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A. INTRODUCTION 

In recent years there have been many contributions to the literature dealing 
with the calculation of force constants in coordination compounds and correlation 

l This work was sponsored by the U.S. Atomic Energy Commission. 
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of these force constants with electronic structure and the nature of bonding. In 
the course of these investigations it has generally been necessary to make&several 
approximations concerning the force field in order to make .the problem*s.tiivabIe. 
Furthermore, the actual meaning of force constants, espei;ialiy the interaction 
constants, has not always been crystal clear. This review is intended to elucidate 
the meaning of force constants and to illustrate detailed calculations for some 
square-planar complexes of trivalent gold and PtCl,-, taking into account reason- 
able ranges of interaction constants. As an example, the linear ion, [Au(CN),]-, 
is also considered. 

Before delving into the calculations it seems pertinent to make some general 
reaarks about the meaning of force constants, especially with resrd to their 
correlation with electronic structure. 

B. THE IXESNING OF FORCE CONSTANTS 

The interatomic forces within a molecule or complex ion* are, of course, 
determined by the existing electronic configuration. Such forces are manifested by 
the vibrational frequencies of the molecule. By means of infrared absorption 
spectra and Raman spectra we can observe most, if not all, of the fundamental 
vibrational frequencies of the molecule of interest. In order to derive relations 
between these frequencies and the interatomic forces it is necessary to assume a 
potential function. 

A completely general potential function is given by 

The f;-, Fij, pgjk:, etc. are constants.. The S,, SJ etc. are internal displacement 
coordinates such as changes in interatomic distances, changes in bond angles, etc., 
which serve to define changes in configuration of the molecule. There must be at 
least 3N-6 of these Si for a molecule of N atoms as there are 3N-6 degrees of 
freedom. 

The potential energy zero is arbitrary so we can choose the zero as the 
energy of the equilibrium configuration, in which case Y0 = 0. The cubic and 
higher terms are genemlly quite small and are rightfully neglected for small dis- 
placements. Their importance is reflected in the degree of anharmonicity observed. 
By extrapolating to vibrational frequencies of in~nitesima~ amp~~de, these higher 
order terms can certainly be neglected. 

If all the coordinates are independent* since at eq~~brium the potential 
energy must be at a minimum, then 

* Henceforth we shall refer to a complex ion as a molecuk 
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and thus d = 0. However, if we include more than 3N-6 coordinates, in order 
to make use of symmetry, some of these coordinates are not independent. There 
then exists a relation among certain of the coordinates which is referred to as a 
redundancy. In this case, for these redundant coordinates we cannot say. 

and theAR are not necessarily zero, but are really undetermined multipliers’. 
First let us consider only configurations without redundancies in which case 

the first order term in (1) vanishes. We then express the potential energy, to a 

good approximation, as 

V = 3 C FiiSiSi s 
il 

It is convenient to break this up into two terms 

V = 3 C FiiSi2 +3 C F,SiS, 
i i#j 

The Fii we call primary force constants while the r;;i are interaction constants. In 

order to attach a physical meaning to these constants we must specify.what sort of 
internal coordinates they are associated with. 

For correlation with electronic structure and bonding properties, the most 

pertinent force field is the General Quadratic Valence Force Field (GQVFF), for 
which the SI are changes in bond lengths or changes in angles included by bonds. 
Any other quadratic force field* can be correlated with the GQVFF. 

(i) Primary stretching force constants 

The bond stretching force constants are included in the first term of Eq. (3). 

As with diatomic molecules, such a force constant is a measure of the strength of 
the bond at the equilibrium electronic configuration. Mathematically it is ex- 
pressed by 

a2V 
Fii = 

( ) ZO 

and represents the force tending to restore the bond to its equilibrium configuration 
after a small displacement has occurred_ Often in diatomic molecules the dissocia- 

* A popular force field is the Urey-Bradley Field which stresses interaction of non-bonded atoms. 
This is a somewhat restrictive force field which reduces the force constants to a solvable number. 
However. it does not represent the true situation for most coordination compounds and will not 
be considered here. It can be correlated with a GQVFF. 

Coord. Chem. Rev., 1 (1966) 351-378 
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tion energy is used as a measure of the bond strength, However, in the process of 
dissociation a bond goes through considerable change in the electronic structure 
and thus the dissociation energy is not directty related to the strength of the bond 
at the equi1ibrium ektronic conjuration. The force constant, when calculated 
from the frequency of infinitesimal vibration, is a direct measure of tGprength 
of the bond at the eq~librium iteration. Thus, the force constant is%& logical 
quantity to correlate with the binding forces. 

(ii) P&nary bending force constunts 

Analogous to the stretching fo,& constants, a primary bending force con- 
stant not involving redundant coordinates is a measure ok the force tending to 
restore an angle to its equilibrium value after it has uadergQne a small displace;- 
ment. As such, a bending force constant measures the strength of the dir&t&al 
forces which determine the equilibrium configuration of the angle. 

(iii) The inttyaction constants, Fij 

mathematically the interaction constant Ftj equals 

i3V ( ) as,asj 0 

for Si and Sj not involved in redundancies. However, the physical meaning is 
somewhat obscure. The following procedure helps to define these quantities*. 

Consider a forced small displacement of one particular coordinate, S, = + I ; 
the potential energy is now, from (31, 

Now allow the molecule to achieve minimum potential energy with the constraint 
that S, = f 1. All the &her coordinates will change to achieve this minimum and 
the displacements we express by (S&, meaning a change in coordinate i caused 
by a small unit change of coordinate k. 

Since we are again at an energy minimum, for any given eon-redundant 
displa~ment coordinate, S,, we know that 

+ This is sin&u to an argument developed by Co&on et af.q in d&cussiog triatomic moktie 
~n~~~on constants. 
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Applying this to (4) gives the result 

The interaction of eoordinatej with coordinate i must be the same& interacti& 
of 5 with& therefore, F, = Fj,. With this equality (5) can be rearr%nged as 

FkJ = - ~&%k - f F;IGQk (6) 

izl 

generally the PiI are small compared with F;1. Then, since the fSi)i are usually 
of the same order of magn&ude, the last term above can be considered second 
order and we have tk ~p~rox~rn~t~o~ 

F&t = - f;;, t?dk VI 

This serves as an approximate definition of the interaction constant FM. In other 
words, the constant for interaction between two non-redundant coordinates is 
approximately equal to the negative of the product of the primary force ~o~taut 
of one coordinate, Z, times the displacement of that Goordinate caused by unit 
small displacement of the other coordinate, k. 

In order to determine how good an approx~at~on (7) is for a given pair of 
eoordinates one must first determine approximate vafues of the &, the i;;r, and 
the (S8)& for all coordjnates involved in (6). Then by su~ti~tion in (6) one can 
deter~ne the relative impo~ance of the suction terms. 

We shall now consider the force constants of the relatively simple complex 
ion [Au(CN),]- as an iii~t~tive example. 

