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We present valence effective Hamiltonian (VEH) calculations on the optical absorptions of a
series of phthalocyanine compounds: the metal-free phthalocyanine molecule, a model system
for the lithium phthalocyanine molecule, the metal-free phthalocyanine dimer, and model
systems for the lutetium diphthalocyanine and the lithium phthalocyanine crystal. For these
compounds, it is found that the major factor influencing the evolution of the optical transitions
is not the electronic structure of the metal but rather the geometric structure: phthalocyanine
intraring geometry and, in the dimers and crystals, interring separation and staggering angle.
The origin of the so-called Soret or B absorption band is calculated to be significantly more
complex than was previously thought on the basis of the simple four-orbital model.

I. INTRODUCTION

‘Phthalocyanine (Pc) compounds have attracted a great
deal of attention for a long time because of their unique prop-
erties such as semiconductivity, photoconductivity, and
chemical activity.! (For instance, Vartanyan? measured the
photoconductivity of the different a and S polymorphic
forms of phthalocyanines as early as 1948.) Besides their
excellent photoconductive properties, phthalocyanines have
the advantage of being very stable against thermal and
chemical decomposition and present very intense optical ab-
sorptions in the visible. These properties, together with the
structural similarity to chlorophyll, has resulted in many
investigations toward their application in artificial solar en-
ergy conversion.! Also, they are expected to serve as active
materials for molecular electronic devices such as electro-
chromic displays and chemical sensors.> Furthermore, in-
terest in phthalocyanine compounds has recently been re-
newed due to the discovery that they form “molecular
metals” after partial oxidation.* While crystals of pure
phthalocyanine exhibit conductivities (o) in the insulating
range (0<107'° S/cm),® iodine oxidized crystals show
conductivities on the order of 10-1000 S/cm at room tem-
perature.*

In a recent work,® we have analyzed in great detail, on
the basis of valence effective Hamiltonian calculations, the
ultraviolet and x-ray photoemission spectroscopy (UPS and
XPS, respectively) data reported on metal-free phthalo-
cyanine.”® The excellent quantitative agreement obtained
between theory and experiment allowed us to provide an
unambiguous interpretation of all the valence electronic fea-
tures observed experimentally. It also illustrated the validity
of the valence effective Hamiltonian (VEH) approach to
study the electronic structure of macrocycles such as phtha-
locyanine.

In the present paper, we focus on the optical properties
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and compare the optical absorption data for three sets of
phthalocyanine compounds:

(i) monomeric systems: metal-free phthalocyanine
(PcH,) and lithium phthalocyanine (PcLi);

(ii) dimeric compounds: metal-free phthalocyanine
dimer (PcH,), and lutetium diphthalocyanine
‘(Pc,Lu);

(iii) the PcLi crystal.

The relevance of Pc,Lu and PcLi in the context of or-
ganic semiconductors is determined by the fact that they are
claimed to be the first molecular semiconductors reported to
date.*'! (A molecular semiconductor is defined by André
et al®~'* as a molecular material, i.e., a material constituted
of well-characterized molecular units, which exhibits an in-
trinsic conductivity in the range 10~°-10~! S/cm and can
be doped with both electron donors or acceptors.) Room
temperature conductivities as high as 6 X 10~% and 2 X 103
S/cm have been respectively measured for single crystals of
Pc,Lu' and PcLi'® under vacuum to avoid any fortuitous
external doping. These high conductivities are to be com-
pared with those reported for single crystals of PcH,,'*
PcCu,'® or PcNi, '8 all of which present values lower than
10-28/cm.

We have followed a methodology identical to that de-
tailed earlier.® All the calculations have been performed in
the framework of the valence effective Hamiltonian (VEH)
quantum-chemical technique. The VEH method has been
originally developed for molecules'” and later extended for
stereoregular polymers. '®!® The method takes only into ac-
count the valence electrons and is based on the use of an
effective Fock Hamiltonian parameterized to reproduce the
results of ab initio calculations. In this way, the VEH method
is completely nonempirical and yields one-electron energy
levels of Hartree-Fock ab initio double-zeta quality. All the
calculations have been performed using the new parameteri-
zation recently obtained for the carbon and hydrogen
atoms.?” The VEH parameters used for nitrogen atoms are
those previously reported.*
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The results are presented and discussed in Sec. II for the
monomeric compounds, in Sec. III for the dimeric com-
pounds, and in Sec. IV for the PcLi crystal. The main conclu-
sions of our work are summarized in Sec. V.

