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New trends

Photodynamic therapy of tumours:
value of quantum chemical procedures for characterization of new drugs.
Prediction of the electronic structure of zinc(Il) phthalocyanine
with special emphasis on triplet state excitation energies
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Ciba-Geigy Lid, Department of Physics, CH-4002 Basle, Switzerland
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Summary — Zinc(Il) phthalocyanine is the active component of the liposomal formulation CGP 55847 which showed a high
activity in photodynamic therapy in a variety of animal tumours. The photophysical properties of zinc(1l) phthalocyanine have been
studied in detail and compared to those of Photofrin, the only sensitizing agent approved so far for phase 111/ [V clinical trials. Since
the efficacy of photodynamic therapy intrinsically depends on the spectroscopic features of the sensitizer, quantum chemical methods
have proven to be an efficient means for optimizing chemical structures. As will be shown, a simple modification of the time-honoured
INDO model of Pople allows a prediction of the singlet and triplet state properties of molecules of the size of zinc(II) phthalocyanine

with an rms error of < 1000 cm-!.

zinc(IT) phthalocyanine / photodynamic therapy / INDO/S / quantum chemical prediction of spectral features / triplet state

properties
Introduction
Photodynamic therapy

Photodynamic therapy (PDT) is an innovative and
attractive modality for the treatment of small and
superficial tumours. PDT, as a multi-modality treat-
ment procedure, needs both a selective photosensitizer
and a powerful light source that matches the absorp-
tion spectrum of the sensitizer. Quadra Logic’s
Photofrin, a purified haematoporphyrin derivative, is
the only photosensitizer approved so far for phase I
and IV clinical trials [1]. Major drawbacks of this
product are lack of chemical homogeneity and stabi-
lity, skin phototoxicity and unfavourable physico-
chemical properties [1]. The absorption spectrum of
Photofrin possesses, as most porphyrins, an intense
Soret band at around 400 nm and four weak transi-
tions between 500 and 650 nm [2]. Unfortunately, the
absorption coefficients (& 4 = 3500 M-l.cm-1) are
very small in the red region of the spectrum, ie, at
those wavelengths where the penetration depth of
light reaches a maximum in most tissues [3]. More-
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over, the low selectivity of Photofrin with regard to
uptake and retention by tumour cells and the absorp-
tion of large fractions of sunlight may lead to strong
skin phototoxic reactions [1, 2].

Second generation photosensitizers, including the
phthalocyanines, show an increased photodynamic
efficiency in the treatment of animal tumours and
reduced phototoxic side effects [4-6]. At the time of
the writing of this article, there were more than half a
dozen new sensitizers in or about to start clinical
trials. All available data suggest a common mecha-
nism of action. Subsequent to excitation of the photo-
sensitizer, the tumour is destroyed either by reactive
singlet oxygen species (Type 1l mechanism) and/or
radical products (Type 1 mechanism) generated in an
energy transfer reaction.

In contrast to Photofrin, zinc(ll) phthalocyanine
is a pure and chemically well-defined lipophilic sub-
stance [1]. Since the photosensitizer absorbs at a longer
wavelength (A4,,, = 670 nm; &, = 270 000 M-l cm-1;
[1]), it is expected that zinc(II) phthalocyanine causes
a deeper tumour necrosis than Photofrin [3].
In addition, the higher extinction coefficient (&)
of zinc(Il) phthalocyanine lowers the drug dosage
required to induce a cytotoxic response and the risk
of provoking systemic toxic reactions is clearly dimi-
nished.
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A liposomal formulation of zinc(Il) phthalocyanine
for intravenous injection (CGP 55847) has been deve-
loped at Ciba Geigy Ltd and is currently undergoing
phase I and II clinical trials at the CHUV (Centre
hospitalier universitaire Vaudois de Lausanne, Swit-
zerland) in patients suffering from squamous cell
carcinomas of the upper aerodigestive tract [7, 8].

Type I and Type Il reaction mechanisms

Upon absorption of light, sensitizer molecules are
usually excited to a short-lived excited singlet state.
Fast radiationless relaxation processes subsequently
populate lower lying triplet states via intersystem
crossing and ultimately yield the first excited triplet
state 7, in a spin-allowed process. The slower the
decay of the triplet state, the more time the chemical
has to act upon its environment, ie, the tumour tissue,
via Type I or Type Il reaction mechanisms and to
initiate  biochemical and biophysical mechanisms
which cause the tumour necrosis [1, 2]. Since a long
triplet state lifetime (7 > 1 us) is considered as a
precondition for efficient photosensitization, mole-
cules containing a diamagnetic central metal ion are
consequently better suited for PDT than analogous
compounds containing a paramagnetic metal ion,
which drastically shortens the lifetime of the molecu-

lar triplet state [9, 10]. In addition, the effectiveness of

the PDT treatment depends on various physiological
and physicochemical properties and particularly on
the number of photons absorbed by the photosensi-
tizer per unit volume of tissue [1, 11]. A tumour necro-
sis can only occur if the number of absorbed photons
exceeds a so-called damage threshold. For normal rat
liver, sensitized by sulphonated chloroaluminium(I1I)
phthalocyanine, the damage threshold was estimated
to be 3.8 (£0.2) x 1019 photons/cm3 [11].

If the energy of the first excited triplet state of a
specific compound is lower than the excitation energy
of 1A,0, (7900 cm-!), the sensitizer molecules are
generally not able to transfer their excitation energy to
molecular oxygen (3Z;0,) and to generate 'A,0O,. The
energy of the first excited triplet state of a photosen51—
tizer should range between 7900 and 18 000 cm-! to
promote Type II mechanisms. Higher triplet state
energies lead to unfavourable Franck—Condon factors
which prevent an efficient coupling of the initial sensi-
tizer—oxygen encounter complex to product states
thereby mhlbltmg the generation of 'A,0, and/or
highly excited X0, (excitation energy = 13 200 cm-1)
[1, 12]. Notably, in condensed media, the lifetime of
1270, is extremely short (7z = 20 ps in methanol
[13]) and rapidly quenched to yield 1A,O; in a spin-
allowed process [12].