C. FORCE CONSTAN-IS OF [Au(CN),]- 

A general quadratic valence force potential action* for ~Au(C~*]- is 
given by 

~~~,Ic,cN~(~I~z+~~~~)+FB~‘~B~~~-~-F,,(~~,~~~~) 

The rI, &, pr, and a are short for .drl, AR,, dfli, and da. These coordinates are 
defined in Fig. 1. There are no interactions between stretching and bending coordi- i 
nates as they occur in different symmetry blocks. 

* In Equation (3) the primary fom constants ate r&erred to as F,,. To be consistent we should 
b&f the primarir fom constants &5 &?J& eN+ &C,, MC, F #p and Fdd. Howmr, for simplicity and 
to dtstkvguish easily from interaction constants, we use only the single subscript for primary 
ferce constants. 

Coord- Clhem. Rev., It (1966) 351-378 
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Fi@xre 1. ~hema~c diagram of internal coordinates of [Auk-. 

The observed vibrational frequencies for this linear complex ion are given 
in Table I. The calculated symmetry force constants are given in Table 2. The 
bond-stretching interaction constants were determined from a Raman and infrared 
study of the 13C- and 15P&enriched species3. The limits of error arise from un- 

TABLE I 

OBSERVED ~IB~~ONAL~~E~~~C~FOR [Au(CN),]- 

The Es, 2& and ns f~que~ci~ are for aqueous solutions’. The z,, frequencies are somewhat 
uncertain. being estimated from combination bands in the solid state’. 

certainties in observed frequencies (including those of the euriched species). The 
range of values fur Eels was estimated as discussed in a following section on bend- 
ing force constants. From Table 2 we can calculate the valence farce constants 
for the various internal coordinate. They are given in Tabfe 3. 

TABLE iI 

SYMMECRYFORCE CONSl-ANTS* OF EAu(CN),I- 

Fx, = FCN+FCN, c’N’ 17.19 & 0.18 mdynes A-’ 
&a = iFhnc+F~c, MC 3.19 -+ 0.03 

& = -kc,Cnr-WhfC,C’N’ 0.3 + O.I!P 
F.v, = &x-FcN.cN* 17.15 f 0.18 
FM = -&c--&c, MC’ 2.36 & 0.02 

Fti ===FM~, CN-&SC,C'N 0.3 * 0.15b 

&a = +-Q@~ 0.266 f 0.004 mdynes A md-” 
Fab = I”a-Wsis~ 0.38 & 0.15 
r;,=F, 0.60 f 0.25 

Fe, = u’2r;hs 0.1 & 0.P 

E The s~~tch~~ force constant are c~culated using the equations of reference 3. The bending 
constants are calculated by the usual methods (reference 1, chap&z 4). 
a Determined from spectra of “C and “N enriched species (see Ref. 3). 
E Estimated range of values (see text). 
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TABLE III 

VALENCE FORCE CONSCANTS OF [Au(CN)pJ- 

FCN 
FhfC 
FC N. C'N' 
FMC, MC 
FMC, CN 

FhlC, C’N’ 

% 
F, 
Fss 
F US 

17.17 f 0.18 mdynes A-l 
2.775 f 0.025 

0.02 f 0.18 
0.415 f 0.025 

0.3 f 0.15 

0.0 f 0.15 

0.33 f 0.08 mdynes A rad-a 
0.60 & 0.25 
0.05 f 0.08 

(0.07 * 0.07)= 

’ This range of values was assumed for F=@ for reasons given in the text. 

(i) Stretching force constants of [Au(CN),]- 

The CN-stretching force constant of Table 3 shows about _C 1% uncertainty 

based on the isotopic frequency shifts. There is probably no hope of decreasing 
the error limits; thus, when CN-stretching force constants are within 1% of each 

other they are the same within experimental error. In fact, the uncertainty is 
actually greater as the anharmonicity has been neglected in the figures of Table 3. 

If it is included, the CN-stretching force constant is about 2.6% greater, raised 

from 17.2 to 17.6 mdynes A- ’ (see references 3 and4). The anharmonic corrections 
are not known very accurately for [Au&W),]-. For most cyanide complexes the 
anharmonic corrections are even niore uncertain. For this reason it appears that 

for comparison of one cyanide complex with another it is better to use the CN- 
stretching force constant uncorrected for anharmonicity, as given in Table 3, at 
least until more-complete anharmonic corrections are available. 

The metal-carbon force constant also shows about 1% uncertainty as given 

in Table 3. It appears from observed combination bands that the anharmonic 

corrections for metal-carbon stretching vibrations are probably negligible. 
For a discussion of the interactions of coordinates, we refer back to (6). 

Application of this equation leads to the relations* 

FCN. C’N’ = - &N(C$‘&N, - FMC. CN@‘%)C~N, -FM, C’N’(MC1)C~N, 

FMC, MC = - FMcWG)MG - FMC. cdC2N2)w -FMc. CN’(CLNI)MCI 

F MC.04 = -FM&%)GN~ - FM, MC’(MCZ)C~N, - FMC, CN*(C~NZ)CIN, 

-F,(C,N,),c, - FCN. c’N’(C&)MCI - Jkc, CN@=Z~C~ 
(9) = 

FM,, C’N = --MC(MC,)C,N, -FMC, MC@%)CIN, -&C. CN(CZNZ)C~N~ 

= - &GN,),c, -FCN, CN@INI)MC, -&C. CEXMCZ)MC, 

l In equation 6, (S3,, was used for the displacement of coordinate I caused by coast.raihg k to 
a value of + 1 from its equilibrium value. Rather than write the cumbersome expression (Sc,&IN, 
we abbreviate to (C,N&a,, etc. 

CuorcZ. Chem. Rev., 1 (1966) 351-378 
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The six equations (9) contain six iutcraction displacement coordinates (Si)p Thus, 
if we know all the stretching force constants we can catcuIate the (Sf)i from these 
equations. For this purpose we use the values of Table 3. The results are given in 
Table 4, If the approximate relation (7) is used we arrive at the same values except 
tbatjh’%)c,N, = 0; thus, (7) is a good approximation for this molecule. 

TABLE IV 

STRETC-G-mTERACrION DISPLACEMENT COORDINATES FOR [Au(CN)&- 

(C~NzkLN,” 0 

(MC:k,Nz +om 
(M-c,N~ -0.11 

tMCdMCt -0.15 
GNbcx 0 
KW3MCI - 0.02 

’ The meaning of this term is the ‘Ldisplacement of bond C,N, which minimizes the potential 
energy after bond CINl is given a small unit positive disptacement.” 

These q~a~tjties in TabIe 4 are quite interesting. For example, the fact that 
iMCLk~N, = -0.11 means that if bond CiNt is stretched by a small positive unit 
amount, bond MC, tends to shorten by 0.11 units to minimize the potential 
energy. This means that stretching CINl causes a slight rearrangement of electrons 
which tends to tighten the MC, bond. Perhaps the most appealing explanation, 
which has been put forth many times’, is that the metal-d electrons form x bonds 
to the CN antibonding x orbitais. When the CN bond is stretched these anti- 
bonding n orbit&s decrease in energy so that a stronger M-CN n bond is formed. 
This explanation is not unique; further evidence is required to support it or 
refute it. 

From (6) we can write: 

(10) 

As before (&)* stands fur the displacement of angle fir arising from minimization 

