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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

escribing 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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. Introduction

The synthesis, electrochemistry and optical spectroscopy of
etal porphyrinoid complexes and their cation and anion radical

pecies, has been a major research focus of both the Stillman and
obayashi research groups over the past three decades [1]. Nat-
rally occurring porphyrinoid ligands, Fig. 1, play a key role in
iological redox processes such as photosynthesis and respira-
ion. The electrochemistry, photochemistry and ligand-binding
hemistry of chlorophylls, hemes, and the corrin within Vita-
in B12, has, therefore, inspired a variety of high technology

pplications for porphyrinoids such as synthetic porphyrins and
hthalocyanines [2], corroles [3] and porphyrazines [4]. The
xact mechanism of the natural reactivity and of many of the
ractical applications for synthetic porphyrinoids is often poorly
nderstood, but the heteroaromatic nature of the porphyrinoid
igand is known to be a key factor.

The intense � → �* absorption bands of magnesium chlo-
ins are directly connected with the key role of plants in light
arvesting within photosynthesis [5], while iron hemes carry
ut a wide range of chemistry moderated by the presence of the
romatic �-system [6]. In both cases, the brilliant colors and
olor changes in the UV–vis region of the spectrum have pro-
ided critically important insights into the electronic structures
f these compounds. In the mid-1960s and early 1970s, magnetic
ircular dichroism (MCD) spectroscopy [7] provided the key to
nderstanding the optical spectrum of porphyrinoids by con-
rming the validity of theoretical models [8–12] that had been
eveloped based on molecular orbital (MO) theory to account
or the relative intensities and wavelengths of the major spectral
ands of chlorophylls, heme proteins and other porphyrinoids
ased on the orbital angular momentum (OAM) and magnetic
uantum number (ML) properties of the LUMOs and HOMOs
f the porphyrinoid �-system. In the case of biologically signif-
cant transition metal porphyrinoid complexes such as the heme
roteins [6], MCD spectroscopy also provided key information
bout the redox and spin state of the central metal, the redox
tate of the �-system and spectral band polarization informa-
ion, which could not easily be derived from analysis of UV–vis

bsorption spectra and theoretical calculations, alone.

Despite these many key early successes, the MCD technique
as not been universally adopted within the field of porphyrin
nd phthalocyanine research and MCD results are sometimes

ig. 1. Structures of protoporphyrin IX, the substituted porphin ligand that lig-
tes iron in heme proteins (left), and a synthetic metal phthalocyanine complex
right).
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ompletely overlooked by researchers active within the field. A
ack of familiarity with the theory on which the technique is
ased probably accounts for this, since it is seldom taught at
he undergraduate level as part of courses on molecular spec-
roscopy. Conceptually, however, MCD spectroscopy should be
eadily accessible to anyone familiar with the theory of NMR and
PR spectroscopy and with introductory undergraduate level
uantum mechanics.

The aim of this review is to provide key background knowl-
dge for the general audience of porphyrinoid researchers to
llow them to be able to interpret and assess the significance
f MCD spectral data as readily as they would NMR or EPR
ata. A key conceptual problem in the application of MCD spec-
roscopy is that the analysis rests upon a molecular orbital (MO)
pproach to bonding, while the valence bond (VB) approach
emains prevalent within both organic and inorganic chemistry
t the undergraduate level and is still sometimes used within
etal porphyrinoid research [13]. We, therefore, include a brief

verview of the application of MO theory to aromatic and het-
roaromatic �-systems required to fully appreciate the role of
he orbital and spin magnetic quantum numbers within optical
pectroscopy, before examining in detail several key applications
f MCD spectroscopy within porphyrinoid research.

. Theoretical background to MCD spectroscopy

.1. Magnetism and optical spectroscopy

The major difference between MCD spectroscopy and the
MR and EPR techniques is that MCD spectroscopy is not based
n resonance between spin states, but is instead based on the
avelength dependent absorption of circularly polarized light

o form excited electronic states. The UV–vis absorption and
CD spectra of a molecular complex contain the same set of

pectral bands, but the band morphologies are different due to the
ffect of the applied magnetic field and the use of a differential
bsorbance intensity scale from the CD spectrometer used for
he measurements.

