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Abstract

Magnetic circular dichroism (MCD) spectroscopy has proven invaluable in the assignment of the optical spectra of the porphyrinoids over the
last 40 years. Recently, with new power of the DFT theoretical treatments available routinely, the assignment of porphyrinoid spectra has become
an important factor in the correct interpretation of the electronic structure predicted by the calculations. In this review, we have described in detail
the formalism required to use the MCD technique to probe the electronic structure of porphyrinoid complexes. We begin with a detailed description
of the optical background to the technique; continue by describing the current theoretical interpretation of the spectral morphology, and end by
describing the analysis of the MCD spectral data for a number of porphyrins and phthalocyanines.
© 2006 Elsevier B.V. All rights reserved.
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MO, molecular orbital; MORD, magnetic optical rotatory dispersion; NMR, nuclear magnetic resonance; OEP, octaethylporphyrin; OAM, orbital angular momentum;
ORD, optical rotatory dispersion; Pc, phthalocyanine; rcp, right circularly polarized; TPP, tetraphenylporphyrin; VB, valence bond; VTVF, variable temperature
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1. Introduction

The synthesis, electrochemistry and optical spectroscopy of
metal porphyrinoid complexes and their cation and anion radical
species, has been a major research focus of both the Stillman and
Kobayashi research groups over the past three decades [1]. Nat-
urally occurring porphyrinoid ligands, Fig. 1, play a key role in
biological redox processes such as photosynthesis and respira-
tion. The electrochemistry, photochemistry and ligand-binding
chemistry of chlorophylls, hemes, and the corrin within Vita-
min Bj;, has, therefore, inspired a variety of high technology
applications for porphyrinoids such as synthetic porphyrins and
phthalocyanines [2], corroles [3] and porphyrazines [4]. The
exact mechanism of the natural reactivity and of many of the
practical applications for synthetic porphyrinoids is often poorly
understood, but the heteroaromatic nature of the porphyrinoid
ligand is known to be a key factor.

The intense 7 — 7 absorption bands of magnesium chlo-
rins are directly connected with the key role of plants in light
harvesting within photosynthesis [5], while iron hemes carry
out a wide range of chemistry moderated by the presence of the
aromatic w-system [6]. In both cases, the brilliant colors and
color changes in the UV-vis region of the spectrum have pro-
vided critically important insights into the electronic structures
of these compounds. In the mid-1960s and early 1970s, magnetic
circular dichroism (MCD) spectroscopy [7] provided the key to
understanding the optical spectrum of porphyrinoids by con-
firming the validity of theoretical models [§—12] that had been
developed based on molecular orbital (MO) theory to account
for the relative intensities and wavelengths of the major spectral
bands of chlorophylls, heme proteins and other porphyrinoids
based on the orbital angular momentum (OAM) and magnetic
quantum number (My,) properties of the LUMOs and HOMOs
of the porphyrinoid mw-system. In the case of biologically signif-
icant transition metal porphyrinoid complexes such as the heme
proteins [6], MCD spectroscopy also provided key information
about the redox and spin state of the central metal, the redox
state of the m-system and spectral band polarization informa-
tion, which could not easily be derived from analysis of UV—vis
absorption spectra and theoretical calculations, alone.

Despite these many key early successes, the MCD technique
has not been universally adopted within the field of porphyrin
and phthalocyanine research and MCD results are sometimes
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Fig. 1. Structures of protoporphyrin IX, the substituted porphin ligand that lig-
ates iron in heme proteins (left), and a synthetic metal phthalocyanine complex
(right).

completely overlooked by researchers active within the field. A
lack of familiarity with the theory on which the technique is
based probably accounts for this, since it is seldom taught at
the undergraduate level as part of courses on molecular spec-
troscopy. Conceptually, however, MCD spectroscopy should be
readily accessible to anyone familiar with the theory of NMR and
EPR spectroscopy and with introductory undergraduate level
quantum mechanics.

The aim of this review is to provide key background knowl-
edge for the general audience of porphyrinoid researchers to
allow them to be able to interpret and assess the significance
of MCD spectral data as readily as they would NMR or EPR
data. A key conceptual problem in the application of MCD spec-
troscopy is that the analysis rests upon a molecular orbital (MO)
approach to bonding, while the valence bond (VB) approach
remains prevalent within both organic and inorganic chemistry
at the undergraduate level and is still sometimes used within
metal porphyrinoid research [13]. We, therefore, include a brief
overview of the application of MO theory to aromatic and het-
eroaromatic m-systems required to fully appreciate the role of
the orbital and spin magnetic quantum numbers within optical
spectroscopy, before examining in detail several key applications
of MCD spectroscopy within porphyrinoid research.

2. Theoretical background to MCD spectroscopy
2.1. Magnetism and optical spectroscopy

The major difference between MCD spectroscopy and the
NMR and EPR techniques is that MCD spectroscopy is not based
on resonance between spin states, but is instead based on the
wavelength dependent absorption of circularly polarized light
to form excited electronic states. The UV-vis absorption and
MCD spectra of a molecular complex contain the same set of
spectral bands, but the band morphologies are different due to the
effect of the applied magnetic field and the use of a differential
absorbance intensity scale from the CD spectrometer used for
the measurements.

Five electronic quantum numbers [14] form the theoretical
basis for magnetic circular dichroism since the interaction of
electronic states with an applied magnetic field is based upon
magnetic dipole moments associated with the orbital and spin
motion of the electrons. The principal quantum number, n, was
first proposed by Niels—Bohr to account for the wave based
properties of electron orbital motion. Subsequently, during the
process of solving the Schrodinger wave equation for hydrogen
it was discovered that the OAM of the electron defined by the
orbital quantum number, 1, is spatially quantized in terms of
the z-component, L,, defined by the magnetic quantum num-
ber, my, Fig. 2, based on precession at the Larmour frequency at
fixed orientations around the axis of the applied magnetic field.
In classical terms circular motion of charge in a current loop
has a magnetic dipole based on the current (/) and the area (A)
enclosed by the orbital motion:

e
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Fig. 2. The origin of the , m, s and mg quantum numbers and the associated
magnetic moments.

When the quantized nature of OAM is factored in, the fol-
lowing equations can be derived:

= —2i\/1(1 D = IA+ Dus @)
Me

Wz = —mLB 3)

where [=0,1, ..., n—1and my=1,1—1,...,0, =I+1, =, e
and me are the charge and mass of the electron, respectively, A
is the Dirac constant (h/27) and up is the Bohr magneton. The
negative sign arises since magnetism is defined in terms of a
positive charge carrier and conventional current flow, which is
still used by physicists for historical reasons.

In the case of spin angular momentum, the spin properties of
an electron are quantized so that s=1/2 and ms==+£1/2, Fig. 2.
Electron spin was found to be more efficient at producing a mag-
netic moment than the orbital motion so the magnetic moment
equation for S, contains the Landé factor (g-factor), which has
a value of 2.0023:

Mz = —gLMsUB ~ —UB 4

We turn now to the incorporation of these atomic quantum
number properties into the electronic description of a molecule.
Predicting the optical spectrum requires the solution of the
Schrédinger wave equation in terms of the states (¥a) and
energy levels (Ep) of the system and the Hamiltonian (H):

HWA = EpAWp (5)

since this allows calculation of the observables transition energy
and the oscillator strengths of the transition dipole moment
between states A and J:

MA = (Wp|m|Wy) (6)

Analysis of optical spectral data rests on the fact that absorp-
tion or emission of a photon of light with specific wavelength
properties results in a redistribution of charge within a molecule
based on a transition moment which couples the ground and
excited electronic states, resulting in a new stationary electronic
state, Fig. 3. A linear displacement of charge induces an elec-

dipole transition mements
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Fig. 3. The origin of chirality, based on the combined effect of electronic and
magnetic transition moments.

tric dipole transition moment, while a magnetic dipole transition
moment is induced by any circular motion of electric charge.

Electric dipole moments (m) are the dominant factor in cou-
pling the ground state with excited states within UV—vis absorp-
tion spectroscopy, since they tend to be ca. 5 orders of magnitude
stronger than magnetic dipole moments (). In the case of dis-
symmetric molecules with a chiral center, however, absorption of
aphoton results in both magnetic and electric dipoles, since there
is a helical redistribution of electronic charge. Enantiomers pref-
erentially absorb left (Icp) and right (rcp) circularly polarized
light based on the handedness of the helical electron redistribu-
tion. This differential absorbance of lcp or rcp forms the basis
of circular dichroism (CD) spectroscopy [15]. Treatments of the
selection rules for optical spectroscopy often focus primarily on
whether a transition is spin (AS=0) forbidden and/or Laporte
(Al==1) forbidden, which in the case of centrosymmetric sys-
tems can also be expressed in terms of a change in parity such
that u — u and g — g transitions are forbidden since s and d
orbitals have gerade and p orbitals have ungerade nodal pat-
terns. A third selection rule that only AMp, =0, &1 transitions
are fully allowed is often overlooked, since it is difficult to derive
information based on this selection rule from standard UV-vis
absorption spectra in the absence of an applied magnetic field
which lifts the orbital and spin state degeneracies. We should
note that this is a simplified account of optical selection rules
which can be different under certain circumstances, in particu-
lar, there are additional rules concerning L =0-0 and My =0-0
transitions.

An incident photon can provide a maximum of one quantum
of OAM (AMy ==+£1), since the electric and magnetic vectors
of the electromagnetic wave can rotate a maximum of once per
wavelength, Fig. 4, and the total angular momentum within an

Electric vector (E)

avalengt 4 a
)

Fig. 4. The electric vector of Icp follows a counterclockwise path rotating once
per wavelength along the axis of light propagation.
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isolated system must be conserved in both magnitude and direc-
tion based on Newton’s third law of motion. Absorption of a
photon by a heteroaromatic m-system, such as that of a porphyri-
noid ligand, results in both a linear and a circular redistribution
of charge within the xy-plane, Fig. 3. Although strong magnetic
dipoles are, therefore, induced within the " excited states of
porphyrinoid m-systems, there is no net CD signal since in the
absence of a chiral center the absorbance of Icp and rcp light is
equally likely.

2.2. Zeeman splitting of states

The role of the magnetic vector of electromagnetic radiation
tends to be neglected within optical spectroscopy with the excep-
tion of descriptions of line spectra arising from isolated atoms in
the gas phase, and in astronomical observations. Within physical
chemistry, this phenomenon is sometimes explained no further
than the normal Zeeman effect observed during relaxation of
an atomic hydrogen 1p orbital electron to the 1s orbital. The
emission band is described as splitting into parallel (||) and per-
pendicular (L) plane polarized bands, Fig. 5, based on Amy=0
and Amj==£1 selection rules, respectively, when the field lines
are applied perpendicular to the emitted beam. What is seldom
mentioned is that Pieter Zeeman’s experiments (for which he
shared the Nobel prize for physics in 1902 [16]) involved emis-
sion from a Cd 5d orbital to a 5p orbital with the magnetic field
lines applied in both a parallel and a perpendicular arrangement
relative to the axis of light propagation. In Zeeman’s words dur-
ing his Nobel prize lecture [16b] “. . .But let us first consider the
rays which run parallel with the lines of force. .. The opposite
circular oscillations of the electrons excite two circularly polar-
ized rays rotating in opposite directions, one having a longer and
the other a shorter period of oscillation than the original spectral
line. The original spectral line splits up under the action of the
magnetic field into two components which are circularly polar-
ized in opposite directions. The light source emits two-color
light...”.

The MCD technique would probably be more widely appre-
ciated if Zeeman’s results were explained with greater emphasis
placed on this ever first example of a magnetic circularly polar-
ized emission spectrum. The MCD experiment in many respects
is simply the reverse of Zeeman’s observation in that differen-
tial absorbance of Icp and rcp photons is induced by the Zeeman
splitting of states within an applied magnetic field.