of energy when E is increased by f 1 (small unit displacement). When a is increased 
we expect & and & to decrease slightly in order to eqnabze the n overlap of the 
gold-d orbitals with the carbon-a orbitah. If this were the only consideration, to 
mjnimi~e the energy, pi and j12 would each change by about --$ when OL changes 
by -I- 1.. However, the bending of& and & is resisted by the directional forces of 
the sp a-bonding system on the carbon atom so we expect -@I)o to be consider- 
ably less than 3. Preliminary calculations show that FB -I- F’#’ is about 0.3 mdynes 
A rad-‘. Then from the last of (10) above, Fnfl = -0.3 ($J&. Allowing a generous 
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range of values for @Jp we say (8r)= =I -0.25 * 0.25 in which case Fd = 
-4-0.07 f 0.07 mdynes A rad- ‘. It is probable that a detailed knowledge of the 
electronic structure w;ouId enable one to estimate (j?&, and thus i;hs, more pre- 
cisely and thus greatly reduce the limits of uncertainty given in Table 3. 

One further consideration helps us to reduce the uncertainties. Let us Iook 

again at (10). 
As discussed previously (gijc should be negative so F,, should be pos”ltive. 

From the second of these equations this tells us that (a),r1 is also negative. If we 
choose our m~imum value, r;hs = +0.14 mdynes A radm2, then we calculate 

MS, x -0.23 and E”@ = -0.33 @,),,+0.03. By the arguments presented pre- 
viously when j%r is increased, a should decrease slightly and & should then in- 
crease, perhaps negligibly. Thus, (B& should have a zero or slightly positive 
value and Ff16’ is limited to the range 0 to +0.03 mdynes A rad-‘, From the value 
of F,, in Table 2, then, Fs = 0.283 3_ 0.019 and Fs6 = Fs+Fsg' = 0.298 + +0.019. 
Fixing Jr66 limits the range of F, and Fofl and we arrive at the force constants 
in Table 5. 

TABLE V 

BENDMG FORCE CONSTAT’ITS OF {Au(CN),]- 

Fs 0.281 f 0.019 
0.015 f 0.015 
0.65 f 0.25 
0.025 f 0.025 

Thus, by a little reasoning concerning the interaction displacements, it has been 
possible to greatly increase the precision of F,, FBB’, and F,,. The large unce~ainty 
in the force constant, r;h, remains because of the uncertainty in the observed 
frequency, v7. 

D. FORCE CONSTANTS FOR MOLECULES WITH REDUNDANT COORDINATES 

In order to discuss other complexes, such as [AuCI,]- etc., it is often con- 
venient to use redundant coordinates as .mentioned earlier. These are coordinates 
which are not independent; they occur in sets such that one cannot.change one of 
the coordinates without changing at Ieast one other in the set. As mentioned 

previousIy, in this case the first-order coefficients in (L), namely the f;, are not 
necessarily zero. 

In order to remove the first-order terms in (I) it is necessary to express the 
redundancy to the second order. 

Gourd. Cfrem. Rev., 1 (1966) 351-378 
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One can then solve fqr one of the coordinates in the redundant set ixi terms of the 
others as 

Sk = (12) 

Substitution of (12) into (l), with omission of V, and tUrd- and higher-order 
terms, yields 

Y= (13) 

Now all the St in the first-order term are independent, provided all redundancies 
are removed by equation (12), so 

and thus 

The potential energy is then 

In Eq. (14), for the coefficients of S&Z,, where either S, or A’, is not involved 
in the redundancy, B, = 0. This problem is treated in an excellent paper by 
Crawford and 0verend6. 

For a discussion of the meaning of the force constants involving redundan- 
cies it is convenient to break up the potential energy into several terms. 

V = 3 is1 FliSi' +3 g FijSiSj 
Li.ij~ 

(15) 

The coordinate indices in (15) are ordered so that the non-redundant coordinates 
run from 1 to a, while the redundant coordinates run from a+ I to j3. The quantity 
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B is equal to 3N- 6 +p. where p is the number of excess coordinates giving rise to 
redundancies. The coordinates involved in redundancies are specified by the super- 
script R. 

Again we shall assume a General Quadratic Valence Force Field for which 
the Si are changes in bond lengths or changes in angles included by bonds. The 
first two expressions, not involving redundancies, are the same as in c3:3) The 
previous discussion applies here also. 

For the force constants of redundant coordinates, such as Fli, F,, and F,, 
with either i or j from a redundant set [see (1 S)], the physical meaning of the force 
constants is less clear. Their interpretation is best discussed for each individual 
case and this is the approach taken here. 

E. POTENTIAL FUNCTION AND FORCE CONSTANTS FOR SQUARE-PLANAR MX, 

This is a fairly-simple molecule and will serve as an example for investigation 
of the meaning of force constants for redundant coordinates. The valence-type 
internal coordinates of this Ddh molecule are defined in Fig. 2. The potential 
energy for a General Quadratic Valence Force Field for MX4 is expressed as 

2v=f~[a~~+a~~+a34+a14]+FR(R12+R22+R,2+Rq2) 

+2F,R’(R,R,+R,R,+RJR,+R,R,) 

+2F~~“(R~R~+R2R~)+F~(aLZZ+a232+a142+a142) 

+2F,‘(q2az3+cL c! 23 34+a340r,4+a,4a,2)+2F,“(cc,,a34+a,4cr2~) 
(16) 

+2F,,‘[Ri(arla+a14)+R2(a12+a23)+R3(a23+a34)+R4(aJ4+a14)] 

+2F~,“CR~(az~+~~4)+R~(a~~+a14)+R3(aL4+a1;)+R4(a12+a2J)] 

+ES~,s2 +~~.+21+2F,,‘z~sn24 

The ~ii, Ri, etc., in (16) represent small displacements, ACrtj and AR,. The first- 
order term with coefficient f, is included because we have a redundancy among 
the four XMX angles-they are not independent. To the second order the relation 
among the angles, as derived by the method of Cihla and Pliva’, is given by 

a12+a23+a34+a14+~13n24 = 0 (17) 

These, again, are short for Aa, and Axf. In this case we can eliminate the first- 
order term in (16) by the substitution 

%2+a23+a34+0114 =-n13A24 

This changes the coefficient of 1~131t24 in a. (16) to 2 F=, = (2 F,, ‘-f>; all other 
quadratic terms remain the same. 

The meaning of the force constants can now be discussed for this case. 

Coord. Chem. Rev., 1 (1966) 351-378 
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Fignre 2. Schematic Representation of Internal Coordinates of Sqnare-Planar MXa. 

Eq. (16) can be simplified somewhat by making use of the first-order redundancy, 

%2+@23+~34+a14 = 0. Thus, we can substitute --(aiz-k aL4) for rx2s +- agq (and 