Il. MONOMERIC COMPOUNDS: METAL-FREE
PHTHALOCYANINE AND LITHIUM PHTHALOCYANINE

The neutron diffraction structure reported by Hoskins
et al.?? has been assumed as the input geometry for PcH,.
This structure attributes a planar C,, geometry to the PcH,
molecule and locates the central two hydrogens on oppo-
site nitrogens. The calculations have been performed both
on this C,, geometry and on an averaged D,, structure
sketched in Fig. 1. Since both geometries lead to identical
results, only the D, results are presented and discussed be-
low.

Figure 2 displays the VEH one-electron energy level dis-
tribution obtained for PcH,. Since 186 valence electrons are
involved in PcH, molecule, the molecular orbital number
93 corresponds to the highest occupied molecular orbital
(HOMO). This MO is of 7 type and has a, symmetry with
no contribution from the nitrogen atoms. Our assignment
supports that obtained using PPP?> and CNDO?* semi-
empirical methods and contrasts with that calculated with
the more approximate extended Hiickel* technique and the
one-electron Hartree—Fock-Slater?® method.

All the molecular orbitals displayed in Fig. 2 are of
type, the first occupied o orbital lying at an energy of
— 10.38eV. The 4a,, HOMOis located at — 6.32 eV in very
good agreement with the first ionization energy (6.41 eV)
obtained from the gas-phase UPS spectrum of PcH,.” Note
the important energy gap (3 eV) that separates this orbital
from the 7, MO heading the next set of occupied molecu-
lar orbitals. This gap is also in very good accord with experi-
mental UPS data.” (A detailed discussion of the valence
electronic structure of PcH, is found in Ref. 6. The slight
differences between the one-electron energies reported in
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FIG. 1. Molecular structure of metal-free phthalocyanine. ¥, denotes a
pyrrole nitrogen and N, and N,, denote pyrrole aza and mesobridging aza
nitrogens, respectively. '
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FIG. 2. VEH one-electron energies (E; ) and symmetries of the upper occu-
pied and lower unoccupied molecular orbitals calculated for PcH, and the
PcLi model system. All the orbitals are of 7 type.

that work and those presented here are due to the previous
use of the old VEH parameterization for carbon and hydro-
gen atoms.'® In any case, the new parameterization used
here does not affect the quantitative agreement with experi-
mental data found in Ref. 6.)

The lowest unoccupied molecular orbital (LUMO) cor-
responds to the 6b,, (7*) molecular orbital in Fig. 2; it has
nonzero-coefficients on the pyrrole nitrogens (N, in Fig. 1).
The 6b,;, (7*) molecular orbital is at higher energy and has
nonzero coefficients on the pyrrole aza nitrogens (N, in Fig.
1). The quasidegeneracy of these two orbitals (they are sepa-
rated by only 0.17 €V) is due to the quasi-identical geometry
of all the isoindole moieties. This feature implies that the
carbon-nitrogen 7-electron system effectively nearly pos-
sesses D, symmetry.

Turning to the optical spectrum, the energies and oscil-
lator strengths calculated for the electronic transitions lower
in energy than 4.5 eV (275 nm) are collected in Table 1.
Since the VEH method yields, as any other ab initio tech-
nique, too wide a valence electronic structure, a contraction
of the energy scale for the occupied valence levels becomes
necessary to obtain the best correlation with experimental
data. (A contraction factor of 1.3 has been used as discussed
in Ref. 6.) On the other hand, the VEH method predicts a
HOMO-LUMO energy gap of only 1.22 eV, underestimat-
ing by 0.59 eV the energy of the first optical transition (1.81
eV) reported for the PcH, molecule.?’ Therefore, the ener-
gies in Table I represent one-electron energy differences ob-
tained from the ground state levels depicted in Fig. 2 after a
contraction of 1.3 of the occupied levels and a shift 0of 0.59 eV
to higher energies of all the unoccupied levels. These adjust-
ments are systematically used in all the other systems inves-
tigated in this work in order to provide a consistent picture
and meaningful comparisons. (We must stress that the same
approach has been used in works on other macrocycles with
similar success.?®)

The theoretical data in Table I indicate the occurrence

- of two intense optical transitions in the visible at 1.81 eV
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TABLE 1. VEH electronic transitions calculated for PcH, and the PcLi
model system. Transitions more energetic than 4.5 eV or with oscillator
strengths lower than 0.1 are not included. Energies are in ¢V (nm in paren-
theses).

