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Configurations of Weak Interactions from Vibrational Perturbations in 
Tetrahedral XY, Molecules or Ions 
By J. Alan Creighton, Chemical Laboratory, University of Kent a t  Canterbury, Canterbury CT2 7 N H  

Approximate methods are described for estimating changes in stretching force constants due to weak interactions 
involving tetrahedral molecules or ions from the shifts in their vibration frequencies. These methods are used to 
discuss published vibrational data for the C,, species Na[Co(CO),] and [(HI5C7),HN] [GaCI,] in solution, which 
are deduced to be apical ion-pairs from the size of the force-constant changes. Approximate formulae are also 
given for the stretching frequencies of trigonal-planar XY3 and octahedral XY6 molecules for stretching-force- 
constant perturbations which lower their symmetry to C,, and D,, respectively. 

r .  1 HERE are niany yublislied examples of small changes The Table reproduces 
in tlw vibration frequencies of molecules or ions due to recently published measurements of ( w ~ ) ~  and ( v ~ ) ~  
eiiviro~imental or other effects, such as complex forma- 

tlicse effects result in a splitting of bands, vibrational 
nieasurernents have often been used to deduce the y1 v3(4  (+J (y3 )o  Ref. 

Na[Co(CO),] 2 005 1857 1905  2005 1889 4 syrumetry of the perturbation. However, for a weak [(H16C7)HN]- 339 362 383 344 377 * 
in tci-action whicli perturbs the force field of the mole- [GaCl,] 

260 666 675 267 675 3 culc only sliglitlj-, the frequencies show an approximately 'Br48Cl- 
first-order depmdence on the force-constant changes. 
,ldtlitional information about the sense of the inter- 

v3(n,) and v3(e) in addition to ul. 

tioil, sol\7ation, crystal site, or matrix effects. Where Stretching wavenumbers (cm-l) of tetrahedral 
weakly perturbed to CJu symmetry in solution 

* Data from 13. -4. Work and hI. L. Good, Spectrochim. .4cta, 
1972, A28, 1537. 

act ion (for cxaniple whether a tetrahedral molecule 
intcmcting with another molecule or ion to form a C3" 

coinplcs interacts apically or facially) may therefore 
in principle be gained from the sign of the shifts in the 
individual \.ibra.tional bands. This has been exploited 
for the particular casc of the relatively strong inter- 
actions of tetraliedral and trigonal-planar oxo-anions 
acting as liggantls with transition-metal atonis in order 
to determine tJie mode of binding of these ions from 
vibrational ~ ~ i ~ a s u r m i e n t s ,  following numerical studies 
of the effects of forcc-field perturbations on these ions 
l ) ~ ,  Hester and his co-workers.l 

The purpow of this paper is to investigate two ap- 
proximate nietliods wliicli may be used in analysing 
frcquency-shift data for the study of rather weaker 
interactions, wlwre the small frequency shifts arc 
nornially not known wit11 sufficient precision to warrant 
csac-t trcatrnents. Three tetrahedral XY4 species, 
for whicli frqiimcj- shifts consistent with small Csa 
perturbations i n  solution have recently been published, 
arc csarnine(1 as examples. Where measurable fre- 
quency shifts can be observed, these methods appear 
to provide ;L useful general approach for studying the 
configuration o f  weak coiripleses of small molecules or 
ions, particularlj- for solution species for which there is 
sometimes a shortrtgc of alternative structural methods. 

I<I?iULTS M i l )  1 ) ISL 'SSIOX 

(i) Neglcct o i r l~ t  of Uemlirtg Vibratio?ts.-A regular 
tetrahedral XY4 niolecule has two stretching frequencies 
(v& and ( ~ 3 ) o  (the zero subscript here denotes the un- 
lwrturbed molecule), and when the symmetry of the 
molecule is lowered to C 3 r  the three-fold degeneracy 
of (v3) is partiall>- renioved to give two components 

1 H. Brintzinger and H .  E. Hester, Inovg. Chew.,  1966, 5, 980; 
R .  E. Hestcr anti W.E. L. (;rossman, ibid., p. 1308. 

for three tetrahedral species in solution, and also the 
corresponding data vl, ~ 3 ( ~ 1 ) ,  and v3(e) for the same 
species perturbed to CsV symmetry by a weak interaction 
with another species present in the solutions (the 
counter ion in two of the examples). The stretching 
frequencies are seen to show shifts of a few percent as a 
result of the perturbations, whereas i t  is found for these 
and other examples of weakly perturbed species that the 
shifts in the bending frequencies are very much smaller. 
In discussing these frequency shifts quantitatively it 
thus seeins a reasonable approximation to disregard 
bending motions and to assume that the perturbations 
affect only the force constants concerned with bond 
stretching. This approximation is made here through- 
out, and amounts to using the high-frequency separation 
approximation a for the stretching vibrations. Justifi- 
cation for this approximation is given below [see equa- 
tions (5)-(7) and following discussion] by calculating 
the very small effect on the stretching-frequency shift 
of including bending in the calculations for some specific 
tetrahedral molecules. 