However, there exist alternative pathways leading
to the formation of 'A,0,. An energy transfer from the

S, state of the sensitizer to molecular oxygen with the
subsequent generation of '1A,O, may occur, if the §-T
energy gap is greater than 7900 cm-! and the sensi-
tizer has a singlet state lifetime long enough (75 > 1 us)
to allow ample bimolecular collisions with oxygen
molecules [1, 12].

Compounds that have a triplet state energy below
7900 cm-! but possess a high triplet state quantum
yield and strong absorbance in the red or near infrared
region (800-900 nm) may still be good candidates for
Type I sensitizers if they possess long-lived excited
singlet and/or triplet states (> 1 us) with a high
tendency of promoting electron-transfer reactions [1].
Since the competing reactions leading to the forma-
tion of 'A,O, are energetically inhibited, radicals from
endogenous  substrates (amino  acids  and/or
alcohols) may be generated with high efficiency [1].

Methods

Prediction of spectroscopic features using a Hartree—
Fock—SCF formalism

For large molecular systems, the most rewarding
approach to determine the energy of the electronic
ground state has been to linearly expand the molecular
orbitals in terms of a limited set of atomic eigen-
functions, to define a proper Hartree—Fock operator,
calculate the energy of the electronic ground state,
apply the variation principle, set up the Roothaan
equations and solve them. Based on the variation
method, the best choice of molecular orbitals for the
ground state configuration is obtained by varying the
coefficients of the contributing atomic wavefunctions
in the determinant until the energy achieves its mini-
mum. These orbitals are referred to as self-consistent
field Hartree—Fock molecular orbitals (SCF MQs). To
obtain reasonable estimates of the excitation energies
of the lowest lying singlet and triplet states, these SCF
MOs enter a configuration interaction (CI) calculation
yielding the desired spectroscopic transition frequen-
cies and oscillator strengths.

Considerable success has been met in organizing
the 7 — 7" spectra of aromatic molecules by using the
Pariser—Parr—Pople SCF CI model [14]. Extensions of
this method, still within the m-electron framework,
incorporated lone pairs and inductive effects and al-
lowed a rudimentary assignment of n — 7* transitions
[15].

Toward the goal of predicting the effect of lone pair
electrons on the electronic spectra of unsaturated
molecules, Del Bene and Jaffé reparameterized
Pople’s CNDO/2 model [16, 17] and reproduced
many of the spectral features of nitrogen and carbonyl
containing compounds, although with low accuracy
[18, 19].



Stimulated by these results, Ridley and Zerner
revised Pople’s INDO/1 model [17, 20] and calculated
the singlet and triplet absorption spectra of a wide
variety of heterocyclic molecules with an rms error of
less than 1000 cm-! [21, 22]. Notably, the INDO
method possesses the distinct advantage over the
CNDO model that upon inclusion of one-center, two-
electron exchange integrals, ¢ — 7* and 7 — o~ tran-
sitions of different multiplicities are split in energy as,
indeed, they should be.

To accurately predict the manifold of singlet and
triplet states for molecules of the size of zinc(Il)
phthalocyanine, the reliability of various semiempiri-
cal programs (Extended Hiickel, CNDO/S, INDO/S,
MINDO/3, MNDO, MOPAC and PPP) with numerous
parameterizations has been studied. In conclusion we
have given preference to the INDO/S model of Zerner.

The INDO/S model
The molecular ground state and its energy

Theoretical considerations. In order to solve the
time-independent Schrodinger equation for a specific
molecular system (H,,- ¥, = £,,-V,,) and obtain reason-
able estimates of the ground state wavefunction (W)
and energy (Egg), the molecular wavefunction (Wgs) is
approximated by an antisymmetrized and normalized
product of molecular spin orbitals. For a system
containing g f3 electrons and p (> ¢) o electrons, the
Hartree—Fock determinant is represented by:

Pt 1Wos = [(p + @)!117172| 9% (1) 1) 9P (2) B2) ...
9% (2g - 1) a2q— 1) 97 29) B2q) ...
o5 (p+q) op + g

where the product of spatial orbital and spin functions is
designated as molecular spin orbital y, (i = 1,..., [p + g]);
for example y,, = ¢f (2g) B2q).

Based on the Roothaan—-Hall recipe [23, 24], the
molecular wavefunctions (¢¥) are expanded as linear
combination of all-valence atomic orbitals (8,):

M
LCAO — MO: ¢f =S " C% -4,
u=1

where the superscript & either denotes ¢ or 8 spin for
the closed-shell spin-restricted (¢* = ¢f3) [21] or spin-
unrestricted case [25-27] or most often refers to a
shell structure for an open-shell, spin-restricted calcu-
lation [28]. Within the frame of Zerner’s INDO/S
method, the atomic orbitals (AOs) of first, second and
third row elements are represented by ordinary Slater-
type orbitals (STOs). Except for the 1s AO on the
hydrogen atom ({ = 1.2), all orbital exponents ()
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were obtained from Slater’s rule [29]. For fourth and
fifth row elements double-{ basis functions [30] have
been chosen to match the moments of relativistic
atomic Hartree—Fock calculations. In addition, a lot of
emphasis was put on the structure of d-orbital func-
tions, since regular d-STOs concentrate too much
electron density in the bonding region [25, 26].
Recently, the INDO/S model has been extended to the
f-electron lanthanide series [31]. However, since the
prediction of the spectral features of lanthanide-
containing compounds requires the inclusion of addi-
tional terms in the Hamiltonian to account for spin-
orbit coupling effects [31]. we shall not further dis-
cuss the spectroscopic properties of organometallic
lanthanides in this context.

Application of the variation principle yields the
Roothaan equations which reduce to the standard
eigenvalue problem by adopting Pople’s zero differen-
tial overlap (ZDO) approximation [17, 21]:

F*.CF=ct . CF

Here F* represents the Fock or energy matrix, the
column vector C} contains the coefficients C%, of
molecular orbital ¢f and & specifies its energy. Since
the basis functions are envisioned to be strongly
orthonormal (ZDO approximation), disregarding the
fact that non-orthogonal Slater-type orbitals are used
throughout the calculation, the semiempirical para-
meters in the Fock matrix (see below) need to be
adjusted to compensate for the inconsistencies intro-
duced.

