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The conditions which define the subgroups which may 
arise by a reduction in symmetry of a parent point 
group consequent upon a lahn-Teller distortion are 
given. -4ccessible subgroups are listed for all impor- 
tant molecular point groups. The occurrence of the 
lahn-Teller effect in some five cordinate complexes is 
briefly discussed. 

Introduction 

Solutions of the electronic eigenvalue problem for 
a molecule with appreciable symmetry frequently lead 
to symmetry-required degeneracies. Jahn and Teller 
were the first to recognise’ that, for non-linear mole- 
cules, there will invariably be non-isoergic mixing bet- 
ween members of such a degenerate set of eigenfunc- 
tions [Q] caused by certain non-totally symmetric vi- 
brations of the molecule, leading to a relief of the 
electronic degeneracy; effectively, the members of the 
degenerate set ‘repel’ each other, so that one members 
becomes more stable than the others. Formally, Jahn 
and Teller showed that there are non-zero matrix ele- 
ments of the form (@i 1 V, 1 (Dj) where V, is the ope- 
rator which represents the dependence of the energy 
of the distorted molecule on the non-totally symmetric 
normal coordinate n,. Such matrix elements can only 
be non-zero if they transform as the totally symmetric 
irreducible representation of the point group of the 
undistorted molecule. Since @i and @j are members 
of a degenerate set this requirement is, explicitly, that 
the irreducible representation under which the normal 
coordinate n, transforms be contained in the symme- 
tric direct product of the irreducible representation of 
the set [@I. 

Subsequent to the publication of their paper there 
has been a wide-spread search for static distortions of 
molecules which are consistent with the operation of 
the Jahn-Teller effect. Part of the difficulty lies in the 
fact that the Jahn-Teller theorem is permissive only; 
a distortion may be very small or dynamic; in either 
case it may escape detection. 

Orbitally degenerate ground states are common 
amongst complexes formed by the transition metal 
ions and this is a field in which the Jahn-Teller effect 
is frequently invoked. Particularly well known is 
the fairly common occurrence of six co-ordinate com- 
plexes of copper(I1) in which the molecular geometry 
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(1) H.A. Jahn and E. Teller, Proc. Roy. Sot., 161A, 220 (1937). 

often corresponds to a tetragonally distorted octahe- 
dral coordination. 

Although in the case of ‘octahedral’ complexes the 
geometries which are consistent with the operation of 
the Jahn-Teller effect are reasonably well known, this 
is not the case for complexes of lower inherent sym- 
metry (five cordinate complexes and complexes con- 
taining multidate ligands, for example). One conse- 
quence of this has been that on occasions it has been 
assumed that any distortion which removes orbital de- 
generacy does so by virtue of the Jahn-Teller theorem. 
This is not so. For any given molecular geometry only 
certain vibrations are Jahn-Teller active and only cer- 
tain sub-group geometries are accessible by their ope- 
ration. So, only vibrations of an octahedral complex 
which do not remove the centre of symmetry can be 
Jahn-Teller active. However, some of the vibrations 
whichi retain the centre of symmetry cannot be Jahn- 
Teller active. 

In the present paper we give a complete list of sub- 
groups of a point group which are accessible by virtue 
of a Jahn-Teller distortion. If a sub-group is not in- 
cluded in our list then it is not accessible. Because 
the accessible sub-groups depend not only on molecu- 
lar geometry but also on the symmetry of the degene- 
rate electronic state, we sub-divide our tabulation ac- 
cordingly. A number of aut’tors have already given 
very useful discussions of the detailed calculations 
of Jshn-Teller distortions in cubic and planar si- 
stems.2-5 Sturge in particular gives an extensive ac- 
count of the experimental manifestations of both sta- 
tic and dynamic distortions.2 The data which we now 
present is perhaps most informative when used in 
the negative sense; from it we can immediately deter- 
mine those point groups which are not accessible from 
any idealised geometry. The possibility of an erro- 
nious invocation of the Jahn-Teller effect is thereby 
significantly diminished. We also emphasise that, al- 
though a geometry is listed as accessible, those energy 
terms which stabilise it may be small relative to those 
favouring one of the alternative Jahn-Teller distor- 
tions; furthermore the sense of the distortion is not 
given. For example, in an octahedral Cu” complex 
the’E, electronic ground state is subject to a Jahn- 
Teller distortion of E, symmetry. Suitable vibrations 
of the six-coordinate ligand system have the angular 
forms _+ l/ 6 (2zz-x*--y*) or f l/ fi (x*-g), lead- 

