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considerations. I t  is interest ing t h a t  distort ions in 
these cases have  led to larger  average volumes for the  
ions. 
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Experimental evidence is cited to show that  cation size is responsible for variation of the structure 
of the triiodide ion, I~-, and tha t  in an isolated state the ion is probably linear and symmetrical 
with an over-all length, D, similar to the shortest distances found in crystals. The applicability 
of a simple molecular orbital description of the bonding without the use of outer d-orbitals is shown 
to be in keeping with most of the observed facts for polyhalides and polyhalogens. Where modifica- 
tion is necessary it is shown that  a contribution of outer d-orbitals to a-bonding, and to ~-bonding 
can be added natural ly to the MO description. These contributions can, in an MO description, 
be made large or small to minimize the energy of the system, and seem preferable to the valence 
bond, hybrid orbital description in its usual form since the latter description seems to require an 
arbitrarily high contribution of outer d-orbitals. 

In troduc t ion  

The near ly  linear triiodide ion, I~-, varies in s t ructure  
wi th  its environment ,  and an increase in a s y m m e t r y  
of the  bonds accompanies an increase in the tota l  
length, D, of the  ion (Table 1) (R. Slater,  1959). 
This behavior parallels the  theoret ical ly predicted 
behavior  for H3 (Hirschfelder, Diamond  & Eyring,  
1937), and using this analogy J .  Slater  (1959) has 

* Contribution No. 926. Work was performed in the Ames 
Laboratory of the U.S. Atomic Energy Commission. 

suggested t h a t  in its lowest s ta te  the  isolated I~" ion 
m a y  have  a length, D, comparable  wi th  the  largest  
D observed in crystals,  bu t  in certain crystals  'pres- 
sure'  m a y  force the  ion to have  a shorter  length unti l  
a t  some critical D the  ion m a y  become symmetr ica l .  

The na ture  of the triiodide ion and its var ia t ion  with 
envi ronment  is an interest ing question re la ted to the 
more general question of the na ture  of polyhalide ions. 
A number  of suggestions have been made,  and  these 
have been evalua ted  by  I-[avinga (1957). In  this paper  
a wider range of exper imental  informat ion is used as 
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evidence t h a t  var ia t ion of the I~ ion with environment  
is probably  related not to crystal  pressure, but  to 
cation influence as suggested earlier (Hach & Rundle,  
1951), and tha t  the ground state  of the isolated ion 
is more probably  symmetr ical  with a distance, D, 
comparable with the shortest  D observed in crystals. 
The conclusions reached here, and previously, are 
based on an a t t emp t  to in terpret  the available ex- 
per imental  facts,  which, alas, cannot  prove the inter- 
pretat ion.  This procedure seems safer, none-the-less, 
t h a n  interpret ing an approximate  theoretical  t reat-  
ment  of the crudely analogous I-ta system, and more 
reliable t han  the rough theoretical  work which has 
been a t t empted  (Hach & l~undle, 1951; Pimentel ,  
1951; Havinga ,  1957). Finally,  some implications of 
this in terpreta t ion to polyhalides and polyhalogens in 
general are examined.  

Polyhalides 
The following observations were made  by Sidgwick 
(1950) in reviewing the polyhalides some years ago: 

(1) There are no crystalline triiodide salts of really 
small cations. 

(2) There are almost  no polyhalides of bivalent  
cations. (He lists none whose existence is established.) 

(3) The stabi l i ty of the triiodide salts to dissocia- 
t ion into iodides and I2 increases with increasing size 
of the cation. 

(4) The polyiodides, where more t han  one I2 is 
coordinated to I - ,  are l imited to very large cations. 

(5) In  s tabi l i ty salts of I;- > Br3- > Cl[ ; Br;- and C1;- 
are known only in salts of very  large cations. 

(6) In  mixed polyhalides the more electronegative 
(lighter) halogens are always coordinated about  a less 
electronegative (heavier) halogen at  the center of the 
ion. 

Since Sidgwick's review more extensive s t ructura l  
information has become available. The following fea- 
tures of these s tructures seem to be consistent and 
per t inent  : 

(1) In te ra tomic  distances are always greater  than  
the  sum of the covalent radii,  though this is far  more 
pronounced in homo-polyhalides than  in mixed poly- 
halides. 

(2) In  all .polyhalides angles of ~ 180 ° and ,-~ 90 ° 
predominate .  

(3) In  I~-, the individual bond distances v a r y  in a 
systemat ic  way  with over-all length D, as noted by 
I~. Slater (1959). 

(4) The over-all length, D, for I3- decreases as cation 
size increases, as shown in Table 1. 