Within the scheme of Zerner’s INDO/S model, the
matrix elements F f,',/ of the molecular ground state are
specified by [25-27]:

A

Fiy = U+ D [Pox(uplod) ~ PE, (uo|ud)]

o,A
B
+Y {Z[(Pm —1) - }; ne A

B#A I
A
F¥, =3 [Poa{ur|oX) — P (poluA)); pv € A
a, A

Fh, =S [Ban+Boul/2— P&, 7AP; e Aive B
Specification of the parameters. The one-center core
integral, U, is calculated from a ‘weighted’ atomic
ionization potential ({,) and thus incorporates the
effects of a core pseudo-potential V,, which simulates
the repulsion of inner shell electrons [25-27].

Z, represents the nuclear core charge of atom A and
Ba,. 1s an empirical bonding parameter chosen to give
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best agreement with experimental data. Each atom has
at most two parameters f3,,. where the same para-
meter is used for s and p atomic orbitals, B, = B4,
but a different value is chosen for atomic d orbitals
ﬁA,(I [265 27]'

The first-order Fock—Dirac density matrix (P = P +
P?) is defined by:

P g
o =S Cir G L =203
i=1 j
with the summation taken over all & (or f8) spin MOs
occupied in the molecular ground state.
The one-center, two-electron integrals, {{tv|cA}) are
calculated from [26]:

6% (1)6, (1) - 07(2)6(2
(,uu|<7/\)=// (1) (1)7,12 (2)8x( )dvl.dvg;

#,V,O',/\EA

Within the frame of Pople’s standard INDO proce-
dure only those corrections are preserved which
correspond to the exchange {uviuv) and Coulomb
(uulvv) integrals, respectively [17]. However, Zerner
retains all those integrals that include Slater—Condon
F, G and R integrals, such as the hybrid type integral
{p.d.lpd.), to preserve rotational invariance for atoms
containing s, p and d atomic basis functions [27, 32].

The two-center, two-electron Coulomb integrals,
VB, are approximated by semiempirical expressions
adoptmg a different parameterization for calculation
of singlet and triplet state energies (see below) and the
weighted two-center overlap integrals, S ,,, are related
to the ordinary orbital overlap integrals, S,,. of Pople
by [17, 25, 26]: ‘

guy = Zgu(u) . fl/(u) -5

Based on the mathematical structure of the orbital
functions and their relative positions, the proper over-
lap matrix is immediately obtained. The Eulerian
transformation matrices (8,5, &1 Luor L Suacr---) AL
required to rotate the local diatomic to the molecular
coordinate system and the f-terms (f,s, foor fuo fum Jugo---)
are universal weighting factors which describe an
admixing of o-, 7- or &-properties to overlap integrals
S, of the type S, and §,, [25, 26].

The geometry of the system is clearly reflected in
the overlap matrix. If experimental data are not avail-
able, an idealized geometry (regular polygons, bond
length and bond angles) may be used throughout the
calculation. For larger molecules it is, however,
recommended to optimize the structure with a dedi-
cated software package prior to calculating the mole-
cular spectrum. Starting with an initial geometry, the

p(ulv(u)

molecular energy is minimized in terms of its struc-
ture either by quantum chemical or by molecular
mechanical procedures. The major distinction bet-
ween the two methods is that in the molecular mecha-
nics approach the electrons are not considered expli-
citly and the various atoms are treated as units
interconnected by specific potentials [33, 34]. The
potential functions depend on van der Waals radii,
bond lengths, bond angles, stretching and bending
force constants, etc [33]. In Allinger’s MM2 program,
the force field has been parameterized to yield excel-
lent geometries, relative conformational energies,
heats of formation, crystal packing arrangements and
reactivities [34]. However, the geometries obtained
using Zerner’s non-spectroscopic INDO/1 version
[25, 35] or Stewart’s MOPAC program [36], a
semiempirical all-valence-electron calculation (utili-
zing the AMI1 Hamiltonian), are generally better
suited for subsequently predicting spectral transitions.
Starting at an arbitrary geometry and guided by an
iterative Newton or Hessian procedure, one steps to
the energy minimum (E,, = E,, + E,.: see below) until
all gradients (first and second derivatives of the total
energy) are equal to zero [37]. In our experience, the
INDO/1 structures seem to be superior to the MOPAC
geometries at least for phthalocyanine and porphyrin
ring systems, because they result in totally planar
m-systems. Apparently, the AM1 Hamiltonian tends to
attribute to much single bond character to the bonds
between the isoindole rings and aza nitrogen atoms, so
that a torsion around these bonds may occur.

Calculation of the molecular ground state using the
INDO/S method. Based on initial estimates of the
density matrices P% , an SCF calculation is performed
and the ground state configuration calculated. The
starting set of MO coefficients is generated by diago-
nalizing a Hiickel-like matrix constructed from:

FlF=-1,/2

F,?izk :gl‘

v (ﬂA,[J + ﬂB,u)/Q; K # v

By inserting the eigenvalues (& ) thus obtained
into the Roothaan equations (F0.k . Ck = & . Ct), a
refined set of coefficient matrices Ck is gamed and
yields initial estimates of the first-order density

matrices P% and of the electronic energy of the mole-
cular ground state:

Ey = 1/22 [2 ey Z Jaa Kf’j“ _zq:JZf;ﬂ}
q q ’ P
F12%° [z Fy ZJga}



which when added to the energy accounting for the
internuclear repulsion, £, provides an expression for
the total energy:

Eior = Egt + Enue

nuc - Z ZA ZB/RAB
A#B
Here R,; corresponds to the distance between the two
centers (A, B), while J; and K;; are identified with the
Coulomb and exchange integrals, respectively:

-sa o . "‘ﬁ ﬁ
Ja/i ff ¢i* (e (1 )rlj’J (2)¢J ) dv, - dvg
N ¢Z“(1)¢f(11;j;°(2)¢g(2) doy - doy

The Coulomb repulsion integral, J”‘ﬁ, represents the
interaction of the smoothed-out charge distributions
¢re - ¢ and ¢7F - pP. The exchange integral, K 2% is a
typical quantum mechanical quantity without any
classical analogue. K2* enters the two-electron
coupling term with a negatlve sign and reduces the
energy of interaction between electrons with parallel
spins in different orbitals ¢¢ and ¢ Upon using the
symmetry properties of the molecule under considera-
tion, the number of two-electron integrals reduces to
those being unique by symmetry. Detailed directions
for the calculation of Coulomb and exchange integrals
within the INDO/S approximation are found in refe-
rence [21].