For a tetrahedral SY, species perturbed to C3[, 
symmetry there are four stretching-force-constant 
changes in a valence force-field representation. These 
may be represented as the fractional increases M and y 
in the stretching force constantf, for the unique bond and 
for the other three bonds, and the fractional increases 
a and c in the stretchstretch interaction constant 
f w  involving the unique bond and involving only the 
other three bonds respectively. In  order to calculate 
these force-constant changes from the three observed 
frequency shifts it is necessary to treat the change in one 
of the force constants, or in a linear combination of the 
force constants, as a variable parameter. Particularly 

E. B. Wilson, J. C. Decius, and 1'. C. Cross, 'Molecular 
Vibrations,' h1cGran.-Hill, Ncw York, 1055. 
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convenient for this purpose is the off-diagonal matrix 
element f13  connecting the two nl(C3,) stretching sym- 
metry co-ordinates of the perturbed molecule. Re- 
presenting these symmetry co-ordinates as in equations 
( 1 )  and (2), where r1 to r4 are bond-length displacements, 

sistent with the observed frequency shifts, it is probably 
not necessary in most cases to know the force-constant 
changes particularly accurately in order to deduce the 
sense of the perturbation. Indeed the experimental 
frequency shifts from which the force-constant changes 
are calculated are themselves often not known with very s, = (y1 + y2 + y3 + r4)P ( 1 )  

S3(a1) = (3, - r2 - r3 - r 4 ) / l B  (2) 
f13 may be shown to be equal to 3*[(01 - y) fr  + 2(a - 
c)fn]/4. This function is small for small force-constant 
perturbations, and plots of 01, y ,  a,  and c against f13 
for small values of fi3 on either side of zero thus shows 
all solutions for the force-constant changes which are 
consistent with a small perturbation. 

The set of stretching-force-constant changes may be 
conveniently computed as a function of f i 3  by evaluating 
the other three elements of the perturbed F matrix 
as a function of fi3 using the three stretching frequencies 
for the perturbed molecule, and also calculating from 
( v ~ ) ~  and ( v ~ ) ~  the elements of the unperturbed matrix 
S,, expressed in the same C3v symmetry co-ordinates. 
Writing (A2F) = 9 - Fo, the matrix of valence force- 
constant changes is then given by (AF) = B(AF)U,  
where the U matrix must contain both components of the 
degenerate symmetry co-ordinate S3(e) = (2r, - r3 - 
r4)/6*, S3'(e) = (r3 - r4)/24. The fractional changes 
in the alternative representation of the Urey-Bradley 
force field may then be simply calculated from a,  y, a, 
and c by use of the relations between the Urey-Bradley 
and valence force constants for tetrahedral molecules. 
Thus KauB = fTa - 1-9Fa and K ~ U B  = f r y  - 
1-9F(a + 2c) /3 ,  where aUB and DB are fractional changes 
in the Urey-Bradley stretching force constant K for 
the unique and for the other three bonds respectively. 
The fractional changes in the Urey-Bradley non- 
bonded repulsion constant F are equal to the changes 
a and c in fr7 since for the tetrahedral molecules 3f7T = 
2-1 F.  

Figure 1 shows the fractional force-constant changes 
for Na[Co(CO),] and [(HlSC,)HN][GaC14J plotted as 
functions of f13. For both species la1 > ]yl  unless it is 
assumed that there are unreasonably large changes in 
frr, thus indicating that both these species are apical 
ion-pairs. The Urey-Bradley force-constant changes 
for [ (W,,C,)WN] [GaCl,] make this conclusion par- 
ticularly clear since yuB -N 0 throughout the whole 
range of Figure 1 .  A similar plot for the weakly bound 
complex ion CBr4,C1- has already been published and 
suggests that this species is a facial ~omplex .~  The 
above result for Na[Co(CO),] confirms the conclusion of 
Edgell et aZ.4 that this is an apical ion-pair, based on 
qualitative discussion of the sense of the splitting 

(ii) First-order Perturbation Afethod-While the above 
method gives a complete and fairly accurate picture 
of the stretching-force-constant changes which are con- 

of v3. 