As to compression of D by crystal  pressure, in 
Slater 's  proposal this mus t  increase as the cation 
becomes larger, even when the cation becomes a large 
organic cation (Table 1) and the crystal  becomes soft. 
In  the par t icular  case of (C6Hs)dAs+, this ion is known 
to change configuration with environment  (Mooney, 
194:0; Zaslow & l~undle, 1957). In  the circumstances,  
the pressure proposal seems unlikely. 

The above, of course, has nothing to do with the 
configuration of an isolated I~- ion constrained to have  
an abnormal ly  large D. Here Slater 's  a rgument  for 
a double well for the central  iodine a tom must  be 
correct, since I -  plus I2 is more stable t han  I -  and 
separated iodine atoms. 

In  agreement  with Slater, Hach  & Rundle  (1951) 
assumed tha t  a t  large distances the I 2 - I -  ion inter- 
action is t h a t  of an ion and a polarizable molecule, 
but  t h a t  a t  shorter  distances, orbital  overlap and  
covalent bonding become impor tan t  in decreasing 
interatomic distances. But  cause and effect are not  
easily separa ted  in the case of asymmetr ic  I~ ions in 
salts with unsymmetr ica l  coulomb fields, since minimi- 
zation of the energy of the system as a whole deter- 
mined the s t ructure  of the I;- ion in such salts. Hence 
the max imum distance, D, a t  which isolated I~- would 
have a double well for the central a tom is not sett led 
by the da ta  in Table 1. 

We interpret  the da ta  of Table 1 and the  points 
above, as meaning tha t  for these salts the coulombic 
interaction between cation and anion favors an asym- 
metric ion with a well defined I - i o n ,  while chemical 
bonding favors a symmetr ica l  I~ ion. I t  is to be noted 
t ha t  if I2 is to coordinate to I -  in a crystal  it mus t  
displace cations. For very  small cations, the couloinbic 
interact ion between M + and I -  is in terpreted as being 
so impor tan t  t h a t  no I~ ions form;  for cations of 
in termediate  size the change in s t ructure  of the I~- ion 
with cation size is in just  the expected direction with 
the coulombic influence decreasing with ion size, 

Table 1. Di6tance8 in 6a~t6, MI3, I i - Iz- I~  (A) 

Salt /9 d12 d2a M-I  1 ~11-I~ References 

NHdI 3 5"91 2-82 3"10 3"8t 3"6t (Mooney, 1935) 
CsI a 5.86 2.83 3.04 3.94-4.25 3.70-3.88 (Tasman & Boswijk, 1955) 
C%Is* 5.85 2.85 3.00 3.85-3.96 3.97-4.02 (Havinga, Boswijk & Wiebenga, 1954) 
(C~H5)~NI~* 5.80 2.90 2.90 5.51, 5.61 5.51, 5 .61  (Havinga & Wiebenga, 1958) 
(CsHs)dAsI 3 5.80 2.90 2.90 5.03, 6.46 5.03, 6.46 (R. Slater, 1959) 

* Here I3 ions are also linked, though weakly, to 12 and this, as well as cation influence may alter the Ig- configuration, 
especially in the case of Cs2I s where the interaction is much like that in 15. See text. 

t Calculated assuming that the parameters for the cation are equal to those of isomorphous CsI 3. Since this is rough, only 
an average distance is given. 
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Table 2. Bond distances in polyhalide ions (A) 

d Zr Ao Ac* References 

I~- (sym.) 2.90 2.68 0.22 0.19 (R. Slater, 1959) 

Br~- 2.53, 2.54 2.28 0.26 0.19 (Romers & Keulemans, ]958) 

ICI~- 2.34 2.33 0.01 0.19 (Mooney, 1939) 
C l - I -Br -  2.38, 2.50 2.33, 2.48 0.05, 0.02 0.19 (Mooney, 1937a) 
ICI~- 2.33, 2.35 2.33 0.01 0-19 (Mooney, 1937b) 

* Assuming one-electron pair in the two bonds, and Pauling's rule relating bond di~stance to bond number.  

leading naturally to the type of systematic distance 
relations noted by R. Slater (1959); for very large 
cations, the structure is dominated by bonding con- 
siderations. Surely of the compounds in Table 1 the 
most nearly isolated I~- ion is tha t  in (C6Hs)4AsIs, and 
without appealing to any detailed model of the bond- 
ing, the experimental evidence favors a symmetrical 
I~- ion in the isolated state. 