Oscillator
Transition Energy" strength Polarization®

PcH,  4a,-6b%  1.81(685) 5.1 y
4a,-6b%,  1.98 (625) 47 x
4a,-7h%,  3.90 (318) 04 y
4a,-7b%,  391(317) 0.3 x
7b,,—6b%,  4.12 (301) 1.6 x
6b,, —~6b%,  4.15 (299) 0.3 x
7b,, —6b%,  4.29 (289) 1.6 y
6b,,~6b3%,  4.32 (287) 0.3 y
3a,-6b%,  4.38 (283) 1.2 y

PcLi 2a,,—6e} 1.62 (764) 5.6 LoXy

Se,—2a,,  2.30 (538) 1.2 xy

de,—2a,, 2.42(512) 1.6 X,y

3e,-2a,, 301 (411) 1.5 Cxy

2b,, ~6e* 391 (317) 0.3 xy

4a,,~6e*  3.92 (316) 15 xy

la,,~6e* 398 (311) 0.9 Xy

3b, —~6¢*  4.05 (306) 12 xy

® Transition energies are calculated as one-electron energy differences after
a contraction of 1.3 of the occupied levels and a shift of 0.59 eV to higher
energies of the unoccupied levels, (See the text for further details.)

® Axes refer to those presented in Fig. 1.

(685 nm) and 1.98 eV (625 nm), respectively, and a set of
less intense transitions in the near UV around 300 nm. These
results are in very good agreement with the vapor absorption
spectra reported by Edwards and Gouterman?’ for PcH, in
the region of 145-2500 nm. The experimental data predict
no electronic transition above 700 nm, two sharp peaks in
the visible region at 686 nm (Q, ) and 622 nm (Q,) (that
constitute the so-called band Q), a less intense broad band
centered at 340 nm (named Soret or B band), and other
bands (N, L, and C) below 280 nm. Band Qin the visible can
be clearly correlated with the 4a, 663, (1.81 ¢V) and
4a,—6b%, (1.98 eV) electronic transitions. Both the split-
ting of this band (0.18 V) and the relative intensity of the
constituent peaks (Q, more intense than Q, ) are very well
reproduced by the theoretical calculations. By general con-
vention, the lower energy Q band is referred to as @, without
implying any absolute orientation. The important fact is
that, when adopting as x the axis defined by the central two
hydrogens as depicted in Fig. 1, the lower energy @, band is
calculated to be polarized following the y axis (see Table I),
i.e., perpendicular to the H-H axis.

As can be observed from Table I, the next relevant theo-
retical transition corresponds to the 7b,, —6b %, excitation
located at 4.12 eV. This transition is imbedded in a group of
very close-lying transitions starting with the 4a, —7b %, ex-
citation at 3.90 eV and which can be correlated with the

broad B band measured to be centered at 3.65 eV and to
extend from 3.3 to 4.1 eV.?’ Although the VEH calculations
overestimate the energy of the electronic transitions corre-
sponding to band B, it must be taken into account that we are
working in a single-configuration approach and important
configuration interaction can be expected when electronic
transitions of the same symmetry take place at similar ener-
gies. This configuration mixing can significantly affect the
energy of the resulting excited states. It can be therefore con-
cluded that the four orbital model proposed by Weiss ez al.?®
is not valid to explain the origin of band B in PcH, since
several electronic transitions are involved in this band and
no clear theoretical assignment is possible. The complex na-
ture of band B is supported by the magnetic circular dichro-
ism spectra reported for PcH,.?® These spectra suggest that
there are at least three distinct states in region B arising from
sr-molecular orbitals.