vice versa) in the Fa, terms which then can be collected as Z(F,=‘-iF,,“) 
liZ,~a~2+a~4)fRZfal2-E.tl23)-fR3Cb123+a34)fR4(a34+C1I4~~. This shows that 
FR,” and Fk=” cannot be dete~in~d by themselves but only as their difference. 
Tn fact, it is hard to give a meaning to them individually*. Therefore, the difference 
is here abbreviated as H,, = FR,‘--F’,“. 

To investigate force constants involving ajf it is necessary to remove the 
redundancy as we wish to use the relation 

which is true only if the a are independent. This can be done by substituting for 

a34 = -ai2--23-al4 in Eq, (lli), which then becomes, 

fLV= ~~(R,2+R22fR32CR42)+2~~~‘(RrR2fRZR3fRJR4fRrR4) 

+2F,,“(R,R3 f R2R4) 

~2~*[a~22~a232~a~42~a~2a23~a~2a~4~a23a~4~ (18) 

-2~~r~a232-t4142$-2a23fff4)+2F~~(al4a23-a12a23-ai2~~4-a122) 

+2~dfR, -R3) (~a12+a~4~+(R2-~4) (a12+a2dl 
-fF*(~132~~242)f2F~~13n26 

* Some authors prefer to think of terms like FR,’ as an interaction constant w&h WCW~% per&n 
if the redundancy did not tit. This is somewhat of an artifice but is often necessm if on& wishes 
to transfer force constants from oxke molecule to another. 
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All the coordinates in (18) are, of course, displacement coordinates; ail are 
now independent variables. 

(i) Stretching force constants for planar MX, 

First let us look at FR. Since all RI can vary independently, 

PV 

( 1 
F mO= R’ 

which is then a measure of the force resisting a small displacement (stretching or 
compressing) of an MX bond from its equilibrium length. Thus, FR is a measure 
of the strength of the MX bond at the equilibrium electronic configuration. 

To investigate the other constants let us first assume a forced displacement 
Rr = + 1 and follow the procedure of (4), (5), and (6). Thus, + 1 is substituted 

for R, in (18)*. Then we shall take the partial derivative 

av c-1 dR2 o 
= o = FR(RZ)R,+~RR'CL+(R3)R,l 

+ &R”%)R, +HR,~(or12)R, +(OL23)R,1 

By symmetry, when we make RI = + 1 

(R&, = (R&x, and (k&z, = (%dR, = -@h)Rx = -@34)R1 

Substituting this in (19) gives 

F RR' = 
-(J’R+FRRN) (Rz)R, 

1 +(Rs)R, - 

(19) 

(20) 

(21) 

Taking the partial, 

leads to 

FRR” = -~R(R3)R,-2F~~'(RZ)~t+2HR=(a12)R~ (22) 

In these relations, as before, (Ri)R, is the change in R, caused by small positive 

unit change in R,, to minimize the potential energy. 

(ii) Stretch-bend interaction constants for planar MX, 

To derive a relation for HR, we take the partia. derivative 

* Here again RI is really AR, and in (19) (RJR1 is really (S,,),,. em 

Coord. Chem. Rev., 1 (1966) 351-378 
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av ( 1 -= 
aa 

0 
12 0 

L. H. JONES 

after substituting RI = + 1 in (18). 
at the expression 

H 
-waL&3 (cQ2)R, 

Ra = 
l-(R3)~~ - 

Next we return to (18) and 
derivatives 

0 

Making use of the relations (20) we arrive 

(23) 

let qz = +l. We then take the partial 

= 0. 

These lead to two relations for HRa: 

. HR~= 
-FR(RlL -FRR'C(R~)~,*+(R~)~,~ -FRR%)~Is 

1+@14)012 

HR~ = 

FR(R3)=,++FRR'[(R2),,,+ (R4L,+l+ FRRn(Rl)=,+ 

l+(a14L 

(24) 

(25) 

For this to be true it is apparent that (R3)=,2 = -(R1)=12. It is also obvious from 

Fig. 2, that (R& = (R2)o,2 and (RsL = (R4)a,2. Thus, we have the relation: 

(R,),,, = (R,),,, = -(R&z = -(R41=,2 (26) 

and 

HR, = 
-(FR-FRRI?(RI)~~~ 

1 +(a14)=12 - 
(27) 

(iii) In-plane bending force constants for MX4 

Now let us take the partial derivative 

av ( 1 -= 
aal o 

0 

for (18) with aI2 = +l. Using the fact that (a14)o,5 = (a23)o(12 this leads to the 
relation 

(28) 

F, always occurs as linear combinations of F,- F," and F,-F,'. Thus 
F,, F,‘, and F," cannot be determined independently. They have no real meaning 
individually*. 

l Here again one might identify F, as a hypothetical force constant of a angle bending which 
wouid pertain in the absence of the redundancy. 
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One could also define these combinations as follows [from (16)J 

= 2(F, - F,“) 

a14=0 
a34=-aI2 

i29) 

= 2(Fa- F,‘) (30) 

.x:14=0 
rrj4=-023 

To summarise this section, the relations among the force constants for 
square-planar MX, are given below. 

FR = 

FM’ = 
-P'R+FRR"~ (R2)Ra 

1 +(&)R, 
(31) 

FRRn = - FR&)R~ - 2FR~‘(WRI + 2HR.(a12)R1 

H Ra = 
-2(Fa_FF,“) (a12)RI = -(FR-FRR'?(RI~~,~ 

~-(RLs~R, 1+@do,2 

F,-F=” = 
- 4@‘, - F,‘) (%.da,.-2HRa(R1)a12 

1 -(ad~12 

In the above, the expression (q&, is displacement of coordinate qi caused 
by unit positive displacement of coordinate qj. 

The out-of-plane bending constants are not considered here. They do not 
affect the in-plane vibrations or force constants. 

These relations will now be used to discuss the vibrational spectra and force 
constants of PtCl,2-, AuCI,-, and AuBr,-. 

F.FORCECONSTANTS OF PtC1,2-, AuCI,-, AND AuBr,’ 

There are seven different fundamental vibrations for these square-planar 
MX, ions of point group D,,. They are divided among the representations 
Al,+B~,+B2*+A2”+Btu+2E,. For all but the& vibrations we cancalculate the 
symmetry force constants of a general quadratic valence force fieId without any 
assumptions about the interactions because each representation contains only one 
vibration. For the E, vibrations only two frequencies are available to calculate 
three force constants so some assumptions about the interactions are necessary as 
will be discussed below. 

The Raman-acttve A I *, B lgy and B2, frequencies have been observed in 

aqueous solution by Stammreich and Forneris*. The infrared-active E, and Azu 
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frequencies were observed by Sabatini et dg on nujol mu+ and pressed poly- 
ethylene disks of solid CsAuC14, RbAuCl,, CsAuBr,, ‘RbAuBr,, Cs,PtCl,, 
Rb,PtCl,, and K2PtC14. The results are given in Table 6. For the A,, and EL 

vibrations the values reported are averages of the observations for the complex 
with different cations. 

TABLE VI 

FREQUENCY ASSIGNMENTS IN cm-’ FOR SOME MXa COMPLEXES 

Vl Asi VMX 335 347 212 
y: 3% %3X 304 324 196 
9, % 6 XMX 164 171 102 
VP &I XXMX 167 144 - 

PS B Q ZXMX - - I_- 
VS Eu ‘MX 320 360 252 
Y; E* s XMX 189 177 100 

n Column 2 gives the representation and column 3 gives an approximate characterization of the 
vibration with v for stretching, 6 for in-plane bending, and z for out-of-plane bending. 
b Here the ordering of frequencies and representation nomenclature is different from that in 
