Chapter 2

“Prototypical” Optical Absorption Spectra
of Phthalocyanines and Their Theoretical
Background

In this chapter, the theoretical background of optical absorption spectra of phth-
alocyanines is described on the basis of their molecular orbitals (MOs). Note that
because we attempted to describe the theoretical background without extreme
mathematicization but as graphically as possible, some accuracy may have been
sacrificed for comprehensibility. It is not our main purpose in this chapter to
chronologically trace the progress of theoretical studies on phthalocyanines (and
porphyrins); hence, some important milestone studies have been omitted. Readers
interested in quantitative derivation should refer to the original papers. In this
monograph, attention will be mostly focused on spectral properties in the solu-
tion phase. Exciton coupling between chromophores, which will be described
in Sect. 3.2.4, is enhanced in the solid state; hence, the spectra are significantly
broadened and become less structured. In the vapor phase, the molecules may be
far apart; however, most of the phthalocyanines are involatile at room tempera-
ture and atmospheric pressure. Hence, as spectral measurements need to be carried
out at considerably higher temperatures, the observed spectra may be rather broad
as vibrational modes are highly activated. In solutions (regardless of their being
organic or inorganic), phthalocyanines have quite a large molecular extinction
coefficient at their most intense absorption band (on the order of 10° M~'em™1),
spectra of adequate quality are obtained from very dilute solutions (1070 M),
where the dye molecules are far apart (however, this depends on the compound
and some compounds can form dimers or higher aggregates even in this concentra-
tion range as will be discussed in Sect. 3.2.4). It is true that interactions with sol-
vent molecules need to be taken into consideration; however, the solvent effect is
generally negligible unless the solvent used induces or takes part in certain chemi-
cal reactions with the phthalocyanines of interest (Sect. 3.2.7).
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Fig. 2.1 Optical absorption spectra of [Zn(tbpc)] (black solid line) and Hatbpe (red broken line)
in chloroform. Only one regioisomer is shown for each compound

2.1 Prototypical Absorption Spectra of Phthalocyanines
in Solutions

2.1.1 Prototypical Spectra of Phthalocyanines

Figure 2.1 shows the optical absorption spectra of zinc- and metal-free phthalocy-
anines in chloroform, represented as [Zn(tbpc)]1 and Hjtbpc, respectively. The
macrocycles are substituted by four fert-butyl (‘Bu) groups to make them highly
soluble in common organic solvents (particularly nonaromatic solvents, which are
transparent in a wide spectral range). This substituent is very useful because it
markedly improves the solubility of phthalocyanines in common organic solvents
with negligible changes in their electronic structures and hence has been quite fre-
quently used for spectroscopic investigation of phthalocyanines.?

The spectrum of [Zn(tbpc)] is typical of metallated phthalocyanines. It is char-
acterized by (1) the appearance of an intense (log ¢ = ca. 5) absorption band at

IThe “tbpc™ is the abbreviation of tetra(tert-butyl)phthalocyaninate dianion (Sect. 1.2.2).

2Careful readers may be concerned that the tetrasubstituted phthalocyanines are mixtures of four
regioisomers, as determined from the positions of the substituents. This is true. However, it is not
important in most cases. One research group has successfully separated four regioisomers of tet-
rasubstituted phthalocyanines using an HPLC technique; however, they have determined that the
difference in their spectral properties is negligible [1].
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approximately 670 nm [generally termed the Q band (Sect. 2.1.2)] associated with
some less intense (log ¢ = ca. 4) satellites at its blue flank (600650 nm), (2) the
appearance of a less intense but broad band at approximately 350 nm (generally
called the Soret or B band), and (3) transparency in the other spectral regions
(spectral windows). The spectral feature of Hotbpc, apart from the splitting of the
Soret and Q bands into two bands having nearly the same intensity instead of a
single band observed for [Zn(tbpc)], is essentially similar to that of [Zn(tbpc)].
Thus, both species absorb red light intensely and are transparent in the other spec-
tral regions (400-600 nm and >750 nm). This is the reason why phthalocyanines
show an intense blue color, as discussed in Sect. 1.1.2.

The spectral band widths for the two species are quite narrow ((484 cm™! for
[Zn(tbpc)], 357 (for the 700 nm band) and 408 cm™! (for the 664 nm band) for
Hatbpc) as compared with that for methylene blue (1233 cm™!; Fig. 1.3). This
suggests that their molecular structures are more rigid than that of methylene blue
and their structures in the lowest excited state do not markedly differ from those in
the ground state (Sect. 1.1.5).

Before considering the origin of the absorption bands, let us compare the
spectra of phthalocyanines with those of the other dyes that have a similar cyclic
tetrapyrrole skeleton.

