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Porphyrinic metallomacrocycles are well-known as molecular 
building blocks of one-dimensional “molecular metals”.14 The 
chemical flexibility inherent in the porphyrin-like metallo- 
macrocycle offers a unique opportunity to elucidate the effects 
that electronic structure modifications of the metallomacrocycle 
(metal center or ligand framework) induce in several crucial 
attributes of the conductive molecular assemblies. 

An interesting example of correlation between molecular and 
solid-state properties is provided in the comparison of systems 
based on metallomacrocycles having conjugated frameworks of 
different size. As a matter of fact, the series of large-ring 
benzoporphyrin based conductors M ( P c ) X , ~ ~ ~ ~ ~ ~  M ( t a t b ~ ) X , ’ ~ * ~ ~  

Table I. Energy Terms (eV) for the Formation of (NiPc)l and 
(NiP)2 Dimers from Two Superimposed NiPc and NiP Fragments, 
Respectively, a t  Different Staggering Angles 

4 
Oo loo 20° 30’ 40’ 45’ 

hEo (NiPc)z +3.720 +3.249 +2.758 +2.670 +2.283 +2.232 
(NiP)2 +1.590 +1.526 +1.408 +1.316 +1.266 +1.260 

hE,i (NiPc)2 -1.550 -1.517 -1.495 -1.418 -1.348 -1.356 
(NiP)2 -0.488 -0.508 -0,520 -0.519 -0.528 -0.530 

(NiP)2 +1.102 +1.018 +0.888 +0.797 +0.738 +0.730 

M(tbp)Xlc (M = Ni, X = 13-, Br3-, PF6-, BFd-, TCNQ, DDQ) 
show important behavioral differences when compared to the 
small-ring porphyrin based series Ni(tmp)X (X = 13-,3b PFs-,e 
Reo4- k). The large-ring metallomacrocycle compounds have 
remarkably similar properties. They exhibit comparably high 
electrical conductivities a t  room temperature, although the details 
of the temperature dependence of the conductivity and the nature 
of the charge carriers differ from compound to compound. A 
single structural motif is retained throughout the series, with 
metal-over-metal columnar stacks of partially oxidized units 
surrounded by chains of anions. Successive rings in the stacks 
assume a staggered conformation with a rotation angle 4 that is 
invariably close to 40’. The size and structure of the counterion 
X have very little effect on the staggering angle of the donor 
units. 
On the contrary, in the series of small-ring based conductors 

h E b n d  (NiPc)2 +2.17 +1.732 +1.263 +1.252 +0.935 +0.876 

N i ( t m ~ ) I , ’ ~  [Ni(tmp)l2[ PF6] ,& [Ni(tmp)] z [Re041 ,& there are 
considerable differences in the structure and stoichiometry of the 
conductors. The staggering angle is strongly dependent on the 
size of the counterion, ranging from 37 to 34.7 to 27.50, 
respectively. The degree of oxidation, which is 11’ in Ni(tmp)I, 
becomes in [Ni(tmp)jz[PF6] and [Ni(tmp)]2[ReO4]. The 
room-temperature conductivities of Ni(tmp) based conductors 
vary directly with 4, changing from metallic to thermally activated 
types O n  going from 37 to 27.5’. 
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What is the origin of this different behavior of large-ring 
(benzoporphyrin) compared to small-ring (porphyrin) based 
conductors? First, the steric effect of the benzo rings in the 
benzoporphyrinic systems is an important discriminating factor. 
We have demonstrated before,7d in a density functional inves- 
tigation of “molecular metals” having metallophthalocyanines as 
molecular building blocks, that steric hindrance effects drive the 
staggering angle in those systems to -40’, where the dispersion 
of the al, band and therefore the conductivity is considerable. 
The steric hindrance can be traced to Pauli repulsion between 
occupied orbitals mainly located on the benzo rings. The effect 
of removing the benzo rings can be seen in Table I, where the 
interaction energy between two NiP monomers as a function of 
staggering angle 4 is compared to that of NiPc. The energy 
decomposition (see refs 7 and 8 for details) shows that the energy 
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Figure 1. Energy level schemes for NiPc, Ni(tbp), Ni(tap), and Nip. The labeled orbitals (heavy lines) are predominantly of metal character. 