references (8) and (9). In this paper it is arranged to conform to that of Wilson, Decius and Cross 
[reference I, page 3271. 

The RzU vibrations are inactive and were not observed. The assignments of 
v4 and v7 are not conchtsive; they are based on the expectation that the out-of- 
plane bending-force constant should be lower than the in-plane bending force 
constant. 

Anharmonicity corrections are not known. However, it has been observedi 
that &atomic molecules containing a halide atom and a heavy metal atom have 
small anharmonicity*. Thus, the anharmonic corrections are negligible-a few 
cm-” at the most. Of greater significance is the possible phase shift. Thus, the g 
frequencies are for aqueous solutions whereas the u frequencies are averages of 
solid-state spectra. This leads to au uncertainty of several cm-‘. 

The symmetry force constants are calculated from the frequencies listed in 
Table 6. The values are given in Table 7. The definition of the various force con- 
stants is given in the previous section ((29), (30) and (31)). 

In arriving at the values of Table 7 for Fe6 and F77 it was necessary to 
assume values for HRII. The following argument was used in arriving at a reason- 
able range of values. From the approximate value of Fe6 for AuCI,- it is apparent 
that the interaction constant for opposite AuCi bonds (FRRn) is about 0.2 mdynes 
A-’ and FR is about 2 mdynes A- ‘. From (22) we have the approximate relation 
(J?3)RI 2 -FRRnjFR m -0.1. This means that if the bond (AuCI), is stretched by 

a small unit displacement, d, the bond (AuCI), contracts by about 0.1 d to mini- 

* In particular, for AuCI, ocxc = 1.3 cm-’ and for AgBr, otx, = 0.7 cm-’ as reported in refer- 
ence 10, pages 502 and 505. 
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TABLE VII 

FORCE CONSl-ANTS OF MX‘ IONS 

PrcI,= AuC’I,- AuBr.- 

Fll FR+2FRR’+FRR- 2.343 2.514 2.115 mdynes A-l 

Fz, FR--2F,zR*+FRRo 2.136 2.192 1.808 mdynes A-l. 
F 55 F,-2I&‘+F,’ 0.770 0.767 0.704 mdynes A rack 
F4I FP+Fwp’ 0.925 0.633 - mdynes A sad-= 
F 55 Fv-FPP’ 

- - - mdynes A rada 

F66 FR- FRR’ 1.667 -0.006 2.103 i-O.033 1.897 +O.lO mdynes A-1 

-0.060 -0.160 -0.25 

F?7 Fe-F,’ 1.685 +0.46 1.358 +0.34 0.8 +0.33 mdynes A rad-= 
-0.05 -0.05 -0.03 

Fe7 d2 IiRo +o.s f 0.5” +0.5 f 0.5’ +OS f 0.5” mdynes rad-L 

a This was an assumed reasonable range following arguments given in text. 

mize the energy. A look at Fig. 1 suggests that stretching of R, and contraction 
of R, would tend to decrease the angle, q2, for more than one reason. First, any 
repulsion of Cl atoms for each other would lead to this conclusion. In fact, if we 
maintain the same Cl-Cl distance, we arrive at the conclusion that (aI& x -0.25 
radians per Angstrom. Also, if we stretch RI, assuming that the bonding eIectron 
pair remains primarily with the Cl, atom, the orbital-following concept” leads to 

the prediction that the remaining three bonds would approach a trigonal sp’ 

structure and, thus, al2 and al4 would decrease. It would be difficult to say what 
the magnitude of (a& would be in this case without further empirical data. 
However, we would not expect alz to change so much that the CII-Cl2 distance 
becomes less than the Cl,-CI, distance when AuCl, is stretched. Therefore, we 
take 0.25 as the maximum for --(a&, . Since F,-F,," is around 1.4 mdynes A rad- 2, 

(23) tells us that U,, M -2.5 (al&. Thus, H,, M 0.32 + 0.32 or Fs7 = ,/2 HR, 

x 0.5 & 0.5 mdynes rad-‘. Similar arguments apply for PtC1,2- and AuBr,-. 
This reasoning leads to the calculations of Table 7. 

It is enlightening to examine the calculations more closely. For this purpose, 

we give in Table 8 the values calculated for the various valence-force stretching 

TABLE VIII 

VALENCE STRETCHING CONSTANTS FOR MX, IONS 

H Rota FR F ’ RR FRR’ 

PtCl**- 0 1.87 0.05 0.37 
AuCl,- 0 2.15 0.08 0.21 
AuBq- 0 1.80 0.08 0.16 
PtCl,‘- 0.5 1.95 0.05 0.29 
AuCl,- 0.5 2.23 0.08 0.13 
AuBr,- 0.5 1.93 0.08 0.03 
Ptc&f- 1.0 1.95 0.05 0.29 
AuCl,- 1.0 2.24 0.08 0.11 
AuBr,- 1.0 1.98 0.08 -0.02 

* Assumed values. 
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constants assuming t&e diierent values for ri,,; namely,,@ 0.5, a$@.0 mdynes 
rad- ‘. These are calculated from F. r, &“a, and r;,, of.I%ble 7. Of particular . _. 
interest are the opposite bond interactions, E”,“, for the AuBr4- ion. This value 
we expect to be slightly smaller than that for AuC14- as the vibrations are similar 
and the AuBr force _constant a little smaller than the AuCl force constant_ Tb.is 
expectation is born out only for HRE near zero. Thus, the most satisfactory solu- 
tion is that with Ha0 zs 0 and the valence force constants are then as in Table 9. 

TABLE XX 

VALF+NCE FORCE CONSTANTS OF SOME MX, IONS 

%a 1.87 2.15 1.80 
Qm, 

;MC$,hi~i MC{ 

0.05 0.08 0.08 

0.37 1.71 
F:--F_' -aa 

0.21 1.31 0.16 0.77 
1.24 1.04 0.74 

rr,, 0 0 0 %-w p: 0.925 0,633 - 

As expected, the MC1 bonds in PtC1,2- are weaker than the AuCi bonds in 
AuCl,-, yet it is surprising that the opposite bond interaction is stronger for the 
Pt compound, as is the bending constant. Perhaps this implies weaker MC1 o 
bonding but an appreciable amount of MC1 z bonding for the PtCl,‘- ion. This 
might also expIain the greater out-of-plane bending constant (J’V+Fol(p’) for 
l?KL$=-. 

It is interesting to investigate the interaction displacements which arise from 
the force constants of Table 9. For example, application of (7) leads to the results 
of Table IO. 

TABLE X 

INTERACITON DISPLACEMENTS EOR h’i& 

x?ta,- -0.20 -0.03 -0.38 
AUCI,-” -0.10 -0.04 -0.36 
AuBr,- -0.09 -0.04 -0.34 

a WG~IX~ means the displacement of bond MXB caused by unit displacement of the opposite 
bond, MXl. (MX&xI is the analogous term for adjacent bonds. 

Application of the more exact equations, (21) and (22), leads to the same 
values for (MXa)a, but slightly smaller values for @4X,)-,. If we accept the 
conclusion that I& = 0, it follows from equations, (23) and (27) that (~1&I 7 

W% = 0. 
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From (28) we can investigate the displacement term (cQJ,+ With HR ‘.= 0, 
(28) can be rearranged to give 

.= 
. . 

The values of Table 9 then give the displacements iu the last colume of Table 10. 
The results for (aI,& are interesting in that they are close to the&y+e of - l/3 