2.1.2 Comparison with Spectra of Similar Tetrapyrrole
Macrocycles

Figure 2.2 (left) shows the optical absorption spectra of metal complexes of the
phthalocyanine derivative (Pc*; [Cu(tbpc)]), tetraazaporphyrin derivative (TAP), tet-
raphenylporphyrin (TPP), and tetrabenzoporphyrin derivative (TBP) as well as
metal-free chlorin e6 (their structures are shown in Fig. 2.2 (right)). All the spectra
are plotted with their most intense band normalized. The spectra of TPP and Pc are
markedly different in spite of the similarity in their tetrapyrrole skeletons. The TPP
spectrum shows an intense band at approximately 400 nm and very weak bands at
approximately 550 nm, which are generally termed the Soret and Q bands, respec-
tively. On the other hand, the spectrum of Pc, which is typical of metal complexes of
phthalocyanines (Sect. 2.1.1), shows the most intense band at approximately 670 nm
and much less intense band at approximately 350 nm. This difference cannot be
attributed to the expansion of the m-conjugation system at the four fused benzo
groups in Pc. Ring expansion from TPP to TBP (Fig. 2.2 (right)) gives rise to a slight
shift at the Soret-band position.”> Comparison between these four similar macrocy-
cles has shown that TAP and TBP can be considered to be structural intermediates

3The split Soret and Q bands of Hytbpc are attributed to the symmetry-lowering effect based on
the presence of imino protons in the cavity, as described in Sect. 2.2.9.

“In this subsection, as the central elements do not play a crucial role, they are not specified in the
abbreviations of the macrocyclic compounds.

SThe peripheral substituents are omitted for clarity in this discussion.
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Fig. 2.2 Optical absorption spectra of Pc in dichloromethane (red solid line), TPP in dichlo-
romethane (blue solid line), TAP in dichloromethane (black solid line), TBP in DMF (green
solid line) [2], and chlorin e6 in ethanol (orange broken line) [3].The spectra of TBP (right) and
chlorin e6 (left) were redrawn from digital data available at the web site of “PhotochemCAD”
(http://omlc.ogi.edu/spectra/PhotochemCAD/index.html) with permission. Source for the other
species NIMS eSciDoc—IMEJI. © Hiroaki Isago with CC-BY-NC 3.0 license

between TPP and Pc. Substitution of the phenyl-substituted methyne (C-phenyl)
groups at “meso-positions” (see TPP for the meso-position) in TPP with nitrogen
atoms generates TAP, fusion of benzo groups to the periphery of the four pyrrole
rings generates TBP, and both generate Pc. Interestingly, the spectral characteristics
of TAP and TBP are also intermediate of those of the other two. In the case of TBP,
upon fusion of a benzo group to the periphery of each of the pyrrole ring, the Soret
band is slightly shifted, as mentioned above; however, a new band appears at
approximately 630 nm, which resembles the Q band in the Pc spectrum. On the
other hand, the modification of TPP to TAP brings about a significantly increased Q
band intensity and caused a large blue-shift in the Soret-band position. Thus, it
seems that the introduction of nitrogen atoms into the innermost 16-membered ring
has greater effects on the electronic structure of the macrocycle than the fusion of
benzene rings to the periphery of the pyrrole rings. It is noteworthy that chlorin e6
shows a spectrum similar (Fig. 2.2 (left)) to that of the TPP derivative notwithstand-
ing the disruption of the 7 conjugation system at the peripheral ethylene bridge.®

SIn contrast, disruption of the 7-conjugation system in the innermost 16-membered ring of phth-
alocyaninate leads to the disappearance of the characteristic Q band (one or more broad bands
are observed in the 400-500 nm region, instead) [4].
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Fig. 2.3 a Innermost 16-membered ring in a phthalocyanine molecule and b dianion of ideal
cyclic polyene, CigH 62~ as starting model. Source NIMS eSciDoc-IMEJI. © Hiroaki Isago with
CC-BY-NC 3.0 license
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Therefore, to understand the optical absorption spectra and electronic structure of
phthalocyanines, we may assume that (1) the same method applied to porphyrins can
also be applied to phthalocyanines, (2) the innermost 16-membered ring should be
the starting point (Fig. 2.3a), and (3) introduction of nitrogen atoms into the
16-membered ring and fusion of benzene rings play crucial roles in determining the
balance in intensity between the Soret and Q bands.

In the following subsection, some representative MO models will be discussed
to better understand the electronic structures of porphyrins, phthalocyanines, and
other related macrocycles that exhibit the absorption spectra as shown in Fig. 2.2.

