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Figure 3. Change in bond angle with O=C—O—H torsional angle for 
acetic acid (C = conventional bond angle, B = bond path angle). 

This is less than half of the difference found for methyl acetate, 
but the steric interactions in lactones may be less than that in 
acyclic esters. We are measuring the heats of hydrolysis of lactones 

in order to gain a better understanding of the interactions in these 
types of compounds. 

Calculations 

The molecular orbital calculations were carried out with 
GAUSSIAN-82.35 The analysis of the wave functions in terms of 
the charge distribution was carried out with PROAIMS. 3 6 This 
yields the electron populations (AO and the kinetic energies (T) 
associated with each of the atoms. In the tables, the quantity L 
is the integrated value of -(h2/4m)V2p. If the numerical inte
gration for T were exact, it would be zero, and its value represents 
the possible error in T. In order to use T to obtain the energies 
of the atoms via the virial theorem, it must be corrected for the 
virial defect found in the M O calculations. The -Vj T values are 
given in the tables, and K is multiplied by (-V/T) - 1 to give T'. 
The sum of T' will be equal to the total energy found in the M O 
calculation, within the accuracy of the numerical integration. 

Acknowledgment. This investigation was supported by the 
Office of Basic Energy Sciences, Department of Energy, and by 
the National Science Foundation. The 4-3IG geometry opti
mizations were done at Yale on a MicroVax-II provided by the 
N S F chemical instrumentation program. Some of the 6-3IG* 
optimizations were carried out at Yale, and others were done on 
a VAX 8600 at Fairfield University. We thank their computer 
center for a generous gift of time. The post-HF calculations were 
carried out on Cray computers at the A T & T Computer Center 
and at the Pittsburgh Supercomputing Center with the aid of a 
grant from the N S F Office of Advanced Scientific Computing. 

Registry No. HCOOH, 64-18-6; HCOOCH3, 107-31-3; CH3COOH, 
64-19-7; CH3COOCH3, 79-20-9; H2NCHO, 75-12-7; H2CO, 50-00-0; 
FCHO, 1493-02-3; ClCHO, 2565-30-2; CH3CHO, 75-07-0; F2CO, 
353-50-4; ClFCO, 353-49-1; CH3COF, 557-99-3; Cl2CO, 75-44-5; 
CH1COCl, 75-36-5; HOCOOH, 463-79-6; CH3COCH3, 67-64-1. 

(35) Binkley, J. S.; Frisch, M. J.; DeFrees, D. J.; Raghavachari, K.; 
Whiteside, R. A.; Schlegel, H. B.; Fluder, E. M.; Pople, J. A., Department 
of Chemistry, Carnegie-Mellon University, Pittsburgh, PA. 

(36) Biegler-Konig, F. W.; Bader, R. F. W.; Tang, T.-H. J. Comput. 
Chem. 1982, 3, 317. Bader, R. F. W.; Tang, T.-H.; TaI, Y.; Biegler-Konig, 
F. W. J. Am. Chem. Soc. 1982, 104, 946. 

On the Electronic Structure of Substituted Phthalocyanines: 
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Abstract: The effects of peripheral substitution of strongly electron-withdrawing groups (CN and F) on the electronic properties 
of Si(Pc)(OH)2 (Pc = phthalocyaninato) are studied via the discrete-variational local exchange (DV-Xa) formalism. Comparisons 
are made to the electronic structure of the parent molecule, Si(Pc)(OH)2, and the results are discussed in terms of changes 
in the tight-binding band structure of the corresponding cofacially joined phthalocyaninato polymers. Transition-state calculations 
yield optical and photoemission spectral energy predictions. The former are in good agreement with experimental data. There 
is a pronounced lowering of all orbital energies and a substantial increase in ionization potential upon CN and F substitution. 