which would pertain if no a,a-interactions occur other than the redundancy. 

The resu1t.s for AuC14- are of value in the treatment of [Au(CN),CI,J- to 
follow. 

TABLE XI 

FUNDAMENTAL FREQUENClESMCm-'FOR [Au(CN),CI,]- 

A ‘8 v,(v&a 2199 B 3” %kN) 2181 

G(V& 461 vll(vMC) 430 

@?+tx) 342 v~~(*Xhld 126 
B 1s v&&N) [3681b B S” 364 

‘&CM3 

vls(vMx) 
126 %.(&N) 456 

B% %(~~~) 297 %S(&& r971= 
B 1” ‘@bKN) 

- 

%@xd 
- 

%(*X hf X) - 

a Approximate description of vibration; v for stretching. 6 for in-plane bending, z for out-of- 

g 
lane bending. 
From a combination band. 

’ Not observed. Calculated assuming FxM&” = FxMcBJu- 

G. FORCE CONSTANTS OF [Au(CN),Cl,]- 

The fifteen fundamental vibrations of the planar [Au(CN),CI,]- ion of Dtb 
symmetry fall in the representations 3 A,, + 2 Bxg +BJg -f- 3 B,, + 3 BzU + 3 B,,. 
Most of the fundamental frequencies have been assigned”. They are repeated in 
Table 11 for convenience. A schematic diagram of the structure is shown in Fig. 3. 

QN 

DI 
RI 

y 02 -I-+ X X 

R2 

d C 
‘2 

N 

Figure 3. Schematic diagram 

Q- 

0 
of [Au(CN),CI,];. 
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(i) A,, Vibrations of fAu(CN).J’ZJ 

The different symmetry blocks will be treated separately. For the 3,+& 
frequencies there are six symmetry force constants13 for the general quadratic 
valence-force field. 

F 11 = i;;, -kFaq, C’N’ 

F 22 = FM&- FMC. MC’ 

F 33 = FMX+ FMX. MX 

F I2 = Fuc, CN f FMC. C’N’ 

F 13 = ~FCPL MX 

F 23 = ~FMC.MX 

(32) 

(the X stands for halogen atom) 
CalcuIations were made on an IBM 7094 computer*. In order to make these 

caIcuIations it is necessary to assume vafues, or ranges of values, for three of the 
force constants. The approach used here involves an ~timation of a reasonable 
range for the three interaction constants followed by calculation of the primary 
force constants for this range of interaction constants. 

From a study3 of the isotopically enriched 13C and 15N species of KAu(CN), 
it was found that for the [Au(CN),]- ion, E;lrcecN = 0.3 +: 0.1 mdynes A-’ while 
F MC.C’N’ = 0.0 C 0.1 mdynes A- l. However, for Hg(CN)2 it was foundI that 

E;(lc,cN = 0.05 + 0.1 mdynes A-’ and iY&, C’N’ = 0.0 rt 0.1 mdynes A-‘. Prob- 
ably the fAu(CN),CI,]- ion is more like Hg(CN)2 than [Au(CN)J with respect 
to MC, CN interactions as the AuC bond in [Au(CN)&12]- appears to have 
strong o-bond character with very little M-CN 7~ bonding as in Hg(CN),. In 
[Au(CN),]’ much greater metal-cyanide n bonding is present’. For these calcuia- 
tians we shall allow for this un~~rtain~ and consider the range f;;Kc, cN = 0.2 4 0.2 
mdynes A-’ _ 

Since FMc,c,NS is much smaller than Fhlc,cN for fAu(CN),]’ it seems ap- 
propriate to assume that the same holds true for [Au(CN),Cl,]-. In fact, since 
we do not expect much Au-CN z-bonding, it is.expected that a change in C2M 
arising from a change in C,N, is effected through the change in C,M. Thus, 

tC2Mk,N, = (CLM!CtN~ * (C2Ww+v With (7) this leads to the approximate relation 
H . MC,CTV = -FMC,MC~FMC,CN/FM[C. The force constants E+MC,MC‘ and E’,, were 
previously determined’= to be about 0.6 mdynes A-’ and 2.9 mdynes A-‘, res- 
pectively. These values lead to the relations: 

F~c,cw = --oJ ~MC. CT4 

and 
F 12 = 0.8 Fhfc,cN = 0.16 C 0.16 mdyues A-‘. 

* The author is extremeiy grateful to Dr. 3. H. Schachtschneider of the Shell De~e~upment Co,, 
Emeryville, California, for supplying the eigenvslue program for these calculations. 
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Now consider F,, which is 2 Fm, CN. This is an interaction of a CN bond 
with a non-connected MX bond at right angles. Since FM,-, CrNe is small we expect 
F hlX. CN to be even smaher as bonds at 90” generally show less interaction than 
bonds at 180” to each other. Furthermore, calculations show that the’other force 
constants are quite insensitive to FhtX,fN. Thus, even if it is as much as kO.2 
mdynes A- ’ it does not appreciably affect the other calculated Fgj 

Finally consider Fz3 = 2 FMX,MC_ This interaction is again for bonds at 
right angles though they both involve the same atom, M. From [Au(CN),J-- 
studies’ 2 it was found that FMc, MC. for interaction of AuC bonds at 90” was about 
+ 0.035 mdynes A- l_ We shall then assume a maximum of +0.04 mdynes A-’ for 
F MX, MC. 

Using the above ranges of interaction constants we calculate the ranges of 
force constants given in Table 12. 

TABLE XII 

CALCULATED= Arg FORCE CONSTANTS FOR {Au(CN),ClJ- 

FXZ = &N+FcN, cN’ = 17.55 & 0.19 mdynes A-x 
Fzz = FM,+FMc,,, = 3.40 f 0.05 
F33 =F,,+F,,,,~ = 2.46 f.O.02 

n Assuming Fle = i-O.16 f 0.16 mdynes A-‘; F,3 = 0 j, 0.2 mdynes A-‘; i-23 = 0.04 f0.04 
mdynes a-1 as discussed in text. The range kO.2 for Ft3 is much larger than reasonabIe-it 
should be smaller than Fz3; however, as mentioned in the text, in this range F,, has negligible 
effect on the other force constants. 

(ii) i3,, Vibrations of [Au(CN),C12]- 

There are two Big frequencies determined by the three general quadratic 
valence-force constants 

F4+ = r=, + F& 

F 55 = (F~-F=,‘)+(F=-FF,,“)--(F,-F~**‘) 

F 45 = F$+F,,” 

where the p are in-plane MCN angles and the c1 are CMCI angles. There is really 
no evidence at present for an estimate of the magnitude of Fas’ and Fgs”. A treat- 
ment similar to that of (19)-(22)_Jeads to the conclusion that 

F =P ' m -W&& 

F 
(34) 

ai3 n = --~~&%1,z~ 

From an inspection of Fig. 2 one would predict that increasing ax might lead to 
a small decrease in & to maintain equal overlap of the 7~ orbitals of Au and Cr. 
A similar argument was discussed previously for octahedral X(YZ), molecules’5 
and earlier in this paper for [Au(CN),]-. The change (&)_ should be smaller 
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and of opposite sign than (#I&. We shall arbitrarily say (Br,),, = 0 to -0.4 and 

IBZL = 0 to 3-O-2. Since 5” is about 0.4 this Ieads to: 

I; ‘:- .“.S = +0.06 % 0.06 

F CrB II = -0.03 + 0.03 

F45 = F$ f F$ = 0.03 + 0.03 mdynes A rad-’ 

We then calculate the force constants of Table 13. 

TABLE XIII 

Bxe FORCE CONSTANTSa OF [Au(cN),Cl& 
(in mdynes A rad-s) 

F,., = F8+Fss' = O-33'&- 0.04 

FM =(F,-F,,3f(F~-F,,")-((I;h-F,"3 =0.52 _"p; . 

Calculated assuming F,, = 0.03 & 0.03. 

As listed in Table 11 there are three B,, frequencies which determine the six 
B,, force constants 

Fxo,,, = FCN--FCN.CN~ 