2.2 Molecular Orbital Models of Porphyrins
and Phthalocyanines

2.2.1 Selection Rule in Optical Absorption (Optical
Absorption = Generation of Vector)

Before considering MO models, it may be feasible to consider a selection rule dic-
tating that the transition from the ground state to a given excited state involves
optical absorption. In Chap. 1, it has been briefly mentioned that when a dye mol-
ecule is excited via optical absorption, the distribution of electrons changes in
the molecule, which generates an electric dipole. That is, the molecule cannot be
excited via optical absorption to higher states unless the transition involves gen-
eration of an electric dipole moment. Thus, absorption of light is equal to gen-
eration of a vector. Keeping this in mind, apparently complex phenomena, such as
configuration interaction (Sect. 2.2.6) and exciton coupling (Sect. 3.2.4.2), may be
understood more easily.
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2.2.2 Perimeter Model

To understand optical absorption spectra and the electronic structures of porphy-
rins and related macrocyclic compounds, Simpson has proposed a simple “free-
electron” model, in which 18 m-electrons are circulating along the periphery of the
innermost 16-membered ring [5]. Note that two excess electrons of the macrocy-
clic ligand (in metal complexes, porphyrins and phthalocyanines may be regarded
as dianions) in addition to the 16 T-electrons from each atom of the innermost
16-membered ring (Fig. 2.3a) are included in this model. Therefore, the dianion of
an ideal 16-membered alternant cyclic polyene, CieHi62, has aromaticity accord-
ing to Hiickel’s “4n + 2” rule. We use this as the starting model (Fig. 2.3b).

Let us consider the motion of a free electron circulating along the periphery
of a 16-membered ring as a function of angle, ¢ (Fig. 2.4a). The k value is taken
as positive when the electron is circulating clockwise and negative when it is cir-
culating counterclockwise. The wave function W for the electron with an angu-
lar momentum of k is represented by the following differential equations (Egs. 2.1
and 2.2), where m, E}, and A denote the mass and energy of the electron, and the
Planck constant, respectively.
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Fig. 2.4 a Perimeter model: a free electron circulating along the periphery of the 16-membered ring
with an angular momentum of & (clockwise) and —k (counterclockwise) and b energy levels of wave
functions (MOs) for electrons with various k values. Source NIMS eSciDoc—IMEIJI. © Hiroaki
Isago with CC-BY-NC 3.0 license
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Fig. 2.5 Schematic diagrams of electronic transitions from HOMO to LUMO (straight transi-
tions are shown as blue arrows and cross transitions as black arrows) in the perimeter model (a)
and those of the “descent-in-symmetry” model (b). The solid and broken arrows denote allowed
and forbidden transitions, respectively

The solution is given in a complex form as (Eq. 2.3).

1
W 7 exp(xik¢); (k=0,1,2,...7,8) (2.3)
As each wave function has the same value for ¢ and ¢ + 2m, (.e.,
W(¢p) = V(¢ + 2m)), k must be an integer. As the energy of Wy (Ej) is proportional
to the square of k values and each orbital accepts up to two electrons, the orbitals
with k£ = 0, £1, £2, 43, and 44 are occupied by electrons in the ground state.
Thus, W4 and W5 are the HOMOs and LUMOs,’ respectively (Fig. 2.4b). Note
that the orbitals W are degenerate because they are at the same energy level,
only the direction of circulation is different. Therefore, there are four possible
transitions from the HOMOs to the LUMOs. One set includes straight transitions
(W44 to Wys and W_4 to W_s) and another set includes cross transitions (W4 to
W_s and W_4 to Wy5). The change in k during the transition is %1 in the straight
transitions whereas it is 9 in the cross transitions (Fig. 2.5a). Of these two sets of
transitions, only the former one is allowed because these transitions involve the
generation of an electric dipole moment, as shown below.

Let us assume that the 16-membered ring is located parallel to the x,y-plane.
Consequently, the wave functions consist of atomic p, orbitals, which are perpen-
dicular to the molecular plane. Cartesian coordinates (x, y) are presented using
polar coordinates (r, ¢) as (rcos¢, rsing). When the dipole moment is generated
along the x-axis, the Cartesian coordinate x is presented as a function of ¢ (Eq. 2.4).

X=rcos¢ = %{exp(iq&) + exp(—ip)} 2.4)

As optical absorption occurs only when an electric dipole is generated, the follow-
ing integral must be non-zero through the transition from Wy to ¥, (Eq. 2.5).

2 2
O/\Ilkrlll;l"dd) = 0/{exp(+ik¢)xexp(—in¢)}d¢ 2.5)

TRefer to Sect. 1.1.4 for the definitions of HOMO and LUMO.
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As x is represented by Eqs. 2.4 and 2.5 includes the following two integral calcula-
tions (Eq. 2.6), either of which must be non-zero.

21 2
/[GXP{(+/€ + 1 —n)ig}ldp + / [exp{(+k — 1 —n)ig}ldp #0  (2.6)
0 0

Therefore, the change in k (Ak; i.e., n — k) through the transition must be +1.
Similarly, the change in k caused by the generation of an electric dipole moment
along the y-axis must also be 1. However, it is determined that another set of
transition values (Ak = +£9) are forbidden. This successfully explains the appear-
ance of a very intense Soret band (Ak = +1) and a very weak Q band (Ak = £9)
in the spectra of porphyrins (Fig. 2.2). The large change in Ak (£9) for the Q
band has also been evidenced by a magnetic circular dichroism study (Sect. 2.2.8).
However, the energy profile (i.e., which of the two sets of transitions requires a
higher energy?) cannot be explained by this model.