Note that the four orbital model was originally intro-
duced to study free base porphine (PH,).? This model ex-
plains the origin of bands Q and B by only considering the
highest two occupied MOs (a, and b ,,, ) and the lowest two
unoccupied MOs (b %, and b %, ). Preliminary VEH calcula-
tions on PH, indicate that the 54 ,, MO is separated by only
0.5 eV from the 2a, HOMO and by 2 eV from the rest of
occupied orbitals in contrast to the situation found in
PcH,.*! This feature indicates that no high configuration
mixing can be expected between electronic transitions from
the 5b,, and lower energy levels. The four orbital model is
therefore valid for PH, where band B results mainly from the
5b,, — b } transitions, but cannot be extended for phthalo-
cyanine.

The x-ray crystallographic structure reported by Sugi-
moto ét al.>? has been adopted as input geometry for the PcLi
molecule. It is very important to note that the VEH calcula-
tions have been performed on the phthalocyanine ring with-
out taking explicitly into account the lithium atom. Justifica-
tion of such an approach, where the influence of the metal is
exclusively considered through the Pc ring geometry modifi-
cations, will become clear later on. The Li atom gives one
electron to the Pc ring which becomes a stable monoanion
radical (Pc™). The resulting one-electron energy level dis-
tribution is displayed in Fig. 2 together with that of PcH, for
the sake of comparison. Although the PcLi molecular geom-
etry presents some significant distortions from planarity, it
remains very close toa D ,, symmetry and molecular orbitals
in Fig. 2 have been classified according to that symmetry
group.

As can be seen from Fig. 2, the molecular orbital distri-
bution of the PcLi model is very similar to that obtained for
PcH,. The main difference between PcLi and PcH, is that
for the former the 2a,, HOMO is occupied by a single elec-
tron due to the radical nature of the phthalocyanine ring. It
must also be noted that the quasidegeneracy of the 65 ¥, and
6b ¥, MOs in PcH, almost disappears in PcLi to give rise to
the degenerate 6¢f MO. Moreover, the LUMO level is closer
to the HOMO in PcLi than in PcH, by 0.19 V. As a conse-
quence of these features, additional electronic transitions
between lower occupied levels and the 2a,, HOMO take
placein PcLi and the HOMO - LUMO transition is no long-
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er split into two peaks. The energies and oscillator strengths
obtained for the electronic transitions of the PcLi molecule
are summarized in Table I. The transition energies are calcu-
lated in the same way as discussed above for PcH,.

The experimental optical spectrum reported by Turek
et al.* for PcLi in 1-chloronaphthalene solution shows well
defined absorptions at 1.32 eV (940 nm), 1.53 eV (810nm),
1.79¢eV (690nm), 2.62eV (473nm),2.90eV (427 nm), and
3.35 eV (370 nm). If we compare this spectrum with the
theoretical transitions collected in Table I, we find the fol-
lowing features:

(i) The broad band near 1.32 eV and the band at 1.79 eV
are assigned by the authors to agregation phenomena and
PcH, impurities, respectively. Indeed, no electronic transi-
tion is calculated for the PcLi model system at those ener-
gies.

(ii) The absorption band at 1.53 eV can be correlated
with the electronic HOMO (2a,, ) »LUMO (6e¥) transi-
tion which has a (corrected) calculated energy of 1.62 eV.
This band therefore corresponds to the Q band observed in
PcH, but it is not split and is shifted to lower energies due to
the stabilization of the LUMO level.

(iii) The absorption band at 2.62 eV comes from the
close-lying electronic transitions Se, —2a,, and 4¢, —2a,,
and the band at 2.90 eV originates in the 3e, —2a,, transi-
tion. These two bands were not present in PcH, because they
imply the promotion of an electron to the half-filled HOMO
level which is doubly occupied for PcH,.