terms have very little angle dependence. The theoretical bond 
energy has a very shallow minimum toward 45O. The steric 
repulsion hEo has its maximum at  the eclipsed situation at  Oo, 
which however is only 0.3 eV above the minimum, much less than 
the 1.5 eV in the (NiPc)z case. Although the 0.3-eV rise is 
sufficient to make the eclipsed conformation unfavorable, the 
steric term hardly prevents rotation in the range 30-45O, unlike 
in large-ring based conductors. The fine tuning of the staggering 
angle observed in Ni(tmp) based conductors, in the range 37- 
27.5O is thereforeonly dictated by external factors (crystal packing 
and structure and size of the counterions). 

In the second place, differences in electronic structure between 
Pc and P will affect the properties of the molecular metals. It is 
well-known' that the highest occupied ?r ligand orbital, ai,, forms 
the conduction band in the NiPc based conductors (see Figure 
1). The al, molecular orbitals of adjacent rings have zero overlap 
at  4 - 20° and maximum overlap at 4 = 0 or 45O, hence the 
large conductivity a t  the prevalent staggering angle of ca. 40°. 
For the related porphyrin based systems Ni(tmp)X, Newcomb 
et a1.& suggest the al, orbital to be also the main actor in the 
conductivity. The suggestion of these authors is based on the 
observation that the gradual change from metallic to thermally 
activated behavior in going from 37 to 34.7 to 27.5O for the 
porphyrin series agrees with a conductivity dominated by an al, 
band whose bandwidth is decreasing. However, in simple 
porphyrins the highest occupied ring orbitals are the nearly 
degenerate al, and 2aZu set (see Figures 1 and 2). The overlap 
between porphyrin al, molecular orbitals on adjacent rings behaves 
analogously to that between Pc al, orbitals, from a positive 
maximum a t  4 = Oo to an almost equally large negative minimum 
at  4 = 45O (see Figure 3). This behavior can be easily deduced 
from the orbital plots in Figure 2, as can the different behavior 
of the overlap between adjacent 2a2, orbitals, which is largest 
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near 4 = Oo and flecreases to a small negative minimum as 4 
approaches 45O. In view of the consequences of the difference 
in electronic structure between the Pc and P type building blocks 
for the conductivity of the stack, we inspect more closely the 
Pc/P difference for the ground-state one-electron levels as shown 
in Figure 1 for the series NiPc, Ni(tbp), Ni(tap), Nip. The 
outstanding difference between NIP and NiPc molecules is the 
destabilization of the occupied alg (d,z) and eB (d,) metal levels 
and notably the ring 2a2, level with respect to the ring al, level. 
The different effects that the introduction of aza bridges and 
benzo rings have on the al, and 2az, levels of P may be understood 
from the orbital plots in Figure 2. The Ni(tap) level scheme in 
Figure 1 shows that the effect of introducing aza bridges in P 
stabilizes all the levels due to the higher nuclear charge of N,  but 
preferentially 2a2,, which ends up considerably below al, in Ni- 
(tap). Note that the preferential stabilization of 2a2, compared 
to al, agrees with 2az, having a high amplitude and alu having 
nodes on the aza bridges. As a matter of fact, the plots of Figure 
2 demonstrate that in NiPc it is even the lower lying laz, rather 
than the 2azu orbital that correlates with the P 282, orbital. On 
the other hand, the introduction of benzo groups to give Ni(tbp) 
has relatively little effect on the azu levels but preferentially 
destabilizes al,, which ends up above azu and all metal levels in 
Ni(tbp). The pushing-upeffect of the benzorings is in accordance 
with the antibonding, visible in the plot of the NiPc al, orbital 
in Figure 2, between the porphyrinic part of the ring system and 
the benzo part. The benzo rings also have some pushing-up effect 
on the lower a2, level ( laz, in Nip) that (with some 2az, admixture) 
correlates with 2a2, in NiPc. Note that the benzo rings in Pc not 
only have the steric effect pointed out before7d but also have the 
important electronic structure effect of driving alu on top. 