2.2.3 Graphical Description of Molecular Orbitals

As the wave functions described above include imaginary parts, they are not suit-
able for graphical representation of the MOs. Linear combination of a set of W,
and W_y can represent them in a form of trigonometric functions (Eq. 2.7).

T costkg T~ sindhg) @)

Figure 2.6 shows some examples of wave functions with only their phase taken into
consideration. When k = 0, all the atomic p, orbitals have the same phase (i.e., the
same colorg); hence, the wave function ¥y has no nodal plane.9 When k = +1, the
phase (sign) of the wave function is inversed at the Oth and 8th atoms for the sine
form and at the 4th and 12th atoms for the cosine counterpart; hence, there is one
nodal plane. Similarly, wave functions with k = £2 have two nodal planes. Thus, the
number of nodal planes increases with increasing absolute value of k. Readers may
have determined that the two wave functions Wiy are identical upon appropriate
rotation (for example, in the case of kK = +1, sin¢ is equivalent to cos¢ upon clock-
wise rotation by 90°). This is because they are degenerate. Note that the linear com-
bination of Wig similarly produces sine and cosine forms, but only one wave
function (the cosine form in this case) makes sense because all the 16 atoms are
located on nodes in its counterpart. What is most important in this discussion is that

8Even though there seems to be no red or blue color between neighboring atoms, it may be assumed
that a considerable amount of t-cloud is present when the atoms have the same sign (color).

Note that a nodal plane is present on the molecular plane (because of the nature of the p, orbital)
but this is not taken into account here.
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Fig. 2.6 Graphical illustrations of the lowest five 1 MOs (k = 0, &1, £2) based on perimeter
model. The red and blue closed circles denote the phases of the MOs (the positive and negative
signs are denoted by red and blue circles, respectively). Only the signs of the wave function are
shown; hence, the size of the circles does not represent the amplitude of the coefficient). Source
NIMS eSciDoc—IMEIJI. © Hiroaki Isago with CC-BY-NC 3.0 license

both the HOMOs (W14) and LUMOs (W_5) are degenerate in an ideal 16-membered
cyclic polyene belonging to the Djgj, point group (in group theory), as shown in
Fig. 2.7 (top). In this symmetry, the HOMOs and LUMOs are both degenerate and
belong to the following irreducible representations, e4, and esg, respectively.

2.2.4 “Descent-in-Symmetry” Model

Neither porphyrins nor phthalocyanines actually belong to D¢, because of the pres-
ence of the nitrogen atoms and the four peripheral CoH, bridges. These modifica-
tions decrease the symmetry of the parent 16-membered cyclic polyene, Djgp, to
Dyp, which corresponds to the actual molecular symmetry point group of a common
porphyrin [6]. Therefore, the perimeter model requires further modifications.
Following the decrease in the symmetry, the degeneracy is lifted for the HOMOs
(ary and apy; Fig. 2.7 bottom), whereas it is maintained for the LUMOs (eg). The ajy
HOMO is characterized by the presence of nodes at all the meso-positions and pyr-
role nitrogen atoms. However, the ap, counterpart has a large amplitude at the same
positions and has nodes between these positions. The ap, orbital is stabilized owing
to the presence of the high electron density at atoms of large electronegativity
(nitrogen) whereas the aj, orbital is stabilized by a strong bonding interaction
between the innermost 16-membered alternant polyene and the peripheral ethylene
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Fig. 2.7 Graphical illustrations of HOMO (k = £4) and LUMO (k = =£5) based on perimeter
model (top) and descent-in-symmetry model (bottom). The red and blue closed circles denote
phases of the MOs (the positive and negative signs are denoted by red and blue circles respec-
tively). Only the signs of the wave function are shown; hence, the size of the circles does not
represent the amplitude of the coefficients). Source NIMS eSciDoc—IMEIJI. © Hiroaki Isago
with CC-BY-NC 3.0 license

moieties.!? In the case of porphyrins, these two effects are even; hence, the two
orbitals are still nearly degenerate (accidental degeneracy).

The four HOMO-LUMO transitions under the Dg, symmetry are shown in
Fig. 2.5b. In this modified model, the ay—>e, transition has a symmetry of Ej,
Ay x E; = E,'Y and the ajg—eg ftransition also has the same symmetry
(Ajy x Eq = Ey; Sect. 2.2.5). The problem with this model is that both the transi-
tions are allowed (x,y-polarized); hence, the weak Q band in the spectrum of por-
phyrin cannot be explained.