I. Introduction 
Phthalocyanine macrocycles form the basis for several extensive 

families of molecular1,2 and polymeric la 'c '3,4 low-dimensional 
molecular metals.5 In comparison to other classes of molecular 

f Present address: Department of Chemistry, University of Wisconsin, 
Madison, WI 53706. 

metals, the attractive features of phthalocyanine-based materials 
include ready availability, chemical stability, low cost, and, in the 

(1) (a) Marks, T. J. Science (Washington, D.C.) 1985, 227, 881. (b) 
Hoffman, B. M.; Ibers, J. A. Ace. Chem. Res. 1983, 16, 15. (c) Marks, T. 
J.; Kalina, D. W. In Extended Linear Chain Compouds; Miller, J. S., Ed.; 
Plenum: New York, 1982; Vol. 2, p 197. 
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Figure 1. Schematic diagram of the phthalocyanine molecules considered 
in this work (X = H, C=N, F). 

case of the cofacially joined polymers, structurally enforced 
molecular stacking.3 Equally important, however, is the attribute 
that the basic molecular building block can be subjected to a very 
wide variety of chemical modifications, including substitution, 
elaboration, and truncation of the aromatic phthalocyanine 
macrccycle. These modifications can vary several crucial attributes 
of the conductive molecular assemblies, including bandwidth, 
energy of the band center, nature of the carriers, importance of 
electron correlation, and relative importance of different elec-
tron-phonon coupling processes. These materials are also 
amenable to accurate electronic structure investigations,6 and such 
studies have shown, for instance, that above 60 K the stacked 
Ni(Pc)I compound can be readily understood as a simple nar
row-band metal, with dominant resistivity mechanisms due both 
to twist motions of the Pc ring about the stacking axis and to 
longitudinal vibrations of the rigid Pc rings along this axis.7 

(2) (a) Almeida, M.; Kanatzidis, M. G.; Liang, W.-B.; Marcy, H. 0.; 
McCarthy, W. J.; Kannewurf, C. R.; Marks, T. J., submitted for publication, 
(b) Inabe, T.; Liang, W.-B.; Lomax, J. F.; Nakamura, S.; Lyding, J. W.; 
McCarthy, W. J.; Carr, S. H.; Kannewurf, C. R.; Marks, T. J. Synth. Met. 
1986, 13, 219. (c) Inabe, T.; Nakamura, S.; Liang, W.-B.; Marks, T. J.; 
Burton, R. L.; Kannewurf, C. R.; Imaeda, K. I. / . Am. Chem. Soc. 1985, 107, 
7224. (d) Inabe, T.; Marks, T. J.; Burton, R. L.; Lyding, J. W.; McCarthy, 
W. J.; Kannewurf, C. R.; Reisner, G. M.; Herbstein, F. H. Solid State 
Commun. 1985, 54, 501. (e) Palmer, S. M.; Stanton, J. L.; Martinsen, J.; 
Ogawa, M. Y.; Heuer, W. B.; Van Wallendael, S. E.; Hoffman, B. M.; Ibers, 
J. A. MoI. Cryst. Liq. Cryst. 1985,125, 1. (f) Martinsen, J.; Palmer, S. M.; 
Tanaka, J.; Greene, R. C; Hoffman, B. M. Phys. Rev. B 1984, 30, 6269. (g) 
Schramm, C. J.; Scaringe, R. P.; Stojakovic, D. R.; Hoffman, B. M.; Ibers, 
J. A.; Marks, T. J. J. Am. Chem. Soc. 1980, 102, 6702. (h) Peterson, J. L.; 
Schramm, C. J.; Stojakovic, D. R.; Hoffman, B. M.; Marks, T. J. J. Am. 
Chem. Soc. 1977, 99, 286. 