Five electronic quantum numbers [14] form the theoretical
asis for magnetic circular dichroism since the interaction of
lectronic states with an applied magnetic field is based upon
agnetic dipole moments associated with the orbital and spin
otion of the electrons. The principal quantum number, n, was
rst proposed by Niels–Bohr to account for the wave based
roperties of electron orbital motion. Subsequently, during the
rocess of solving the Schrödinger wave equation for hydrogen
t was discovered that the OAM of the electron defined by the
rbital quantum number, 1, is spatially quantized in terms of
he z-component, Lz, defined by the magnetic quantum num-
er, ml, Fig. 2, based on precession at the Larmour frequency at
xed orientations around the axis of the applied magnetic field.
n classical terms circular motion of charge in a current loop

as a magnetic dipole based on the current (I) and the area (A)
nclosed by the orbital motion:

= IA = − e

2me
L (1)
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of OAM (�ML = ±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
ig. 2. The origin of the l, ml, s and ms quantum numbers and the associated
agnetic moments.

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

= − e

2me

√
l(l + 1)h̄ =

√
l(l + 1)μB (2)

z = −mlμB (3)

here l = 0, 1, . . ., n − 1 and ml = 1, l − 1, . . ., 0, −l + 1, −l, e
nd me are the charge and mass of the electron, respectively, �
s the Dirac constant (h/2π) and μB is the Bohr magneton. The
egative sign arises since magnetism is defined in terms of a
ositive charge carrier and conventional current flow, which is
till used by physicists for historical reasons.

In the case of spin angular momentum, the spin properties of
n electron are quantized so that s = 1/2 and ms = ±1/2, Fig. 2.
lectron spin was found to be more efficient at producing a mag-
etic moment than the orbital motion so the magnetic moment
quation for Sz contains the Landé factor (g-factor), which has
value of 2.0023:

z = −gLmsμB ≈ −μB (4)

We turn now to the incorporation of these atomic quantum
umber properties into the electronic description of a molecule.
redicting the optical spectrum requires the solution of the
chrödinger wave equation in terms of the states (ΨA) and
nergy levels (EA) of the system and the Hamiltonian (H):

ΨA = EAΨA (5)

ince this allows calculation of the observables transition energy
nd the oscillator strengths of the transition dipole moment
etween states A and J:

AJ = 〈ΨA|m|ΨJ〉 (6)

Analysis of optical spectral data rests on the fact that absorp-
ion or emission of a photon of light with specific wavelength

roperties results in a redistribution of charge within a molecule
ased on a transition moment which couples the ground and
xcited electronic states, resulting in a new stationary electronic
tate, Fig. 3. A linear displacement of charge induces an elec-

F
p

ig. 3. The origin of chirality, based on the combined effect of electronic and
agnetic transition moments.

ric dipole transition moment, while a magnetic dipole transition
oment is induced by any circular motion of electric charge.
Electric dipole moments (m) are the dominant factor in cou-

ling the ground state with excited states within UV–vis absorp-
ion spectroscopy, since they tend to be ca. 5 orders of magnitude
tronger than magnetic dipole moments (μ). In the case of dis-
ymmetric molecules with a chiral center, however, absorption of
photon results in both magnetic and electric dipoles, since there

s a helical redistribution of electronic charge. Enantiomers pref-
rentially absorb left (lcp) and right (rcp) circularly polarized
ight based on the handedness of the helical electron redistribu-
ion. This differential absorbance of lcp or rcp forms the basis
f circular dichroism (CD) spectroscopy [15]. Treatments of the
election rules for optical spectroscopy often focus primarily on
hether a transition is spin (�S = 0) forbidden and/or Laporte

�l = ±1) forbidden, which in the case of centrosymmetric sys-
ems can also be expressed in terms of a change in parity such
hat u → u and g → g transitions are forbidden since s and d
rbitals have gerade and p orbitals have ungerade nodal pat-
erns. A third selection rule that only �ML = 0, ±1 transitions
re fully allowed is often overlooked, since it is difficult to derive
nformation based on this selection rule from standard UV–vis
bsorption spectra in the absence of an applied magnetic field
hich lifts the orbital and spin state degeneracies. We should
ote that this is a simplified account of optical selection rules
hich can be different under certain circumstances, in particu-

ar, there are additional rules concerning L = 0–0 and ML = 0–0
ransitions.