Since cadmium has a closed shell d'° configuration, spin
orbital angular momentum is not a factor in the normal Zeeman
effect. When Zeeman studied metals with unpaired electrons
such as sodium, however, multiple emission lines were observed
both in the presence and absence of an external magnetic field.
This is usually referred to as the anomalous Zeeman effect. In
the case of sodium, a doublet is observed for the 3p — 3s emis-
sion at zero field, since the electron spin angular momentum can
either be aligned with or against the strong internal magnetic
dipole created by the orbital motion of the unpaired electron.
The anomalous Zeeman effect represents direct spectral evi-
dence that spin and orbital angular momenta of the individual
electrons couple to provide the total angular momentum quan-

B=0 | B>0
4|+ IZIL
(QL = 1) 7
- 1
5d 0
-1
-2
AE =g, M ugB
(@.=1) " 1
5p = 0
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M =M, S=0
ML
2
1
0
-1
-2
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0
-1

Fig. 5. The normal Zeeman effect. The emission from an atomic lamp source
placed within a magnet observed perpendicular (top) and parallel (bottom) to
the lines of force. It should be noted that when S=0 and the Russell Saunders
spin coupling mechanism is applicable, J =L, and My =Mj, as shown here.

tum numbers, J and Mj, for the electronic state based on the L,
My, S and M quantum numbers. In the case of the lighter atoms
usually encountered in porphyrinoid research, including the first
row transition metals (Z<40), spin—orbit coupling is relatively
weak and the L and S quantum numbers can be combined accord-
ing to the Russell-Saunders coupling scheme (as opposed to the
strong-field j—j coupling scheme observed in the case of heavier
atoms where the spin—orbit coupling is stronger) to give the total
angular momentum of the state J (/=L +S). When a magnetic
field is applied, there is a lifting of state degeneracies into 2J + 1
microstates based on the My quantum number for orientation
relative to the applied field. The Zeeman splitting of the states,
Fig. 6, can then be defined:

e
AE =

(L; +28;)B = gLusM)B (N

Ne
The factor of 2 for S is related to g, which was demonstrated
empirically during early spectroscopic studies to be:
1+ JUADHSES+ D=L+ 1)
- 2J(J+1)

gL ®)
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B=0 | B>0 | || AE = g,Mu,B
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Fig. 6. The anomalous Zeeman effect. The emission from an atomic lamp source
placed within a magnet observed parallel to the lines of force. Unlike the case
in Fig. 5, J and My are now used since S # 0.

Since the g-factor associated with OAM, therefore, has a
value of 1 when S=0, this factor does not have to be included
during the calculation of the Zeeman splittings of states for por-
phyrinoid complexes of diamagnetic main group and closed shell
d'% metals.

The value for the z-component of the magnetic moment
aligned with the axis of light propagation can be defined as

Mz = —up(L; +28;) ©

chiral Icp or rcp photon results in either a left or right handed
redistribution of charge within the w-system, since the total
OAM within the system must be conserved. The magnetic field
lines induced by the circular redistribution of charge all point
along the z-axis at the center of the ligand creating a magnetic
dipole moment perpendicular to the plane of the m-system.

MCD spectra are recorded by mounting a magnet into the
sample compartment of a CD spectrometer, in the Faraday
alignment. Unlike EPR spectroscopy, even diamagnetic com-
plexes exhibit an MCD signal. In the case of metal porphyrinoid
T bands, absorption of a m — T bands, absorption of a
chiral Icp or rcp photon results in either a left or right handed
redistribution of charge within the m-system, since the total
orbital angular momentum within the system must be conserved.
The magnetic field lines induced by the circular redistribution
of charge all point along the z-axis at the center of the ligand
creating a magnetic dipole moment perpendicular to the plane
of the w-system.

Within the MCD experiment the splitting of the optically
accessible microstates of an excited state is:

AE =2gLugM;B (10)

The factor of 2 is based on the fact that the microstate accessed
by a photon of one handedness will be stabilized due to an align-
ment of the magnetic dipole moment with the applied field, while
that accessed by a photon of the opposing handedness will be
destabilized since the magnetic dipole is aligned against the field,
Fig. 7.

PMT

mm; “-“*‘“‘Iﬁl Magnetic moment
M, =-g KM,
g, — Landé g—factor

B - field strength
Ug — Bohr magneton

Splitting of states
AE = 2g,psM,B

4 £

CD Spectrometer
Lamp and Optics

Fig. 7. The direction of the induced magnetic moments within a cyclic polyene
excited state can be derived from Ampere’s rule (right-hand rule) for a solenoid
(i.e. for current in a loop). When the fingers of the right hand are curled in the
flow direction for conventional current flow (i.e. for a positive charge carrier)
the induced magnetic dipole moment is aligned in the direction the thumb is
pointing. The MCD magnet’s sample horizontal bore is surrounded by a solenoid
to generate a high magnetic field, typically of 1-7 T, with field lines running
from the south to north parallel to the axis of light propagation in the sample
compartment of the CD spectrometer.

A parallel applied field is often referred to as the Faraday
alignment, since it was the basis of Michael Faraday’s experi-
ments in the 1840s [17] in which plane polarized beams of light
were found to be rotated during transmission through certain
substances due to the differential absorbance of Icp and rcp light.
Since a perpendicular applied field tended to be used within Zee-
man spectroscopy [18] (i.e. excited state emission experiments) a
perpendicular alignment is sometimes referred to as the Zeeman
magnet arrangement. Prior to the emergence of MCD spec-
troscopy in the mid-1960s, with the development of Ti—Nb and
Sn—Nb alloy superconducting magnet coils and the photoelastic
modulators required to create an alternating beam of Icp and
rep light from plane polarized light, magnetic optical rotatory
dispersion (MORD) spectroscopy, which is based on Faraday
effect experiments with plane polarized light, was the primary
electronic absorption based technique used to study magnetic
optical activity. Although MORD and Zeeman spectroscopy are
now largely obsolete, in the early 1960s MORD experiments
demonstrated the potential utility of magnetic optical activity
for studying porphyrins, phthalocyanines and heme proteins [19]
and inorganic anions [20]. MCD and MORD spectra are related
by Kramers—Kronig transforms in the same manner as CD and
ORD spectra [21].

2.3. MCD intensity mechanism and the three Faraday terms

The modern theoretical background to MCD spectroscopy
is largely due to Buckingham, Stephens and Schatz [7,22]. In
contrast with natural CD, which is relatively rare, the Fara-
day effect is a property of all matter. For a fully allowed
electronic transition using the rigid-shift, Born—-Oppenheimer
and Franck—Condon approximations, the MCD intensity equa-
tion, according to the modified conventions recommended by



434 J. Mack et al. / Coordination Chemistry Reviews 251 (2007) 429-453

Stephens et al. [7], is:

AA; df Co
. _1525301[./41( dE) <zso+kT)f} (11)

AA|; is the differential absorbance of Icp and rcp light, B the
field strength, cl the product of the concentration (mol1~!) and
path length (cm), E represents the energy coordinate in cm™!
and is used here to signify that the expression is for the entire
spectral band rather than for just one wavelength, while fis a
normalized band shape function (normally a Gaussian-shaped
curve). Analysis of MCD spectra based on Eq. (11) is based on
an estimation of the magnitudes of the three Faraday terms, A1,
Bo and Cp, which were originally used within the interpretation
of MORD spectra [20,23]. Information can be derived based on
the Zeeman splitting of the absorption bands for Icp and rcp light,
the field-induced mixing of zero-field states and the Zeeman
splitting based ground state population adjustment, respectively.

The dipole strength of the absorption intensity [7b] in the
absence of an applied field is:

3.062 x 1073 A
2002 x WV © /de ~ (Ao — (o (12)
Vmax 326.6cl  326.6

Dy =

where D is expressed in (Debye)2 units (D2) [7b,24], vimax 1S
the band center energy in cm™~! and (A) is the zeroth moment of
the intensity for the entire absorption band. The right hand side
equation is valid for any symmetrical band shape. It is important
to note that throughout this section energies are in cm ™! and field
strengths are in Tesla (T). In practical terms absorption and MCD
spectra are normally reported in terms of extinction coefficients
eM tem Yand Aeyy M~ em™! T—1) based on Beer’s Law.

The A, term, Fig. 8, arises from the Zeeman splitting of an
orbitally degenerate excited state. There is a highly distinctive
first derivative band shape due to the separation of the individual
band centers of the Icp and rcp light absorbing bands. A con-
sideration of Eq. (8) makes it clear that the .4 term intensity is
based on the relative magnitudes of the combined orbital (L;)

Faraday 4, term
{ M, =M, S=0 M,
\ i

lep

{
a4
°

AAI-rs A|, :

Energy

Fig. 8. Selection rules for the absorption of circularly polarized light based on
a transition between an orbitally nondegenerate ground state and an orbitally
degenerate excited state within a magnetic field applied parallel to the axis
of light propagation. A derivative-shaped Faraday A; term is observed due to
the Zeeman splitting of states and the associated energy separation of bands
absorbing lcp and rcp light based on the AMp, ==1 selection rule. We note
that in this example, since S=0 for closed shell atoms or molecules, J=L, and
My =M.

and spin (S;) angular momenta of electrons within the ground
and excited states, labeled as A and J, respectively:

1
=z D lpeld) -

where [méjl] and [mfl] are the electric dipole matrix elements
associated with the absorption of lcp and rcp light, respectively,
while d relates to the degree of degeneracy of the excited states.
Note that the sign convention for handedness used in the sub-
scripts of the matrix elements is the opposite of that used in
AAL;.

The Gaussian-shaped By term arises from second order
effects based on the field induced mixing of the zero-field states
via magnetic dipole transition moments. By terms completely
dominate the MCD spectrum when there is no three-fold or
higher rotation axis, since there are no orbitally degenerate states
that can be split due to the Zeeman effect. By terms are also
present in the spectra of high symmetry complexes but tend to
be significantly less intense than A and Cy terms, since there is
a dependence on the energy separation of states J and K (AExy)
mixed by the field. By term intensity, in the absence of significant
field induced mixing between the ground and excited states, is:

{ Z J“’LZ'K

When a structural modification results in a small, relative to
the spectral band width, zero-field splitting of what would other-
wise be an orbitally degenerate 7" excited state, the resulting
derivative-shaped signal is often referred to as a pseudo-.4; term,
Fig. 9.

The Cp term arises, Fig. 10, from the Boltzmann popula-
tion distribution across a degenerate ground state and, therefore,
shows a strong 1/kT temperature dependence, Eq. (11). At very
low temperatures, a symmetric Gaussian-shaped Faraday Co
term is observed because only the lowest split state contributes
to the MCD. Understandably, the intensity of this Cy term dom-
inates the MCD spectrum at low temperatures. At temperatures
above saturation point at which the lowest microstate exists with

(Al AT = mMT7) (13)

A5 = [ D (14)

Faraday 3, terms Pseudo 4, term
- lep || fep
|
< <
? vy
$ S—P—
Energy Energy

Fig. 9. The appearance and the intensity of coupled Faraday B terms depends
upon the extent of the zero field splitting of states relative to the bandwidth. The
splitting of the +ve and —ve Gaussian-shaped MCD signals (black) is determined
by the energy separation of the lcp and rcp light absorption bands (dark and light
gray) that arise within the applied field due to field induced mixing of states via
a magnetic dipole transition moment.
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Faraday C, terms M =M, S=0 M,
lep
< <D
x lc
< P
< cll
J L lw
\ e -0
=3
B=0 B>0
— 3
Energy

Fig. 10. Selection rules (right) for the absorption of circularly polarized light
based on a transition between an orbitally degenerate ground state and an
orbitally nondegenerate excited state within a magnetic field applied parallel
to the axis of light propagation. Cyp terms are extremely temperature sensi-
tive. The Cp term has a 1/kT temperature dependence since the ground state
microstates are populated according to a Boltzmann distribution. In this exam-
ple S =0so My =Mj. The Faraday Cy terms which arise when S # 0 are described
in Figs. 30 and 31.