(2) M.D. Sturge. Solid St&e Physics, 20. 91 (1967). 
(3) A.D. Liehr. Prow. Inorg. Chem.. 3, 281 (1962). 
(4) A.D. Liehr, ibid.. 4, 455 (1963). 
(5) A D. Liehr, I. Phys. Chem., 67, 389, 471 (1963). 
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ing respectively to a 
sion or to a biaxial 

tetragonal elongation or compres- 
distortion. If the distorting po- 

tential is both linear and harmonic any of these four 
distortions is equally probable; additionally all these 
structures would be smoothly interconverted by the 
eight other equally probable distortions defined with 
respect to the x or y axes of quantisation. However 
these distortions are generally anharmonic, and a sect- 
ion of the potential well might be described by the fa- 
miliar Morse curve. The restoring forces for this 
case would normally follow the sequence: tetrago- 
nal compression > biaxial distortion > tetragonal elong 
ation. Experiment strongly suggests that the static 
Jahn-Teller distortions in these cases are usually tetra- 
gonal elongations. Our data for Ot, is general, and 
applies for all variations such as cube, octahedron or 
even the full 48 co-ordination. The detailed vibronic 
forces in each case must be examined in a similar fas- 
hion at least qualitatively before the permissable di- 
stortions can be distinguished from one another. In 
addition there will be many cases in which quadratic 
terms such as a2 Q/axay in the potential energy equat- 
ion cannot be ignored.2s6 Finally the spin-orbit coupl- 
ing often provides an alternative mechanism for the 
relief of certain electronic degeneracy and must also 
be included in any detailed discussion.’ 

Static Jahn-Teller distortions are often small becau- 
se the restoring potential is usually large and frequen- 
tly the interaction between the electronic state and 
the vibrating parts of the molecule is not great (for 
example, suitable ligand vibrations do not greatly af- 
fect the2Tzs ground state of octahedral Ti”‘. Even 
when the static distortion is large enough to be de- 
tected crystallographically, the distortions may well 
average out to zero during an experiment with a long 
characteristic time (such as n.m.r.). Dynamic Jahn- 
Teller distortions are manifest in the very general 
Ham effect;8 as a result of Jahn-Teller mixing of other- 
wise pure electronic states, off-diagonal elements in 
the energy equations are reduced. This consideration 
is particularly relevant to the spin-orbit coupling inte- 
grals because these energies and the Jahn-Teller sta- 
bilisation energies are often similar. Explicitly, a dy- 
namic Jahn-Teller distortion may contribute signifi- 
cantly to the reduction of the spin-orbit coupling con- 
stant from the free-ion value in suitable complexes. 

Method. The condition under which a sub-group of a 
point group (the parent point group) is accessible by 
virtue of a Jahn-Teller active vibration may conve- 
niently be divided into two parts. 

(a) A point group is accessible if and only if the 
irreducible representation of the Jahn-Teller active 
vibration in the parent point group subduces the to- 
tally symmetric irreducible representation of the sub- 
group. 

(b) A point group is accessible if and only if there 
exists no intermediate point group (such that there is 
an ordered reduction in symmetry passing from the 
parent to the intermediate and thence to the final sub- 

(6) H.H. Woodbury and G.W. Ludwig, Phys. Rev.. 216. 466 (1962). 
(7) C.j. Ballhausen rlntroduction to Ligand Field Theory*, McGraw- 

Hill (1962). 
(8) F.S. Ham, Phys. Rev. 138, 1727A (1965). 

group) such that a vibration satisfying condition (a) 
for the final subgroup also satisfies it for the inter- 
mediate subgroup. 

Note that when the Jahn-Teller active vibration is 
itself degenerate (as it normally is) a reduction in 
symmetry is possible by any of the component vibra- 
tions. Consequently each component must be follow- 
ed by a systematic reduction of symmetry until each 
has separately spanned a totally symmetric representa- 
tion. When a sub-group does not satisfy condition 
(b) above but is itself an immediate subgroup of two 
subgroups which are not themselves related by a re- 
duction in symmetry and which separately satisfy this 
condition, then this subgroup is also accessible by a 
linear combination of the degenerate fundamentals. 

In practice, the problem is simplified by a prelimi- 
nary application of special conditions implicit in those 
above. Consider, for example, a Jahn-Teller vibra- 
tion which is doubly degenerate. Any operation or 
set of operations of the parent point group having a 
character of 2 for the irreducible representation of the 
Jahn-Teller active vibration cannot be destroyed by 
the vibration and must therefore be contained in the 
group of elements of the final sub-group (frequently, 
such operations immediately identify the final sub- 
group). Further, any operation or set of operations 
with characters of -2 or -1 for the irreducible repre- 
sentation must be destroyed in proceeding to an accep- 
table sub-group (thus, a doubly degenerate Jahn- 
Teller-active vibration invariably destroys all three- 
fold axes of the parent point group). 