J. A. Creighton and K. M. Thomas, J.C.S. Dalton, 1972, 
2264. 

/ 
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FIGURE 1 Fractional changes in the stretching force constants, 
f. (or&), of (a)  [CO(CO)~]- and (b) [GaClJ- onformingthecontact 
ion-pairs Na[Co(CO),] and [(H,,C,)HNJ[GaCI,] in solution (see 
text) 

high fractional accuracy. A more convenient, though 
more approximate, first-order perturbation method for 
estimating the force-constant changes was therefore also 
investigated, in which it is assumed that the perturbation 
has a negligible effect on the form of the normal modes. 
Thus in particular it is assumed that there is a negligible 
interaction between vl(al) and ~3(a1) as a result of the 

W. F. Edgell and J. Lyford, J .  Amer. Chem. Soc., 1971, 93, 
6407. 
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perturbation, which requires that (v , )~  and ( v ~ ) ~  are 
not close together or that the perturbation is not large. 
These requirements are likely to be approximately 
met in many cases however, and, since this first-order 
method also makes clear the importance for some mole- 
cules of stretch-stretch interaction constant changes 
in determining the direction of splitting of v,, this method 
is also given here in some detail. 

With the usual notation involving the G and F 
matrices and the transformation matrices U and 
the vibration frequencies ( ' ~ 1 ) ~  of the unperturbed mole- 
cule are related to the force constants by EoFoLo = A,, 
in which A, is a diagonal matrix with elements (AJ, = 
4x2(vJO2. For the perturbed molecule, assuming the 
normal co-ordinates to be unchanged, equation (3)  

(AA) = zo(A2F)Lo = ~ , U ( S ) ~ L 0  (3) 

follows, Here the matrix (AA) has diagonal elements 
Ahi = S X ~ ( V ~ ) ~ (  Avi) which give the first-order corrections 
Avi to the frequencies, while the off-diagonal elements 
contribute to higher orders of appr~ximation.~ 

The unsymmetrized force-constant perturbation 
matrix ( A F )  has diagonal elements af f  and yfp and off- 
diagonal elements afrT and cffl for a Cs,, perturbation 
of a tetrahedral XY, molecule. Also required to evalu- 
ate ( A h )  are the elements of the matrix Lo. These are 
found by means of the standard relation LE = G. 
For the XY, molecule perturbed to CL symmetry only 
the Lo matrix elements Zll and ZB are required which 
respectively relate the two stretching symmetry co- 
ordinates S,  and S3 to the normal co-ordinates associated 
with v1 and v3. With S, and S, chosen as above [equa- 
tions ( 1 )  and (2)], I,, = py* where py is the reciprocal 
of the mass of atom Y. However, Z33 is not uniquely 
defined since there is also a bending symmetry co- 
ordinate S,  in the same tetrahedral symmetry 
class as S,. I thus write for this symmetry class Lo = 
L J ,  where L, is a matrix chosen arbitrarily provided 
that it satisfies LcEc = G and C is an orthogonal matrix.6 
It is convenient to choose L, such that it defines the 
normal co-ordinate associated with v3 as pure stretching; 
Lo then has the form (4) where p = (py + $px)* = 
g33', 4 = g&!/g%'J = (g44 - gw2/gs>** and gBJ etc., 

(4) 

refer to appropriate elements of the G matrix. Here 4 
is a mixing parameter equal to zero if v3 involves purely 
bond stretching and to x / 2  if v4 is pure stretching. Thus 
I,, = (py + $px)* cos 4. From (3) ,  equations (5)-(7) 
are now found for the first-order corrections t o  &. 

= &[(a + 3Y)ff + 6(a + C)jwlPy (5) 

(6) 

(7) 

= &[(3a + y ) f .  - 2(3a - c)frr3(f-$i' + %'X)cos2 4 

A13(e) = (rft - cfn) (Py t QVx)COS2 + 
C. D. Xeedham and J .  Overend, Spectrochim. A d a ,  1966, 21, 

4 1 7 .  