(3) (a) Inabe, T.; Gaudiello, J. G.; Moguel, M. K.; Lyding, J. W.; Burton, 
R. L.; McCarthy, W. J.; Kannewurf, C. R.; Marks, T. J. J. Am. Chem. Soc. 
1986,108, 7595. (b) Gaudiello, J. G.; Almeida, M.; Marks, T. J.; McCarthy, 
W. J.; Butler, J. C; Kannewurf, C. R. J. Phys. Chem. 1986, 90, 4917. (c) 
Diel, B. N.; Inabe, T.; Lyding, J. W.; Schoch, K. F., Jr.; Kannewurf, C. R.; 
Marks, T. J. J. Am. Chem. Soc. 1983, 105, 1551. (d) Dirk, C. W.; Inabe, 
T.; Lyding, J. W.; Schoch, K. F., Jr.; Marks, T. J. J. Am. Chem. Soc. 1983, 
105, 1539. (e) Schoch, K. F., Jr.; Kundalkar, B. R.; Marks, T. J. J. Am. 
Chem. Soc. 1979, 101, 7071. 

(4) Hanack, M. MoI. Cryst. Liq. Cryst. 1984,105, 133-149. (b) Diel, B. 
N.; Inabe, T.; Jjaggi, N.; Lyding, J. W.; Schneider, O.; Hanack, M.; Kan
newurf, C. R.; Marks, T. J.; Schwartz, L. J. J. Am. Chem. Soc. 1984, 106, 
3207-3214. (c) Moyer, T. J.; Schechtman, L. A.; Kenney, M. E. Polym. 
Prepr. (Am. Chem. Soc, Div. Polym. Chem.) 1984, 25, 234-235. (d) Hanack, 
M. Chimia 1983, 37, 238-247. (e) Nohr, R. S.; Kuznesof, P. M.; Wynne, 
K. J.; Kenney, M. E.; Sieberman, P. G. J. Am. Chem. Soc. 1981, 103, 
4371-4377. 

(5) (a) Pecile, C; Zerbi, G.; Bozio, R.; Girlando, A., Eds. Proceedings of 
the International Conference on the Physics and Chemistry of Low-Dimen
sional Synthetic Metals (ICSM 84), Abano Terme, Italy, June 17-22 1984. 
MoI. Cryst. Liq. Cryst. 1985, 117. (b) Williams, J. M. Prog. Inorg. Chem. 
1985, 33, 183. (c) Wudl, F. Ace. Chem. Res. 1984, 17, 227. (d) Greene, R. 
L.; Street, G. B. Science (Washington d.C.) 1984, 226, 651. (e) Miller, J. 
S., Ed. Extended Linear Chain Compounds; Plenum: New York, 1982; Vol. 
1, 2, and 3. (f) Jerome, D.; Schulz, H. J. adv. Phys. 1982, 31, 299. 

(6) Pietro, W. J.; Ellis, D. E.; Marks, T. J.; Ratner, M. A. MoI. Cryst. Liq. 
Cryst. 1984, 105, 273. (b) Ciliberto, E.; Doris, K. A.; Pietro, W. J.; Reisner, 
G. M.; Ellis, D. E.; Fragala, I.; Herbstein, F. H.; Ratner, M. A.; Marks, T. 
J. J. Am. Chem. Soc. 1984, 106, 7748. 

(7) (a) Pietro, W. J.; Marks, T. J.; Ratner, M. A. J. Am. Chem. Soc. 1985, 
107, 5387. (b) Hale, P. D.; Ratner, M. A. J. Chem. Phys. 1985, 83, 5277. 

One expects that the substitution of electron-withdrawing 
substituents on the phthalocyanine ring should raise the ionization 
potential, thus rendering partial oxidation with weak oxidants such 
as I2 more difficult to attain. Conversely, however, if enough 
electron-withdrawing groups are present, they might stabilize an 
anion, sufficiently that partially reduced stacks or chains, in which 
electron rather than hole carriers travel along the chain, might 
be prepared. Indeed, recent electrochemical experiments with 
[Si(Pc)O]„2b'3M indicate that partially reduced metallophthalo-
cyanine conductors are synthetically accessible, but at very negative 
potentials. Hence, these materials are highly air-sensitive. 