The elements of the first-order density matrices
P%, are ultimately used to construct new Hartree—Fock
matrices Ft. The simultaneous diagonalization of
these matrices, which are linked through the first-
order density matrix P,,, leads to an improved set of
expansion coefficients C ;and the iterative process is
repeated until %elf—consmtency is achieved, ie, until:

[ES) — ES™Y) < 107 Hartree

where E” gives the electronic energy after n itera-
tions.

The full configuration interaction (CI) matrix

The most rewarding approach to obtain reliable esti-
mates of the manifold of molecular states consists of
setting-up and diagonalizing the full configuration
interaction matrix  [30]. The corresponding
determinantal wavefunctions ¥, (s > 0) are constructed
by replacing one or more of the occupied molecular
spin orbitals y; in the ground state Slater determinant
by virtual spin orbitals. The excited configurations are
classified into single-substitution functions, ¥,_,,, in
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which a single electron is promoted from a filled y; to
a virtual spin orbital J,, double-substitution functions,
¥, ... in which ¥, is replaced by x, and x; by x,,
triple-substitution functions, ¥ ... and so forth.
Within the framework of the full CI method the exact
determinantal wavefunctions, ¥, are obtained by
solving the proper secular equation [30]:

‘I’i = Qg; - \IIO + Za“' . ‘I’, with (‘I’sl‘l’l) = 6st
$>0

> (Hy— Ei-8y)as =05t =0,1,2,--
8

where the CI matrix elements H,, are defined by:
H,={¥, HIW)

The full CI method is well defined, size-consistent and
variational. However, due to the large number of
substituted determinantal wavefunctions, the proce-
dure is very time-consuming and limited to small
molecular systems [30].

The CI matrix within the INDO/S framework

Zerner’s INDO/S model has been finely tuned to
reproduce the spectral features of a wide variety of
heterocyclic compounds by considering single excita-
tions only. The truncation of the full CI matrix by
restriction on single-substitution functions is termed
as a limited configuration interaction treatment. As we
are mainly interested in predicting the spectroscopic
features of large molecular systems, we focus our
treatment (without a considerable loss in generality)
on molecules whose ground state possesses a closed-
shell structure. Excitation of an electron from a
filled y, to a virtual spin orbital x, consequently
gives rise to singlet and triplet state configurations.
Because the spin functions between electron con-
figurations of different multlphClty are mutually
orthogonal, (\¥,_, [HI 3'¥,_,) = 0, the CI matrix parti-
tions into two mdependent blocks.

By considering only single excitations in the CI
matrix, no improvement of the ground state determi-
nant is possible, since the matrix elements which
couple the molecular ground state to singly excited
configurations vanish (Brillouin’s theorem). That
means, if the MOs are completely self-consistent, the
ground state determinant is, by definition, the best
single determinantal wavefunction and cannot be
improved by a configuration interaction treatment.
However, within the limitations imposed by the SCF
MO basis set, excited state wavefunctions are not
adequately described as single Slater determinants, ie,
the single-substitution functions %, generated by
promoting an electron from an occupied (};) to an
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unoccupied (¥,) spin orbital are not eigenfunctions of
the CI Hamiltonian H. Since most off-diagonal matrix
elements accounting for interactions between singly
excited electron configurations are non-zero (see
below), diagonalization of the CI matrix is required to
get the desired transition energies and to determine
the structure of excited state wavefunctions which are
ultimately expressed as linear combination of single-
substitution determinants. To obtain reasonable esti-
mates of the lowest lying singlet and triplet states, the
number of single-substitution functions which need to
be included in the CI matrix drastically increases with
the size of the molecule. Moreover, because the CI
matrix only considers single excitations and neglects
interactions with and between multi-substitution wave-
functions, the set of semiempirical parameters unques-
tionably contains contributions which compensate for
the truncation of the CI matrix. Anyway, no such
parameterization can neutralize multiple excited confi-
gurations if the corresponding transitions lie in the
spectroscopic region of interest, or if double-substitu-
tion determinants heavily mix with the ground state
configuration. Within the frame of the INDO/S model
higher substitution wavetunctions may be quite easily
incorporated in the CI matrix [30, 38, 39]. However,
care is advised. Since the parameterization has been
calibrated at the Cl-singles level, the inclusion of
double-substitution wavefunctions often leads to an
overestimation of the transition frequencies by drasti-
cally lowering the ground state energy. The balance is
generally not restored until certain triply excited
configurations are included in the CI matrix.

The singlet state Cl matrix within the INDO/S frame-
work. The zero-order excitation energy associated
with a singlet-singlet transition is computed from:

AE:cak = 6]; - 5? - ‘]il:lk +2- Kikak

where the quantities, J* and K*, correspond to the
Coulomb and exchange integrals, respectively.

The manifold of these transition energies enter the
CI matrix as diagonal elements, ("'\P*%_[H| "P*  where
the superscript kk denotes excitation within the
subspace of o or f spin MOs. The off-diagonal CI
matrix elements are identified with [21]:

(Wgs|H{ 1WF Yy =0 (Brillouin’s theorem

(NG [H| TS = 2 (ailjb) — (abli)

Detailed directions for the calculation of the inte-
grals (ailjby and {ab | ij) are found in the appendix of
reference [21] where a proper consideration of the

orthogonality of the molecular spin orbitals is implied.
Note that {ablij) vanishes unless k = k'.

The triplet state CI matrix within the INDO/S frame-
work. With reference to the electronic ground state,
the zero-order singlet-triplet transition energies are
given by:

AERF = &8 — ek — JEF with k # ¥/

and enter the triplet state CI matrix as diagonal
elements, W [HI 3WH ). Notably, excitation of the
molecular ground state to an excited triplet state is
associated with a spin-flip reaction and a change in the
spin angular momentum.