2.2.5 How to Use Character Tables (for Group Theory)

The purpose of this discussion is not to explain the group theory but how to deter-
mine when an electronic transition of interest is allowed or forbidden using only a
character table. At the end of Sect. 2.2.4, it has been demonstrated that the ajy— e,

10Note that all the ethylene moieties are isolated from the innermost 16-membered ring in az, by
nodes.

"In general, irreducible representations starting with a capital letter stand for a “state”, whereas
those starting with a small letter represent MOs.
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transition is allowed (x,y-polarized). It is easy to determine an allowed transition
using this table and some basic mathematical operations. Therefore, readers who
are already familiar with this method may skip this subsection.

Readers are reminded that optical absorption (i.e., allowed electronic transi-
tion) is equal to the generation of a vector. Let us consider whether an electron
transition from the Wy orbital to W, is allowed or forbidden. For this transition to
be allowed, the integral expression (Eq. 2.8, where r denotes the electric dipole
moment) must be non-zero. Therefore, the triple product of Wy, r (which is a
radius vector), and W, must include a totally symmetric irreducible representa-
tion (which has all characters = +1; e.g., Ag in Dyy: see Table 2.1). Assume that
Wk and W, belong to the irreducible representations ap, and ey, respectively. As
the direct product of Ay, and E; makes E, (see the bottom row of Table 2.1), the
irreducible representation of » must also be Ey to generate the A, representation
as the result of the triple product (Table 2.2). As the E, representation transforms
(X, y) as shown in the rightmost column of the character table, this transition is
allowed and x/y-polarized. However, a transition from ajy to by is determined to
be forbidden because their direct product makes By, (Table 2.2), which cannot
transform to any of x, y, z. Similarly, the e,— e, transition is also forbidden.

o0

/ WrWrdy # 0 (2.8)

—00

Tables 2.1 and 2.3 show the character tables for the point groups Day and Doy,
to which the actual metallated and metal-free Pcs belong, respectively. Attention
should be paid to the rightmost column, where basis functions of each irreducible
representation are given. It has been determined that, of the ten irreducible rep-
resentations (given in the leftmost column) in Dgp, only Aj, and E, have a linear
basis function ((x, y) and z, respectively). Similarly in Day,, only By, (z), Bay (y),
and B3, (x) have a linear basis function. Thus, r must belong to the irreducible

Table 2.1 Character table for D4y, point group

E 26, |G 2C, 207 i 284 |on 20, | 204
Ay |1 1 1 1 1 1 1 1 1 1 X2 +y% 2
Ay |1 1 1 -1 —1 1 1 1 -1 |-1 |Rz
By |1 -1 |1 1 —1 1 ~1 1 1 -1 [x—y?
By |1 -1 |1 -1 1 1 -1 1 -1 |1 Xy
E, |2 0 -2 0 0 2 0 -2 0 0 (Rx, Ry),

(xz, yz)

A |1 1 1 1 1 —1 —1 ~1 -1 |-l
Ay |1 1 1 -1 -1 -1 -1 -1 1 1 z
B |1 -1 1 1 -1 —1 1 -1 -1 |1
By |1 -1 |1 -1 1 -1 1 -1 1 -1
E, |2 0 -2 0 0 -2 |0 2 0 0 *.y)
Apx 1 x2 1 x0 |1Ix(=2)=1x0|—-1x0=1x2|-1x0 —=1x(=2) |[Ix0 1x0
E, |=2 |= =-2 |=0 |=0 |=-2 |=0 |=2 =0 |=0
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Table 2.2 Product table for D4y, point group

Alg A2g Blg B2g Eg Ay Ay |Bry |Bou By
Alg Alg A2g Blg B2g Eg Al Ay |Bry |Bou B
A2g Azg Alg Bzg Blg Eg Az | At |Boy |Biu|Eu
Blg Blg B2g Alg A2g Eg By [Bou |Au Az Ey
Bog |Bog |Big |Azg |Alg |Eg Boy |Biu |Aou A Eu
E,y Eg |Eg |Eg |Eg |AjgtAg+Bigt+By [Ey |Ey |Ey |Ey | Apgt+Az+Biu+Boy
Ay A (A |Biu |Baw |Ey Alg | Az |Big |Bog| Eg
Aoy Ay A |Bou |Bru | Ey A2g Alg BZg B]g Eg
Biy | Biu | Bou [An [A2 |Ey Big |Bag |Ajg |Agg Eg
Boy | Bou | Biu [A2u [An |Ey Bag | Big |Agg | Ajg Eg
Ey Ey Ey Ey Ey Ajyt+Azy+Biut+Boy Eg Eg Eg Eg A1g+A2g+B 1g+B2g

Table 2.3 Character table for Dy, point group
E C(z) Ca(y) |[Co(x) I |o(xy) |o(xz) |o(yz) |Linear, rotations quadratic

A, 1 1 1 1 1 |1 1 1 x2, y2, 72
By, |1 |1 -1 —1 1|1 —1 —1 Rz, xy
By |1 |—1 1 —1 1 -1 1 —1 Ry, xz
B3y, |1 |—1 —1 1 1 | -1 —1 1 Rx, yz
A, |1 |1 1 1 -1 -1 —1 -1
B, |1 |1 —1 —1 -1 -1 1 1 z
By, |1 |1 1 —1 —11 —1 1 y
By, |1 |—1 —1 1 —11 1 -1 X

representation(s) that transform as (the translations) x, y, z, as shown in the char-
acter tables when the transition involves optical absorption.