100% of the population, the measured Cy term shape begins to
become asymmetric due to the separation of the band centers
of transitions absorbing Icp and rcp light, until both states are
equally populated at very high temperatures at which point an
Aj-term-like derivative-shaped band will be observed. In the
case of metal porphyrinoids, Cy terms are usually associated
with the presence of an open shell transition metal. When the
splitting of the microstates is small relative to the spectral band-
widths of the lcp and rcp light-specific absorption bands the Co
term is essentially Gaussian-shaped. By terms can be readily
distinguished from By terms by measuring spectra at both room
and cryogenic temperatures since they lack a 1/kT temperature
dependence:

1
Co == - DAl ) Im 1 = (1. (15)

2.4. Quantitative analysis of ground state and excited state
magnetic dipoles

Comparison of Egs. (13)—(15) for Ay, By, Co with Eq. (16) for
the dipole strength of the absorption band, Dy, demonstrates that
the electric dipole contribution is cancelled out within .A¢/Dy,
Bo/Dy, Co/Dy ratios:

1 2
Do = aZ[mgt{] (16)

Since Dy can be readily derived from the corresponding
UV-vis absorption spectra using Eq. (12), the MCD technique
can be used to directly quantify the magnetic moments associ-
ated with the ground and excited states [7]. Method of moments
analysis was introduced to MCD spectroscopy by Henry et al.
[24] and has since been used extensively to derive the magnetic
moments of the ground and/or excited states from MCD spectral
data.

Unfortunately, several different sets of equations have been
published for the moments of the three Faraday terms and

Egs. (11)—(15) which were recommended by Stephens [7a] and
Piepho and Schatz [7b] in the late 1970s and which we regard as
being the standard set of definitions within the field have not been
universally adopted by all of the research groups active in the
field of MCD spectroscopy. An earlier set of definitions for the
three Faraday terms, which were adopted in the mid-1960s [25],
usually denoted by A, B and C, have also been used extensively.
The A, B and C definitions were originally derived in the 1930s
within the calculation of the Verdet constant, which is a measure
of the wavelength dependent rotation of a plane polarized light
beam in MORD experiments [20,23], while more recent sets of
definitions, denoted as A;, By and Cy, and A; (OLD), By(OLD),
Co(OLD) were developed specifically for use with MCD spec-
troscopy (see Section 2.5). The Ao(OLD), By(OLD), Co(OLD)
and Dy(OLD) definitions were used briefly by Stephens in the
early 1970s [28]. The A, B, C, and D and .4;(OLD), By(OLD),
Co(OLD) and Dy(OLD) definitions can still be found in recent
MCD papers [26,27]. Within any review of the MCD literature
the conventions used, therefore, need to be carefully checked.
The conversion factors to derive A, By and Cy values from the
older definition are:

2 2

Al = —g.A](OLD) = §A (17
2 2

By = —gBO(OLD) = —§B (18)
2 2

Co = —§C0(OLD) = —§C (19)

1 1
Dy = gDo(OLD) = gD (20)

A set of conversion factors quoted by Piepho and Schatz [7b]
has caused considerable confusion for experimentalists. An extra
factor of 1/up was included, which while technically correct in
terms of their starting equations is not applicable for A;, By,
Co and Dy values derived from observed AA and A values on
the basis of Eqs. (11) and (12), since up is already included
within A,/Dy, Bo/Dy and Cy/Dy ratio calculations as a factor
of 152.5/326.6. The units for Aq, By, Co derived from a direct
application of these equations to experimental spectral data are
D?B for Ay and D? cm B for By and Cy, therefore, as was the
case previously with A, B and C.

The factor of 2 in Egs. (17)—(19) ensures that the z-component
of the magnetic dipole moment for the ground and excited states
can be derived directly from the A/Dgy and Cy/Dy ratio values
in instances where S=0 and g = 1:

C
W (ground state) = = 21
Dy

. Aj
U, (excited state) = ——,
Dy
The factor of 1/3 is related to the presence or absence of ori-
entational averaging which takes into account the fact that in
solution, molecules are randomly oriented so that the molecular
axis does not coincide with that of the applied field. In practical
terms, although this can affect the magnitude of Ay, By, Co and
Dy, it usually cancels out within A1/Dy, Bo/Dy and Cy/Dy ratio
calculations. Random orientation is sometimes denoted with
overbars [7b]. It should be noted that the difference between
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E, = Ey(icos0,+jsing)

Fig. 11. The original definition of lcp and rcp within CD spectroscopy. Light
plane polarized in the yx-plane can be described in mathematical terms as being
comprised of left or right circularly polarized components of equal phase and
amplitude (top). The towards the source perspective is depicted (bottom).

randomly oriented solution spectra and spectra measured for a
specific molecular orientation within a single crystal or argon
matrices can potentially be a significant factor for complexes
with anisotropic symmetries, and in those circumstances the
equations required to analyze the Faraday terms may be sig-
nificantly more complex than those included here, for example,
manganese porphyrinoids complexes with E; ground states [29].

2.5. Definitions of left- and right-handedness

One of the major problems faced in any description of mag-
netic optical activity is that differing left- and right-handedness
conventions have been adopted depending on the context. The
literature for MCD spectroscopy can be very confusing unless
the reader firmly grasps that the classical optics definition used
within CD and MCD spectroscopy is towards the light source
with the axis of light propagation being defined by the z-axis,
Fig. 11, as opposed to the perspective along the axis of light
propagation normally favored by physicists. A clockwise right-
handed perspective within one definition corresponds to a coun-
terclockwise left-handed definition in the other.

Left handed photons were originally defined as positive since
the electric vector rotates counterclockwise from the positive y-
axis to the positive x-axis within a right-handed set of axes from
positive y-values to positive x-values [13]. Unfortunately, the
original definition for lcp light (E1 = Eg(icos 61 +j sin 1)) is the
same as that used to define the right handedness of the a-helix
of DNA [30] where the perspective is from the source along
the axis of propagation. The application of CD spectroscopy
has, therefore, been complicated in conceptual terms by the fact
that left handed incident photons within the optical definition
induce a right handed transition within the definition used for
helical structures within proteins. The fact that the left- or right-
handedness of a helix is independent of perspective when viewed
from either end complicates matters further in conceptual terms;
since it can provide the impression that handedness is completely
independent of perspective.

Within MORD spectroscopy, Fig. 12, a positive Verdet con-
stant and ¢ value for rotation of a plane polarized beam corre-
sponds to clockwise right handed rotation when viewed towards
the source. Absorption of incident Icp light, therefore, results

¥

electric

x vector (E)
applied

field (B)
¢

¢ =V.BI
V — Verdet constant
| — pathlength

Fig. 12. The Faraday effect within MORD spectroscopy. A plane polarized beam
is rotated by a magnetic field applied parallel to the axis of propagation. The
rotation is defined as positive if the beam is rotated to the right in a clockwise
direction when viewed towards the source.

in a positive signal within the CD intensity definition, but a
negative Verdet constant based on negatively-signed component
Faraday A, B and/or C terms. Although MORD was developed
first, MCD became the dominant technique since it is easier to
derive values for Aj, By and Cy from MCD spectra since there is
greater resolution of the component spectral bands and there is
no @ signal for the solvent and cell, which is a factor which had
to be compensated for in MORD experiments [19a]. When the
MORD definitions for the Faraday terms were initially adopted
in MCD spectroscopy, this resulted in Gaussian-shaped MCD
bands with a negative AA;_; CD signal initially being referred
to as positive B or C terms by researchers such as Michl [12]
and Djerassi in key early papers on [25b]. Research groups who
have subsequently adopted the modified moments definitions of
Stephens [7a], Piepho and Schatz [7b] are now able to avoid this
source of confusion and are able to refer to a negative AA|_; sig-
nal as a negative Faraday B terms, since the sign of 3y matches
that of AAj;. It should be noted, however, that the sign con-
vention for the 4; term is the same as that of A, since negative
and positive A term terminology based on the high energy lobe
of the derivative-shaped signal was well established and did not
cause the same level of confusion as the Gaussian-shaped B and
C term definitions. The A;(OLD) definition initially proposed
by Stephens [28] was briefly the reverse of that of both the A
term it replaced and the .4, term subsequently recommended by
Stephens [7a] and Piepho and Schatz [7b], however.

An additional complication is that there are two different
sets of units currently in widespread use to express MCD inten-
sity. For historical reasons some research groups continue to use
the field normalized, molar ellipticity unit [#]y. Within the CD
experiment, the incident plane polarized beam becomes ellipti-
cally polarized due to the differential absorbance of Icp and rcp
light. While the ¢ unit in ORD spectroscopy is a measure of the
rotation of the electric and magnetic vectors per unit field, con-
centration and distance, the 8 unit in CD spectroscopy is defined
in degrees based on the tangent of the ratio of the minor to major
axes of the elliptical path followed by the electric vector within
the xy-plane when viewed towards the light source. Initially the
0 unit was adopted by CD spectroscopists so that results could be
readily compared to MORD data via Kramers—Kronig transfor-
mations. Since 6 is proportional to the differential absorbance of
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lep and rep light, however, AA|_; has increasingly been adopted
and Aegy based on the extinction coefficient for a 1 M solution
at a field strength of 1T is the preferred intensity unit for MCD
spectroscopy. The conversion factors are 6 =32.98 AA, where 6
is expressed in units of mdeg or [0]y =3.298 Aey where [6]m
is expressed in units of deg cm? dmol~!.

In summary in describing an MCD spectrum use the style,
“positive A term” for a derivative-shaped signal that is negative
to low energy of the cross-over point, and use “negative By term”
and/or “negative Cp term” for Gaussian-shaped bands that have a
negative AA|_; signal based on Egs. (11)—(16) using the modified
conventions recommended by Stephens [7].

3. Overview of early research on the optical
spectroscopy of porphyrinoids

3.1. Molecular orbital theory

One of the factors that can make MCD spectroscopy some-
what inaccessible to many organic and inorganic chemists is
that either ligand field theory or a molecular orbital theory is
required to interpret the spectral data. Although valence bond
theory is still widely used as the conceptual framework for visu-
alizing bonding and reactivity, an MO approach is required to
account for the aromatic properties of benzene and other aro-
matic and heteroaromatic m-systems, such as the porphyrinoid
m-system. Since the electron density for each molecular orbital is
spread across the entire complex, the nodes and anti-nodes asso-
ciated with the orbital angular motion around a m-system can be
observed on the cyclic perimeters of aromatic molecules, Fig. 13.
Linear combinations of the six carbon p orbitals which combine
within the molecular orbital approach, result in three bonding
and anti-bonding MOs with an M =0, £1, £2, 3 sequence
in ascending energy terms. The resonance energy of benzene,
which accounts for the lack of reactivity, is based on the fact that
all of the stabilized bonding MOs is fully occupied. This forms
the basis of Hiickel’s 4N + 2 rule for aromaticity.

