
Whangbo, Hoffmann / Band Structure of the Tetracyanoplatinate Chain 6093 

00360, and receipt of an N I H  Research Career Development inson, and G. Wilkinson, J. Chem. SOC. A, 2856 (1968). 
(5) R. D. Wilson, S. M. Wu, R. A. Love, and R. Bau, inorg. Chem., 17, 1271 

Award (CA-00015). (19781. 
I . - . - , .  

(6) J. R. Shapley, S. I. Richter, M. R. Churchill, and R. A. Lashewycz, J. Am. 
Chem. SOC., 99, 7384 (1977). 

(7) J. Muller and H. Dorner, Angew. Chem., 85, 867 (1973); Angew. Chem., 
lnf. Ed. Engl., 12, 843 (1973). 

(8) G. Huttner and H. Lorenz, Chem, B ~ ~ , ,  108,973 (1975). 
(9) J. Muller. H. Dorner, G. Huttner, and H. Lorenz, Angew. Chem., 85, 1 I 17 

(1973); Angew. Chem., ht. Ed. Engl., 12, 1005 (1973). 

(1 1) T. F. Koetzle, R. K. McMullan, R. Bau, D. w. Hart, R. G. Teller, D. L. Tipton, 
and R. D. Wilson, Adv. Chem. Ser., in press. 

(12) K. Wade, Chem. Commun., 792 (1971); lnorg. Nucl. Chem. Lett., 8,559, 
563 (1972); ‘Electron Deficient Compounds”, Nelson, London, 1971; Adv. 
Inorg. Chem. Radiochem., 18, l(l976). 

D. M. P. Mingos, MTPlnt. Rev. Sci.:Phys. Sci., Ser. Two, 11, 121 (1975); 
D. M. P. Minaos and M. I. Forsvth, J. Chem. Soc.. Dalton Trans.. 610 

Appendix 
The cakulations were performed using the extended Huckel 

method.25 The Hii’s and orbital exponents for Fe were taken 

This places the hydrogens energywise above the VaknCe or- 
bitals Of the cluster’ giving the ”’ the character Of protons* 
Calculations with hydrogen Hij ’ s  a t  -13.6 eV, our normal 
value, result in a slight change in the magnitude of the calcu- 

reached. The  Darameters are  given in Table 111. 

from previous work”7 The hydrogen was set at - loso (10) G. Huttner and H, Lorenz, Chem, &r,, 107, 996 (1974). 
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The metal-metal distance wis  kept a t  2.54 %, and the cluster 
geometry tetrahedral. The  Fe-C distance in the carbonyl 
cluster was 1.8 A, and the distance from the metal to the center 
of the cyclopentadiene ring in Fe4Cp4 was 1 .I A. The hydro- 
gens were placed 0.86 %, above the cluster face and 1.14 %, from 
the edge in the face- and edge-protonated systems, respec- 
tively. 
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Abstract: The band structure of the tetracyanoplatinate chain is examined in the tight-binding approximation based on the ex- 
tended Huckel method. The unit cell contains a staggered [Pt(CN)4]z4-, and the calculation is repeated at  various Pt-Pt sepa- 
rations. The free electron nature of the bands is probed by computing effective masses. From the band structure and the density 
of states one derives an expression for the total energy per unit cell as  a function of partial oxidation of the polymer. The equi- 
librium Pt-Pt separation so estimated decreases to less than 3 8, for a loss of 0.3 electron per platinum, in reasonable agreement 
with structural studies. Details of the band structure are  supported by explicit and simple molecular orbital arguments. 

A class of partially oxidized one-dimensional conducting 
salts of tetracyanoplatinate, Pt(CN)42-, has been one of the 
most extensively studied low-dimensional conducting mate- 
rials.] The crystal structures of these compounds contain the 
planar platinum complex, Pt(CN)4*-, stacked together to form 
parallel linear or nearly linear chains of Pt  atoms.2 Structural 
and chemical observations on these compounds reveal that the 
Pt atoms are all equivalent, and thus they are in a single partial 
oxidation state, and that the Pt-Pt distance (rpt-pt) becomes 
shorter with increase in the partial oxidation number of Pt.2 
In  a band picture the fractional oxidation state of Pt  corre- 
sponds to  a partially filled band. Experiments on 
K ~ [ P ~ ( C N ) ~ ] B ~ O , ~ . ~ H ~ O  (KCP) indicate that except for the 
Peierls instability the conduction electrons in K C P  behave as  
nearly free electrons along the Pt  chain.3 Further, this free 
electron character persists among the analogues of K C P  de- 
spite a large variation of rpt-pt in these compounds. 