2.2.6 Gouterman’s “Four-Orbital” Model

Gouterman and coworkers have introduced the concept of “configuration interac-
tion” between the two types of transition involving the doubly degenerate LUMO
and two nearly degenerate HOMOs (hence, the four-orbital model) to explain
the spectra of porphyrins [7-9]. Before considering this model, it should be
again remembered that optical absorption is equal to the generation of a vector
(an electric dipole moment). The “x, y-polarized degenerate excited state” means
that the x-polarized (the generated dipole is parallel to the x-axis) and y-polar-
ized excited states are at exactly the same energy level. As stated in Sect. 2.2.4,
both the aj,—eg and ax,— e, transitions belong to the same symmetry, E,. The
“same irreducible representation” means that these electric dipole moments gener-
ated through the transitions have the same direction. Therefore, the conventional
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Fig. 2.8 Schematic diagrams of the four-orbital model for (a) porphyrins in which aj, and ay,
orbitals are nearly degenerate and (b) phthalocyanines in which aj, orbital is stabilized relative to
ajy counterpart. The energy scales are arbitrary

additivity rule for vectors may be applied to the dipole moments (i.e., they are
enhanced when they are parallel and cancelled when they are antiparallel). In par-
ticular, the x-polarized az,— ¢, and the x-polarized aj,— e, transitions have essen-
tially the same energy (similar to the y-polarized transitions), because the aj, and
ap, orbitals are nearly degenerate, and the two vectors strongly interact with each
other.

Figure 2.8 shows schematic illustrations of the configuration interaction
between the two types of transition. When the two dipole moments are parallel,
the resultant energy level is higher than that of a single transition because of elec-
tric repulsion between the dipoles. The intensity increases because the two vectors
are constructive. However, when they are antiparallel, the excited state is stabilized
owing to electric attraction, but the spectral intensity is significantly reduced
because the dipole moments have disappeared (cancelled by each other). This
model predicts the appearance of an intense (Soret) band at a high energy and a
very weak (Q) band at a low energy, as observed in the actual spectra of porphy-
rins (Fig. 2.2; blue solid line).!?

2.2.7 Why Are the Spectra of Phthalocyanines Different
from Those of Porphyrins in Spite of Their Similar
Structures?

Figure 2.3 shows the absorption spectra of porphyrin (TPP) and the related mac-
rocycles. The ring expansion (TBP) and substitution of meso-carbon atoms with
nitrogen atoms (TAP) results in a significant increase in the intensity of the Q

12This description is rather qualitative and oversimplified. The MO wave function shown in
Figs. 2.7 and 2.8 are converted by linear combinations of their complex forms (Eq. 2.7). Readers
who are interested in strict, quantitative derivation should refer to the original papers [6-9].



34 2 “Prototypical” Optical Absorption Spectra of Phthalocyanines ...

band. This demonstrates that these modifications upset the balance of energy level
between the occupied frontier orbitals (aj, and ap,). For example, substitution of
meso-carbon with nitrogen significantly stabilizes the a, orbital relative to the aj,
counterpart (Sect. 2.2.4). Consequently, as their transition energy is no longer the
same (ajy—> €y < ay—>€y), the electric dipole moment of the lower excited state is
not completely cancelled. Fusion of the benzo groups to the periphery of TAP also
enhances the energy imbalance so that the Q band is intensified.

2.2.8 Degeneracy of Excited States and Magnetic Circular
Dichroism (MCD) Spectroscopy

In the free-electron model, the degenerate orbitals have been demonstrated as
pairs of orbitals with the same angular momentum but with different circulation
directions (that is, clockwise (+k) and counterclockwise (—k) circulation). The
two orbitals have the same energy, which depends on k” alone, in the absence of
a magnetic field. The circulation of the electron is equal to the ring current of the
opposite direction (that is, clockwise circulation = counterclockwise ring current),
generating an upside magnetic moment (Fig. 2.9). Likewise, the counterclockwise
circulation generates a downside magnetic moment of the same magnitude. Once
an external magnetic field is applied perpendicularly to the molecular plane, the
two orbitals are no longer equivalent in energy level and the degeneracy is lifted
owing to the Zeeman effect to a much smaller extent than to the symmetry-
lowering effects.

