-- 0) : 0 10 (3 13 A) 
f(BaZ+ - 0) 0 12 (2 93 A) 1 

f(K+- N) 0 15 (2 5 A-) 
: 0 12 (3 0 A-) 
- i 0.01 (3.8 A-) 1 

f(K---+c) (3 I A-) 
- 83 1 

f(H Cl) 0 18 ;:.:6Agi;) : 015 (2 97 A) I 

f(H*- Br) : 017 : 0.14 g:;; I 
f(H - I) : 015 (2 97 A) 

: 012 (3 25 A) 

KMfzFs 
=QF3 

NIO 
Fe0 
coo 

CaF, 

Cc-02 
ThG, 
ZnO 
CdS 

K2[PtCksl 
Kz[PtCLI 

: 478 
: 430 

: 460 
: 410 
: 420 

: 322 
: 345 
: 365 
: 380 
5 228 

: 90 
: 110 

MXo(NG,)J 
M:Na, K, Rb and Cs 

See Table 10 

K~M[N~(NO,)CSI 
M.Ca and Ba 
See Table 10 

KdFe(CN)d and 
KaKr(Cw61 

See Table 16 

i?WNH~)6lCI, : 110 

wt(NH&lBrz 90 

[N@H&& : 81 

457 

+ The second column gives the values of the potenttal constants m md/A and the last column 
gives the infrared frequencies in cm-’ which contnbute primanly to determine the potential 

constants 
l refs. 22d, 22f, 32, b refs. 22e, 22f, 22h; c refs. 21, 25; d refs 22a. 28; c ref. 14, *ref. 14; *ref. 33; 

aref. 5; ’ refs 24, 26, 28, 32 

Coordrn Chem. Rev., 4 (1969) 42342 
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with the orthorhombrc structure wtth the space group &,I4 but can be explained 
only on the basis of the monoclmrc structure as dtscussed above. 

Bloor Interpreted all the bands observed below 110 cm-’ for K,[Fe(CN),] 
as inner C-M-C deformation modes31, on the basrs of the argument that, for the 
orthorhombrc structure, the mner C-M-C deformatron modes of “g” specres are 
observed in the infrared (see Table 15 (b)). However, the expenmental results 
(temperature effect) in Fig. 14 and the results of the calculatron in Table 16 for 
K, [Cr(CN),] andCs, [Cr(C N)J, can hardly support his interpretatron. 

E. SUMMARY VIEW 

(L) Potential constants 

The intertonic potentral constants of dratomic crystals were given (B, ui) using 
alkah halides as examples Then the potential constants which govern the so called 
iomc crystals, perovskrte and rutrle fluorides, were obtained on the basis of the 
molecular dynamlcal model, followed by the mterionic potential constants between 

the complex ion and outer ion as well as the intramolecular force constants in 
the complex Ion for some basic complex salts such as hexanitro- and hexacyano- 
complex salts. For the mterronic potential in the complex salts, the interpretation 
was made on the basis of the molecular dynamical model that this term arrses 
from the interaction between the outer ions and the neighbourmg atoms of the 
complex ions. 

The mteractrons are usually taken for atompaus whose drstances are shorter 
than 4.0 A. There are several other studres not mentroned in the present revrew, 
performed in a similar manner, the halogeno-complex salts by Hiraisht and 
Shimanoucht3’, the ammine complex salts by Nakagawa and Shrmanouclulz6, the 
transition metal oxtdes by Nakagawa et aZ.14, and some inorganic crystals such 
as CaF,, ZnS, etc , by Tsuboi et al 4-33. Table 18 summarrzes the potential 
constants given in these studres, together wrth those obtained m 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/& Since the values of the force constants 
for the typrcal iomc bonds are about 0.1 md/h;, 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 KMF3. This is consistent with a theoretical 
study (SCF molecular orbital theory) by Sugano and Tanabe which showed some 
degree of covalent character34 in the Ni-F bond of KNiF,. However, comparing 
the values of the M-F stretching force constants with those of PtF, (a) and ptF6]2- 
(bl), It is concluded that the M-F bond in the perovskite fluoride is muchweaker 
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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 KMF,, since both of the force constants 
amount to 0.60 - 0 80 md/8L [(b5) and (b6)]. It is interesting that both ICNIFJ 
and NiO exhibit antrferromagnetism below the Neel temperature, suggesting 
electron delocahzation in the NI-F and Nr-0 bonds 