3.2. Platt’s free electron model for a cyclic w-system
perimeter

In the late 1940s, Platt [9] proposed a free electron model
for describing the energies of the m-system perimeter MOs
in wavenumbers (cm™!) based on an OAM quantum number
(based on M) for the cyclic perimeter which was referred to as
q:

qZ h2

— 22
2mel? (22)

where m, is the mass of the electron, / the Planck’s con-
stant and / is the length of the cyclic perimeter (A). Since the
HOMO and LUMO of benzene have M1 ==+1 and +2 nodal
properties, respectively, Fig. 13, the lejg and 1e5, MOs can be
viewed as being linked by an allowed AM} ==1 and a forbid-
den AMp =43 transition, Fig. 14. Platt [9] referred to these
as the B and L bands, respectively. The forbidden AMy, ==3

1eg -9.0 eV

9
1a,, -6.4 eV

Fig. 13. The real MOs of benzene at an isosurface of 0.05 a.u. from the Tabula-
tor program in the CAChe workstation software package [68] based on a DFT
geometry optimization. Nodal patterns are observed on the inner cyclic perime-
ter, which arise from the magnetic quantum number properties associated with
the corresponding complex wave functions, which have My =0, +1, +2 and 3
OAM properties as shown.

transitions are located at lower energy based on Hund’s second
rule that for a given multiplicity the lower energy state has the
greater angular momentum, Fig. 14. The B band is observed at
180 nm and is strongly allowed (¢ = 65,000) with the L bands at
200 nm (¢ =8000) and at 254 nm (e =254) gaining intensity by
vibrational borrowing.

3.3. LCAO based perimeter models

Moffitt [10] subsequently developed a more complex LCAO
based model of the cyclic perimeter and noted the fact that in
the case of cyclic heteroaromatic polyenes the nodal patterns
for structural homologs based on the same basic ideal charged
or uncharged parent C,H,, perimeter are consistently retained
and that the molecular orbital method used to predict the ener-
gies and relative intensities of the major spectral bands can be



438 J. Mack et al. / Coordination Chemistry Reviews 251 (2007) 429-453

100 +
: Lo
=
Z M, =2
= 51
w
“AM| = %3”
Lb
0 /A
250

Al nm

Fig. 14. Calculated UV—-vis spectrum of benzene based on a DFT geometry
optimization and INDO/s calculation performed using the CAChe worksta-
tion software package [68]. Triangles denote band centers associated with spin
allowed electronic transitions. The B excited state is orbitally degenerate, ! Ey,.
In contrast, the L excited states arising from the AM, = %3 transition is nonde-
generate with 1By, and !By, symmetry in the case of benzene due to the Dgh,
symmetry [9]. The L, state is associated with nodes through the bonds, while
the L, state is associated with nodes through the atoms, Fig. 13.

simplified on this basis. A 16 atom 18 -electron CieH 62~
m-system, consistent with Hiickel’s 4N + 2 rule for aromaticity,
can be viewed as being the parent cyclic perimeter of metal por-
phyrinoids based on the inner ligand perimeter. An My =0, £1,
42, £3, +4, £5, +£6, £7 and 8 sequence is observed in the
molecular orbitals predicted on the basis on DFT optimizations
of Cj¢H62 and zinc porphin. In the case of metal porphyrin
complexes, the symmetry of the ligand is lowered from D¢, to
Dyp, due to the introduction of four pyrrole rings, but the same
basic nodal pattern sequence can still clearly be observed within
16 of the 24mw-MOs, Fig. 15, resulting in a similar calculated
UV-vis spectrum, Fig. 16, to that obtained for benzene.

The basis of the perimeter model approach to the electronic
structure of porphyrinoids is that although the original degener-
ate HOMO and LUMO orbitals, leg, and leﬁg, may and do split
in energy terms when the symmetry is lowered from the D¢}, of
Ci6H 62, these four frontier w-MOs still retain the CigH 2~
nodal properties, which form the basis of the magnetic proper-
ties associated with the m-system which can be probed by MCD
spectroscopy. The success of perimeter model based approaches,
such as the research of Gouterman [11] and Michl [12], at inter-
preting the spectral properties of an extremely wide range of
porphin-related compounds argues for this usage despite the
fact that it is, of course, technically incorrect to speak of a split
HOMO or LUMO. The focus of our attention is the explanation
of the spectroscopic properties of porphyrinoids so we will use
nomenclature such as AHOMO, and ALUMO that is well estab-
lished within the literature of porphyrinoid spectroscopy [12],
for the energy separation of the laj, and lap, top-filled MOs,
which are derived from the 1esy, HOMO of the parent C¢H 62_
hydrocarbon perimeter, with the proviso that we come to this
description from a consideration of the HOMO and LUMO of
the CigH6>~ perimeter shown in Fig. 15 (left). Similarly, we
will use the Ie§g LUMO of the parent C1gH;6>~ hydrocarbon
perimeter.

i

leg, 5.5 eV le, -1.2 eV
AHOMO =0.0V AHOMO =0.0V
ALUMO=0.5V

ALUMO=0.0V

4

(i3
i

1a,, 6.4 eV

1e,,0.6 eV 1a,, 6.9 eV

3

5y
0

1eg -9.7 eV

2

@
4

1b,, ~14.0 eV 1b,, ~11.5 eV
t @ 1 1 2%31
3eg -15.1 eV
1a,,-6.2 eV 4a, —16.2 eV

Fig. 15. The real m-MOs of the Dig, symmetry Ci6Hi62™ species (left) and the
Dy, symmetry zinc porphin complex (right) at an isosurface of 0.05 a.u. from
the Tabulator program in the CAChe workstation software package [68] based
on a DFT geometry optimization. Nodal patterns can be observed on the inner
cyclic perimeter based on the magnetic quantum number associated with the
corresponding complex wavefunctions with M =0, +1, £2, £3, +4, 5, £6,
+7, 8 properties. The four frontier orbitals that form the basis of Gouterman
’s four-orbital model and Michl’s perimeter model are highlighted with black
boxes. The AHOMO and ALUMO terminology used by Michl [12] relates to
the perturbation of the frontier w-MOs relative to the les, and le;‘ o MOs of the
Ci6H 16>~ parent hydrocarbon cyclic perimeter, respectively. It is convenient to
use the AHOMO and ALUMO terminology because the UV-vis region spectro-
scopic properties of porphyrinoids can be understood in terms of the degree of
symmetry-induced splitting of these nominally degenerate e4, and sy molecular
orbitals, vide infra.
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Fig. 16. Calculated UV-vis spectrum of a D¢y, symmetry C;cH 162~ perimeter
based on a DFT geometry optimization and an INDO/s calculation using the
CAChe workstation software package [68]. Triangles denote band centers asso-
ciated with spin allowed transitions. In the case of the CigHi62~ perimeter the
allowed and forbidden states are both orbitally degenerate with LE, and 'E7,
symmetry [32], respectively. Michl refers to these bands as the B and L bands
[12a].

3.4. Gouterman’s four-orbital model

The spectra of synthetic main group metal porphyrins con-
tain a fully allowed B band at ca. 400 nm (also referred to
as the Soret band) and a set of weaker bands between 500
and 650 nm (arising from the forbidden AMy, = =+9 transitions),
Fig. 17. Early attempts at predicting porphyrinoid spectra based

3-0 LJ L] L
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Faraday 4, terms ZnOEP
MCD
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R —
B
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Intensification ZnOEP
4.09 of the Q band MCD B Abs
intensity relative to
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»
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Energy/ cm™

Fig. 17. Absorption and MCD spectra of zinc octaethylporphyrin (ZnOEP) in
CHCl3. Reproduced with permission from Ref. [39], copyright 2005 American
Chemical Society.
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Fig. 18. Gouterman’s four-orbital model [11] based on a consideration of only
the HOMOs and LUMOs of the r-system (bottom). Reproduced with permission
from Ref. [39], copyright 2005 American Chemical Society.

on a consideration of the entire 24 m-electron system within
an LCAO approach proved problematic. Almost simultaneously
with Platt’s work on benzene, Simpson [8] proposed a free elec-
tron model based on an 18 atom 18 mr-electron w-system in the
case of free base porphyrin to account for the relative intensities
of the bands within the absorption spectrum based on allowed
and forbidden transitions with AMp ==+1 and £9 properties,
respectively, Fig. 16.

Gouterman subsequently developed a four-orbital LCAO
model for porphyrinoid complexes in the 1960s, Fig. 18, after
carrying out postgraduate research at Platt’s laboratory at the
University of Chicago [11a]. Gouterman’s research [11] pro-
vided conclusive evidence that the weaker Q bands in the visible
region were of 7" rather than n” origins as some researchers
[31] had suggested. The four-orbital model has since found
widespread use as the conceptual framework to describe por-
phyrinoid optical spectra including those of the chlorophylls,
proteins and a wide range of synthetic porphyrins and phthalo-
cyanines [11]. Modern DFT techniques as well as the older
semi-empirical methods such as PPP and INDO predict acci-
dental degeneracy of the two m-system HOMOs, which would
normally be expected to be nondegenerate under the D4 sym-
metry typical for metal porphyrinoid complexes, Fig. 19. This
forms the basis for understanding the spectroscopy of free base
porphyrins and their metal complexes, since accidental degen-
eracy results in a spectrum with a set of electronically allowed
(AMy ==+£1) and forbidden (AM1, = 19) transitions between the
HOMO and the LUMO based on the AM; =41 selection rule.

The forbidden band was referred to as the Q band in the case of
porphyrinoids by Gouterman. Researchers within the porphyri-
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Fig. 19. Predicted energies of the four frontier MOs of 17 different zinc por-
phyrinoids, Fig. 28, derived from TD-DFT and semi-empirical INDO/s cal-
culations based on B3LYP geometry optimizations with 6-31G(d) basis sets.
Aza-substituted ligands such as Pc are underlined. Reproduced with permission
from Ref. [39], copyright 2005 American Chemical Society.

noid field tend to be familiar with the Q and B band nomenclature
from Gouterman’s four-orbital model without being aware that
the name for the Q band is based on the Japanese word for nine,
kyuu, since AMy, = %9 character (when considered in simplistic
free electron model terms) accounts for the electronically for-
bidden nature of the lowest energy electronic transition. The first
use of the Q band terminology was by Platt [9b] who drew a dis-
tinction between bands associated with forbidden low energy
transitions associated with orbitally degenerate excited states
with AMp, >1 and the L, and Ly bands observed in the case
of benzene, Fig. 14, which are associated with nondegenerate
excited states. This terminology was not adopted by subsequent
researchers within the field of aromaticity, such as Michl, how-
ever, who continued to use Platt’s original B and L. band nomen-
clature for all aromatic and heteroaromatic w-systems [12a].

In the case of reduced symmetry complexes, for example
the chlorins and bacteriochlorins where there is reduction of the
double bonds at the periphery of the m-system, the degeneracy of
the LUMOs and/or the HOMOs is lifted resulting in significant
Q band absorption in the visible region, since the configuration
interaction between the Q and B excited states is modified so that
both the Q and B bands have electronically allowed character. In
Gouterman’s words the four-orbital model explained both within
an easily understood qualitative conceptual framework, as well
as on a more quantitative semi-empirical LCAO approach, why
“grass is green and blood is red” [11].