F 11,Y.l = F MC -4.x. MC’ 

F 12,12 = (&-Fm”)+(F,-F/‘)-((E;h-F=‘) 

Ft o, I I = fiw, CN - bc, C'N' 

F x0,12 = W%.xd-Fa,,") = 2%x,, 

F1l,12 = Wim,o' --%c,aW) = ~Qic,. 

The discussion of Al, frequencies leads, for consistency, to the relation 

F 10.11 = +0.24 + 0.24 mdynes A-’ 

(35) 

Analogous to (23) we find 

Ii cN,P =. 

-2I?%+JL’ --Fd’-L”tl WCxNI -%c, oC@GkINt -_(MC21c,NII 
l- (C,N2),,,, 

- (36) 

We can estimate many of these displacement coordinates from other interaction 
constants. For example, we know’ 2 FM&, MCf m 0.6, Fm, ctN’ M -- 0.03, I&, cN z 
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0.2 Iltr 0.2, &c,c,u, x -0.04 rt 0.04, FMc z 2.9, and FcrJ w 17.4 &dynesA~‘. 
Use of (7) with these numbers gives the following resuhs: 

(MC,),,,, = ‘0.07 

(MC2)C,N~ = +0.014 

(C,N2),,,, = --o-002 

(C,N,),c, = -00.011 

(C,N,),, = +0.002 

(MC2)Mc, = -0.21‘ 

Substitution oft ese values into (36) and (37) leads to the equations 

H cN.u = - 2 ~.&&,N~ + O-084 H,,, = 

H MC. (I = - 1.7F ,&l)McI +O.Ol HCN. d 

where $‘= = Fz + F,’ - F,“- F,“’ 

(38) 

(39) 

Thus, it appears to be a good approximation to say 

Stretching C,N, would tend to compress MC, thus increasing al. This is a second- 

order effect so we expect ((Y&N1 to be quite small. Furthermore, if I!&,= is 
assigned a value as large as 0.2, it has negligible effect on the other force constants. 

As discussed previously, in the section on AuCI,-, stretching MC, should 
cause al to decrease. The magnitude of (a&c1 is quite uncertain. However, for 
AuCl,- the analogous term, (ax)MCII, is apparently close to zero. This is based 
on one piece of evidence so may be subject to doubt, but certainly the results 
indicate it is small. We shall somewhat arbitrarily adopt a range of about 0.2 + 0.2 

for fh.. and a smaller range for Hmeo*. 

F 1o, 12 = fi Ha,. = 0 + 0.1 mdynes rad-’ 

F 11.12 = ~HMc,. = 0.3.k 0.3 mdynes rad- ’ 
The B,, force constants calculated from these ranges of interaction constants are 
given in Table 14. 

I-ABLEXIV 

B,,, FORCE CONSA& OF [Au(CN)&l$ 

F 10. ,o - F~~-F~~ , C’N’ 17.67 f 0.30 mdynes A-l 

FXL 11 = FMC-FMC. MC 2.35 f 0.09 mdynes A-I 
F ~,,a, = (F,-FF,3+(F,-FF,‘3-((F,-FF,3 0.71 f. 0.06 mdynes A rad-x 

a These force constants are calculated assuming F,,, 11 = 0.24 f 0.24 mdynes A-l, FlO, II = 
0 f 0.1 mdynes rad-I; F’,, 1o = 0.3 + 0.3 mdynes rad-‘. 

* It is interesting to note from (38) that even if (a&N, is zero. HcN o is, not necessarily zero, . 
though it will certainly be quite small. . . . 
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(&) Bsu .Vibration.s of [Au(CN)~CI,]- 

There are three BSu vibrations as seen in Table 6. The B,, CAuC_%ending 
frequency was not observed. For purposes of calculation we have fixed the force 
constant for this frequency at 0.6 mdynes A radm2 which is a rough average of the 
other a bending force constants, F 55 and F12,12. The symmetry force constants 
ark given by 

F 13.13 - -FMx-%X.MX* 

F14.14 = F,---F,,' 

F 1s. 1s = (F,-FF,‘)+(F,-F~‘~-(F,-FF,“‘) 

F13.14 = ~FD,' 

F 13.15 = &HD, 

F14.15 = ~(F.BI--Fc$'I 

Using (6) one can derive the relation 

F 0s’ = 
-(FB-&‘) (BJo, +2(Fa; -Fati’) (ah&, 

1 -(MD‘ 

(41) 

(42) 

When AuCI, is stretched (III = + 1) we expect al to decrease. For AuCI,- we 
found that this change was quite small. As with (al)RI (see B,, section) we shall 
allow a range of values from 0 to -0.15 for (aJD,. The quantity (D2)D, is ap- 
proximately - FDD/FD x -0.1. From our discussion of the Big frequencies of 
[Au(CN)~CI,]- we decided F+’ = +0.06 _C 0.06 and F,#” = -0.03 f 0.03. This 
leads to FaD’- Fas” = 0.09 _+ 0.09. F,- Fsg’ is approximately 0.4. Inserting into 
(42) leads to FDs’ = -0.4 (8&,, -0.012+0.012. 

The decrease in al arising from D, = + 1 should result in a slight increase 
in PI_ However, this is a second-order effect so that we expect (#Jo, to be quite 
smal1 though positive. We shall adopt a range for Fop of -0.02 & 0.02 mdynes 
rad-‘, and F13,14 = 2 FDfl’ = -0.04 &- 0.04 mdynes rad-‘. 

For (AuCl,a) interaction one can derive the relation 

H _ -2[F,-FF,‘-FF,,“+F,“‘I (c&-2[~,s’-J’F,s”l @do, 
Dot- 

1-(~210‘ 
(43) 

If we again say (al)D, = -0.075 4 0.075 radians per angstrom, (43) leads to 
H Da = 0.1 rfr 0.1 mdynes rad-‘and Fi3,15 = 42 H,, = 0.15 _+ 0.15 mdynes rad-‘. 

As discussed above we assign the range FOB’- Fapn = 0.09 f 0.09 mdynes A 
radB2. Therefore, 

.F 14, 15 = J?(Fa;-Fa;‘) = 0.13 + 0.13 mdynes A radm2 
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TABLE XV 

k?,, FORCE CON!JTANd FOR ~Au(CN)&lr]-- 

F far ts = ~&$-q&l. MC; 2-B f 0.20 mdynes A-” 
F 11. I& = FB--FBB’ 0.54 f 0.10 mdynes A rad-* 

p Calculated assuming FtPLx. = 0.04 f 0.04 mdynes rad -I; Fzl;, x6 = 0.15 $@.b mdynes rad-‘; 
F I& 16 = 0.13 i 0.13 mdynes A rad-5; and F16, lb = 0.6 mdynes A md-a 

With these ranges of ~~tem~o~ cousins, the calculated ~~~-fo~ con- 
stants are as given in Table 15. 

From Tables 12-15 we can now calcuiate the in~~dual vaIence force con- 
stants. The resuhs are summarLzed in Table 16. 

The uncertainties in FcN, F,=, and .&&.,Mc’ depend primarily on the MC, 
CN interactions. Hopefully F&, cN and FMe, c,N, can be determined to 0.1 mdynes 
A-” from studies of the 13C and “%I species. This would reduce the ~~~ain~ 
in 8’= to about O-12 mdynes A-” or 0.7 %_ 

TABLE XVI 

VAtLuce FORCE CONSMNTS OF [Au(CIQ,CI,I- 

Asmned’ CaIcu~ated 

J%4c. cm 0.2 + 0.2 mdynes k-’ J=CN 17.61 rfr 0.25 mdynes A-1 
FMC. CN’ -0.04 & o&4 2.88 & O*OS 
J?s@fl 0.06 & O&6 mdynes w xad-% 

Jkc 
FMCI 2.34 f 0.12 

F,p” -0.03 &- 0.03 %N, C’N -0.06 & 0.25 
‘rr,N, a 0 & 0.07 mdynes md-l FMC, MC’ 0.53 f 0.07 
J&VW* D 0.2 * O&2 %c1. MCI’ 0.13 Ic: 0.11 
%X3 -0.012 f 0.012 “a 0.44 f 0.07 mdynes di rad-” 
J%a. (L 0.1 n& 0.1 %a” -0.11 f 0.08 

F,- Fm’# 0.62 f 0.06 
F&I”--F_’ 0.10 & 0.05 

11 see text for merit. 

The most discouraging rest& is that for the MCI force constants, particu- 
Iarly for MCI,MC~ interaction. This de~nds primarily on the value chosen for 

H MQ,o’ wowever7 FAuQ,AuCI e can be narrowed down somewhat. For AuCI,- the 
corresponding opposite interaction constant had a minimum value of 0.11 mdynes 
A-l (see Table 3), with a probable value of 0.2 mdynes A-r. Since the structure 
of [Au(C~~C~~~- is simIIar to that of AuCI+- we expect sin&r Au~,AuCl’ 
i~~m~o~. Thus it is probably approprjate to limit this jnte~ctio~ to the range 