The off-diagonal matrix elements of the triplet CI
matrix are calculated from:

(YWgs|H| 20 ) =0 (Spin orthogonality)

(Pwtt [H| PUEE,) = —(ablij) with k # &
The parameterization scheme within the INDO/S
model

Since electronic excitations occur without change of
nuclear geometry (Franck—Condon principle), the
semiempirical parameters have been calibrated to the
band maxima of well-known spectroscopic transi-
tions. This seems most reasonable as we are estima-
ting a point on the potential surface of the ground
state near its experimental minimum and points on the
potential surfaces of excited states directly above the
ground state minimum (‘vertical transition”).

Towards the goal of incorporating the effects of
higher excitations within the framework of the limited
CI method, it was, however, unavoidable to choose a
different parameterization for reproducing the mani-
fold of singlet and triplet state energies.

The singlet state parameterization. The semiempiri-
cal parameters f,,, the f-values (f,,, f,».-.) and the
two-center, two-electron Coulomb integrals, yaB, were
fitted to minimize the ground state energy and to
reproduce the spectral features of a wide variety of
molecular systems (benzene, pyridine, pyrrole, etc).
After an extensive search, the Coulomb integral, y\5,
was approximated using the Weiss modification of the
Mataga—Nishimoto recipe [40]:

4AB _ fy
w2 Syl 07" + Ras

where R,; corresponds to the distance between the
two centers (A, B) and ¥} to the difference between



the ionization potential (/2) and electron affinity (A})
of an s, p or d electron of atom A, ie, ¥ = I} — A}
[27, 41]. Following the recommendation of Weiss
(unpublished results, 1970), the parameter f, was set to
1.2 to raise the value of the Coulomb integral above
that of the unmodified Mataga—Nishimoto equation
[40].

The triplet state parameterization. It is, perhaps, not
surprising that a model which is finely tuned to esti-
mate singlet-singlet transition frequencies is far less
successful in predicting triplet state energies. This is
especially true because the configuration matrix
includes only singly excited configurations. The omis-
sion of multi-substitution wavefunctions strongly
affects the values of the semiempirical parameters
Baw vB and foo fom fus--.) which were carefully
adjusted to accurately predict the singlet-singlet tran-
sition frequencies of a wide variety of molecular
species. A different parameterization was therefore
adopted for the calculation of triplet-triplet absorption
spectra.

After investigating the various empirical approxi-
mations used in the INDO/S method, Zerner con-
cluded that the two-center Coulomb integral, y,2,
needs to be modified to improve the prediction of
triplet state energies. The physical justification for this
adjustment relies on the fact that the correlation
between two electrons with parallel spin is smaller
than that between electrons with antiparallel spin [41]:

For Rap < 280 pm
7}?33 = (’r:p, + 711131/)/2 —a- RAB ~b. RiB

For Rap > 280 pm
Yaw = (1 +[(ra = 78)/(2 - Rag))?)"'/2
+ [+ [(ra +78)/(2- RaB)*"Y/)/(2 - RaB)

where r, is inverse proportional to the effective
nuclear charge Z, (r, = 8.687/Z,). Least-square values
for the parameters a and b are found in reference [22].

To further improve the predictive power of the
INDO/S model to estimate triplet-triplet absorption
spectra, Ridley and Zerner advise to change the over-
lap integral weighting factor f,, to 0.68 [22]. However,
based on an extensive least-squares search, a value of
Jon = 0.72 yields better estimates of triplet-triplet tran-
sition frequencies at least for porphyrin and phthalo-
cyanine rting systems (M Ochsner, unpublished
results, 1992). In our experience, it is generally
recommended to determine the best fitting value for a
distinct class of ring systems. The parameter f,,
should, however, lie in the range between 0.64 and
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0.74 to not overstress the model. If not specified
otherwise, the default value of 0.68 is selected.

A summary of Zerner’s singlet and triplet parame-
terization scheme is found in references [22, 25, 27].

Results and discussion
The molecular structure of zinc(Il) phthalocyanine

The ring system of zinc(II) phthalocyanine (ZnPc) is
displayed in figure 1 and basically consists of four
isoindole rings linked by aza bridges with a positively
charged zinc(Il) atom at the symmetry center [42].

As expected on the basis of the simple Hiickel theo-
rem, the ground state of ZnPc is planar and has a
symmetry of D,,. X-ray diffraction data only reveal
slight deviations from D,, symmetry indicating that
the dihedral angle between the pyrrole and its asso-
ciated benzene ring is less than 1.2° [43]. In agree-
ment with the Hiickel model all thermal parameters of
the zinc(IT) atom (tables Il and V in reference [43])
are only consistent with a zinc(II) atom positioned at
the symmetry center. The average Zn-N bond length is
unusually short (198.0 (x0.2) pm) as compared to
other zinc complexes (see below).

Recently, the molecular structure of ZnPc has been
determined in the gas phase using the electron diffrac-
tion technique [44]. As discussed in detail by Burkert
and Allinger, the geometries derived from the X-ray
or electron diffraction method may be quite different
[45]. The tight packing of the molecules in the crystal
leads to a force field which might cause slight distor-
tions of the equilibrium geometry. In addition, differ-

Fig 1. The zinc(II) phthalocyanine molecule consists of four
isoindole rings linked by aza bridges with a zinc(Il) atom at
the symmetry center. Owing to the high symmetry of the
macrocycle (D,,), there are two unique choices for the
orientation of the x- and y- axes; ie, either the aza or pyrrole
nitrogens may be chosen to define these axes. We decided
to align the axes along the pyrrole nitrogens, since the
Jahn-Teller effect couples the degenerate wavefunctions of