Gouterman [11] demonstrated the validity of the four-orbital
approach through extended Hiickel calculations for a series
of porphyrin, phthalocyanine and tetraazaporphyrin complexes.
The relative magnitudes of the magnetic moment values for the

7 excited states were verified based on the A1 /D ratios of the
Q and B bands of metal porphyrins [11c], Fig. 17. Ceulemans et
al. [32] have reported an in depth study for zinc tetraphenylpor-
phyrin (ZnTPP) and zinc octaethylporphyrin (ZnOEP) reporting
A1/Dg values typically between 2 and 5 for the Q band and
between 0.5 and 1 for the B band depending on the nature of the
axial ligation. Earlier Djerassi and coworkers [33] had reported
slightly higher values in the 2.9-5.9 range based on cryogenic
temperature measurements in a study of the effects of five and
six coordination in the case of MgOEP and ZnOEP [33]. Axial
ligation can lower the symmetry from Dyj, to Cyy introducing a
zero-field splitting of the 7" excited states due to a lifting of the
orbital degeneracy of the LUMO. MCD spectroscopy has, there-
fore, provided direct spectroscopic evidence that the m-system
HOMGOs are accidentally nearly degenerate, thus forming an
ideal cyclic polyene system similar to that studied by Platt in
the case of benzene [9]. The values derived for the magnetic
moments of the excited states are significantly lower than the
uz=—1and pu, =—9 values that would be anticipated based on
a free electron model of Simpson and Platt [8,9]. LCAO models,
such as Gouterman’s Dy, symmetry four-orbital model for elec-
tronic structure of porphyrinoids and Michl’s D¢y, symmetry
perimeter model [12], which was derived from the earlier cyclic
polyene approach of Platt and Moffitt [9,10] (see below), clearly
provide a more accurate description of the magnetic moments
of metal porphyrinoid 7" excited states. In the case of metal
phthalocyanine complexes, where the porphyrin ligand is mod-
ified through the addition of aza-nitrogens and peripheral fused
benzene rings, Fig. 1, the OAM associated with electron cir-
culation in the HOMO of main group metal phthalocyanine
complexes is largely quenched due to a >2eV splitting of the
lajy, and lapy, MOs, which are derived from the 1e4, HOMO of
the parent CieH162~ hydrocarbon perimeter, Fig. 19. The fully
allowed and forbidden magnetic dipole character of the Q and
B band is, therefore, lost and all four one-electron transitions
within Gouterman’s four-orbital model [11] become electroni-
cally allowed. The absorption spectrum of MPc, Fig. 20, includes
an intense Q band (¢ ca. 300,000 L mol~!' cm™") at ca. 670 nm,
followed by a series of weaker vibrational bands, Qyi,, and a
broad envelope of overlapping bands in the B band region of
the spectrum (250—400nm) [34]. The Q band retains its large
magnetic moment due to the OAM associated with the orbitally
degenerate LUMO. A1/Dy ratios of between 1.5 and 4.0 [35]
are typically observed for MgPc and ZnPc depending on the
nature of the axial ligand. The Q band completely dominates the
MCD spectrum of main group metal phthalocyanines primarily
due to significant band broadening in the B band region, since
the observed peak-to-trough intensity of Faraday .4; terms is
inversely proportional to the bandwidth, Fig. 20.

4. Practical application of MCD spectroscopy within
porphyrinoid research

Having introduced the theoretical basis for MCD spec-
troscopy and having also provided a brief background to the
analysis of porphyrinoid optical spectra based on MO theory, the
focus for the remainder of this review will be on five different
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Fig. 20. Absorption and MCD spectra of (CN™)ZnPc in dimethylacetamide.
Reproduced with permission from Ref. [36¢], copyright 1987 American Chem-
ical Society.

practical applications for MCD spectroscopy within porphyri-
noid research: (i) the use of spectral band deconvolution analysis
to identify the number of electronic transitions and to derive
quantitative values for the three Faraday terms, (ii) the use of
Michl’s perimeter model, a general conceptual approach devel-
oped for aromatic and heteroaromatic w-systems based on the
earlier work of Platt and Moffitt [9,10], which can be used to
visualize the alignment of the induced 7" magnetic moments
and to predict the sign sequences for the MCD bands arising from
the Q and B, (iii) How MCD spectroscopy relates to the latest
advances in molecular modeling software and in particular to
the use of density functional theory (DFT) and how these calcu-
lations can be used in conjunction with Michl’s perimeter model
to predict A /Dy ratios and p, values for 7 excited states, (iv)
the use of MCD spectra recorded at cryogenic temperatures to
derive information about orbital and/or spin degenerate ground
states of transition metal complexes, and (v) the use of MCD
spectroscopy as a complimentary method to EPR spectroscopy
in studies of the electronic structure of paramagnetic anion and
cation radical metal porphyrinoid species.

4.1. Spectral band deconvolution analysis

Method of moments analysis was the first approach used to
derive A1/Dy, By/Dy and Co/Dy ratio values so that quantita-
tive values could be derived for the ground and excited state
magnetic moments. The technique is only suitable for baseline-
to-baseline spectral band envelopes, however. Spectral deconvo-
lution with Gaussian-shaped curves tends to be used to extract
A1/Dy, By/Dy and Cy/Dy ratios from spectral data sets that lack
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Fig. 21. Spectral deconvolution analyses of the absorption and MCD spectra of
ZnTPTANP recorded in CH,Cl,. Reproduced with permission from Ref. [39],
copyright 2005 American Chemical Society.

discrete baseline-to-baseline band envelopes [24]. The Stillman
group have developed the Simpfit for Windows™ [37] spectral
band deconvolution program, Fig. 21, to obtain the band ener-
gies and polarizations of the major spectral bands within the
highly overlapping band envelopes often encountered in por-
phyrinoid UV—vis absorption and MCD spectral data using data
recorded in optically transparent non-aqueous solvents at room
and cryogenic temperatures [36]. Since the MCD and UV-vis
absorption spectra arise from the same set of spectral bands, the
measurement of a second data set removes much of the ambi-
guity normally associated with band deconvolution techniques.
Under the rigid-shift approximation it can be assumed that the
application of the applied magnetic field makes no difference to
the spectral bandshape function.

Identifying the number of electronic origins within the
UV-vis region can challenging when spectral bands overlap
extensively. For example, Fig. 21, MCD spectroscopy identifies
the electronic origin of the Qgp band within the optical spec-
trum of zinc tetraphenyltetraacenapthoporphyrin (ZnTPTANP),
in what would otherwise appear to be a set of hot bands associ-
ated with the more intense Qg vibrational band. In the case of
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metal phthalocyanine complexes, spectral deconvolution studies
by the Stillman group revealed that there are in fact two overlap-
ping intense Faraday A; terms of almost equal magnitude and
bandwidth in the B band region, Fig. 20. This led to a modifica-
tion of the Q, B, N, L and C band nomenclature [11e] originally
proposed by Gouterman to include B1 and B2 band in the case
of phthalocyanines [34]. This work has been reviewed recently
elsewhere [34c,d] and will, therefore, not be covered here in
detail. In recent years the Kobayashi and Stillman groups have
extended the use of spectral band deconvolution beyond the ini-
tial focus on symmetric porphyrin and phthalocyanine ligands
to a wide range of structurally modified porphyrinoids such as
reduced symmetry m-systems, dimers and corroles [38,39].

4.2. Michl’s perimeter model

Platt and Moffitt [9,10] were the first to develop a cyclic
perimeter approach to the electronic structure of cyclic polyene
systems and predicted the relative band intensities for the B and
L bands based on the AMp =0, £1 selection rule. The nodal
patterns of the frontier m-MOs are maintained even after substan-
tial structural perturbations [12a] and can, therefore, be related
back to those of an ideal high symmetry parent hydrocarbon.
When a magnetic field is applied there is only very limited field
induced mixing of the wm states with n’ and o states, SO
a perimeter model approach can also be used to study Faraday
A1 or By terms within MCD spectra which arise from Platt’s
L and B transitions (i.e. the Q and B transitions within Gouter-
man’s four-orbital model). In the 1970s, Michl [12] developed
a general theory to account for the MCD spectroscopy of cyclic
m-electron systems which could account in both qualitative and
quantitative terms for the sign sequences of .4; (or of coupled
oppositely-signed By terms in the case of lower symmetry com-
plexes) based on a consideration of the excited state magnetic
moments induced by the allowed and forbidden B and Q tran-
sitions within Gouterman’s four-orbital model, Fig. 22. It was
hoped that this would result in the MCD technique becoming a
more widely used spectroscopic tool within organic chemistry.
Michl’s perimeter model [12] subsequently provided a key con-
tribution to porphyrinoid research when Djerassi and coworkers
used semi-empirical INDO/s based studies to predict the sign
sequences observed for the chlorins, bacteriochlorins, isobacte-
riochlorins and monosubstituted free base porphyrins [40]. In
recent years, Waluk, Sessler and coworkers [27] have used the
perimeter model to study the electronic structure of porphycenes,
dibenzoporphycenes, and smaragdyrins.

Since the m-system is based on the 2p, atomic orbitals of the
carbon atoms, complex wavefunctions for the cyclic perimeter
permit a description of the net electron circulation upon elec-
tronic excitation based on the component atoms, which is not
possible on the basis of the more commonly used real wave-
functions. A stack of MOs can be constructed for the 16 atom
18m-electron m-system on the inner ligand perimeter, Fig. 22.
The magnetic moments for the 16m-MOs are plotted diagram-
matically, based on the results of Michl’s LCAO calculations,
relative to the applied magnetic field. For each set of degenerate
complex wavefunctions ¥ and ¥ _p, the ¥_y MO involves

(ML=M§S=0) B

Fig. 22. Michl’s perimeter model (left) [12]. The circle is a diagrammatic repre-
sentation of the clockwise and counterclockwise motion of m-system electrons
on the CigHj6>~ parent perimeter of metal porphyrinoid complexes based on
the 16 2p, atomic orbitals, generating the My, value for each complex wave-
function MO. The perspective is towards the light source. The alignment of the
magnetic moments within each MO generated with the applied field (right) can
be predicted based on Ampere’s rule (right-hand rule) for conventional current
flow in a solenoid. The magnitudes are diagrammatic based on the result of
INDO calculations [12]. Upon absorption of a photon of Icp or rcp, the excited
electron typically retains the left or right handed motion on the perimeter asso-
ciated with the M, quantum number resulting in the electronically allowed B
transition (AMy, = 1) so that the total angular momentum within the system is
conserved. There is an electronically forbidden transition (AMy, =£9) named
“L” in this context, which is associated with a reversal of the sense of electron
motion on the perimeter (diagonal lines) and corresponds to the Q transition
within Gouterman ’s four-orbital model, Fig. 18.

electron circulation (based essentially on a redistribution of
electronic charge from one 2p, atomic orbital to another) in a
clockwise direction from the lowest energy My, =0 MO, while
the ¥ MO involves electron circulation in a counterclockwise
direction.

When a magnetic field is applied parallel to the axis of light
propagation, absorption of a photon of right or left circularly
polarized light (Icp and rcp) results in either a AMp =+1 or a
AMy = —1 transition as is the case in Zeeman’s magnetic cir-
cularly polarized emission experiment [15], since the electric
vector of the incident electromagnetic wave rotates clockwise
or counterclockwise once per wavelength and the total angular
momentum within the system must be conserved. This results in
either clockwise or anticlockwise charge circulation on the inner
ligand perimeter of the " excited state based on the direction
of rotation of the electric vector of the incident photon, Fig. 22.

The alignment of the magnetic dipole induced within the
excited state by this circular charge redistribution can be visu-
alized based on Ampere’s rule for current flow in a solenoid.
When the fingers of the right hand are curled around the loop
in the direction of conventional current flow (i.e. based on the
charge carrier within the loop being positively charged), the
thumb points in the direction of the dipole moment. A positive
magnetic dipole moment, which points along the z-axis of the
applied field is the energetically favored alignment within the
Zeeman splitting of states. Since the perspective is towards the
detector rather than the source, this corresponds to circulation
induced within the cyclic perimeter of benzene by absorption of
a photon of incident lcp [15].