MCD spectroscopy is a powerful tool for investigating the electronic structure
of molecules with high symmetry, such as porphyrins or phthalocyanines, because
it provides valuable information on their degenerate states. MCD spectra can be
measured using a conventional circular dichroism (CD) spectrometer that can be

Fig. 2.9 Schematic
illustration of degeneracy of
MOs (in free-electron model)
in the absence of external
magnetic field and its
disruption upon application
of external magnetic field.
Source NIMS eSciDoc—
IMEJL © Hiroaki Isago with +k
CC-BY-NC 3.0 license

B=0 B#0
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equipped with an electromagnet or even a permanent magnet in its sample com-
partment. The magnetic field is oriented parallel to the optical propagation (that
is, in the Faraday arrangement). In this orientation, only transitions between states
with different angular magnetic quantum numbers (AJ) of unity can absorb light.
Absorption of left circularly polarized (Icp) and right circularly polarized (rcp)
light is associated with transitions of AJ = 41 and —1, respectively (Fig. 2.10)
[10-12]. The differential absorption between lcp and rcp light, AA;_pg, is recorded
as the MCD spectrum and is characterized by three terms; Faraday A, B, and C
terms (Eq. 2.9), where B is the strength of the magnetic field (T), ¢! is the product
of the concentration of the molecule (M) and optical path length (cm), and kT is
the product of the Boltzmann constant and temperature (K).

AAp_g = 152.5Bcl[A + (B + (C/kT)] (2.9)

The Faraday A term is observed when the ground state is nondegenerate whereas
the excited state is degenerate in the transition. The degenerate transition is
split into two transitions which are very similar in energy and during which lcp
light and rcp light are absorbed. Hence, the observed CD spectrum is sharp and
it appears that the first-order derivative curve of the absorption spectrum was
recorded (Fig. 2.10, top).

The Faraday B term appears irrespective of whether the transition is degenerate
or nondegenerate (Fig. 2.10, middle). Therefore, when neither the ground state nor
the excited state is degenerate for transitions in molecules of lower symmetry (e.g.,
HyPc; see Sect. 2.2.9), the MCD spectrum is completely dominated by B terms. The
B terms arise owing to the mixing between excited states that are linked by a mag-
netic transition moment, which is induced by the applied magnetic field. The inten-
sity of B terms increases in inverse proportion to the energy separation between the
states. The spectrum relevant to the transitions must be a “zero-sum game”.

The Faraday C term (C/kT in Eq. 2.9) is observed only when the ground state
is degenerate and the excited state is nondegenerate (Fig. 2.10, bottom). They are
temperature-dependent because of the Boltzmann distribution between the split
ground states induced by the magnetic field. Therefore, the C terms are Gaussian-
shaped as is the case of B terms. However, degeneracy of ground states is not very
common in phthalocyanines or related macrocycles because of the Jahn-Teller
effect [13—15]. Hence, the C term is not taken up in this monograph.

MCD spectroscopy also provides information regarding the change in mag-
netic dipole moment through the observed transitions [16, 17]. The optical absorp-
tion and MCD spectra of some porphyrins and related macrocycles are shown in
Fig. 2.11. The Q band observed for the SbY complex (cation) of octaethylporphy-
rin in the absorption spectrum is weaker than the Soret band (dotted line) com-
monly observed for normal porphyrins (e.g., TPP in Fig. 2.2) [18]. Nevertheless,
the associated MCD spectrum has a comparable intensity. The free-electron model
predicts that the Soret band is allowed and hence shows a small change in orbital
angular momentum (Ak = =£1). In contrast, the Q-transition is forbidden but has a
large Ak (£9), which is related to the magnetic moment in the excited state.
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Fig. 2.10 Origin of the Faraday A, B, and C terms observed in MCD spectra. The dashed curves
represent the absorbance of left and right circularly polarized light. “H”, which stands for the
magnitude of the external magnetic field, corresponds to “B” in the text. Reprinted from Ref.
[12], Copyright 2003, with permission from Elsevier
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Fig. 2.11 MCD (top) and
optical absorption spectra
of purified reduced +CO
P-420 at pH 7.4 (solid
lines) and (dihydroxo)
(octaethylporphyrinato)
antimony(V) chloride (broken
lines) in dichloromethane.
Reprinted with the
permission from Ref. [18].
Copyright 1977 American
Chemical Society
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2.2.9 Assignment of Phthalocyanine Spectra by MCD
Spectroscopy

Using MCD spectroscopy, we can unambiguously assign each band observed in
Fig. 2.1. The spectra of [Zn(tbpc)] and Hotbpc will be discussed as examples of
degenerate and nondegenerate transitions, respectively.