F icnQ. AuCl’ = 0.15 i_ 0.05 mdynes A’” 

This wouId narrow down the range for the primary AuCI force constant to 
(r 

F Aucl = 2.31 rf= 0.07 mdynes Am1 

Caord. Gem. Rev., I (1966) 351-378 
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A comparison of these AuCI stretching constants with those of Table 9 
shows that the AuCl bond is slightly stronger in [Au(CN),CI,]- than in AuCI,-. 
Also, it is apparent from Tables 16 and 9 that it is easier.io bend a ClAuC angle 

of [Au(CN),CI,]-. than to bend a ClAuCl angle of AuCikL’. 
When more molcculcs of the same type arc studied and their interatomic 

forces arc analyzed it should be possible to narrow down the range of values for 
some of these interactions. Hopefully it will also be possible to predict from a 
knowledge of electronic structure and bonding what the interactions will be among 
the various coordinates. Thus, some day it may be possible to predict fairly accur- 
ately how the CI,MCr angle will change when the CI,M bond is given a small 
unit displacement. 

Detailed calculations on ranges of force constants for [Au(CN),]- have not 
been made. They arc more complicated as there arc four frequencies in the EU 
symmetry block. However, a comparison of Table 16 with previous results’* on 
[Au(CN),]- shows that within our limits of uncertainty WC cannot determine 
any difference in corresponding force constants. Thus, the MCN bonding in 
[Au(CN),CI,]- and [Au(CN),]- is essentially the same. 

In this study we have neglected anharmonicity corrections. These arc, as 
&cussed for AuCl,- and [Au(CN),]-, no doubt quite small except for the CN- 
stretching vibrations. From observed combination bands it is apparent that the 
true o for the CN-stretching vibrations may bc 30 cm-’ higher than given in 
Table 6. The net effect would bc to raise the calculated CN-stretching force con- 
stant by about 2.7% (to 18.09 mdynes A-‘). However, as discussed in the section 
on [.4u(CN),]-, until WC can determine the anharmonicity better, it is perhaps 
wiser to neglect it and recognize that the calculated force constants arc for the 
observed fundamental frequencies. Hopefully theanharmoniccorrectionswillsomc 
day bc shown to be similar for different cyanide complexes and comparisons of 
CN-stretching force constants among different complexes without the anharmonic 
corrections will be proven to be valid. 

H. SLJhVMARY 

The first part of this paper explains the meaning of force: constants for a 
General Quadratic Valence Force Field in which all displacement coordinates are 
independent. This is followed by a dctailcd treatment of the force constants of the 
linear complex ion, [Au(CN),)-. In particular it is shown how the interaction 
constanrs arc related to changes in bond lengths or bond angles arising from 
changes in other bond lengths or bond an&s. Such changes, here called “intcr- 
action coordinates”, are related to the clcctronic structure. They are interesting 
quantities for correlation with bonding propcnics. 

For most coordination compounds there are sets of coordinates which are 
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not independent among themselves (called redundant coordinates). The rather 
obscure meaning of force constants involving redundancies : is xliscussed after the 

. treatment of [Au(CN)J-. Following this discussion, c&z&ted ranges of force 
Constants are given for PtCl,2-, AuCl,-, and AuBr,-_ These are based on ranges 
of certain interaction unsung estimated from the AUK- studies and from 
our knowIedge of molecular orbit&x By noting that AuCl,” and AuBr,- are no 
doubt similar in bonding properties it is shown that it is possible to narrow down 
the reasonable ranges of force constants. 

Some of the force constants are comparable among the diff&ent species. 
These are Iisted in Table 17. It is seeu that the CN-stretching for&$mstant, F=, 
is about the same for the two trivalent gold complexes, [Au(CN),Cl,]- and 
[Au(CN),J-, but definitely lower for [Au(CN),]-. However, the AuC bond is 

TABLE XVII 
-. 
Force c0nsfufff” fAulCW!& [AUCf,l- [Auf CA9 &Z$’ [A zif CW&’ I= 

%N 17.17 f 0.18 17.61 & 0.25 -17.5 

FhlC 2.775 & 0.025 2.88 f 0.08 ~2.8 

J%fCl Mb 2.18 & 0.03 2.31 i. 0.07 

FhfC, MC 0.415 f 0.025 0.53 * 0.07 *-) 0.57 

Gfc,clu & 0.3 * 0.15 

FMCl. MCI 0.2 0.15 

FCIAuCL -1 

FCIAuC -0.6 

FcAuC 0.65 +- 0.25 -.O.S 

FNCM 0.28 * 0.02 0.44 f 0.07 - 0.45 

a The CN, CN interactions are essentially zero and are thus not fisted. The other EOnSants not 
listed occur only in one species. 
b The: double prime refers to opposi&z bond interactions, 

about the same strength for all three CN species. This suggests that the trivalent 
gold complexes have stronger Au-C cr bonds but weaker AuC x bonds. The AuC 
7c bonds tend to lower the CN force constant by using the antibonding CN orbi- 
tals. This ar~rn~~t has been given before5 in expla~~ng the data for {CO(C~~]~- 
and [Fe(CN)J4” which apparently have similar metal-carbon bond- strengths, 
though J’- is much lower for the iron complex. The opposite MC!, MC interaction 
is definitely greater for the trivalent gold complexes even though the M-C ‘7~ 
bonding is less than for [Au(CN),]“. Thus, the magnitude of the MC, MC opposite 
bond interaction is not dependent primarily on the strength of MC 7t bonding. 

The AuCl bond strength is perhaps somewhat greater for [Au(CN),CLJ- 
than for Au&- though the difference is barely significant. Thus, the evidence 
suggests very littte change in bonding to the gold atom from AuC&- to 
fAu(CN),Cf,] - to [Au(CN),] -- 

It is interesting that it appears to require considerably more force! to bend a 
ClAuCf angle of A&l,” than to bend a CAuC angle of {Au&X),]-_ The ClAuC 
bending fork constant lies ia between the other two. 

Coord. Chem. Rev., 1 (1964 351-378 
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The results of this article show that considerable uncertainties exist in most 
force-constant calculations. Often quite arbitrary assumptiqns are made concerning 
interaction constants. It is hoped that more authors @konsider the effects of 
~ter~c~Q~..c~~~t~-~~~ .rM~able-Eanfl .BQW t.h&gkd camp-uter grograms 
are available. The Resulting force constants, when reliable, are quite important for 
correlation with electronic structure and the nature of bonding. 
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