Cos2 4 is in fact very nearly unity for many XY, mole- 
cules, as illustrated by the following values of cos2 $ 
calculated from published L matrices: CCl,, 0.9840; 
SiCl,, 0.9960 ; GeCl,, 0.9997 ; GeBr,, 0.9855 ; and 
SnBr,, 0.9573. Neglect of the bending contribution 
to v3 (setting cos2 4 = 1) therefore normally has a very 
small effect on the calculated stretching-frequency 
shifts, thus justifying the neglect of bending in the 
earlier treatment [method (i)], and this approximation 
is now again made here, dropping cos2 4 from (5)- 
(7) above. 

The expressions (5)-(7) reduce to a particularly 
simple form if it is assumed that the fractional changes 
in the stretch-stretch interaction force constants are 
equal to the mean of the fractional changes in the 
stretching force constants of the two bonds involved, 
i.e. a = $(or + y )  and c = y. = 

the fre- 
quency shifts axe given by equations (8)-(10). Ana- 
logous approximate expressions for the frequency shifts 

Then using also 
(f. + 3fW)Py and (%)o = ( f f  - fn>(Py + h), 

Av1 = ( V d O  (a + 3Y)/8 (8) 

= (v3)o(30" + r)18 (9) 

Av3(e) = (v3)0Y/2 (10) 

which accompany a CzU perturbation of ia tetrahedral 
XY, molecule are (11)-(14), while for a CzV perturbation 

AVI = ( V l ) O ( P  + P ' P  
"3(%) = (v3)0(P + @')/4 
"3 (h) = ('3) 0 PI2 

(11) 

(12) 

(13) 

= (v3)0P'/2 (14) 
of a trigonal-planar XY3 molecule (15)--(17) are ob- 
tained and, for a D4h perturbation of an octahedral 

Av, = ( V l ) 0 ( 0 "  + W / 6  (15) 

"3("1) = (V3)0(2a + P)/6 (16) 

Av3(b2) = (v3)0p/2 (17) 

XY, molecule, (18)-(22). In these relations a, p, y, 
and 6 denote fractional increases in the stretching 

Av3(a2U) = (v3)OP/2 (21) 

Av3(eU) = (v3)06/2 (22) 

force constants of a unique bond, or of two, three, 
or four symmetrically equivalent bonds respectively. 
The fractional changes in the stretch-stretch inter- 
action constants are in each case taken to be equal 

G. Strey, J. Mol. Spectroscopy, 1967, 24, 87. 
G. W. Chantry and L. A. Woodward, Trans. Faraday Soc., 

1960, 56, 1110. 
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to the mean of the fractional changes in the stretching 
force constants of the two bonds involved. 

To illustrate the accuracy of these approximate 
expressions, Figure 2 shows the wavenumbers of GeCl, 
calculated from @)-(lo) with a = -3y, compared 
with those derived by solution of the full vibrational 
secular equation from the force constants of Chantry 
and W ~ o d w a r d . ~  The frequencies v1 and v3 of GeC1, 
are not widely spaced so that there is a fairly strong 
interaction between v1 and ~ 3 ( ~ 1 )  in the perturbed mole- 
cule, and i t  is in these frequencies that equations (8)- 
(10) show the greatest error, particularly for negative 
values of a. However, all the wavenumbers are re- 
produced to within 1.6 cm-l of their exact values for 
0: = 0.05 and to within 4-6 cm-l for a = 0.1. 

Of particular significance for the quantitative struc- 
tural applications of equations (8)-(22) is the observa- 
tion from Figure 2 that  is i t  only for fairly strong 

-1! I I I 

-0.2 -0.1 0.0 0 *1 0 *2 
d 

FIGWI~E 2 Stretching wavenumbers of GeCI, perturbed to CJu 
symmetry, calculated from (8)-(10) with a = - 3 y  (- --) 
compared with those from solution of the full vibrational 
secular equation (-) 

perturbations that v3(al) and v3(e) cross. Use of (8)- 
(10) thus leads to the same conclusion about wliicli 
component of v3 lias the higher frequency for a small 
C% perturbation as do more exact treatments which 
take account of the vibrational interaction of v1 and 
~ 3 ( ~ 1 ) .  The following general conclusions may thus 
be drawn from (8)-(22) for small perturbations wliicli 
result in a weakening of the most affected bonds (the 
force-constant changes for these bonds are then negative) , 
providing (see below) that the perturbation does not 
result in large changes in the interaction force coristant 
frr. (a) For a C3!, perturbation of a tetrahedral S Y ,  
molecule, ~3(a1) < v3(e) indicates tc < y and this order 
of frequencies is thus consistent with an apical inter- 
action. This result has been demonstrated numerically 
for the particular case of co-ordinated SO,2-- ions by 
Brintzinger and Hester.l (b)  For a small Czo perturba- 
tion of a tetrahedral XY, molecule, ~ 3 ( ~ 1 )  lies between 
~ 3 ( b l )  and v3(bz) ,  its has been shown by Decius EL 
for SO,2- ions at crystal sites of CBv symmetry. (c) 