0002-7863/78/1500-6093$01 .OO/O 

Calculations of the band structure of the Pt(CN)42- chain 
reported so far have considered in general only a linear chain 
of Pt   atom^.^^^ A three-band model (Le., inclusion of 5d,z, 6s 
and 6p, of Pt, where z refers to the Pt-chain axis) was found 
inadequate for the description of the electronic structure of 
KCP.4a Under the assumption that the C N -  ligands force the 
Pt atom to adopt a wave vector independent s-d hybridization, 
a two-band model (Le., inclusion of s-d hybrid and pr orbitals) 
produces a free-electron-like band.4a An important recent 
calculation by Bullett considers the full Pt(CN)42- chain.5b 

In the present work the band structure of the Pt(CN)42- 
chain was examined within the tight-binding scheme6 based 
upon the extended Huckel m e t h ~ d . ~  Our calculations included 
all the valence atomic orbitals of the Pt, C, and N atoms of a 
unit cell in the Pt(CN)42- chain. Questions of theoretical 
importance in the electronic structure of the Pt(CN)42- chain 
are  (a)  the free-electron behavior of the conduction electrons 
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Figure 1. The occupied d-block bands of the Pt(CK)d2- chain. Alternate 
Pt(CN)d*- units are (a, left) staggered and (b, right) eclipsed. I n  all the 
figures energies are in eV. 

in the partially filled band and its apparent independence of 
rpt-pt and (b) the shortening of rpt_pt with the increasing oxi- 
dation of Pt, or equivalently with greater electron removal from 
the partially filled band. In the following these problems were 
examined in some detail by considering the density of states 
for the partially filled band and the total energy per unit cell 
as  a function of rpt-ptr in addition to band structure calcula- 
tions. 

Our previous experience with approximate molecular orbital 
calculations for organic and inorganic molecules has taught 
us that it is useful to strive for a detailed understanding of the 
way that energy levels behave with respect to some geometrical 
or electronic perturbation based on simple ideas of symmetry, 
overlap, and bonding. The resulting qualitative arguments are 
a check on the calculations and allow extrapolation to  other 
systems based on chemical intuition. In this, the first of a series 
of papers on the electronic structure of real and potential 
conducting systems, we intend to take some space to explain 
to a chemical audience why the computed bands come out the 
way that they do.8 While in the process we run the risk of 
saying things that are obvious to solid-state theorists or to 
chemists knowledgeable in the area, we are willing to take that 
risk in view of the great potential benefit of building true 
bridges of comprehension between chemistry and physics. 

Theoretical Procedure 
The tight-binding method6 of band structure calculation and 

the band structures9 of many one-dimensional systems ob- 
tained by the extended Huckel method are  well documented 
in the literature. Given a set of basis atomic orbitals {x,) for the 
atoms of a unit cell, the set of the Bloch basis orbitals {b,(k)} 
are  formed as 

b,(k) = N-'12 C eik.Re X g ( r  - Re)  (1) 

where k is the wave vector, and R l  = t?.a with a being the 
primitive vector. With these Bloch basis orbitals the extended 
Huckel method leads to the eigenvalue equation. 

e 

H ( k ) C ( k )  = S(k)C(k)e(k)  ( 2 )  
where HJk) = (b,(k) 1 H,ffl b d k )  ) and S,, = (b ,W I b d k )  ) . 
The solution of this eigenvalue problem results in LCAO- 
crystal orbitals $"(k) 

and eigenvalues cn(k). The band structure is then determined 
by performing the above calculation for various values of k 
(usually within the first Brillouin zone; -0.5K 5 k I 0 . 5 K ,  
where K = 27~/a) .  The parameters of the extended Huckel 
calculation are  detailed in the Appendix. 

Partially oxidized salts of the Pt(CN),2- chain show the 
staggered arrangement of alternate Pt(CN),2- units, 1. 