Results 

We illustrate the method by reference to a coordin- 
ation complex with parent point group Oh, having an 
orbitally degenerate ground state. 

The complex is susceptible to a Jahn-Teller distort- 
ion if the ground state is of E,, TI,, T28, E,, TI,,, or TzU 
symmetry. The symmetric direct-product of each of 
these representations is: 

The totally-symmetric vibration indicated in these 
products cannot lead to any distortion of the octahe- 
dral symmetry. It follows’ that components of a Tz, 
vibration are Jahn-Teller active for electronic states 
of T,,, Tzg, Tlu ,and Tl,, orbital symmetry, while com- 
ponents of an E, vibration are Jahn-Teller active for 
any orbitally degenerate ground state. In Figure 1 
we indicate some of the point groups which are acces- 
sible by a reduction in symmetry of the parent Ot, 
point group? This diagram includes only those sub- 
groups of oh which contain the inversion operation, 

(9) G.F. Koster, I.0 Dimmock, R.G. Wheeler, and H. Statr, nPro- 
perties of the 32 Point Groupw. M.I.T. (1963). 
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because no component of an E, or a Tzg vibration can 
destroy a centre of symmetry. 

Figure 1. Centro-symmetric sub-groups of the point group Oh. 

For electronic states which are more than two-fold 
orbitally degenerate, certain distortions may only par- 
tially remove this degeneracy. For example, the 
ground state of octahedral Ti”’ is *Tz,. If this is di- 
storted by a tetragonal elongation, the ground state 
becomes ‘E, (in D.N,) and as such it would be suscep- 
tible to further static distortion. For a tetragonal 
compression, however, the ground strite would be 
ZB2,. 

i) The E, Vibrations. The E, irreducible represen- 
tation has a character of 2 for the E, i, 3C2, and 3& 
classes of symmetry operations of the octahedron. 
Therefore none of these symmetry elements may be 
destroyed by a Jahn-Teller distortion of E, symmetry. 
It follows that a distortion occurring by virtue of a 
vibration of this symmetry may only lead to the sub- 
groups D.+h and DZh of Figure 1. From correlation 
tables,” we find that for Ot,+Ddh, E,+A,,+Bl,. Thus 
one component of E, (e.g. the tetragonal distortion, 
usually elongation, observed for Cu” complexes), may 
be effective in reducing the symmetry from oh to D4h. 
It is readily established that this vibration transforms 
as the angular function 1/ fl(3 cos2 8-l). The se- 
cond component of E, (transforming as cos 2Q sin 
29) cannot reduce the symmetry to Ddh, but instead 
leads to r)zh symmetry. It follows that for a six-co- 
ordinate complex the D2t, structure must be rhomboid 
rather than rectangular. 

ii) The TIg Vibration. In this case no major sim- 
plification of Figure 1 is possible. 

From correlation tables we find the following cor- 
respondances 

Oh D4h 7-h D3d Clh D2h 
T. B&E, T, A,,+& B,+E, A,+&+k, 

Clh S6 C, 
2A,+E, A&-E, 3A, 

(10) E.G. Wilson. l.c. Decius, and P.C. Cross, *Molecular Vibrat- 
ionsr, McGraw-Hill. (1955). 

We at once conclude that the Dhh, Th, and &h sub- 
groups are not accessible by virtue of the distortion of 
an octahedron by any TQ vibration. Deleting these 
from Figure 1 we obtain Figure 2. 

Figure 2. 

It is at once evident that both DZh and DM point 
groups are Jahn-Teller accessible. Sg is not, for its 
A, vibration correlates with that of A,, symmetry in 
D3d. The two A, vibrations of CZh correlate with 
those of A, and Al, symmetry in DZt, and Djd respecti- 
vely. This does not mean that Clh is not accessible, 
for, if a combination of these two degenerate vibrat- 
ions of the original Oh group is activated, this com- 
bination will also have symmetry A, in C2h, but will 
not correlate directly with the single A, or Al, vibr- 
ations of DZh and D3d. CX, is accessible by VirtUe of 
this combination vibration. Such cases are readily 
found by following, for each parent point group, all 
possible routes for a descent in symmetry. We con- 
clude that the Dzt,, Djd, C2h, and Ci subgroups Of Oh 
are accessible through a Tzg vibration. It should be 
noted that for six co-ordinate complexes the Dzt, geo- 
metry will be rectangular not rhomboid (c.f. the E, 
vibration). 