Pimentel (1951) and Hach& Rundle (1951) proposed 
independently a molecular orbital (MO) scheme for 
the bonding in I~- which makes use of only the pz 
orbitals of the iodine atoms, and the lat ter  authors 
showed how this could be extended to aid in the 
understanding of the I5- ion. Indeed, the model was 
based almost wholely on inferences from the limited 
structural data then available. Since then, the detailed 
structures of (CeHs)4NIT, (Havinga & Wiebenga, 1958), 
CsgIs (Havinga, Boswijk & Wiebenga, 1954) and 
(CH3)4NI9 (James, Hach, French & Rundle, 1955) 
have been found to have interesting and peculiar 
structures which are more in keeping with this 
proposal than any other which has yet  been made. 
Points in favor of the proposal are: (1) The suggested 
MO's account in a reasonable way for the pre- 
dominance of bond angles of ~ 9 0  ° and ~ 180°; 
(2) Only one MO in the trihalides is bonding, and hence 
there is only one bonding electron pair for two bonds, 
which is in keeping with distances in the homo- 
trihalides; (3) The non-bonding MO is confined to the 
terminal halogens in the trihalides, and would place 
a higher electron density on them, and this should 
favorterminal positions for the more electronegative 
halogens in mixed polyhalides; (4) In the V-shaped 
I~ ion, the corner halogen receives contribution from 
two such non-bonding electron pairs, and should be 
the iodine most like an I -  ion, in keeping with the 
structure; (5) Besides these experimental points 
Havinga (1957) has shown tha t  crude MO treatments,  
based on this proposal, indicate tha t  the observed 
configurations of the polyhalide ions are more stable 
than other conceivable configurations. For example, 
he shows that  these calculations favor the V-shaped 
X~- ion as found in the I~ ion when equal coulomb 
integrals are assumed for the halogens, but favor the 
planar, square X(X')4, as found in IC14, when coulomb 
integrals are changed in accordance with the electro- 
negativity difference between iodine and chlorine. 

In 1951, a disadvantage of this proposal was that  
it seemed incompatible with the structures of the 

polyhalogens. Since then the structures of -C1F3 
(Smith, 1953; Burbank & Bensey, 1953; Magnuson, 
1957) and BrF5 (Burbank & Bensey, 1957; Magnuson, 
1957) have become definite, and as Havinga (1957) 
has pointed out, these structures are now quite 
compatible with the same MO treatment  based on 
p-orbitals only. 

In mixed halides, however, the bond distances, 
Table 2, and stabili ty (Sidgwick, 1950) suggest a 
qualitative difference in the nature of the bonding, 
and the discussion by Pauling (1939), in which he 
makes use of 5d-orbitals (outer d-orbitals) of the 
central iodine in, for example, ICl~- and ICIj has been 
generally accepted for these ions, though even Pauling 
seems to have given up his proposal for I3- and I~ 
(Pauling, 1960). Havinga (1957) has discussed the chief 
objections to Pauling's formulation, and as long as 
equal weight is given to ns-, np- and nd-orbitals in 
forming hybrid orbitals, as in Pauling's unmodified 
proposal, such objections seem to be valid. 

An extension of the original MO scheme can, of 
course, make use of outer d-orbitals, somewhat in the 
manner in which Pauling suggests; but in an MO 
scheme it is immediately obvious that  the coefficients 
of the outer d-orbitals are variable, whereas in its 
simplest form the hybrid orbital valence bond scheme 
seems to require a large contribution of outer d-orbitals 
so as to achieve sp~d2-octahedral orbitals, etc. For 
example, in IX~- the non-bonding MO belonging to 
the representation blg will combine to some unknown 
extent with the 5dx2_y~ orbital of the central iodine 

i CI 

Fig. 1. Schematic drawing of ~-bonding MO of 5dx2_y2 (outer 
d-orbital) of iodine and linear combination of surrounding 
crp-orbital of chlorine. MO belongs to the irreducible repre- 
sentation big of D4h. 

A C 14 --  38 
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Cl I Cl 

F 

t" 
Fig. 2. Schematic drawing of ~-bonding MO formed from 

linear combination of 3dyz-orbitals (outer d-orbitals) of 
chlorine and 5py-orbital of iodine. In ICI~- this will be one 
of a degenerate pair of orbitals (other from dxz and Px) 
belonging to Ca. Similar ~-bonding can obviously exist in 
ic1j.  

wi thout  the need for promoting other electrons to 
other outer d-orbitals (e.g., dz2) so as to achieve spSd 2 
hybr ids  (Fig. 1). 

Perhaps  even more important ,  in all of these com- 
pounds a type of ~-bonding can occur, through M0s  
(Fig. 2), which will allow some of the p-electrons of 
the central  halogen to flow out to empty  outer d- 
orbitals of the surrounding electronegative halogens. 
Where  the exterior halogens are much more electro- 
negative than  the central  halogen, as in ICl~-, ICly, etc. 
such redis tr ibut ion of charge m a y  become significant. 