'., ---- A 
i 2 '. __.- 

Therefore a unit cell contains two Pt(CN)42- units, and the 
primitive vector a becomes 2rpt-pt. In our calculations lattice 
sums were carried out to nearest neighbors (i.e., L = - 1, 0, 1 
in eq I ) ,  and eq 2 was solved a t  k = O.O,O.l, 0.2,0.3,0.4,  and 
O.5K. These calculations were repeated by varying rpt-pt from 
2.5 to 3.8 A, in which the Pt-C and C-N bond lengths were 
fixed a t  2.06 and 1.19 A, respectively. The coupling of the 
Pt-Pt separation with relative orientation of the monomer units 
will not be discussed in this paper. 

Band Structure 
A. The Occupied d-Block Band. Figure 1 shows the top 

portion of the occupied bands (Le., the occupied d block) for 
rpt-pt = 2.88 A. Figures l a  and l b  refer to the cases when al- 
ternate Pt(CN),*- units in the chain are  staggered and 
eclipsed, respectively. In the latter case, a unit cell contains only 
one Pt(CN)4*- unit, and the lattice sums in the band calcu- 
lation were carried out to second-nearest neighbors. 

Figure 1 reveals that the d,2 band, which becomes a con- 
duction band upon partial oxidation, overlaps with other 
bands.I0 A t  various values of k, the ratio of the coefficients of 
the 6s and 5d,2 orbitals in the LCAO-crystal orbitals of the dz2 
band is almost constant (-0.26), which supports the as- 
sumption of a k-independent s-d hybridization of Pt introduced 
in the two-band model.4a In Figure 1 b the symbols g and r' 
indicate that the crystal orbitals are  largely composed of the 
UCN orbitals as depicted below in 2 and 3. These orbitals have 

i, 

the proper symmetry to combine with the d,, and d J Z  orbitals 
of neighbor unit cells. The two degenerate bands (denoted by 
xz and yz  and by and d at  the zone center) interchange their 
character as one approaches the zone edge. 

The essential features of the band structure of the staggered 
arrangement a re  almost the same as those of the eclipsed ge- 
ometry. Simply speaking, the band structure of Figure l a  may 
be described as  if the second half of the band structure of 
Figure 2b were folded back onto its first half. The  slight dis- 
crepancy between Figure l a  and this folded structure comes 
from small differences in the overlap integrals between the 
basis orbitals of Pt(CN)4*- units in the staggered and eclipsed 
arrangements. In Figure l a  all the bands are doubly degenerate 
except for the dZ2 band. 
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Figure 2. The band structure of the Pt(CN)d*- chain as a function of rpt-pt. 
Each column shows the dz2 (lower part) and the pr (upper part) bands in  
the region 0 I k I K / 2 .  

The reader will notice that the s and d,2-y2 bands are  
missing from Figure 1. They are of course present, but a t  much 
higher energy. The x 2  - y 2  level is destabilized by interactions 
with the cyanides within a monomer, and the s band is pushed 
up by intermonomer mixing with dz2. 

B. Band Structure as a Function of rpt-pt. Figure 2 shows the 
top and bottom portions, respectively, of the filled and empty 
bands of the Pt(CN)42- chain as  a function of rpt-pt. For the 
purpose of simplicity, only the dz2 and pz [mixed with r*(CN)]  
bands are  shown. As rpt-pt decreases, the widths of these two 
bands expand leading to a small band gap between the 
When rpr-pt reaches a certain point (approximately 2.7 A), a 
further decrease in rpt-pt results in a wider band gap. In this 
region the top of the dZ2 band shows pz orbital character for 
Pt, while the bottom of the pz band has dZ2 orbital character 
for Pt. As plotted in Figure 3, there occurs a smooth change 
in the orbital characters of the top of the dZ2 band and the 
bottom of the pz band. The rationale for this will be explored 
in the next section. It may be inferred from Figure 3 that the 
dZ2 and pz bands would not overlap as in semimetals when 
rpt-pt varies. 