the first excited singlet state |1E%(7r*)> to b,, vibrational
modes (see fig 2) thereby distorting the molecular frame to
configurations which transform like the x- and y-coordinates.
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ences occur, because X-rays ‘see’ (are scattered by)
electron clouds, while electrons are scattered by
nuclei [45]. For atoms other than hydrogen, these
differences are small. Since the bonding electrons are
the only electrons around the hydrogen nucleus, those
bond lengths involving hydrogen atoms are persist-
ently too short when measured by X-ray crystallo-
graphy. A deficiency of electron diffraction technique
is the fact that a reduction of the molecular symmetry
from D,, to D, cannot be observed, since the diffrac-
tion pattern is generated by a large number of
randomly oriented molecules and yields a structure
which is averaged over singular distortions [45]. Due
to the regular arrangement of ZnPc molecules in the
crystal (space group P2,/a; Z = 2), such distortions
could principally be detected in the X-ray structure.
Despite qualitative differences between the two
methods, the geometry of ZnPc¢ derived from the elec-
tron diffraction technique closely matches the X-ray
structure indicating that crystal-packing forces lead to
a negligible distortion of the molecular frame.
Contrasting these results, the electron diffraction
pattern is only consistent with a zinc(I)} atom found
out of the plane of the molecule reducing the symme-
try to C,. The out of plane distance of the zinc(Il)
atom is 28 (+6) pm and the associated Zn-N bond
length 198.7 (x0.7) pm. A survey of known Zn-N
bond distances in complexes with various coordina-
tion numbers and geometries reveals that observed
Zn-N bond lengths are typically longer than 206 pm,
even in their favoured tetrahedral configuration. A
result which seems to disagree with the X-ray diffrac-
tion study by suggesting that the zinc(Il) atom is too
large to fit into the central hole of the phthalocyanine
skeleton. Nevertheless, even in the gas phase the Zn-N
bond length (198.7 (x0.7) pm) is, within one standard
deviation, identical to the value found in the crystal
(198.0 (£0.2) pm). Notably, the core of the macro-
cycle is somewhat expanded as compared to Fe(Il)
phthalocyanine to accommodate the relatively large
Zn(II) atom [43].

Because the liquid phase is more closely related to
the solid than to the gas phase, a symmetrized X-ray
structure has been used for calculating the spectra of
ZnPc making the rings perfectly planar and adopting
D, symmetry. However, since C-H bond lengths are
consistently too short (r. = 95.0 pm) in X-ray
structures, they have been adjusted to the value
derived from the electron diffraction method (r. =
108.0 pm).

Prediction of the spectroscopic features of zinc({I)
phthalocyanine

Based on the chosen geometrical structure, the energy
of the molecular ground state of ZnPc, 'A(7), has
been minimized in an iterative procedure using the

closed-shell spin-restricted approach until self-consis-
tency was achieved. The orbital eigenvalues of the
highest occupied (HOMOs) and lowest unoccupied
molecular orbitals (LUMOs) are given in figure 2. In
agreement with recent CNDO/2 calculations [46], the
HOMOs are of a,(n) and a,/(m) symmetry in Dy,
notation and the LUMOs are degenerate and of e (7*)
symmetry. Notably, the energy gap between the a,,(7)
and a,(m) orbitals (Ae = 2.84 eV) is significantly
larger than the a,,(m)—a,,(7) splitting found in zinc(1I)
porphyrin (Ae = 0.46 eV; M Ochsner, preliminary
calculations using the INDO/S model, 1995). A result
which is in reasonable harmony with previous calcula-
tions using CNDO/2 [46] or extended Hiickel approxi-
mations [47]. When the four bridging CH groups in
the porphyrin ring system are replaced by N atoms, an
increase of the energy gap between the a,/(m) and
a, () orbitals is well known and results mainly from
inclusion of nitrogen lone pairs [48].

The ground state A,,(7) Mulliken population analy-
sis of ZnPc is given in table I. As indicated, the
zinc(IT) atom has a net positive charge of 0.661 and
slightly greater negative charges are found on the
bridged compared to the central nitrogen atoms.

Orbital energy (Hartree)

eg (")
0.00 - boy(T*) 2 ag, (1)
by (7T°)
eg(T*}
~0.10 -
-0.20 - AT copntn
-0.30 A ( (M) o e boy (T
eg(ll) o et e

HOMOs and LUMOs

Fig 2. Window including the seven highest occupied
(HOMOs) and lowest unoccupied SCF molecular orbitals
(LUMOs) of zinc(II) phthalocyanine in its electronic
ground state.



The excited state energies of ZnPc were obtained
by setting up and diagonalizing CI matrices including
single excitations only. Due to the high symmetry of
the molecule under investigation (D,;), C,, and C,,
Abelian subgroup symmetries could be used to facili-
tate the CI calculation. After initial investigation with
larger CI matrices, we found that transitions in the
visible and UV region were adequately reproduced by
including 440 single-substitution wavefunctions only
(110 for each of the four irreducible representations in
the C,, symmetry group) for the calculation of excited
configurations. Throughout the study the lowest 86
electrons of the reference configuration were frozen in
the CI calculation.

As indicated in table II, the employed INDO/S
model is capable of accurately predicting the most
prominent singlet-singlet and triplet-triplet transitions
found in the visible and UV region. The lowest al-
lowed transitions were estimated with an accuracy of a
few hundred wavenumbers as related to the experi-
mentally observed bands.

The singlet-singlet absorption bands leading from
the electronic ground state, 'A,(7), to the manifold of
excited 1 E (%) states are labelled as Q, B, N, L and C
in analogy to the nomenclature used for porphyrins
[49]. However, while the S, state ['EY (7*)] almost
purely consisted of a,,(7w) — ¢ (%) configurations, all
other 'E (m*) states were composed of a hetero-
geneous mixture of single-substitution determinants.
In general 'E, (7*) states possess a slightly distorted
structure of symmetry D,, as a result of host-field
stabilized, Jahn—Teller effects (see below) and the
corresponding 'E, (%) - 1A, () absorption bands are
dipole allowed with a transition moment polarized in
the molecular plane (x, y direction).

Table I1. Calculated versus observed transition frequencies and oscillator strengths of zinc(Il) phthalocyanine.
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Table 1. Electronic populations and net charges on the
various atoms of ZnPc according to Mulliken.

Atom No Electronic charge Net charge
Zn - 1.339 0.661
N 1 5.400 —-0.400
N 2 5.423 -0.423
C 3 3.702 0.298
C 4 3.994 0.006
C 5 4.044 ~0.044
C 6 4.051 —0.051
H 7 0.934 0.066
H 8 0.946 0.054

The atoms are numbered as shown in figure 1.