In high symmetry cyclic polyenes, such as benzene, in which
the m-MOs associated with the perimeter retain orbital degen-
eracy, Fig. 23, the OAM is no longer fully compensated for
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Fig.23. Thesign orderings of the positive A; terms associated with Platt ’s B and
L bands [9] (top) is related to Ampere’s rule (right-hand rule) for conventional
current flow within a solenoid. When the fingers of the right hand are curled
around the loop in the direction of conventional current flow (i.e. positive charge
flow), the thumb is aligned with the magnetic dipole induced in the core of the
current loop. The occupancy of the six complex MOs within Michl’s perimeter
model, Fig. 22, and the alignment of the 1™ and ™ magnetic dipoles, associated
with the forbidden L and allowed B bands, induced through the absorption of
a photon of either Icp or rcp are indicated with colored circles and arrows,
respectively (bottom). The resulting MCD sign sequence in ascending energy
terms is shown based on the Zeeman splitting of states which arises from the
fact that a moment aligned with the applied field is energetically favored. The
electronically forbidden L transition (AMj, = £3) corresponds to the Q transition
within Gouterman ’s four-orbital model for porphyrinoid m-systems, Fig. 18.

by the motion of a second electron in the MO of the opposing
handedness when an electron is promoted to the LUMO in an
electric dipole allowed manner (¥ — Wy in the case of lcp
and ¥_y — ¥ _y_1 in the case of rcp). When OAM is greater
in the LUMO than in the HOMO, a negatively charged particle
is effectively formed on the perimeter so the induced magnetic
moment is aligned in the opposite direction from that generated
by Ampere’s Rule for solenoids based on conventional current
flow and therefore results in a negative moment aligned against
the field within the definition of handedness used by physicists
and a positive Faraday .4; term, since the higher energy com-
ponent has a positive AAj_; signal in the MCD spectrum.
Positive Faraday A terms, Fig. 23, are the dominant spec-
tral feature of high symmetry cyclic polyenes since the OAM
associated with the LUMO is usually higher than that asso-
ciated with the HOMO. The induced mn" magnetic moments
for Platt’s electronically allowed B and forbidden L transitions
(which would have AM, ==+1 and AM) ==3 properties in a
free electron model approach) were referred to by Michl as the
u~ and u*, respectively. The i~ magnetic moment is smaller in
magnitude and less dependent on the structure of a complex since
perimeters, while the ©* moment can vary greatly as a function
of the number of atoms and electrons in the parent hydrocarbon
perimeter and of perturbations to the electronic structure.

2

0
Negative A term
Energy A, +ve

AM_ =+1

Fig. 24. The origin of negative Faraday .4, terms is based on a reversal in the
alignment of the excited state magnetic dipoles induced by the Zeeman splittings
of states. In an analogous manner to the Mj, =0 MO, the orbitally nondegenerate
M;, =2 MO has no net OAM, the Icp and rcp transitions, therefore, both obey
the AMy, ==1 selection rule. The occupancy of the four complex MOs within
Michl’s perimeter model, Fig. 22, and the alignment of the magnetic dipoles
induced through the absorption of a photon of either Icp or rcp are indicated
with colored circles and arrows, respectively (bottom). The resulting MCD sign
sequence in ascending energy terms is shown based on the fact that the moment
aligned with the applied field is energetically favored.

Kobayashi and coworkers [41] recently tested the validity of
Mich!’s perimeter model [12] in a study of a four-atom six -
electron cyclobutadiene dianion. A negative Faraday A; term
was observed at 289 nm, as anticipated, for the ¥y — ¥»
transition, Fig. 24. Since there is no OAM associated with
the LUMO, the positive hole within the m-system HOMO as
opposed to the negative charge within the LUMO is the domi-
nant factor in charge circulation terms and the alignment of the
magnetic dipole moments is reversed. The microstate associated
with the absorption of Icp is therefore stabilized by the Zeeman
splitting of states, so the negative lobe of the 4; term lies at
higher energy.

When there is a minor zero-field splitting of the excited
states due to a lifting of the orbital degeneracy of the HOMOs
and/or the LUMOs, the A; terms of high symmetry com-
plexes are replaced by coupled oppositely signed By terms
with the same basic —ve/+ve or +ve/—ve sign sequence. The
Q and B transitions linking the frontier m-MOs of reduced
symmetry porphyrinoids tend to have the strongest magnetic
dipole transition moments and, therefore, are most extensively
mixed by the applied field, Eq. (14). Michl successfully demon-
strated that the alignment of the magnetic moment, Fig. 25,
is determined by the relative energy separations of the fron-
tier m-MOs derived from the lequ, HOMO and 1e§g LUMO
(AHOMO, ALUMO) [12a] of the C1gH;¢>~ parent hydrocar-
bon perimeter, Fig. 15. When AHOMO > ALUMO the OAM
associated with the excited electron predominates and there
is a —ve/+ve/—ve/+ve AAL, intensity pattern with ascending
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Fig.25. The direction of the magnetic moments for the L and B bands of reduced
symmetry porphyrinoids is determined by the relative energy separations of the
frontier m-MOs derived from the les, HOMO and le’s‘g LUMO (AHOMO,

ALUMO) [12a] of the C1¢H; 62~ parent hydrocarbon perimeter, Fig. 15, since
this determines whether a positive or negative charge circulates on the w-system
perimeter. Quenching of OAM properties of the electrons in either the HOMOs
or LUMOs due to a structural perturbation, which introduces a large AHOMO
or ALUMO, is denoted in black. Reproduced with permission from Ref. [39],
copyright 2005 American Chemical Society.

energy for the Faraday By terms associated with Platt’s L and
B bands [9]. When ALUMO >»> AHOMO circulation of the
positive hole left within the HOMO becomes the predominant
factor. The magnetic moments induced by the absorption of a
photon of Icp and rcp light are reversed and the AAj sign
sequence for the Faraday 3y terms in ascending energy becomes
+ve/—ve/+ve/—ve. It should be noted that Michl often used a
reversed sign sequence based on the original MORD based def-
initions of the Faraday B term, which can cause considerable
confusion.

The perimeter model is most useful for deriving structural
information in the case of complexes with AHOMO ~ ALUMO
since small structural changes can reverse the direction of the
induced magnetic dipoles excited state. Michl referred to these
cyclic perimeters as soft MCD chromophores. We have recently
reported a study of the MCD spectroscopy of ZnTPTANP [39]
in which the Q and B bands appear as negative Faraday .4
terms with a +ve/—ve/+ve/—ve sign sequence in ascending
energy, the sequence normally anticipated for a spectrum dom-
inated by Faraday By based on a structural perturbations in
which ALUMO > AHOMO. Non-planarity of the ligand due
to steric hindrance appears to be the most likely explanation.
The perimeter model is based on a consideration of only the
electronic transitions, while vibrational bands can dominate the
spectra of electronically forbidden transitions such as the Q
band of ZnTPTANP, Fig. 21. In the case of perimeters in which
AHOMO = ALUMO =0, Michl [12] has pointed to the fact that

in theoretical terms there is a —ve/—ve/—ve/+ve AA;_; inten-
sity pattern for the u~ contribution to the Q and B bands. In
practical terms, however, this is only of limited interest to the
experimentalist since when the porphyrinoid Q band is formally
forbidden it usually gains intensity from the B band through
vibrational borrowing with an alternating positive and negative
sequence being observed in the signs of the A; terms for Qgyo,
Qo1, Qo2 [42] as is the case with ZnTPTANP, Fig. 21. Michl
theorized at length [12a] on how the perimeter model can be
applied on a qualitative basis to predict the sign sequences of
the MCD bands based on a consideration of the effect of struc-
tural perturbations to the ideal cyclic perimeter on the AHOMO
and ALUMO of the four frontier m-MOs nodal patterns within
the real wavefunctions. Recent advances in molecular modeling
software have made a more quantitative approach to determining
the relative magnitude of AHOMO and ALUMO more readily
accessible than was the case in the late 1970s, however.

4.3. Density functional theory

Modern computational techniques such as DFT [43] can pro-
vide a significantly more accurate description of the ground
state geometry than the semi-empirical techniques used by
Gouterman and Michl in the 1960s and 1970s [11,12]. It
should be noted, however, that commercially available DFT soft-
ware packages are not fully ab initio, since they are based on
exchange-correlation functionals such as B3LYP that are par-
tially empirically derived. Calculated UV—vis spectra based on
time-dependent DFT (TD-DFT) [44] should be treated with cau-
tion particularly when there is charge transfer between the ligand
and the metal and the geometry of the excited states differs sub-
stantially from that of the ground state [45]. The application of
DFT to transition metal porphyrinoid complexes remains highly
problematic [46].

The main focus of the development of DFT within the field
of optical spectroscopy has been on electric, rather than mag-
netic, dipole based properties. In 2003, the Gaussian software
package [47] was upgraded to include predictions of CD spectra
based on TD-DFT [48], however. Ziegler and coworkers [49]
have recently reported DFT calculations of Faraday .A; terms of
several inorganic anions and substituted benzenes based on the
Amsterdam density functional program. A/Dy ratios reported
by Seth et al. are currently significantly lower than experimental
values [49b] due to a neglect of environment effects on the inci-
dent radiation and the relatively low accuracy of dipole strengths
calculated by TD-DFT.

Analysis of induced magnetic moments values derived from
the three Faraday terms would represent an important additional
spectroscopic basis for assessing the validity of DFT and TD-
DFT based descriptions of the electronic structures and optical
spectra of porphyrinoid complexes. Even in the case of the sim-
plest porphyrinoid calculations based on metal porphins with
a closed shell d!0 central metal, the results of TD-DFT anal-
yses cannot be accepted uncritically with a band assignment
made by lining up the experimentally observed band wave-
lengths with those predicted by the calculation. It should be
noted, for example, that two close lying intense x/y-polarized
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m— " transitions of similar intensity were recently predicted
in the B band region of zinc and magnesium porphin (ZnP
and MgP) by Baerends et al. [50] based on statistical averag-
ing of (model) orbital potentials (SAOP) calculations within the
Amsterdam density functional package, Fig. 9, which appears
to be inconsistent with the available MCD spectral data [11d],
Fig. 17. We have observed similar results for the B band region
of ZnTPP [39] based on TD-DFT calculations with the B3LYP
functional of the Gaussian 03W software package [47] when
using 6-31G(d) basis sets, but not in calculations with 6-31G
basis sets or when using semi-empirical INDO/s calculations.

Despite the problems that can be encountered, the basic
trends predicted for Q and B band intensity on the basis of the
AM;y, =0, 1 the selection rule and semi-empirical calculations
from Gouterman’s four-orbital model and Michl’s perimeter
model, can be clearly observed in the results of DFT based
calculations, Fig. 26. We recently reported a series of B3LYP
and TD-DFT calculations for 17 radially symmetric zinc por-
phyrinoid complexes to study the effect of various structural
perturbations on the wavelengths and intensities of the major
bands in the UV-vis region. When the HOMOs are accidentally
degenerate the Q transition is forbidden, Figs. 19 and 26, but
when a large AHOMO is introduced the Q band gains signifi-
cant intensity.