Tnteraction potential constants which are the expression of the interaction 
between the complex ion and the outer Ion and which mainly govern the lattice 
vibration frequenctes, amount to 0.15 - 0 01 md/& depending upon the inter- 
atomic distances. It is clear that the mteractron potential constants are closely 
related to the distances of the atompaus However, besrdes this the electrostatrc 
factors such as the effective charges and polanabihties 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 35. The interpretatron for these 
interaction constants on a theoretical basis and the comparison of these values 
wtth those calculated from a non-empirical formula such as Rittner’s equation, 
remam to be studied in the future. It should be noted that a normal coordinate 
analysis of the optically actrve vibrations of the crystal on the basis of the molecular 
dynamical model is useful for the mterpretatlon of the lattice vlbratlons as well 
as the inner vibrations of the complex salts. 

(II) Vzbrational coupling between tize lattice modes and the intranzoieczdar modes 

It was known that the lattice vibrations are located below 200 cm-l whereas 
the low-frequency inner vibrations m the complex ion such as skeletal deformation 
modes are also observed m the region 300 cm-’ to 100 cm-‘. Therefore, proper 
vibrational frequencies for both of these modes are qmte 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 
predommant and have frequencies which change markedly wtth the outer ions, 
may be quahfied as lattice vibrations. However, the vibrational frequencies below 
300 cm-’ vary more or less with the outer Ions. For example, one can see how 
the lattice vibrations due to the interaction between the complex ion 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 frequencres 
including the interaction potential constants and those neglecting them. In Table 
16 of K3[Cr(ClQ] and Cs,[Cr(CN),], the bands in the region 150 cm-l to 
100 cm-’ can be defined either as inner C-M-C deformation modes or as lattice 
modes. 

In the more sunple case of K2[PtCl,], the displacement of each atom for 
the infrared active m-plane vibrations of the E,, species is drawn m Fig. 15, on 
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OI - Opt 
32&m-’ 190cm-L 

OK 

1 IZrn-’ 
)-Q 

9Ocm-’ 

Fig. 15. VIbratIonal modes of E, species vlbratlons of KJPtC1.J 

TABLE 19 

OBSERVED AND CALCULATED FREQUENCIES (CM-‘) OF KJPtC1.J 

Species Spectrum Obs Calc I’ Calc IIb 

=ts Raman 335 33s 
bx, Raman 164 164 
b 2s Raman 304 304 
azu IR 170 17s 

103 100 
e, IR 325 325 

190 192 
116 110 
90 87 

a Calc I- including interactlon constantf(K- Cl) = 0 115 md/A 
b CaIc II. wlthout mteractlon constant 

33s 
164 
304 
123 

0 
325 
142 

0 
0 

the basis of the calculated result by Hrrarshi and Shrmanouchr32. The 190 cm-’ 
vxbrakon is assigned to the Cl-Pt-Cl deformatron mode wrth an apprecrable 
component of the lattice mode whereas the vibrations at 116 cm- ’ and 90 cm- ’ 
are assigned to the translatronal lattrce modes with a small component of the 
mner vibration. Table 19 hsts the calculated frequencies wrth and without the 
interaction potential constant, from which one can see clearly the effect of the 
outer ions upon the inner vrbrations. 

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 
correspondmg force constant, which 1s one of the important cntena for the metal- 
iigand 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 vrew, since there are many complex salts 
whose crystal structures including the outer ions are not determined, however the 
study of the metal-hgand mteraction in the complex ion through the vibrational 
spectrum is an important subject m coordmation chemistry. 
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