J. C. Decius, E. 13. Coker, atid G. 3;. Brenna, Spectvoclziin. 
A d a ,  1963, 19, 1281. 

For a CZL' perturbation of a planar-trigonal XY s ecies, 
v3(al) < ~ 3 ( b 2 )  indicates a < p and is thus consistent 
with an apical interaction, whereas ~3(al)  > v3(e) in- 
dicates an edge-on interaction. This rule lias been 
used in several studies of co-ordinated nitrate ions,S 
and was demonstrated numerically for NO3- and C032- 

ions by Hester and Gr0ssrnan.l (d) For a D4h pertur- 
bation of an octahedral XU, species, vz(a1,) and v3(~216) 

are more sensitive to changes in the axial bonds while 
v2(b1,) and v3(e,) respond mainly to changes in the 
equatorial bonds, and for an axial elongation ( p  < 8) 
i t  is found that v2(al,) < vn(bl,)  and v3(azU) < v3(e,,) 
whereas for an axial bond shortening this order of 
frequencies is reversed. 

The conclusion (a) above, together with the wavc- 
numbers in the Table, show that Xa[Co(CO),] and 
[(H15C,) HN] LGaCl,] are apical ion-pairs, in agreement 
with the results reached by the inore detailed analysis 
of method (i). For CBr,,Cl- however tlie order of 
frequencies ~3(a1) < v3(e) suggests an apical complex, 
whereas i t  was concluded froni the more complete 
analysis that  this is a facial complex3 It is clear that  
the source of this disagreement lies in the inore apyroxi- 
mate treatment leading to (8)-(lo), and it points out 
the importance which large changes in the stretch- 
stretch interaction constant fir can llave in determining 
the direction of splitting of v3. Thus in deriving (8)- 
(10) the fractional changes in fir were assumed to be 
the mean of tlie changes in fr for the two interacting 
bonds, wliereas in the complete analj-sis of method (i) 
there was no constraint on frp. The equations (5)-(7), 
which also result from the perturbation treatment, do 
not however contain any constraint on fTr, and examin- 
ation shows that for ?,,(al) < i\,(e) it is necessary that 
afr - 2afrr < yf. - 2cfPr. This inequality is satisfiecl 
by cc .< y and a < c (apical co-ordination ) if the terms 
in ff are dominant, but also bj- o( > y and a > c ( f a c i d  
co-ordination) if those in ffr are dominant. It is thus 
possible for v3 to split in the opposite sense from that 
predicted by ($)-(lo) if fj-r is large ancl also sensitive 
to the perturbation. This appears to be the case for 
CBr, interacting with chloride ions, the large value of 
frr (or equivalently of the Urey-Bradley non-bonded 
repulsion constant F )  of CBr, being clue to steric crowd- 
ing in this molecule,lO ancl tlic liiglr sensitivity of f i r  
to the perturbation by C1- ions possibly being a con- 
sequence of the high polarizability of the bromine 
atoms in CBr,. I t  is clear that in cases where large 
changes in frr occur, conclusions about the sense of the 
perturbation , based simply on thc direction of splitting 
of a degenerate stretching vibration, must be made with 
caution. 

In conclusion , vibrational frequency shifts can lie 
used to gain qualitative structural information on weak 
asymmetric perturbations of small molecules or ions, as 
previous lcss-general studies have indicated.lv4 Pro- 

p. 

C. C. Xcldison, N. Logan, S. C'. lVall\vork, and C. D. Garner, 
Quart. Rev., 1971, 25, 289. 

lo T. Sinianouti, Purc AppZ. CIiciu., 1963, 7, 131. 
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viclcd the perturbation is small and the changes in the however, a more general method [(i)] is given, which 
stretch-stretch interaction force constant frr are not uses all the stretching frequencies to calculate the 
large, the approximate expressions (8)-(22) provide a changes in all the stretching force constants, and in 
convenient way of making structural deductions from which the only significant approximation is the neglect 
the direction of the splitting of degenerate vibrations. of bending vibrations. 
For niolecules or ions where the changes in fW are large [3/2242 Received, 1sP Novembeu, 19733 
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