Two obvious candidates for subunits of such reduced Pc con
ductors which would be chemically more stable are metallo-
phthalocyanines heavily substituted with cyano or fluoro sub
stituents (e.g., Figure 1). Both general classes of phthalocyanines 
are known.9,10 We report here electronic structure studies of 
octacyano- and octafluoro-substituted Pes. Calculations have been 
carried out for two reasons: first to examine the electronic 
structure properties (energy levels and wave functions) of the 
substituted Pc ring and to compare them to the parent macrccycle, 
and second, to use these wave functions in connection with a 
generalized Wolfsberg-Helmholtz formulation to discuss band 
structures and electron-phonon coupling in conductive chains of 
these substituted Pes. We restrict ourselves here to the first part 
of this project and discuss the electronic structure of the monomer. 
The present studies have been carried out by using the first-
principles Hartree-Fock-Slater method (local density method), 
with a discrete variational form for the wave function. AU 
electrons are included and there are no adjustable parameters. 
This method has been used previously with excellent results on 
a variety of molecules of various sizes, including aromatics,11 

organometallics12 and phthalocyanines.6 The present studies 
constitute a rigorous test of the method for two reasons: the 
strongly polar charge distribution expected for these species re
quires a very accurate self-consistent description of the charge 
flow, and we require the method to predict the ionization potentials 
of these Pes, which have not yet been measured. 

The electronic structures calculated for these substituted Pes 
are discussed in section III, and comparisons with the unsubstituted 
parent Si(Pc)(OH)2 are drawn. Section II gives relevant details 
of the methods used, while concluding remarks are contained in 
section IV. 

II. Calculational Method 

Calculations using the discrete-variational local density method 
(DV-Xa) of Ellis and co-workers13 were carried out on the Si-
[Pc(CN)8](OH)2 and the Si(PcF8)(OH)2 molecules for com
parison with earlier work on Si(Pc)(OH)2 and HO[Si(Pc)O]2H, 
which are monomeric and dimeric subunits of the conductive 
polymer [Si(Pc)O]n. The geometries were taken from the room-
temperature X-ray data of Ciliberto et al. on ROSi(Pc)OSi-
(Pc)OR (R = Si[C(CH3)3](CH3)2

6b), except that the Pc rings 
were forced to be rigorously planar (they are approximately planar 
in the solid state). The C = N distance was taken to be 1.14 A 
and the C- (C=N) distance as 1.45 A, based on metrical pa
rameters for phthalonitrile.l4a For the octafluoro species, a C-F 

(8) Gaudiello, J. G.; Kellogg, G. E.; Marks, T. J., unpublished results. 
(9) (a) Lovati, A.; El Meray, M.; Andre, J. J.; Simon, J.; Kadish, K. M.; 

Gross, M.; Girandeau, A. Inorg. Chem. 1985, 24, 1175. (b) Schumann, B.; 
Wohrle, D.; Jaeger, N. I. / . Electrochem. Soc. 1985, 132, 2144. 

(10) (a) Birchall, J. M.; Haszeldine, R. N.; Morley, J. O. J. Chem. Soc. 
C 1970, 2667. (b) Almeida, M.; Tonge, L. S.; Marks, T. J., unpublished 
results. 

(11) (a) Doris, K. A.; Ratner, M. A.; Ellis, D. E.; Marks, T. J. J. Phys. 
Chem. 1984, 88, 3157. (b) Doris, K. A.; Ellis, D. E.; Ratner, M. A.; Marks, 
T. J. J. Am. Chem. Soc. 1984, 106, 2491. 

(12) (a) Ondrechen, M. J.; Ratner, M. A.; Ellis, D. E. J. Am. Chem. Soc. 
1981, 103, 1656. (b) Ondrechen, M. J.; Ellis, D. E.; Ratner, M. A. Chem. 
Phys. Lett. 1984, 109, 50. (c) Holland, G. F.; Ellis, D. E.; Trogler, W. C. 
J. Chem. Phys. 1985, 83, 3507. 