The position of the S, « S, (Q) absorption band
(14 860 cm-!) was slightly underestimated and pre-
dicted to be located at = 14 310 cm-! (= 699 nm).
Based on our calculations, the §, « S, band predomi-
nantly (with contributions of = 90%) arises from
a,(m) — e m*) transitions with slight inclusions
(= 5%) of a,(m) — e, (n*) configurations. Notably, the
first excited singlet state [IEf ()] consists of a dege-
nerate pair of states as long as vibronic and/or envi-
ronmental effects are neglected (fig 3a).

Taking interactions between electronic and vibratio-
nal angular momenta into account, the degenerate
electronic wavefunctions of the S, state [1Eg (r*)] are
Jahn-Teller coupled to vibrational modes (b, and/or
b,,) which cause a non-symmetric displacement of the
nuclei [50, 51]. The Jahn-Teller effect lowers the
molecular symmetry from D, to D,, by generating
two identical potential surfaces ('E¢ x) and '1E9 y) of
equal energy, but separated in the b, /b,, configuration

» Observedbi

Label ” Transition Calcﬁlated wf,;, Oi)servedﬂ S
(cm1) (cm=1) (cm~7)
Q QE () 1A, (1) 14310 1.65 14 860 1.70 15 130
B ER () — 1A, (1) 31510 1.05 29 110 1.00 30 630
N EN (%) « 1A, () 34 700 0.75 36 230
L EE (%) e 1A, () 41 470 0.30 41 670
C ES (%) < 1A, (m) 45720 0.55 45 460

3EL (%) « 1A, () 9050 0.00 9070¢ 0.00

A (%) « 3EL (%) 19 790 0.75 20410 0.50

aAbsorption maxima and oscillator strengths in CHCl, [1]. PAbsorption maxima in the vapour phase [49]. <Value derived from
the fluorescence quenching of zinc(ll) phthalocyanine by the heavy atom solvent l-iodopropane. Spectroscopically, the
T, — S, phosphorescence emission band was detected at 77 K in a frozen 2-methyltetrahydrofuran matrix and centered at

around 9100 cm-1 [1].
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space (fig 3b). The intersection point between the two
Jahn—Teller surfaces occurs at ca 45 cm-! in an argon
matrix [S1]. Environmental effects, ie, the force field
of the host (Vygp), simultaneously shift the two poten-
tial energy wells by different amounts along the (verti-
cal) energy scale thereby lifting their two-fold vibro-
nic degeneracy, but without changing their shape
(fig 3¢) [52]. The energy splitting was measured to be
40 cm-! in an argon [53] and 29 cm-! in a Shpol’skii
(o-chloronaphthalene/n-decane) matrix [54].

Subsequent to excitation of ZnPc¢ to the S, state,
Jahn-Teller distortions therefore reduce the molecular
symmetry from D,, to D,,. Differences in the equili-
brium geometries have been estimated using the non-
spectroscopic INDO/1 version [25, 35] by minimizing
the overall energy (= E, + E,,.) of the S, and S| state,
respectively, in terms of internal coordinates. Based
on a thorough group theoretical analysis the ZnPc
molecule possesses 165 normal modes of vibrations
including 41 double degenerate ones (28 ¢, and 13 e,
in D,, notation). Neglecting interactions with other
vibronic states, the fundamental vibrations capable of
coupling the 'A, (7) with the 'E2 (7*) state reduce to
55 active modes of symmetry: 14 a,,, 13 a,,, 14 b,
and 14 b,,. Since ZnPc contains at least 20, low
frequency, vibrational modes (@ < 1000 cm-1) |53, 54]
and differences exist between the geometries of the S,
and S, states, higher Franck—Condon factors are
expected to favour transitions from the vibronic
ground state as well as from thermally excited vibra-
tional levels of the S, state to a wide variety of vibra-
tionally excited levels of the S, state. Subsequent to
the excitation, the vibrational excess energy is rapidly
(£ 10-11 ) dissipated and associated with a structural
relaxation of the molecular frame (D,, — D,,), leaving
the fluorophore in the lowest vibrational level of the
S, state prior to the radiative and non-radiative relaxa-
tion to the molecular ground state (75, = 3.59(7) ns in
ethanol [1]). Based on our calculations, the S, < S,
absorption band is postulated to be found in the range
660 to 720 nm and the associated emission band 690
to 760 nm.

Much to our astonishment, singlet-singlet transi-
tions occurring in the near and far UV region were
predicted with comparable accuracy as the §, < S,
absorption band (rms error = 900 cm-!). Nevertheless,
the predictive power of the INDO/S model tends to be
somewhat lower for transitions located in the UV
region. The reason for this discrepancy is explained
by the fact that only single excitations are taken into
consideration for the construction of the CI matrix.
The inclusion of higher-substitution wavefunctions
particularly affects the positions of UV bands and the
restriction to single excitations in general leads to an
overestimation of the corresponding transition fre-
quencies [30, 55].

(a) E {b) E

(c) E (d) E

A

Fig 3. The potential surfaces (I!E¥ x5 and I'E€ y )) repre-
senting the first excited singlet state of zinc(II) phthalocya-
nine in the presence and absence of Jahn-Teller (JT) and/or
host-field effects (V) [51-54].

The first excited triplet state 7, was calculated to
possess an excitation energy of 9050 cm-! and
the lowest allowed triplet-triplet transition (7, « 7))
was predicted to be located at around 19 790 cm-!
(= 505 nm) with a polarization in the molecular plane.
Based on these theoretical calculations, the 7, « §;
phosphorescence emission could actually be observed
at around 9100 ¢m-! in a frozen 2-methyltetrahydo-
furan matrix [1]. In addition, the corresponding T, < 7
absorption band was detected at around 490 nm in
chloroform [1].