(iv) Theband observed at 3.35 eV is attributed by Turek
et al.® to the Soret or B band and can be correlated with the
electronic transitions to the 6e} LUMO located about 3.9~
4.1eV (see Table I). Although as for PcH,, the energy of this
band is overestimated by the VEH calculations, the red shift
predicted by the VEH method with respect to the corre-
sponding transitions of PcH, (4.1-4.6 eV) is in very good
accord with the bathochromic shift observed experimental-
ly. This bathochromic shift is also observed when comparing
the B band of the cation radical and the neutral species of
Cr(III) and Fe(III) phthalocyanines.>*

Our assignment only differs from that reported by
Turek et al.> in what concerns the bands at 1.53 and 2.62 eV.
Following the general discussion reported by Minor er al.>
for the electronic spectra of different oxidation states of met-
al phthalocyanines, Turek et al.>* propose a blue shift of the
Q band of PcLi with respect to Pc(2 — ) compounds and
assign this band to the absorption peak at 2.6 eV, while the
peak at 1.53 eV is correlated with the e, —2a,, transitions.
On the contrary, Homborg ef al.>>?® suggest a shift to lower
energies for the Q band on the basis of the absorption spectra
obtained for Pc( — YMgCI?S and Pc( — ) Li’®; thisismore in
the line of our own interpretations.

Il1. DIMERIC COMPOUNDS: METAL-FREE
PHTHALOCYANINE DIMER AND LUTETIUM
DIPHTHALOCYANINE

The dimer of PcH, has been built by stacking two planar
D, rings of metal-free phthalocyanine along the z axis. The
interring distance (3.32 A) and the ring—ring staggering an-
gle (36.6°) assumed for the theoretical calculations are those
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reported by Ciliberto et al.*” for a silicon phthalocyanine
dimer for which structural, photoelectronic, and optical
data are available.>”® For Pc,Lu, the x-ray crystallographic
molecular structure obtained by De Cian et al.*° has been
used for the VEH calculations. In this structure, each ring is
rotated by 45° with respect to the other and both rings are
severely distorted from planarity. The mean separation
between the planes formed by the four isoindole nitrogens of
both macrocycles is only 2.69 A. Calculations have been per-
formed on the Pc;~ radical again without taking into ac-
count explicitly the lutetium atom.

The one-electron energy level distribution obtained for
(PcH,), and the Pc,Lu model system are displayed in Fig. 3.
The HOMO level corresponds to the orbital number 186
which is occupied by only one electron in the case of the
Pc,Lu radical. An overall splitting of the molecular orbitals
is observed when passing from monomeric (Fig. 2) to di-
meric (Fig. 3) phthalocyanines due to the interaction
between both rings.

Molecular orbitals 185 and 186 (Fig. 3) result from the
splitting of the 4a, m=-HOMO of the phthalocyanine mon-
omer. The VEH calculations predict a splitting of 0.35 eV for
(PcH,), in excellent agreement with the experimental val-
ues reported by Ciliberto et al. (0.29 eV)*” and Hush et al.
(0.32 V)8 on the basis of photoelectron spectroscopic data.
A larger splitting of 0.83 eV is calculated for the Pc,Lu mod-
el as a consequence of the closer interaction that takes place
between the phthalocyanine rings in this compound. Al-
though there are no photoemission data for Pc,Lu, the cal-
culated splitting is in very good accord with the absorption
band observed at 0.90 eV in the near infrared electronic spec-
tra of Pc,Lu in dichloromethane solution.*’

The doubling of the molecular orbitals in (PcH,), and
Pc,Lu give rise to a great number of allowed electronic tran-
sitions. Table II summarizes the most significant among the
transitions below 4 eV. It must be borne in mind that the
transition energies are obtained in the same way as for PcH,,

Ei leV)
f— wr—y  —— 92"
-40 — 19"
190" —— 189" —190*
. — 189*
BT are B .
—e- 186
-6.0 e 186
- 185 S
-8.0
- 184 - 184
-10.0
{PcH,), Pcylu

FIG. 3. VEH one-electron energies (E;) of the upper occupied and lower
unoccupied molecular orbitals calculated for (PcH, ), and the Pc,Lu model
system. All the orbitals are of 7 type.
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i.e., after contracting the occupied levels by a factor of 1.3
and shifting the unoccupied levels by 0.59 eV to higher ener-
gies.