Despite the lack of calculated DFT based values for the
three Faraday terms, it is still possible to estimate the magni-
tude of the induced magnetic moments for the Q and B excited
states based on calculated oscillator strengths and values for
wt and = calculated for the C1¢Hj”~ parent hydrocarbon
of the inner ligand perimeter of porphyrinoid complexes [12a].
Michl reported tables for calculated u* and @~ moments of
a wide range of possible parent hydrocarbon cyclic perimeters
based on a set of 2p, type Lowdin-orthogonalized atomic orbitals
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[51] and used Lindenberg’s relation [52] to calculate PPP based
electric and magnetic dipole operators with the ratio for the mag-
netic dipole matrix elements between next-nearest-neighboring
Lowdin-AOs set as —0.15MOs were calculated based on an
ideal D,y symmetry (where n is the number of atoms on the
perimeter) with CI based on the four spin allowed one-electron
transitions between the HOMOs and the LUMOs. The values
obtained for a CigH 62~ perimeter, were —0.018 and —6.248,
respectively. Michl derived the Eq. (23) for the electronic con-
tributions to the Faraday A terms of the L and B transitions of a
cyclic perimeter when AHOMO # 0 and ALUMO =0 in terms
of the degree of mixing, ¢, in radians:

Do(Q)

2
DoB) tan” « (23)
w(B) = £(cos® o)~ =+ (sin? )t (24)
1w(Q) = £(sin* @)~ = (cos* )t 25)

The magnitude of the induced magnetic dipole moments of
the Q and B excited states (1(Q), u(B)), Fig. 27, can be derived
from the calculated oscillator strengths (f), Fig. 26, based on
Egs. (23)-(27), by converting the calculated oscillator strengths
into dipole strengths based on Stephens, Piepho and Schatz’s [7]
modified convention for Dy:

3.062 x 1073
Dy = X T / edv (26)
Vmax
f=4319 x 10*9/edv (27)

Values for w(B) and ©(Q) were calculated, Fig. 27, on
the basis of calculated Q band oscillator strength values from
INDO/s and TD-DFT calculations for a set of DFT geometry
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Fig. 26. Calculated Q band oscillator strengths of 17 Zn(II) complexes, Fig. 28, plotted against AHOMO from INDO/s (left) and TD-DFT (right) calculations based
on B3LYP geometry optimizations with the 6-31G(d) basis set. Reproduced with permission from Ref. [39], copyright 2005 American Chemical Society.
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Fig. 27. The calculated excited state magnetic dipole moments for the Q and B bands (1(Q), «(B)) of 17 Zn(II) complexes, Fig. 28, plotted against AHOMO based
on the oscillator strengths from INDO/s (left) and TD-DFT (right) calculations based on B3LYP geometry optimizations using the 6-31G(d) basis set. Closed symbols
are used for 1(Q) and open symbols for u(B). Reproduced with permission from Ref. [39], copyright 2005 American Chemical Society.

optimizations based on the B3LYP functional with 6-31G(d)
basis sets. In the case of the parent perimeter, configuration
interaction in the INDO/s calculations for the Q and B excited
states is almost exclusively between the laj, — leg and
layy — lez one electron transitions, Fig. 18. When the Q band
loses its fully forbidden character and gains significant absorp-
tion intensity due to a lifting of the degeneracy of the HOMOs,
Fig. 20, there is significantly increased mixing between the B
(or B1) and higher energy 7" states, Table 1, which often (par-
ticularly in the case of fused ring expanded and aza-substituted
porphyrinoids (Fig. 28)) results in a much more complex optical
spectrum within the UV region than that observed for porphyrin
complexes, Fig. 17. Since the interaction with higher energy
7w states in the UV region is not included in the 4-orbital based
perimeter model, Michl’s approach is, therefore, best suited to
predicting the sign sequence and moment observed for the Q
bands of porphyrinoid ligands with high « values in Eq. (23)
[39].

4.4. MCD spectroscopy of transition metal complexes

Since the mid-1960s, MCD spectroscopy has found consid-
erable use in biochemistry for studying heme-proteins, such
as myoglobin and hemoglobin [6], and other biologically sig-
nificant transition metal complexes. The redox chemistry of
transition metal porphyrinoid complexes is significantly more
complex than that of main group metal and closed shell d'? metal
complexes due to the partially filled d shell. MCD spectroscopy
has consistently provided key ground and excited state degen-
eracy information that cannot easily be derived from analysis of
UV-vis absorption spectra and theoretical calculations, alone.
The MCD technique is complementary to EPR spectroscopy,

which provides key information about the electron spin state of
paramagnetic complexes. The complex band morphologies aris-
ing from the three Faraday terms result in major changes within
the overall MCD spectrum. In contrast, only relatively minor

Table 1
The percentage contribution of the laj, — lez and lap, — lez transitions from
Gouterman’s four-orbital model to the Q and B/B1 bands based on eigenvector

values from INDO/s calculations using B3LYP based geometry optimizations
with 6-31G basis sets

Q?* B/B1* a )P AHOMOF (eV)
Ci6Hi6>™ 49:49 49:49 0 0.00
P 63:34 33:60 12 0.50
TAP 85:12 8:64 39 222
TPP 51:46 45:49 0.4 0.03
TBP 78:19 19:72 29 1.38
Pc 91:6 22:55 50 2.86
TPTBP 70:27 26:67 19 0.86
NP 83:13 9:68 34 1.78
TPTNP 78:18 39:42 28 1.27
Nc 95:3 2:47 51 3.12
AP 85:9 4:45 36 1.97
Ac 92:2 2:25 48 3.20
TANP 65:28 23:52 18 0.48
TPTANP 55:40 37:51 0.4 0.07
TATANP 86:8 5:46 49 1.54
TPETANP 52:42 41:51 6.1 0.27
PP 71:23 22:59 20 0.74
(aCgHg)sPc 92:5 4:45 60 2.83

2 The percentage contribution of the laj, — lez and lay, — le; eigenvectors
to the Q and B/B1.

b w, the degree of mixing of the magnetic properties of the Q and B/B1 excited
states on the basis of Egs. (23)—(25), Figs. 26 and 27.

¢ Energy separation (eV) of the MOs derived from the les, HOMO of the
Ci6Hi2™ parent hydrocarbon perimeter.
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Fig. 28. Molecular structures of the zinc complexes of porphyrin (P),
tetraaza- (TAP), tetraphenyl- (TPP), tetrabenzo- (TBP), tetraphenyltetrabenzo-
(TPTBP) and naphtho- (NP) porphyrins, naphthalocyanine (Nc), tetraphenyl-
tetranaphtho- (TPTNP), tetraacenaphtho- (TANP), tetraacenaphthotetraaza-
(TATANP), tetraphenyl-tetraacenaphtho- (TPTANP), tetraphenylethynyl-acena-
phtho- (TPETANP), tetraphenanthro- (PP) porphyrins, octa-a-phenylphthalo-
cyanine ((aCgHs)gPc), anthracoporphyrin (AP) and anthracocyanine (Ac) based
on DFT geometry optimizations using the B3LYP functional of the Gaussian
03 program [47] with 6-31G basis sets. The structure of phthalocyanine (Pc) is
shown in Fig. 1.

changes in band centers and intensities are typically observed in
the UV-vis absorption spectra [2b,6, 11c, 36b,d].

Since there is a partially filled set of d orbitals, ligand to metal
and metal to ligand charge transfer bands (LMCT, MLCT) bands
are observed in both the absorption and MCD spectra in addi-
tion to the m— " bands. The ligand field splitting of the d
orbitals in metal porphyrinoid complexes tends to be essentially
tetragonal based on the tetradentate nature of the porphyrin lig-
and and some form of axial ligation from above and below the
ring. In an Oy, symmetry environment the ligand field splitting
(Aocr)is typically of the order of 10,000 cm™!. Most six coordi-
nate Dy, symmetry porphyrinoid complexes are axially distorted
(x=y # z) so that the degeneracy of the e, and tp, levels is lifted,
while lower symmetry porphyrinoids contain a rhombic distor-
tion (x # y # z) in which there is a complete lifting of d orbital
degeneracy. In the case of Fe(Il) and Fe(III) complexes, the spin
state of the central metal is determined by the nature of axial
ligation from above and below the ring.

Strong ligands such as CO and CN—, which act as m-acceptors
based on back bonding, result in low spin complexes by increas-
ing the separation of the e, and tp, orbitals, while weak ligands,
which act as w-donors, such as F~ reduce the separation and
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Fig. 29. The crystal field splitting of Fe(II) and Fe(IlI) d orbitals in cubic Oy,
tetragonal Dy, and rhombic Cyy environments (TOP). Only the latter two are
typically observed for metal porphyrinoid complexes. The axial and rhom-
bic ligand field parameters are denoted as A and V. The low, intermediate
and high spin states for Fe(II) and Fe(IlI) based on a tetragonal environment
(bottom).

result in a high spin state with $>1/2. In the case of Fe(IIl)
hemes, ligation with azide (N37) can also result in an inter-
mediate spin state with S=3/2 [53]. In complexes where there
are unpaired electrons so that S > 0, spin—orbit coupling, Fig. 29,
results in zero-field splitting (ZFS) of state degeneracies in addi-
tion to the ligand field effects on orbital degeneracy, which are
related to the axial and rhombic distortions to the coordination
sphere of the central metal.

For example the low, intermediate and high spin states of
Fe(Il) and Fe(III) porphyrin complexes (e.g. in heme proteins)
depend on the nature of axial ligation from above and below
the ring with the configuration interaction between the main
m— 7" and charge transfer states resulting in distinctive “fin-
gerprint patterns” that can be used to derive information [6a,b],
which can help to provide answers to a series of questions: (i)
How many ligands are attached to the iron and what is the nature
of these coordinating ligands (in the case of a protein, nitrogen
from a histidine or a sulfur from a cysteine, for example)? (ii)
Is the spin state of the iron high, intermediate or low, which
relates to the binding strength of the axial ligand present. (iii)
What is the oxidation state of the central iron (Fe(II), Fe(IlI) and
Fe(IV))? (iv) Can the heme iron be readily oxidized or reduced?
(v) And finally can axial ligands approach and bind to the iron?
Recently the Stillman group have used this approach to explore
the heme binding properties of iron-regulated surface determi-
nant proteins in the human pathogen Staphylococcus aureus
[54]. Dawson and coworkers have also recently reported MCD
analyses of analogous Fe-containing proteins [55].

Key information about the ground state degeneracy can be
derived by determining whether the MCD spectrum contains
Faraday Cy terms with a 1/kT temperature dependence, Fig. 30.
For example, in the case of Fe(II) and Ru(II) porphyrinoid MCD
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spectra, the absence of temperature dependence is consistent
with the presence of a low spin d® central metal configuration
with §=0. For heme proteins, this configuration can normally
be obtained through reduction with NayS>O4 and the addition of
a strong axial ligand [6a]. The MCD spectra of low spin d° por-
phyrinoid complexes, such as Fe!'Pc and Ru''Pc [34c¢,36d,36K],
are dominated by Faraday A; terms and are typically similar to
those of main group metal and closed shell d'° Pc complexes,
complicated somewhat by the presence of metal to ligand and
ligand to metal charge transfer (MLCT and LMCT) in addition
to the major main 7 — 7" transition observed for main group
metal complexes.

In the case of Fe(III) hemes with d® central metal configura-
tions, LMCT bands in the near IR (1000-2000 nm) are an ideal
probe for determining the extent of rhombic splitting of the d(yz)
and dy,) orbitals, Fig. 29. Thomson [56] has reported combined
EPR, MCD and UV-vis absorption spectroscopic studies which
demonstrate that the near IR region LMCT bands for a series
of low spin Fe(IIl) hemes can be used to determine the nature
of the axial ligands as had earlier been reported by Stephens
and coworkers based on MCD spectroscopy of cytochrome c at
room temperature [57] and also by Hatano and coworkers based
on measurements between 138 and 283 K [58].

Since S=1/2, the ground and excited states of low spin &
complexes will split into Kramer’s doublets within an applied
magnetic field with Ms = —1/2 and Ms =+1/2. At high tempera-
ture and low field, the lcp and rcp absorbing transitions result in
spectral bands that tend to cancel resulting in a weak MCD sig-
nal, Fig. 30. As the temperature is lowered or the applied field
is increased, the Boltzmann population of the higher sublevel
decreases and the Cy term, therefore, increases in intensity. Dur-
ing measurement of vitreous solutions at cryogenic temperatures
(1-4 K) and high field strengths (4—7 K), the lowest component
of the ground state will often be populated and the MCD signal
saturates.

Faraday C, terms
Iep
<
4
< j
—>
Energy

Fig. 30. Selection rules (right) for the absorption of circularly polarized light
based on a transition between an orbitally degenerate ground state and an
orbitally nondegenerate excited state within a magnetic field applied parallel
to the axis of light propagation. A Gaussian-shaped Faraday Cy term is observed
due to the separation of the band centers for the absorption of lcp and rcp
light. The Cy term has a 1/kT temperature dependence since the ground state
microstates are populated according to a Boltzmann distribution.