(13) (a) Baerends, E. J.; Ellis, D. E.; Ros, P. Chem. Phys. 1973, 2, 41. (b) 
Delley, B.; Ellis, D. E. / . Chem. Phys. 1982, 76, 1959. (c) Berkovitch-Yellin, 
Z.; Ellis, D. E.; Ratner, M. A. Chem. Phys. 1975, 65, 3629. (d) Rosen, A.; 
Ellis, D. E.; Adachi, H.; Averill, F. W. J. Chem. Phys. 1975, 65, 3629. 
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Figure 2. Energy levels for the valence orbitals of parent and substituted Si(Pc)(OH)2 molecules derived from DV-Xa calculations. 

distance of 1.328 A14b was used. In both cases, the HO-Si-OH 
chain was taken as linear, with O-H and O-Si distances of 0.95715 

and 1.636 A,6b respectively. 
The DV-Xa method consists of a self-consistent solution of the 

Hartree-Fock-Slater one-electron equations 

[P?/2m + Vxc(xd + KCoul - (JWx1) = 0 (D 
where the one-electron wave function \pt for the z'th electron at 
position X1 has an energy eigenvalue ef. The first term in braces 
in eq 1 is the usual kinetic energy operator, and the next two are 
exchange-correlation and Coulomb potential terms, respectively. 
In Hartree-Fock-Slater studies, both of these potentials are local 
functionals of the electron density. In particular, the Slater form16 

of the exchange-correlation potential is given by 

Vxc(xi) = Kxc[p(x 
SaIp(X1)V' 

(2) 

where p(xt) is the total computed electron density at point X1 and 
a is taken as 0.70. These calculations are not spin-polarized, so 
eq 2 is independent of spin and p(x,) is the total density. In the 
calculations reported here, the Hedin-Lundqvist form17 of the 
exchange-correlation potential was used rather than the Slater 
choice of eq 2; this involves a more accurate and elaborate form 
based on results for the electron gas. 

The HFS eq 1 must be solved self-consistently, since p(x,) is 
determined by the \\p,], which are in turn determined by Kxc (which 
is a functional of p(xt)). To implement this, the wave functions 
\f>i are expanded in a discrete basis of atomic functions, analogous 
to usual LCAO-MO methods. The atomic basis functions are 
taken as products of a spherical harmonic (for the angular part) 
and a numerical function describing the r dependence. The basis 
sets were determined by atomic HFS calculations on neutral atoms 
placed in trapezoidal wells. Large basis sets were used, including 

(14) (a) Schultz, G.; Brunvoll, J.; Almenningen, A. Acta Chem. Scand., 
Ser. A 1986, A40, 77. (b) Chem. Soc. Spec. Publ. 1965, No. 18, 5185. 

(15) A typical value based on known compounds containing OH bonded 
to electropositive centers: Landolt-Bernstein, V. T. Structure Data of Free 
Polyatomic Molecules; Springer-Verlag: Berlin, 1976 and references therein. 

(16) Slater, J. C. Quantum Theory of Molecules and Solids; McGraw-
Hill: New York, 1974; Vol. 4. 

(17) Hedin, L.; Lundqvist, B. I., Solid State Phys. 1969, 2, 1. 

double-f p functions on C, N, F, and Si, plus a single set of d 
functions on Si. The core orbitals (Is on C, N, O, and F; Is and 
2s on Si) were frozen throughout the SCF cycles. 

The corrected-potential representation of Delley and Ellis13b 

was used to compute Vxc(xt). The potential included / = 0,1,2 
waves (centered on Si) and / = 0,1 waves (on C, N, O, and F). 
Calculations were run until convergence (to approximately 0.002 
eV) was achieved for the HOMO and LUMO energy levels; this 
normally required roughly 30 iterations. 