The lower energy transition in Table II corresponds to
the promotion of an electron from the MO number 185 to the
half-occupied HOMO in Pc,Lu. This transition has an ener-
gy of 0.83 eV and, as mentioned above, correlates very well
with the first near infrared band experimentally observed for
Pc,Lu at 0.90 eV.* This band is polarized along the z axis
and can be considered as an intramolecular charge transfer
between the two phthalocyanine rings. The Pc,Lu model
molecule presents another absorption band in the near
infrared region at 1.37 eV.* Markovitsi et al. assign this
band to the promotion of a deeper electron to the HOMO
level.** Our calculations, however, predict these electrons to
be too low in energy and only the rather weak (oscillator
strength ~0.2) 186-187*, 188* HOMO-LUMO transi-
tions located around 1.20 eV can be correlated with that
experimental band. These two infrared bands are not ob-
tained for (PcH,), since the HOMO is doubly occupied and
the HOMO-LUMO gap is larger than in Pc,Lu.

(PcH,), shows two rather weak transitions at energies
lower than 1.7 eV (see Table II). These transitions corre-
spond to the 186 187*, 188* HOMO-LUMO excitations
and can be correlated with the shoulders observed on the
lower energy side of the main Q' band peak of silicon phthalo-
cyanine dimers.*! The lower energy transition (186— 187*)
is calculated at 1.50 eV, 0.31 eV lower in energy than the
corresponding HOMO-LUMO excitation of the PcH, mon-
omer (1.81 V). The bathochromic shift observed for this
transition on going from the monomer to the dimer results
from the splitting of the a, and e, levels which determines a
narrowing of the HOMO-LUMO energy gap. This shift to

TABLE II. VEH electronic transitions calculated for (PcH,), and the
Pc,Lu model system. Transitions more energetic than 4 eV or with oscilla-
tor strengths lower than 0.5 are not included. Energies are in eV (nm in
parentheses).

Oscillator
Transition Energy* strength Polarization®
(PcH,), 186-187*  1.50(827) 1.2 x
186 188* 1.67(742) 0.5 y
186 189* 1.77(700) 4.8 y
185-187* 1.86(667) 4.7 y
186 190* 1.92(646) 44 x
185-188* 2.03¢611) 4.5 x
185-190* 2.28(544) 1.1 y
184 187* 3.94(315) 1.4 x
Pc,Lu 185-186 0.83(1494) 30 z
186-189* 1.69(734) 3.6 X,y
186 190* 1.72(721) 34 x,y
185187+ 1.98(626) 34 X,y
185-188* 2.06(602) 3.4 X,y
178-186 2.80(443)° 1.1 x,y
184187+ 3.89(319) 0.6 X,y

*Transition energies are calculated as one-electron energy differences after
a contraction of 1.3 of the occupied levels and a shift of 0.59 eV to higher
energies of the unoccupied levels. (See the text for further details).

® Axes refer to those presented in Fig. 1.

°This transition is the most intense of a group starting at 2.74 eV.

the red is not clearly seen from the optical spectra*' due to
the low intensity of the 186 — 187* transition but it is in per-
fect agreement with experimental electrochemical data.*>*?
Since oxidation involves removing an electron from the
HOMO and reduction adding an electron to the LUMO, it is
reasonable to expect a direct connection between experimen-
tal redox potentials and HOMO and LUMO energies, pro-
vided electron correlation effects do not play a major role.
Cyclic voltammetry data (vs SCE) for silicon phthalocyan-
ine compounds*? predict oxidation potentials of 1.00 and
0.71V for the PcSi(OR ), monomer and the RO(PcSiO), R
dimer, respectively, and reduction potentials of — 0.90 and
— 0.81 V. Two important facts are to be stressed in relation
to these data. First, the 1.90 V gap measured between the
oxidation and reduction potentials of the monomer fits very
well with the HOMO-LUMO energy gap (1.81 eV) calcu-
lated and experimentally measured for the monomer. Sec-
ond, the oxidation-reduction gap decreases by 0.38 V on go-
ing from the monomer (1.90 V) to the dimer (1.52 V) corro-
borating the bathochromic shift (0.31 eV) predicted by the
VEH calculations for the lower energy HOMO-LUMO
transition which has an energy of 1.50 eV for the (PcH,),
dimer.