Given the importance of the HOMO al, of the Pc ring for the 
conductivity, one wonders how the near degeneracy of al, and 
2azU orbitals and the relatively high position of metal levels in 
NiP influence the electronic structure of the dimeric units and 
therefore the properties of Ni(tmp) based "molecular metals". 
Our calculations on (NiP)Z dimers at different staggering angles 
indicate that, due to the large dispersion, the alg (dz) metallic 
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Figure 2. Atom-labeling schemes and contour plots of aiu and a2, orbitals 
for NiPc and Nip. The plane of drawing is 0.7 bohr above the molecular 
plane. Contourvalues: 0.0, k0.02, *0.05,10.1, k0.2, f0.5 ( e / b ~ h r ~ ) ' / ~ .  
band is the highest occupied a t  all angles. When the interacting 
monomers are in the 0 4  staggered conformations, i.e. 4 # 0,45', 
the nearly degenerate al, and 2az, orbitals mix and form one 
band. As shown in the plot of Figure 3, the alU/a2, overlap causing 
alU/azu mixing is large when 4 is in the range 15-35'. The al, 
and az, set approaches alg from below closely enough that the 
alu/azu derived band overlaps the bottom of the broad d,i band. 
Although the Fermi level coincides with the top of d,i band, 
differential relaxation effects cause the al,/az, ligand-ionized 
state to be computed about 0.3 eV more stable than the metal- 
ionized one. This implies that theoxidation would partially empty 
the alU/a2, band, in agreement with ESR m e a s ~ r e m e n t s ~ ~ ~ ~ * ~  
that indicate the porphyrin ligand to be the site of oxidation. The 
conductivity should then occur through this band. This conclusion 
is supported by the angle dependence of the conductivity, since 
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Figure 3. Overlaps between orbitals on adjacent porphyrin rings as a 
function of the staggering angle. S.,, = (alulalu), St, = (2azu12a2,), 
Sa,,/2azu = (a1,12az,). 

Table 11. Percentage Contributions of Individual Atoms to alu and 
az, Orbitals (Based on Mulliken Population Analysis per MO) of 
NiPc, Ni(tbp), Ni(tap), and N i P  

al, NiPc -5.73 0.0 0.0 59.1 1.4 0.0 26.5 13.0 
Ni(tbp) -5.15 0.0 0.0 63.6 4.2 0.0 19.8 12.4 
Ni(tap) -6.78 0.0 0.0 79.0 21.0 0.0 
NIP -5.67 0.0 0.0 77.0 23.0 0.0 

2a2, NiPc -7.15 0.0 0.0 0.0 37.6 22.6 0.0 39.8 
Ni(tbp) -5.89 1.3 (p,) 29.1 3.9 4.9 58.3 0.0 2.5 
Ni(tap) -7.49 0.0 5.0 0.0 52.8 42.2 
NiP -5.51 1.3 (pz) 24.3 3.2 9.2 62.0 

lazU NiPc -7.63 2.2(pz) 48.4 1.6 4.8 32.3 0.0 10.7 
Ni(tbp) -6.97 0.0 18.0 0.0 38.0 0.0 0.0 44.0 
Ni(tap) -7.93 2.5 (pz) 50.2 0.0 32.7 14.6 
NiP -6.97 1.4 (p,) 30.4 0.0 68.2 0.0 

a On nitrogen and carbon the contributing AOs are 2pz. 

no angle dependency would be expected for conductivity through 
an alg (ds) band. As can be seen in Figure 3, the overlap of azU 
and notably alu orbitals on adjacent rings decreases and hence 
the dispersion of the alU/a2, ogerlapping bands will drop upon 
going from 40 to 27' (at -32' Sa, is zero). This accounts for 
thedecreaseofconductivityalong theseries Ni(tmp)I, [Ni(tmp)]z- 
[PFs], [Ni(tmp)]z[Re04]. The decrease may actually be some- 
what counteracted by the increasing alu/azU overlap. 

We conclude that the different behavior of porphyrin based 
conductors compared to Pc based ones is primarily due to the 
lack of a steric hindrance force that strongly opposes lowering 
of the staggering angle toward 30' in the case of Pc. We have 
also identified electronic structure effects of the aza bridges and 
benzo rings in Pc. They give the HOMO ai, in Pc its privileged 
role and put 2a2, out of business. In NiP the highest occupied 
states have metal character, but nevertheless the al, and a2, orbitals 
are together involved in the conductivity. 