III. Results: Electronic Structure of Parent and Substituted 
Si(Pc)(OH)2 

The results of the closed-shell ground-state calculations for 
octacyanophthalocyanine, octafluorophthalocyanine, and the 
parent silicon phthalocyanine monomers are shown schematically 
in Figure 2. The energy ordering for the parent species agrees 
well with the results of other calculations.6'18,19 As we found 
previously6 the ordering of the x levels and their separations also 
agree well with semiempirical (PPP) calculations.18 The energy 
ordering for the substituted phthalocyanines is similar, but the 
electron-withdrawing groups cause both the occupied and unoc
cupied levels to shift lower in energy (the shift is approximately 
2 eV for the octacyano species and 2.5 eV for the octafluoro 
molecule). While there are a few differences in the order of the 
energy levels between the parent and substituted molecules, it is 
clear from Figure 2 that the symmetries of the highest occupied 
and lowest unoccupied orbitals remain the same upon ring sub
stitution (alu and eg symmetry, respectively). In a simple 
tight-binding band picture, the phthalocyanine alu HOMOs in
teract to form the conduction band in the corresponding polymers 
and molecular stacks.7 After partial oxidation, this band is no 
longer completely full, and conductivity may therefore occur via 
the overlapping monomer alu orbitals. 

In Figure 3 are shown contour diagrams for the alu HOMO 
of the parent and substituted phthalocyanine molecules. For the 
parent species, this orbital is composed entirely of out-of-plane 

(18) Marks, T. J.; Stojakovic, D. R. J. Am. Chem. Soc. 1978, 100, 1695. 
(19) (a) Shaffer, A. M.; Gouterman, M.; Davison, E. R. Theor. Chim. 

Acta 1973, 30, 9. (b) Shaffer, A. M.; Gouterman, M. Theor. Chim. Acta 
1972, 25, 62. Edwards, L.; Gouterman, M. J. MoI. Spectrosc. 1970, 33, 292. 
(c) Chen, I. J. MoI. Spectrosc. 1967, 23, 131. (d) Gouterman, M.; Schwarz, 
R. F.; Smith, P. D.; Dolphin, D. J. Chem. Phys. 1973, 59, 676. (e) Gout
erman, M. / . Chem. Phys. 1959, 30, 1139. 
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Figure 3. Graphic representation of the highest occupied molecular 
orbital of parent and substituted Si(Pc)(OH)2 molecules: (a) 2alu orbital 
OfSi(Pc)(OH)2; (b) 3a,u orbital of Si[Pc(CN)8](OH)2; (c) 3alu orbital 
of Si(PcF8)(OH)2 viewed perpendicular to the ring plane. 

Table I. 2pz Coefficients of the alu 
Substituted Si(Pc)(OH)2 

HOMO for Parent and 

atom" 

Cl 
C2 
C3 
C4 
CcN 
NCN 
F 

Si(Pc)(OH)2 

0.515 
0.434 

-0.337 
-0.485 

Si[Pc(CN)8](OH)2 

0.431 
0.499 

-0.233 
-0.376 
-0.116 

0.260 

Si(PcF8)(OH)2 

0.169 
0.703 

-0.581 
-0.424 

0.275 

"The numbering for the nonequivalent carbon centers is as follows: 

pz functions localized on the carbon atoms. For the other two 
molecules, the alu HOMOs are also made up of pz atomic func
tions, but both have considerable amplitude on the outer ring 
substituents in addition to the carbon atoms. For all three 
molecules, this orbital has no amplitude on silicon or oxygen; this 
implies, as was found previously6 for the parent species, that the 
siloxane backbone should not play a significant role in the con
duction process in the corresponding polymer systems. Table I 
shows how the 2px coefficients of this molecular orbital change 
upon substitution of C = N and F on the periphery of the Pc. The 
most striking feature is the decrease in amplitude on the innermost 
carbon atoms, accompanied by an increase in amplitude on carbon 
C2 (see the diagram accompanying Table I) and, of course, by 