C. Qualitative Description of Band Formation. The struc- 
tures of the dz2 and pz bands of Figure 2 may now be described 
qualitatively. For the sake of simplicity, let us consider only 
the two Pt  atoms in a unit cell and their dZ2 orbitals. In a unit 
cell these two dZ2 orbitals lead to  in-phase, dt2, and out-of- 
phase, dF2, combinations. The most stable state is obtained by 
combining the d t 2  orbitals in-phase between neighboring unit 

d fz 

cells, 4. This corresponds to the bottom of the dz2 band, k = 0. 
The most unstable state results from the out-of-phase combi- 
nation of the d;2 orbitals, 5,  leading to the top of the dz2 
band. 

----I- @&I* *I@@@ *I---- 4 

*I* *I---- 5 

The least stable combination of the d:2 orbitals, 6, and the 
most stable combination of the d;2 orbitals, 7, are  the same in 
energy, given the translational symmetry. This accounts for 
the degeneracy of the dz2 band a t  the zone boundary. 

I 

2.5 3 .O 3.5 

rPt -Pt  6) 
0 

Figure 3. The top of the dz2 band and the bottom of the pz band as a 
function of rpt-pt, at k = 0. 

6 

----le * I *  *I* *I---- 
By considering the in-phase, p t ,  and out-of-phase, p;, 

combinations of the two platinum pz orbitals, the structure of 

o@zB+Bo o@@-o@B 

P,' P; 
the pz band may be described in a manner similar to the above. 
With the decrease of rpt-pt the splitting between d:2 and d;2 
(and that between pz+ and pz- as well) becomes large, so that 
the p t  level eventually lies lower than the d;z level (8). 

Therefore, according to the above discussion, it might be ex- 
pected that the resulting pz and dZ2 bands should overlap ap- 
preciably. This would happen if the overlap between the p: and 
p; orbitals of a unit cell and the dt2 and d;2 orbitals of its 
neighbor unit cells is negligible. However, the shortening of 
rpt-pt not only provides the large splitting of the levels, but it 
also enhances the magnitude of the aforementioned overlap. 
An avoided crossing situation arises, with separation of the 
bands but an actual interchange of p and d character as if the 
crossing had in fact taken place. 

In Figure 2 it was observed that as rpt-pt decreased the two 
bands came closer together a t  k = 0 and then diverged. Figure 
3 showed that an actual crossing occurs. As is shown in 9 and 
10, the d;2 level a t  the zone center (k = 0) is symmetric with 

? 9 
d i e  ---I 

a 3 
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Figure 4. Plot of el(k) against k for rpl.pl = 2.88 A. The cubic spline fitting 
was carried out for the region -1.5K I k I 1.5K. 

+k 

t 
0 0.5K 0 0.5 K K 

Figure 6. The structure of the dz2 band for rpl.pt = 2.88 A; (a) folded 
structure and (b) unfolded structure. The cubic spline fitting was carried 
out after repeating the unfolded structure as in Figure 4 for the region -3K 
I k 5 3K. 
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- 1664.5 
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-1665.0 

i 3.'0 3.5 4 .O 
0 

TPt- Pt ( A )  
Figure 5. The total energy per unit cell for the unoxidized Pt(CN)4*- chain 
as a function of rpl.pl, 

respect to a symmetry operation, while the pz+ is antisym- 
metric. Only at  this point in k space the levels may cross. 

Partial Oxidation and Free Electron Behavior of the dZ2 

Band Electrons 
When there is no oxidation of the Pt(CN)4*- chain, the dZ2 

band is fully occupied. The top portion of this band is largely 
antibonding in character between the Pt  atoms. Electron re- 
moval from the dZ2 band by partial oxidation will decrease this 
antibonding nature, so that the bonding between the Pt atoms 
is strengthened. The concomitant shortening of rpt-pt follows. 
I n  this section this point will be examined by evaluating the 
total energy per unit ce11,6c%9b ( e t ) ,  for the Pt(CN),*- chain 
as a function of rpt-pt. 

In the absence of oxidation, ( e t )  of the Pt(CN)4*- chain is 
given by 

where t,(k) is the total energy a t  k, 

tt(k) = 2 tn(k) 
n 

(4) 

The simple summation of one-electron eigenvalues is a 
typical feature of extended Huckel calculations. It appears that 
the Coulombic repulsions, both intra- and intercell, are in some 
way included in the extended Huckel energies. Though there 
have been several attempts to derive this formalism, perhaps 
the best justification for its use is to be found in its success in 
describing a wide range of organic and inorganic geometrical 
problems. 