Similar sets of four intense transitions are obtained both
for (PcH,), and the Pc,Lu model system in the range from
1.7 to 2.1 eV (see Table II). These transitions correspond to
the 186 189*, 190*, and 185— 187*, 188* excitations and
clearly correlate with the strong absorption @ band observed
for the monomers. The complexity of this band results from
the doubling of the HOMO and LUMO levels when passing
from the monomer to the dimer and is in very good agree-
ment with the multipeak structures displayed in the 600-700
nm region by metal-free phthalocyanine dimers.** For ex-
ample, the dimer involving two phthalocyanine units linked
via a benzene ring by a — OCH,C(Me) (Et)CH,O group
presents a broad @ band in toluene/ethanol solution with
absorption peaks at 708, 673, 641, and 620 nm at room tem-
perature. The positions of these peaks are in perfect accord
with the four theoretical transitions calculated for (PcH,),
and located at 700, 667, 646, and 611 nm (see Table II). For
Pc,Lu, the four transitions are almost degenerate two by two
(transitions centered at 1.71 and 2.02 V). However, only
one absorption band is observed in the experimental spectra
at an energy of 1.88 eV .4**5 This energy corresponds almost
exactly to the center of gravity of the theoretical transitions
(1.87 eV). The reduced form of Pc,Lu (Pc,Lu™) displays a
double absorption band at 1.77 and 2.00 eV, in very good
correlation with the theoretical results.

Pc,Lu presents another absorption band in the visible
region at 2,70 eV.***> Asin PcLi, this band can be attributed
to electronic transitions from deeper levels to the half-occu-
pied HOMO. A large set of these transitions is calculated
between 2.70 and 2.98 eV, the maximum oscillator strength
being found at 2.80 eV in good agreement with the experi-
mental data. Finally, the Soret band (observed about 3.75
eV for (PcH,),*** and 3.92 eV for Pc,Lu*®*%) can be corre-
lated with the theoretical transitions starting at ~3.9 eV
with the 184 — 187* transition for both (PcH,), and Pc,Lu.

The calculations performed without taking explicitly
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into account the lutetium atom are thus in good agreement
with the Pc,Lu optical spectrum in dichloromethane solu-
tion presented in Fig. 4. We can conclude from this result
that the role of the metal electronic structure is not of prime
importance in the diphthalocyanine electronic structure;

this is confirmed by the fact that the Pc,Lu (closed-shell 4/
Lu®* cation) and Pc,Y (3d'%4s°4p°Y>"* cation) optical
spectra present absorption bands located at the same ener-
gies in the visible** and near infrared*® domains. The com-
mon parameter for these two metals is their ionic radius
(0.93 A) which governs the distance between the two ma-
crocycles and, as a result, the overlap of the 7 orbitals. A
similar conclusion can be drawn from the observation of the
near-IR absorption band evolution in the series of the close-
ly-related sandwich-like lanthanoide octaethylporphyrinate
dimer complexes.*” This band undergoes a bathochromic
shift as the atomic number of the metal increases, which is
simply rationalized by the parallel decrease in ionic radius of
the lanthanoide (3 4 ) cation. These features fully justify
the approach we have followed for these calculations since
the role of the metal is fairly well represented simply by its
influence on the distance between the two phthalocyanine
rings.

The spectrum of a Pc,Lu film (Fig. 4) shows an addi-
tional band at 0.6 eV with respect to the spectrum recorded
in solution. This band has no correspondence in the theoreti-
cal calculations for an isolated Pc,Lu molecule. However, it
is currently generally believed that this band cannot be at-
tributed to an intramolecular charge transfer between the
two phthalocyanine rings but rather corresponds to an inter-
molecular process.*® Its nature will be discussed elsewhere.*®

IV. LITHIUM PHTHALOCYANINE CRYSTAL

VEH band structure calculations for the PcLi crystal
have been performed based on the crystalline structure re-
ported by Sugimoto et al.*? In this crystal, the phthalocyan-
ine rings are stacked face to face along the crystalline ¢ axis at
an interplanar distance of 3.245 A. An approximate stagger-
ing angle of 40° has been used for adjacent rings instead of the
reported value of 38.7°. Again, the lithium atom is not expli-
citly included in the calculation.

The VEH electronic band structure calculated on the
model for the PcLi crystal along the ¢ stacking axis is sche-
matically depicted in Fig. 5. This structure shows the same
main features than those previously observed for doped

Abs Abs

X —

e 40

(X ]
E{ev)

FIG. 4. Optical absorption spectra of lutetium diphthalocyanine: (i) in
dichloromethane solution (solid line); and (ii) as a thin film sublimed on a
quartz slide (dashed line). Note that there is a modification in the intensity
scale when going from the uv-visible region to the IR region.
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-0.3

Energy (a.u.)