Table II. Calculated Optical and Ionization Energies for Parent and 
Substituted Si(Pc)(OH)2 Molecules 

calcd 
ionization energy, eV optical transition, nm 

molecule (aln HOMO) alu - • eg(exptl) 

Si(Pc)(OH)2 
Si[Pc(CN)8](OH)2 
Si(PcF8)(OH)2 

6.8° 
8.1 

673 (671)" 
685 (690)e 

756 (730/ 
0 Experimental ionization energy = 
- --- l 9a rfpor Ni(PcF16).

10b Zn[Pc(CN)8] 
6.46 eV.6b *Reference6b. cFor 

the additional amplitude on the outer substituents. 
The nature of the monomer alu HOMO should play a key role 

in the conductivity behavior of the corresponding polymer. 
Previous work7 showed that bandwidth-modulating lattice motions 
(that is, lattice motions that affect the interaction between mo
nomer alu HOMOs on adjacent sites) are dominant sources of 
resistivity along the Pc chain. For the nonpolymeric Pc stack 
Ni(Pc)I, the temperature dependence of the resistivity was de
scribed in terms of scattering by a longitudinal stretch and an 
interplanar twist (libron).7b The scattering due to the stretch 
phonon is primarily a first-order process (resistivity p porportional 
to temperature T), while that due to the librational motion is 
mainly second order (p <* T2). In the present case, where the 
electron-withdrawing substituents have, in effect, pulled the am
plitude of the alu HOMO away from the inner carbon atoms, one 
might expect the bandwidths to be more sensitive to the libron. 
It should be realized, however, that without an actual calculation 
of the relevant electron-phonon coupling constants,715 it is im
possible to say if this would remain a second-order scattering 
mechanism, of if a substantial first-order contribution would also 
arise from this motion. Studies are presently under way to clarify 
this point and to study the importance of other lattice motions 
in changing the interaction between adjacent alu monomer HO-
MOs (and hence the bandwith) in the substituted phthalocyanine 
systems. 

In addition to changes in the electron-phonon coupling constants 
arising from the effect of the electron-withdrawing groups on the 
monomer alu HOMO, the magnitude of the bandwidth should 
also change considerably. Since this orbital is localized to a greater 
extent on the outer atoms of the macrocycle in the substituted 
Pc complexes, because the molecules usually stack in a staggered 
conformation,1,2 the bandwidth for the octacyano- and octa-
fluoro-Pc stacks should be less than that for the unsubstituted Pc 
chain. This point is a minor one because the resistivity in these 
systems does not depend on the magnitude of the bandwith itself, 
but is instead proportional to the quantity [(\/W){dW/du)]2 for 
first-order scattering processes.20 Here W is the bandwith and 
u refers to some lattice motion which scatters the conduction 
electrons; dW/du is then the electron-phonon coupling constant 
mentioned above. For second-order scattering, the relationship 
is similar, with p = [{\/W)(S2W/du2)]2. 

The discussion above has been confined to the case where the 
phthalocyanine molecules of the cofacial polymer or stack have 
been partially oxidized. The substitution of electron-withdrawing 
groups on the Pc macrocycle should, however, make partial ox
idation with weak oxidants10 more difficult to achieve. This point 
is borne out in the results of calculations of ionization potentials 
for the parent and substituted Pc molecules (see Table II). Recall 
that Koopmans' theorem is not valid for Xa calculations, so these 
ionization energies, as well as the optical transition (HOMO —• 
LUMO, 7T —• TT*) energies, were calculated by using Slater's 
transition-state procedure,16 which corrects the calculated orbital 
energies for relaxation effects. The results predict that the ion
ization potential OfSi[Pc(CN)8](OH)2 species should be 1.6 eV 
higher than that of the unsubstituted molecule, while the IP of 
Si(PcF8)(OH)2 species should be 2.3 eV higher. Clearly, it would 
be much more difficult to attain partial oxidation of these sub
stituted molecues. It can also be seen in Table II that there is 