The c,(k) values are available only for the k points a t  which 
eq 2 is actually solved. By applying the cubic spline curve fitting 
procedure (with the boundary condition that b2et(k)/bk2 = 
0)" to these values, an analytical expression for c,(k) was 
obtained. In order that the resulting splines become continuous 
a t  the zone center and boundaries,'* the curve fitting was 
carried out for the extended zone as  shown in Figure 4. In  the 
evaluation of eq 4 only the splines of the middle region (i.e., 
-0.5K 5 k I 0.5K) were used. 

The results of the above calculations are  summarized in 
Figure 5 ,  which shows no indication that the Pt(CN)4*- chain 
is bound. At  rpt-pt = 3.8 A the chain is less stable than the 
isolated Pt(CN)d2- complex by about 2 kcal/mol per unit cell. 
The neutron diffraction study2" of K2Pt(CN)q3H20 reveals 
that rpr-pt is about 3.48 A, and alternate Pt(CN)42- units are 
nearly eclipsed. At rpt-pt = 3.48 A the present calculation has 
the Pt(CN)42- chain unstable with respect to the isolated 
Pt(CN)42- complex about 3 kcal/mol per unit cell. The ob- 
served stability of K2Pt(CN)4*3H20 probably results in large 
part from the hydrogen bonding by the water molecules, which 
link the C N -  ligands within a Pt(CN)42- stack, as well as 
cross-link adjacent Pt(CN)42- stacks2" Also extended Huckel 
calculations do not include the attractive part of the van der 
Waals potential. 

When the Pt(CN)4*- chain is partially oxidized, the eval- 
uation of (e t )  becomes more complicated than described above. 
In the following we first examine the nature of the dZ2 band, 
from which electrons a re  removed by partial oxidation. 

A. Free Electron Nature of the dZz Band Electrons. To cal- 
culate ( c t )  for the partially oxidized states, one has to deter- 
mine the Fermi level tf or the Fermi momentum kf. This re- 
quires knowledge of the integrated density of states,I3 n(e) ,  for 
the dZ2 band. Here n(t) means the number of electrons per unit 
cell when the levels are occupied up to t. The expression for n ( t )  
is 

n(t )  = J - k € ) d €  ( 6 )  

where t b  is the bottom of the dZ2 band, and the density of state, 
g(t), is given by 

1 dk  
R dt(k)  

g(t) = -- (7) 

for one-dimensional systems. 
An analytical expression for t(k) for the dZ2 band was de- 

termined by unfolding the upper part of the band of the first 
zone onto the second zone (Figure 6) and by applying the cubic 
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k n ( E )  

Figure 7. The d12 band and its integrated density of states for rpl-pl = 2.88 
A. The lines show the correlation between 6 and kf. 

Table 1. 
and the Gaps a t  Various Pt-Pt Separations 

Effective Massesa a t  the Top (mt*) and Bottom (mb*) 

i-Pt-Ptr A Ag, eV mb* mI* 
2.88 0.68 1 .oo -0.14 
3.0 1.11 1.14 -0.26 
3.1 1.42 1.29 -0.39 
3.2 1.68 1.48 -0.54 
3.4 2.08 I .96 - 1.02 

a The effective masses are  given in units of me, the free electron 
mass. 

spline fitting procedure to the unfolded band. With the splines 
thus obtained n ( t )  was calculated by numerical integration. 
In the small regions of k = -K, 0, K where the slope of t(k) 
vanishes, t(k) was assumed to be parabolic, so that the inte- 
gration of eq 6 can be performed analytically. 