The permissable Jahn-Teller distortions for all point 
groups of interest are given in Table I. All degene- 
rate electronic states are included. The double-group 
representations are included, however, only for those 
cases where the representation has a degeneracy of 
four or more, as Kramers degeneracy cannot be lifted 
by a Jahn-Teller distortion.” For these states, it is 
the antisymmetric direct product which must include 
the symmetry of the vibration. 

Discussion 

In this discussion we illustrate the application of 
Table I by a brief discussion of the Jahn-Teller effect 
in some five coordinate species. Such species are of 
particular interest in this respect because it appears 
that the inter-ligand repulsion contributions to the 
total energy are relatively insensitive to the molecular 
geometry for monodentate ligands.12 In such a situat- 
ion a distortion consequent upon a Jahn-Teller effect 
may well be magnified. However, the probability of 

(11) H.A. lahn, Proc. Roy. Sm. 164A. 117 (1938). 
(12) M. Ciampolini. Sfrucf. and Bonding. 6. 52 (1969). 
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Table I. 

Parent 
Point 
Group 

oa 

Td 

Th 

0 

T 

Dbh 
D,h 

IAh 

2 
C3h 

2: 

C3” 

z: 

D6 
D4 

:; 

2 

Jahn-Teller 
active 
vibrations 

ES 
T* 

!* 

2 

F, 

; 
JL 

;:: 