(20) (a) Conwell, E. M. Phys. Rev. B 1980, 22, 1761. (b) Van Smaalen, 
S.; Kommandeur, J.; Conwell, E. M. Phys. Rev. B 1986, 33, 5378. 
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Figure 4. Graphic representation of the lower unoccupied molecular 
orbital (9eg) of (a) Si[Pc(CN)8](OH)2 and (b) Si(PcF8)(OH)2 viewed 
perpendicular to the ring planes. 

good agreement between calculated and experimental HOMO 
—«• LUMO optical transition energies. 

On the other hand, it is highly possible that the electron-
withdrawing substituents will stabilize the anion sufficiently that 
facile partial reduction of the Pc polymer or stack may be possible. 
In such a case, the conduction band would no longer consist of 
the overlapping monomer alu HOMOs, since this band would 
remain completely filled. Instead, a partially filled band made 
up of eg (monomer LUMO) molecular orbitals would serve as the 
conduction band in the tight-binding picture. Because this con
duction band would be partially filled rather than partially de
pleted, the charge carriers would be electrons instead of holes. 
Apart from the difference in the charge carriers, the conductivity 
behavior in the partially reduced Pc system should be considerably 
different from that in the partially oxidized system simply because 
of the nature of the eg monomer LUMO. As the contour diagrams 
in Figure 4 show, this orbital has a substantial amount of sili
con-oxygen Tr-bonding character, as well as extensive ir-bonding 

within the phthalocyanine ring. The large amplitude at the center 
of the molecule indicates that the siloxane backbone might play 
a significant role in the charge-transport process in the partially 
reduced Si(Pc) polymer. This is quite unlike the partially oxidized 
Pc system, where this backbone plays no role in the conduction 
process. 

While it is difficult to say how the various lattice motions will 
affect the interaction between adjacent eg monomer LUMOs (and 
thus affect the bandwidth), it is clear that several motions should 
be important. As in the system studied previously,7 the longitudinal 
stretch phonon should be an important source of resistivity along 
the chain. Also, because of the inversion symmetry of the eg 

LUMO, the twist libron should remain an important band
width-modulating motion. Again, an actual calculation of the 
electron-phonon coupling constants (as performed in ref 7b) is 
necessary in order to determine if these motions are dominant 
sources of conduction electron scattering and if other lattice 
motions are also important (e.g., interplanar tilt and slip modes). 
Such calculations are also required to determine the nature of each 
of the scattering modes, that is, to determine which motions scatter 
in first order and which scatter in second order. Nevertheless, 
one might expect these partially reduced phthalocyanine systems 
to have a cnductivity behavior (e.g., temperature dependence) that 
differs substantially from that of the systems previously examined,7 

with this difference arising primarily from the nature of the 
monomer eg LUMO. 

IV. Conclusions 
This work further demonstrates that first-principles local ex

change DV-Xa calculations on monomeric phthalocyanine stack 
fragments can provide valuable predictive information about the 
conduction pathway in "molecular metals". The previous success 
of this method in providing quantitative descriptions of 7r-7r in
teractions and tight-binding bandwidths in low-dimensional me-
tallomacrocyclic conductors certainly warrants its use as a pre
dictive tool. Such information permits discussion of the changes 
one might expect to see in the nature of the conduction band when 
the macrocyle is modified. These changes can be described in 
terms of how the individual monomer molecular orbitals (which 
interact to form the band structure) are affected by ring modi
fication, thus clarifying those parameters critical to the design 
of new molecular metals. Finally, the prediction of ionization 
potentials and optical transition energies for the substituted 
phthalocyanines considered in this work should serve as a valuable 
test of the DV-Xa techndique. 
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