Compared to the porphyrins, the smaller ring size
of the phthalocyanine skeleton gives rise to a larger
ligand field. As postulated by Schaffer et al, the bridge
nitrogen atoms should therefore enable n — 7* transi-
tions which are expected to be located in the region of
the Soret band [47]. Whereas such transitions have
been theoretically predicted and spectroscopically
assigned for the Fe(Il) and Mn(I) complexes, the
corresponding lines are missing in the spectra of
phthalocyanines containing Mg(II) or Zn(II) as central
atoms [46]. This result seems quite reasonable, since
the Fe(Il) and Mn(Il) derivatives possess a strongly
contracted phthalocyanine core compared to the



expanded Mg(Il) or Zn(Il) macrocycles [43, 56]. In
agreement with these considerations, our calculation
have not found n» — #* transitions for ZnPc in the
range between 200 and 800 nm.

Despite the fact that the X-ray structure of ZnPc
was quite different from the geometries obtained
using Zerner’s non-spectroscopic INDO/I version
[25, 35] or Stewart’s MOPAC program [36], calcu-
lated spectra were identical within an rms error of
around 200 cm-!. This result seems to indicate that the
transition frequencies tend to be rather insensitive to
modest changes in the molecular geometry at least for
phthalocyanine ring systems. In contrast, computed
oscillator strengths were quite sensitive to small struc-
tural changes.

Comparison between theoretical and experimental
oscillator strengths

Oscillator strengths have been estimated by calculat-
ing the matrix elements of the transition dipole
moment operator (e - r) [57]:

8- -m, ¢ Wmn
3-h-e?.4d,,

ftheory =

Pty |

E €I

ix=1

2

k.j

(‘Ilmk \II"J)

Here m, and e give the mass and the charge of the
electron, @,, (cm-!) corresponds to the transition
frequency and d,, refers to the degeneracy of the lower
state with the summation taken over all combinations
of sublevels m, and n,. In Zerner’s program, the
evaluation of the length of the transition dipole (r)
only includes one-center charge and polarization
terms, but neglects two-center bond contributions
[21].

Of course, if for a given transition the computed
oscillator strength is zero, the corresponding spectral
line may still appear in the absorption spectrum if the
matrix elements of the magnetic dipole or electric
quadrupole moment are ditferent from zero.

As shown in table 1I, the theoretically predicted
oscillator strengths are in excellent agreement with the
experimental values [1], which have been calculated
from the integral extinction coefficient of the corres-
ponding absorption band [58]:

fexperimenta] =4.319 x 10#9/5(&)) - dw; w(cm_l)

The photosensitizing properties of ZnPc¢ as derived
Sfrom the INDO/S calculation

Based on the theoretically predicted properties, we
conclude that ZnPc possesses an intensive absorption
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band at around 699 nm, ie, at a wavelength where the
penetration depth of light is considerably larger than
that of Photofrin (A = 630 nm) [3]. Moreover, the
excitation energy of the first excited triplet state is
high enough to enable the generation of 'A,O,. Owing
to the small gap between the excitation energies of
3ZnPc (9050 cm-1) and of 'A,0, (7900 cm-!) Franck—
Condon factors are expected to strongly promote Type II
reaction processes. Contrasting these results, the
S—T, energy gap (AE, = 5360 cm-!) is far too small to
trigger the formation of singlet oxygen.

Consistent with the high oscillator strength, the life-
time of the first excited singlet state is too short to
allow ample bimolecular collisions with substrate
molecules [59], as a consequence of which electron
transfer reactions (Type 1 mechanism) may only occur
from the lowest lying triplet state. The tendency of
ZnPc to promote electron transfer reactions (oxida-
tions and/or reductions) therefore primarily depends
on the redox potentials in its first excited triplet state.
Based on preliminary quantum chemical calculations,
reduction or oxidation of ZnPc leads to the formation
of m-radical anions or cations of symmetry D,, and
D,,, respectively, with charges delocalized on the
phthalocyanine macrocycle (M Ochsner, unpublished
results, 1995).

By neglecting changes in the entropy and interac-
tions with solvent molecules, the redox potentials of
3ZnPc can be calculated from the redox potentials of
the sensitizer in its electronic ground state and from
the excitation energy (£;) of the first excited triplet
state (table III; [60]):

Eo(3ZnPc*/2ZnPc™) = E(ZnPc/?ZnPc™) + EJ/F

Ey(2ZnPct/37nPc*) = E(2ZnPc+/ZnPc) — E4/F

where F corresponds to the Faraday constant (F =
8067 cn-1/V).

Based on the results obtained, we conclude that the
tendency of ZnPc, even in its first excited triplet state,
to react via a Type I reaction mechanism is very
unlikely. Type II reaction are therefore expected to
dominate the processes which initiate the tumour
Necrosis.

Concluding remarks and limitations of the INDO/S
model

Experimentally, the most rewarding approach to deter-
mine the excitation energy of the lowest lying triplet
state has been to record the corresponding 7, — S,
phosphorescence spectrum. Since such transitions are
spin-forbidden by nature, they are very weak and diffi-
cult to detect even in a frozen matrix. It is therefore
useful for the experimental scientist to possess a theo-
retical tool to estimate the position of the 7, — S,
emission band. In order to predict the energy of
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Table III. Redox potentials of zinc(ll) phthalocyanine in
the ground and first excited triplet state (V).

Reaction Redox potential (V)

Ground state
Ey(ZnPc/?ZnPc™)
Ey(?ZnPc+/ZnPc)

-0.65[1, 61]
+0.92 [1, 61]

First excited triplet state
Ey(3ZnPc*/2ZnPc™)
Ey(?ZnPc*/3ZnPc*)

the first excited triplet state and other distinct
spectroscopic properties of molecules of the size of
zinc(Il) phthalocyanine, various semiempirical pro-
grams (Extended Hiickel, CNDO, INDO, MINDOY/3,
MNDO, MOPAC and PPP) with numerous parameter-
izations have been tested. To our belief, the most
reliable program has been introduced by Zerner and
has therefore been extensively discussed in this paper.
A simple modification of the time-honoured INDO
method of Pople allows a prediction of the singlet and
triplet state properties (transition frequencies and
intensities) of molecules of the size of zinc(II) phtha-
locyanine with an rms error of less than 1000 cm-!.

Due to the truncation of the CI matrices, the presented
model cannot yet account for states that are princi-
pally double excitations by nature. This shortcoming
limits the described approach to molecules which do
not possess such transitions in the visible or near UV
region.
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