M, #M, L#0,S=%

P +L +%2

p— - R
. +L -

-L+%

- +V2
_‘l/2

L.S B>0

Energy

Energy

Fig. 31. The origin of the Faraday Cy term from Kramers doublets for the ground
and excited states of a paramagnetic complex with S = 1/2, anon-orbitally degen-
erate ground state and orbitally degenerate excited state (TOP). Temperature
dependent, derivative-shaped signals can result when the ground state is orbitally
nondegenerate and the excited state is orbitally degenerate (bottom).

Although it is possible in principle to derive the ground state
g-factor value by measuring the Co/Dy ratio from method of
moments analysis, this is usually not practical, since the absorp-
tion bands lack a baseline to baseline band envelope or due to
overlap with bands associated with other metal centers or chro-
mophores. It should be noted that in some instances, excited state
parameters also have to be carefully considered. For example,
when ground state degeneracy (and the associated Boltzmann
distribution of population across microstates within an applied
magnetic field) is introduced by spin degeneracy into what would
otherwise be a Faraday A; term, Fig. 31, a temperature depen-
dent, derivative-shaped signal is observed for Cy term intensity.

The intensity mechanism for a single isotropic Kramers dou-
blet ground state is:

AA = 152.5tanh (gL:]‘?B) [m™ 7" = ™7 (28)
The analysis is complicated by the fact that, in the case of
porphyrinoids, the molecular symmetry is usually axial rather
than isotropic. The g-factor values are therefore different, par-
allel (gy), and perpendicular (g, ), to the applied field, but are
averaged (g,v) out in solution due to random orientation.
Schatz et al. [59] demonstrated that for a D4y, symmetry com-
plex with the S = 1/2 Kramer’s doublet ground states associated
with low spin Fe(IIl) porphyrinoids, the zeroth moment of Cy
term intensity for an axial complex with g, ~ g, in the linear
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limit is given by:

2
KugB g)[m4']
Ag)y = - 29
(Ag)g 3T > (29)
where mﬁ‘_J = 1/4/2(my + imy). At saturation:
h(«) /sinhRa) «
Ag)g = (K[m? 208 < - > 30
(Ag)g = (K] +])sinh3(a) 2 > (30)

where K is a proportionality factor, and a is related to the degree
of anisotropy in the g-factor values:

&l _ o = cosh() 3
8

1 cosh(a) sinhQe) « o
= -2)-(5) (32)
L sinh’(a) 4 2 2
The ratio of the slope to the MCD intensity at saturation
defined by an intercept value, 7, can be used to derive the expres-
sion:
31

81 =7 (33)

Thomson [60] subsequently demonstrated that it is possible
to use magnetization curves of Ag plotted against upB/2kT,
Fig. 32, based on Cp term temperature dependence studies at
cryogenic temperatures (typically 2-50K) and applied field
strengths of 1-6T, to derive values for g and g, based on the
expressions:

_ e 34

gav—ﬁ gx+gy+gz ( )
1

8L=ﬁ 8+ g3 (35)

Band polarization information can also be derived since the
slope of the magnetization curves should be the same for either
x/y- or z-polarized transitions.

In the case of the §=5/2 ground states of high spin Fe(III)
complexes, there is a ZFS of the Ms==+1/2, £2/3, £5/2
microstates due to spin—orbit coupling based on the axial (D)
and rhombic (E) ZFS parameters within the spin Hamiltonian:

1
H=D (53 - 352) + E(S; - S}) (36)

asymptotic level Age =(Km?/D
,"l‘_
w | Slope is
< | kgpmy3

/l

B/ 2KT

Fig. 32. Analysis of an MCD magnetization curve based on Eqgs. (29)—(33).
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Fig. 33. The zero-field splitting of the ground state of a D4, symmetry metal
porphyrinoid complex with S=5/2 based on the axial parameter, D. When D is
positive the S=1/2 microstates are stabilized (top), while if D is negative the
S =1/2 microstates are stabilized (bottom).

with the central metal, Fig. 33. In the early 1980s, Stephens
and coworkers [7] demonstrated that the magnitude of D could
be derived by fitting a plot of Ae against T~! from cryo-
genic temperature MCD spectral data of a high spin Fe(IIl)
tetraphenylporphyrin with a set of quadratic equations based
on a least squares fitting approach, since the MCD signal is
the sum of the MCD signals of the three sets of Kramers dou-
blets which are populated according to a Boltzmann distribution
based on the magnitude and sign of D. Study of the tempera-
ture dependence over a range where kT is comparable to the
magnitude of the ZFS (typically <20cm™!) enables D to be
calculated.

The Stillman group [61] subsequently used this approach to
probe the ground states of horseradish peroxidase compounds
I and II. The ordering of the microstates is determined by
the strength of the axial ligands interaction. Compound I was
found to exhibit derivative-shaped Kramers doublet based prop-
erties, Fig. 31, due to spin—orbit coupling between the low
spin S=1 O=Fe!V central metal and an S=1/2 m-cation rad-
ical porphyrinoid ligand. In contrast compound II was found
to have a complex temperature dependence based on the zero
field splitting of an S=1 low spin O=Fe!¥ ground state. Thom-
son [62] carried out studies of the pH dependence of myo-
globin peroxide and found that the acidic pH form is similar to
horseradish peroxidase compound II. More recently, Oganesyan
and Sharonov have studied the zero field splitting parameters of
the S=5/2 ground states of a series of high spin Fe(III) hemes
using fluoride as an axial ligand [63]. In the mid-1990s, the
Faraday Cp term in the MCD spectra of Fe(IIl) phthalocya-
nine and its cation radical were investigated by the Stillman
group [36e] based on MCD spectra recorded at different field
strengths between 2.8 and 100 K. This work has been reviewed
recently elsewhere and will therefore not be dealt with in detail
here [34a].
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ugB / 2KkT

Fig. 34. When there is a non-Kramers doublet ground state, complex nested
magnetization curves are observed at different temperatures and field strengths
based on Egs. (29)—(33) since g, # gy # g due to the zero field splitting of the
§'=2 ground state.

Analysis of §=2 ground states associated with high spin d°
configurations of Fe(II) are considerably more challenging than
the Kramers doublet based systems which arise from d> configu-
rations, since the even spin ground states are EPR silent. In 1980,
Thomson and Johnson [60] reported multiple nested magnetiza-
tion curves, Fig. 34, for the §' =2 ground state of high spin Fe(II)
myoglobin but did not attempt a detailed analysis due to the
complexity of the field-induced mixing of the zero-field splitting
components. During the 1990s, Solomon developed techniques
for analyzing variable temperature variable field (VTVF)MCD
spectra for non-Kramers doublet ground states as part of a wide-
ranging study of non-heme iron enzymes [64]. Solomon has
demonstrated that it is possible to calculate values for the lig-
and field splitting properties, A and V, Fig. 29, of the tp; set of
orbitals of high spin S =2 Fe(II) complexes derived from analysis
of nested magnetization curves, Fig. 34, based on experimen-
tally obtained values of the zero-field rhombic splitting of the
Ms =22 level (§) and g .

Although the focus of this section has primarily been on iron,
since it is the most important transition metal biologically, it
should be noted that temperature and field dependence studies
have also been carried out for porphyrinoid complexes of other
transition metals such as cobalt and manganese and that the tech-
niques described for iron can easily be applied to other metals
based on the nature of the ground state [29,65].

4.5. Porphyrinoid cation and anion radicals

Additional information about the electronic structure of metal
porphyrinoid complexes can be obtained through a study of their
spectroelectrochemistry. Two electrons can be readily removed
from the m-system HOMO, and up to four electrons added to
the LUMO based on electrochemical, chemical or photochemi-
cal methods [34]. In the case of m-cation and 7r-anion radicals,
additional 7t — 1 or m° — 7" bands appear within the optical
spectrum. When oxidation or reduction occurs at the central
metal rather than in the ligand m-system, significant changes
can occur in the MLCT and/or LMCT bands of transition metal
complexes. EPR and MCD spectroscopy have been used exten-

sively to study the electronic structure of porphyrinoid cation
and anion radical species [36a,36j,38b].

Ideally, the validity of band assignment schemes developed
on the basis of DFT calculations to account for the optical
spectroscopy of a neutral porphyrinoid complex, should also
be tested by studying the UV—vis absorption and MCD spec-
troscopy of oxidized and reduced species at room and cryogenic
temperatures. The Stillman group have used spectral the results
of INDO/s calculations based on DFT geometry optimizations
combined with spectral band deconvolution analyses to develop
a consistent band assignment scheme for the m — wor m— 7"
and m° — 7" bands of metal phthalocyanine m-cation radicals
and mono-, di-, tri- and tetra-m-anionic species [36b] (Fig. 35).
These studies have been reviewed elsewhere [33b—d] and will
therefore not be dealt with in detail here.

Aggregation effects can complicate the study of anion
and cation radical species since dimerization resulting in
diamagnetic species with no EPR signal [36g,36h,66]. Based on
group theory considerations, the addition of an electron to the
LUMO of a porphyrinoid w-system would result in an orbitally
degenerate 2Eg ground state and attempts were made to interpret
UV-vis absorption data on this basis [67]. No 1/kT temperature
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Fig. 35. The energy of the major m— 7 or m— " and/or m" — 7" bands
of neutral zinc phthalocyanine and cation and anion species based on a band
assignment scheme developed on the basis of MCD spectral data and INDO/s
calculations. Reproduced with permission from Ref. [36b], copyright 1997
American Chemical Society.
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dependence was observed when room and low temperature
MCD spectra were subsequently recorded for [ZnPc(—3)]™
[36a,38b]. This provided definitive and unambiguous spectro-
scopic evidence that the orbitally degenerate ground states of
porphyrinoid anion radicals are subject to a static Jahn—Teller
distortion effect at zero-field, which lifts the orbital degeneracy,
since Faraday C( terms would be observed if orbital degeneracy
was retained.

The spectrum is, instead, dominated by coupled oppositely
signed Faraday Bj terms. We recently reported that the anal-
ysis of the optical spectra of the anion radical species of zinc
1, 4, 8, 11, 15, 18, 22, 25-octafluoro-2, 3, 9, 10, 16, 17, 23,
24-octaperfluoro-isopropylphthalocyanine is only possible after
careful analysis of the coupled oppositely-signed Faraday By
terms within the MCD spectrum [38b].

5. Conclusions

The aim of this review is to enable the broader audience of
chemists to develop a deeper appreciation of MCD spectroscopy
by providing the basic background material. The conceptual
problems faced due to the differing definitions for left- and right-
handedness that were adopted by physicists for magnetism and
within classical optics are clearly a matter that can ultimately
only be addressed by bodies such as IUPAC. Within the field
of MCD spectroscopy, however, we strongly that the conven-
tions recommend by Stephens et al. [7] for the three Faraday
terms and the general MCD intensity equations are adopted by
all research groups active within the field and that the use of the
older conventions that were developed primarily for the obsolete
MORD technique be discontinued.

In the end, the value of any technique rests on the value of
the information provided. Once the theory on which the MCD
technique is based is understood, reference to the many papers
describing analysis of MCD spectral data clearly demonstrates
that the MCD technique is and will continue to be a valuable
spectroscopic probe for molecules and metal complexes of high
symmetry. However, even when the symmetry is lowered sub-
stantially, such as in the case of chlorophyll, the OAM properties
associated with the ring current of the heteroaromatic m-system
determine the optical transitions within the readily accessible
UV-vis—near IR regions and can be analyzed based on Michl’s
perimeter model approach. In the case of metal containing pro-
teins, MCD spectroscopy has the key advantage, over other
techniques used to study bulk magnetic properties of an entire
sample, that spectral bands associated with specific metal cen-
ters can be studied in isolation.
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