The results of this analysis are shown in Figure 7 for rpt-pt 
= 2.88 A, where n(c)  is normalized such that n(t)  becomes four 
electrons a t  the top of the dZ2 band. Since a true unit cell con- 
tains two Pt(CN)d2- subunits, the partial oxidation state of 
Pt2+* corresponds to electron removal of 26 per unit cell. From 
examination of n(t) it is observed that, for 6 = 0.1,0.2,0.3,0.4, 
and 0.5, the Fermi momenta kf turn out nearly 0.05,0.10,0.15, 
0.20, and 0.25K (in the extended zone of Figure 6b they are 
0.95,0.90,0.85,0.80, and 0.75K), re~pec t ive ly .~~ This property 
of n(t) is what one expects from free electrons. The analysis 
of n ( t )  at  other values of rpt-pt reveals almost the same cor- 
relation between kf and 6 as the above. These results are in 
agreement with e ~ p e r i m e n t . ~  

From the analytical expression for t(k) already determined, 
the effective mass m* of electrons was calculated at the bottom 
(mb*) and at  the top (mt*) of the dZz band. Table I lists these 
values of m* at various values of rpt-R along with the band gap 
Ag between the dZ2 and pz bands. The top of the d,2 band is the 
region which differs most from the free electron band, so that 
the mt* values show a large departure from me. The narrow 
bandwidths at  a large rpt-pt is reflected in the large magnitude 
of m*. 

B. Partial Oxidation and rpt-pt. The dzz band overlaps with 
other bands as was seen in Figure 1. However, according to our 
band structures, it is found that, up to the partial oxidation of 
6 0.8, electron removal occurs from the dZ2 band. With the 
Fermi momentum kf and the analytical expression of t(k) it 
is straightforward to calculate the energy loss per unit cell 
caused by electron removal and thus to calculate ( e t )  for 
partially oxidized states. The results of this study are  shown 

I I I 1 

-1656.0 

2.5 3.0 3.5 4.0 

‘ P t - d A )  

-1663.0 L 

u 
2.5 3.0 3.5 4.0 

rPt-Pt (a) 
Figure 8. The total energy per unit cell for the partially oxidized Pt(CN)4*- 
chain as a function of rpt-pl. The six graphs show 6 increasing from 0 to 
0.5. 

I I 

0 0.5 
8 

Figure 9. Plot of the calculated equilibrium values of rpt.pt as a function 
of 6. 

in Figure 8 for 6 = 0.1,0.2,0.3,0.4, and 0.5. All these partially 
oxidized states are found to be bound, and the equilibrium 
value of rpt-pt decreases with increasing partial oxidation 
number. The estimated equilibrium values of rpt-pt are  3.44, 
3.13,2.99,2.88,and2.85Afor6=0.1,0.2,0.3,0.4,and0.5, 
respectively. Figure 9 shows the calculated equilibrium values 
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Table 11. Atomic Parameters 

X F  .L HW 
c 2s 1.625 -21.4 
c 2P 1.625 -1 1.4 
N 2s 1.950 -26.0 
N 2P 1.950 -13.4 
Pt 5d a -12.6 
Pt 6s 2.554 -9.08 
Pt 6p 2.554 -5.48 

A linear combination of the two Slater orbitals of exponents 6.01 3 
and 2.696 with weighting coefficients 0.6334 and 0.551 3, respectively 
(ref 18). 

of  rpt..pt as  a function of 6. It is found that  the differential 
shortening of rpt-pt  becomes smaller as 6 increases. This trend 
is in good agreement with experiment',* and also with the 
empirical correlationi obtained from Pauling's bond dis- 
tance-bond number relationship.I6 

The occurrence of minima in the potential energy curves of 
the oxidized states may be understood by reference to Figure 
2. At a large value of r p t  pt the dz2 bandwidth is small owing 
to small overlap between neighbor cells. Therefore a t  larger 
rp t -p l  the top portion of the d,2 band has less antibonding 
character, in turn leading to greater energy loss upon partial 
oxidation. 

These calculations give a description of the band structure 
of the tetracyanoplatinate chain that is in reasonable agree- 
ment with other calculations and the experimental facts. The  
extended Huckel procedure generally does not do well a t  bond 
distance variation, so it was both surprising and encouraging 
that it gives reasonable Pt-Pt separations as a function of the 
degree of oxidation. In  future papers we will use the method- 
ology developed here to probe conformational preferences in 
other known one- and two-dimensional cases, and attempt to 
design some novel conducting systems. 
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Appendix 
Atomic parameters of the extended Huckel method (i.e., 

exponents [, and valence state ionization potentials H,, for 
atomic basis orbitals x,) employed in the present work a re  
listed in Table 11. Off-diagonal matrix elements H,, of the 
effective Hamiltonian were calculated according to the mod- 
ified Wolfsberg-Helmholz formula.I7 
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