The optical absorption and MCD spectra of [Zn(tbpc)] are shown in Fig. 2.12
as black solid lines, where a distinct S-shaped curve is observed in the 650—
700 nm spectral range with its center at essentially the same wavelength as that of
the absorption maximum (678 nm). On this basis, we may assume that the MCD
spectrum in this spectral region is dominated by a Faraday A term and hence this
transition is degenerate. A similar S-shaped sigmoid curve is observed in the MCD
spectrum at approximately 348 nm, indicating that this transition is also degener-
ate.!3 Using MCD spectroscopy, we found that the 678- and 348-nm bands are
unambiguously assigned as the Q and Soret bands, respectively, as is predicted
from the four-orbital model. The weak satellites at the blue flank of the Q band are

3For some compounds, e.g., [Zn(pc)], [Mg(pc)], [Lia(pc)] [19-21], and some AsY and SbY
derivatives [22-24], a similar absorption band in the spectral region has been reported but
they are considered as an overlap of two bands (B1/B2 bands) on the basis of MCD spectra

(Sect. 3.2.2.1).
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Fig. 2.12 Optical absorption
(top) and MCD spectra of
[Zn(tbpe)] (bottom), (black
solid lines) and Hotbpc (red
broken lines) in chloroform
solution. The absorption
spectra are identical to those
in Fig 2.1
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attributed to vibronic progression (Sect. 1.1.3) associated with the Q band.'® These
bands are nondegenerate as determined from the MCD spectrum in the same spec-
tral region, which is dominated by B terms.

Absorption and MCD spectra of Hotbpc are shown in Fig. 2.12, where no
Faraday A term is observed under each band and only Faraday B terms are observed
in the MCD spectrum as a Gaussian-shaped signal that appears similar to absorption
bands. This indicates that Hotbpc does not have any degenerate excited state because
of its low molecular symmetry (D). Owing to the presence of the imino protons in
the cavity (Fig. 2.2), the e, orbitals that are degenerate in Dy, symmetry are split into
byg and b3, in Dy, symmetry (note that the molecular plane is again taken as the xy-
plane.15 Using this convention, the low and high transitions are y- (A, x B2y = B2y)
and x-polarized (A, x B3, = B3,) and are hence no longer degenerate. It is not easy
to determine the practical interpretations of B terms.

Careful readers may have determined that the sign of the MCD spectra in the
Q-region changes from negative to positive with increasing energy (i.e., from
longer to shorter wavelengths) for both A and B terms. This sequence makes sense
and is observed when the energy gap between the two lowest unoccupied -MOs
(that is, adjacent LUMOs) is smaller than that between the two highest occupied
n-MOs (adjacent HOMOs) [16, 17]. Readers who are interested in this issue are

14With respect to the second vibronic band (612 nm), Mack and Stillman have suggested the
presence of an additional nondegenerate electronic (n-7) transition in this spectral region due to
the lack of the corresponding band in the fluorescence spectrum [25].

5The convention employed for Doy, here is different from that of the global standard, which rec-
ommends taking the z-axis (principal axis) in the Dyp, point group so that it passes through as
many atoms as possible (i.e., the z-axis is parallel to the phthalocyanine molecular plane). This is
the reason why some studies have shown that the split LUMOs belong to bjg and byg. However,
strictly following the standard convention might lead to unnecessary confusion in compari-
son with [Zn(Pc)] (Dap), where the z-axis must be its C4 axis and hence is perpendicular to the
molecular plane. Therefore, the z-axis for HoPc has been taken similarly for easier comparison
with [Zn(Pc)].
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referred to Michl’s original reports. This is common for porphyrins, phthalocya-
nines, and their related macrocyclic compounds because their LUMOs are doubly
degenerate or nearly degenerate, whereas their adjacent HOMOs are separated in
energy as is expected from the four-orbital model.

2.2.10 Computational Molecular Orbital Calculations

It is not our purpose in this chapter to discuss the electronic structures of phthalo-
cyanines and related macrocycles on the basis of computational molecular orbital
calculation. However, it should be mentioned that some findings are available from
computational works alone. In particular, the following two findings are quite
important for description of optical spectra of phthalocyanines.

First, the Q band is assigned as essentially a pure HOMO-LUMO transi-
tion (i.e., ajy—eg for [M(Pc)], and a,—bye and a,—bsg for HyPc). Although
the Q band transition is a mixture of aj,—eg and ax,— ey according to the four-
orbital model, a large stabilizing effect of nitrogen substitution on the aj, orbital
as against aj, significantly reduces the contribution of the ap, orbital to the
Q-transition [9-12, 26].

Second, three absorption bands (B, N, and L bands in the order of increasing
energy) appear in the higher-energy spectral region (the so-called Soret region),
and are mixtures of more than one degenerate electronic transitions [8, 10-12].
The bands of higher energy (N and L) cannot be observed in organic solvents
because they are hidden owing to intense absorption by the solvents used. Their
presence has been determined in the spectra of AsY and SbY complexes that have
significantly redshifted the Q and Soret bands [22-24].
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