EE’ 
2:. 
E’ 
E2 

k 
E 

BE: 
82 
EZ 
BI 
B, 

z 
2;1 

EE 
26 
G* 
2H, 

G 
2H 
none’ 
El’ 
El’ 
El’ 
EL’ 
none’ 
E, 
E2 

;: 
E2 
E* 
El, 
E4 
B, 
B* 
E 
El 
E* 
El 
EZ 
2B 
E* 
& 
El, 
B, 
2B 
& 

Electronic States split 

EI,EY,T,p,T,u,T*r.T*u.GI,z~I,G~,~ 
T,I,T,u.T~I,T2urG~,zl,G3,~ 
E,TI,T,,G,,, 
TI,Tz,GJ,z 
E,,E,,T,,T,,G~,~,GJ,~. 
T,,T,,GJ,z,,Gs,~, 
E,T,,TzrG,,z 
TI,T,,G,,z 
E.T,G,,z 

~~~:~;;.E,.,E, 

2;; , ,I 

EE,$LLE, 
$*E;,* 

E,:E, 

EE 
E 
LE. 

: 
EIL 

: 
E 
JLE, 

: 
I&E, 
E 
G,,G,,H,,H.,Is,z~,Is,~u 
T,,,Ta,T~,,T,.,G,,G.,HI,H. 
G,,~,,G,,~,I~,~~,Is,z” 
G,H,Is,2 
T,,TI>G,H,G+L,I 

Ej’,E,” , I, 
$:& 
E,‘,E,” 

EZ 
El 
E, 
ES 

,“::: 
R,,E,, 
E&, 
E2 
EZ 
L,E, 
E* 

:1 
Ei 
E, 
I%,& 
JLE 
E&L 
E,,,E,, 
E* 
E& 

Ground-state 
symmetries consistent 
with the operation of 
a Jahn-Teller effect 

D*,I& (rhombus) 
Du,D~I (rectangle). C&S 
Dtid,Dj 
C,“,Cz&,C, 

k?& ci 
DA’ 
DAD&&I 
Ix 
C&C, 
Dz&h 
Dth (rhombus) 
D2h (rectangle) 
cz.,c, 
C*!A 
Cfh 

&c, 

::: 

2% 
D* 

%C, 
D* 

?,C, 
C, 

g: 

:: 
TI,,D&z&,C~ 
D~d.D,d,D&& 

T,D&,C& 
D,,D,,D&,C, 

:::::: 

;: 

c..c, 
CS,C, 

:: 
D,,C& 
D&& 
C&i 
C*& 

zv 
D&& 

z::: 

:: 

:: 
.s4 
Ci 
Ci 

:: 

occurrence of a dynamic phenomenon is 
ased. 

Two idealised geometries are recognised 
ordinate complexes, namely the trigonal 

Inorgunicu Chimicu Acfa 1 5 : 2 1 June, 1971 

also incre- 

for five co- 
bipyramid 

(&,) and the square pyramid (ck,). Molecules of D3h 
symmetry may have ground states of E’ and E” sym- 
metry and those of Cdv symmetry may have E ground 
states. In both of the most symmetrical five-coordin- 
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ation geometries, therefore, the possibility of a Jahn- 
Teller distortion exists. In the Gv case, as shown by 
Table I, the final geometry will be CZ”. 

For the B1 vibration the distortion will be such 
that the ‘equivalent’ bonds will distort to become 
either two long and two short bonds or two bonds 
‘up’ and two bonds ‘down’. In the case of a Bz di- 
stortion, the four bond-lengths remain identical. Of 
these three distinct distortions, the last two seem the 
more probable since bond-angle changes are less ener- 
gy-demanding than those involving bond length chan- 
ges. Such facile distortions could however be of a 
dynamic nature. 

In the D3h case only the E’ vibrations are Jahn- 
Teller active. The plane defined by the equatorial 
ligands remains a symmetry plane but the ligands 
lying in this plane may each be unique (final C, sym- 
metry) or two may be equivalent (final Czv symmetry). 

If the one-electron d-orbital splitting patterns are: I2 

Dj,, z’(A’,)>xy, x2-y2(E’) >xz, yz (E”) 

then the following configurations may give rise to low- 
lying states which, in principle, are susceptible to a 
Jahn-Teller distortion. 

Dlh d’(*E”), d’(‘E’), d’(‘E’, 2E”), d’(‘E’, “E”) 
d”(‘E”), d’(‘E’), d’(‘E’) 

C,, d’(‘E), d’(‘E), d’(‘E), d’(‘E), d”(5E). 

There is a dearth of the necessary combination of 
structural and spectroscopic information on Ch com- 
plexes that are expected to show the Jahn-Teller ef- 
fect and so we ‘restrict the following discussion to the 
Dsh case. 

An interesting series is provided by MXs(NMe&, 
M =Tii11,‘3 V1*‘,14 and Cr”‘,15 d’(*E”), d2(3A2’), and d3- 
(4E’) respectively, X=Br- for Ti”’ and Cl- for the 
others. The idealised geometry for each compound 
is D3h, but each shows a distortion to CZ\, symmetry, 
of relative magnitude 

d’>d’>d’ 

(13) B.I. Russ and I.S. Wood, Chrm. Contm., 745 (1966). 
(14) P.T. Greene and P.L. Orioii, I.C.S. (A), 1621 (1969). 
(15) P.H. Davis and J.S. Wood, Inorg. Chem., 9, Iii (1970). 

This is the order one would expect on the basis of 
the operation of a Jahn-Teller effect. However, the 
distortion of the vanadium compound cannot be a con- 
sequence of vibronic effects. Whether the distortion 
of the other two species is similarly a consequence of 
inter-, rather than intra-, molecular forces, is not 
known. The octahedral case is much clearer. So, 
in the recently-determined structure of the [Ti - 
(urea)6]3+ ion the distortion from oh to Ds symmetry 
cannot be due to the Jahn-Teller effect.15 

The members of the series [MeBr(Mebtren)] + M = 
Fe” Mn”, Zn”, Cu”, Ni”, CO”‘~.‘~~” are all isostruc- 
turil, all having rigorous (crystallographic) C!3 symme- 
try. This symmetry cannot arise as a consequence of 
the Jahn-Teller effect but must be imposed by the li- 
gand geometry. It would be anticipated that the vi- 
bronic di:stortions would be in the order (in Ds sym- 
metry; C3, labels are obtained by omitting the primes) 

Ni”(‘E’)> Fe”(‘E”) >Mn”(“A,‘), CU”(~A,‘), Co”(‘A,‘), 
and Zn”(‘A,‘). 

The observation that [ CoCIP(c-C6H4P@2)3] + has a 
symmetry of CL to Cbi9 is entirely consistent with the 
operation of a Jahn-Teller effect. The [ NiBr(Meh- 
tren)]+ ion is in a state derived from a... (e’)3 configur- 
ation. This nickel compound is evidently a key one, 
because the crystal-structure analysis gives no indicat- 
ion of the existence of a dynamic phenomenon, so it 
may well be concluded that vibronic effects are negli- 
gible. In this case their existence in, say, TiBr3 - 
(NMe&, looks doubtful also. 

Conclusions 

It is clear that phenomena which can be unambi- 
guously attributed to the Jahn-Teller effect are rare. 
Indeed, for the static effect, it is possible that is has 
never been observed. In such circumstances it is 
inevitable that the search should continue, and the 
data in the present paper will here prove of consider- 
able value. 

(16) M. Di Vaira and P.L. Orioii. Aclo Cryst., 824, 1269 (1968). 
(17) M. Di Vaira and P.L Orioii. Acra Cryst., 824, 595 (1968). 
(18) M. Di Vaira and P.L. Orioii. fnorg. Chem.. 6. 955 (1967). 
(19) T.L. Biundeil. H.M. Powell, and L.M. Venanri, Chem. Comm., 

763 (1967). 
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