-0.2 -_C-—?/_
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_

0 1
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FIG. 5. VEH band structure calculated on a model PcLi crystal along the ¢
stacking axis. ¥Band CB denote valence and conduction bands, respective-
ly. VB is only half-filled.

phthalocyanine crystals.*® The valence band lies alone well
above the remaining 92 occupied bands below — 8.0 eV
(i.e., —0.3 atomic units of energy) and originates in the
overlap of the 2a,, (assuminga D, symmetry) 7 orbitals of
the lithium phthalocyanine monomers. This band is only
half-filled due to the single occupancy of the 2a,, HOMO.
The conduction band is formed by two nearly degenerate
bands running parallel and resulting from the overlap of the
6egmolecular orbitals. These bands would actually be de-
generate in a true D, symmetry.

Valence and conduction bands are calculated to be rath-
er broad, allowing for a good electron delocalization along
the stacking axis. The width obtained for the valence band
(1.08¢eV) isin very good agreément with the = 1 eV estimate
of André et al>® on the basis of spin dynamics measure-
ments. Since this band is only half-filled, there is no energy
gap for electrical conduction along the stacking axis. Turek
et al.'® reported a very small activation energy of 0.2 eV for
electrical conduction which can be due to crystalline defects
(or coulombic repulsion between conduction electrons). A
total width of 0.99 eV is obtamed for the almost degenerate
conduction bands.

The first optical absorptlon corresponds to the intra-
band transition within the half-filled upper occupied band.
The first direct interband transition is predicted to occur at
k = m/2c with an energy value of 1.50 eV. This value corre-
lates very well with the absorption band measured at 806 nm
(1.54 &V) for the PcLi crystal.>® The absorption spectrum of
the PcLi crystal presents the same pattern as that observed
for the PcLi parent molecule and an assignment of the ab-
sorption bands similar to that discussed above for the PcLi
molecule can therefore be expected. The spectrum shows an
additional absorption peak at 720 nm (1.72 eV) that can be
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correlated with the VB— CB electronic transition at k = 0
which has an energy of 1.65 eV.

V. SYNOPSIS

We have investigated the electronic structure of five
phthalocyanine compounds using the valence effective
Hamiltonian nonempirical technique. In the lithium and lu-
tetium phthalocyanines, the metal atoms are not explicitly
included in the calculations. Their role can indeed be simply
taken into account by employing the corresponding experi-
mental geometries and considering the proper number of
electrons of the phthalocyanine rings. The optical transi-
tions have been calculated with the VEH method; we em-
phasize again that the bare optical transition values are ad-
justed by using a contraction (by a factor of 1.3) of the
energy scale for the occupied levels and a 0.59 eV shift to
higher energies of all the unoccupied levels. The lowest opti-
cal transitions obtained on that basis are found to be in excel-
lent agreement with the experimental data.

In the monomeric systems, the lower first optical transi-

tion observed in PcLi with respect to PcH, is due to a slight

stabilization of the first unoccupied level. The origin of the
Soret or B band is far more complex than what would be
expected from the four-orbital model proposed by Gouter-
man and co-workers on the basis of the porphine electronic
structure. The inadequacy of this model for phthalocyanines
is related to the marked difference in the locations of the
upper two occupied levels between phthalocyanine and por-
phine.

In the dimers, there occurs a splitting of the phthalo-
cyanine ring energy levels. The splitting of the HOMO level
for the metal-free compound is on the-order of 0.35 eV, in
very good agreement with the UPS data. In lutetium diphth-
alocyanine, the splitting is almost three times as large be-
cause the separation between the phthalocyanine rings has
strongly decreased by 0.63 A. It corresponds to the first opti-
cal transition observed at 0.9 eV due to the single occupation
of the HOMO level. It is interesting to note that an addi-
tional transition at 0.6 eV is measured in phthalocyanine
lutetium films. This transition is not seen in solution and is
not predicted by the VEH calculations on the dimer. It is
therefore interesting to note that this additional absorption
is up to now attributed to an intermolecular charge—transfer
transition between two dimers.
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