This g-bonding cannot occur in fluorides, and two 
points are worth noting:  (1) Few polyhal ide ions 
involving fluorine are known. (2) In  the T-shaped 
CIFs and BrFs, and in the tetragonal pyramidal BrF~ 
molecules the bonds in the nearly linear F-X-F arms 
are longer than the unique bond, Table 3, as is to be 
expected if the main bonding in these arms is due to 
only one ~-bonding M0, as found in the trihalides. 

CIF S 

BrF a 

BrF 5 

Table 3. 

X - F  X - F  
('Linear' arms) Unique References 

1.598 A 1.698/~ (Smith, 1953) 
1-62 1.52 (Burbank & Ben- 

sey, 1953) 
1.721 1 . 8 1  (Magnuson, 1957) 
1.72 1.84, 1'85 (Burbank & Ben- 

sey, 1954) 

1.75(2), 1.81, 1.82 1.68 (Burbank & Ben- 
sey, 1954) 

In  conclusion, it seems tha t  a consistent first 
approximat ion  to the bonding in all these polyhalogens 
and polyhalides is through M0s  based main ly  on 

p-orbitals of the halogens, with some lesser contribu- 
t ion of outer d-orbitals to a-bonding much  as Paul ing  
has proposed, and some outer d-orbital g-bonding as 
suggested here. Ei ther  new exper imental  work or 
altogether more reliable theoretical work will be 
necessary to assess the relat ive importance of these 
lat ter  two types of interactions,  bu t  they  m a y  well 
be responsible for the var iable  distances shown in 
these compounds, vary ing  with the electronegat ivi ty 
difference of the halogens, and  with the presence or 
absence of fluorine, as outl ined above. 

Final ly ,  in neighboring parts  of the periodic system 
it seems l ikely tha t  ~- and g-MOs similar  to those 
suggested here would allow the admixture  of outer 
d-orbitals in a lesser, more realistic manner ,  t han  in 
an extreme, hybrid ,  valence bond description. 

R e f e r e n c e s  

BURBANK, R. D. & BENSEY, F. N. (1953). J. Chem. Phys. 
21, 602. 

BURBANK, R.  D. & BENSEY, F. N. (1957). J. Chem. Phys. 
27, 983. 

HACH, R. J .  & RUNDLE, R. E. (1951). J.  Amer. Chem. 
Soc. 73, 4321. 

HAVINGA, E. E. (1957). Bijdtrage Tot de Kennis van de 
Structur van Polyhalogeniden, Thesis, Univ. of Gro- 
ningen. 

HAVINGA, E. E.,  BOSWIJK, ]K. H.  & WIEBENGA, E. H.  
(1954). Acta Cryst. 7, 487. 

I-IAVINGA, E. E. & WIEBENGA, E. H.  (1958). Acta Cryst. 
11, 733. 

HYRSCHFELDER, J., DIAMOND, H. & EYRING, H.  (1937). 
J.  Chem. Phys. 5, 695. 

JAMES, W. J., HACH, R. J., FRENCH, D. & RUNDLE, ]:~. E. 
(1955). Acta Cryst. 8, 814. 

MAGNUSON, D. W. (1957). J. Chem. Phys. 27, 223. 
MOONEY, R. C. L. (1937a). Z. KristaUogr. 98, 324. 
MOONEY, R. C. L. (1937b). Z. KristaUogr. 98, 377. 
MOO~EY, R. C. L. (1939). Z. Kristallogr. 100, 519. 
MOONEY, R. C. L. (1940). J.  Amer. Chem. Soc. 62, 2995. 
PAULING, L. (1939). Nature of the Chemical Bond, pp. 

103-4. Ithaca, :New York: Cornell University Press. 
PAULING, L. (1960). Nature of the Chemical Bond, 3rd ed., 

pp. 180-2. Ithaca, New York : Cornell University Press. 
PIMENTEL, G. (1951). J.  Chem. Phys. 19, 446. 
ROMERS, C. & KEULEMANS, E. W. M. (1958). Proc. K.  

Ned. Akad. Wet. B, 61, 346. 
SIDGWICK, N. V. (1950). Chemical Elements and Their 

Compounds, vol. II, pp. 1190-1200. Oxford: University 
Press. 

8LATE~, J, C, (1959), Acta Cryst, 12, 197, 
SLATER, 1~. C. L. MOONEY (1959). Aeta Cryst. 12, 187. 
SMITH, D. F. (1953). J.  Chem. Phys. 21, 609. 
TASMAN, H. A. & BOSWlJK, E:. H. (1955). Acta Cryst. 8, 

59. 
ZASLOW, B. & RVNDLE, R. E. (1957). J. Phys. Chem. 61, 

490. 