An incident photon can provide a maximum of one quantum
ig. 4. The electric vector of lcp follows a counterclockwise path rotating once
er wavelength along the axis of light propagation.
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solated system must be conserved in both magnitude and direc-
ion based on Newton’s third law of motion. Absorption of a
hoton by a heteroaromatic �-system, such as that of a porphyri-
oid ligand, results in both a linear and a circular redistribution
f charge within the xy-plane, Fig. 3. Although strong magnetic
ipoles are, therefore, induced within the ��* excited states of
orphyrinoid �-systems, there is no net CD signal since in the
bsence of a chiral center the absorbance of lcp and rcp light is
qually likely.

.2. Zeeman splitting of states

The role of the magnetic vector of electromagnetic radiation
ends to be neglected within optical spectroscopy with the excep-
ion of descriptions of line spectra arising from isolated atoms in
he gas phase, and in astronomical observations. Within physical
hemistry, this phenomenon is sometimes explained no further
han the normal Zeeman effect observed during relaxation of
n atomic hydrogen 1p orbital electron to the 1s orbital. The
mission band is described as splitting into parallel (‖) and per-
endicular (⊥) plane polarized bands, Fig. 5, based on �ml = 0
nd �ml = ±1 selection rules, respectively, when the field lines
re applied perpendicular to the emitted beam. What is seldom
entioned is that Pieter Zeeman’s experiments (for which he

hared the Nobel prize for physics in 1902 [16]) involved emis-
ion from a Cd 5d orbital to a 5p orbital with the magnetic field
ines applied in both a parallel and a perpendicular arrangement
elative to the axis of light propagation. In Zeeman’s words dur-
ng his Nobel prize lecture [16b] “. . .But let us first consider the
ays which run parallel with the lines of force. . . The opposite
ircular oscillations of the electrons excite two circularly polar-
zed rays rotating in opposite directions, one having a longer and
he other a shorter period of oscillation than the original spectral
ine. The original spectral line splits up under the action of the

agnetic field into two components which are circularly polar-
zed in opposite directions. The light source emits two-color
ight. . .”.

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

Since cadmium has a closed shell d10 configuration, spin
rbital angular momentum is not a factor in the normal Zeeman
ffect. When Zeeman studied metals with unpaired electrons
uch as sodium, however, multiple emission lines were observed
oth in the presence and absence of an external magnetic field.
his is usually referred to as the anomalous Zeeman effect. In

he case of sodium, a doublet is observed for the 3p → 3s emis-
ion at zero field, since the electron spin angular momentum can
ither be aligned with or against the strong internal magnetic

ipole created by the orbital motion of the unpaired electron.
he anomalous Zeeman effect represents direct spectral evi-
ence that spin and orbital angular momenta of the individual
lectrons couple to provide the total angular momentum quan-

e

g

laced within a magnet observed perpendicular (top) and parallel (bottom) to
he lines of force. It should be noted that when S = 0 and the Russell Saunders
pin coupling mechanism is applicable, J = L, and MJ = ML as shown here.

um numbers, J and MJ, for the electronic state based on the L,
L, S and Ms quantum numbers. In the case of the lighter atoms

sually encountered in porphyrinoid research, including the first
ow transition metals (Z < 40), spin–orbit coupling is relatively
eak and the L and S quantum numbers can be combined accord-

ng to the Russell–Saunders coupling scheme (as opposed to the
trong-field j–j coupling scheme observed in the case of heavier
toms where the spin–orbit coupling is stronger) to give the total
ngular momentum of the state J (J = L + S). When a magnetic
eld is applied, there is a lifting of state degeneracies into 2J + 1
icrostates based on the MJ quantum number for orientation

elative to the applied field. The Zeeman splitting of the states,
ig. 6, can then be defined:

E = e

2me
(Lz + 2Sz)B = gLμBM- JB (7)

The factor of 2 for Sz is related to gL which was demonstrated

mpirically during early spectroscopic studies to be:

L = 1 + J(J + 1) + S(S + 1) − L(L + 1)

2J(J + 1)
(8)
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ig. 6. The anomalous Zeeman effect. The emission from an atomic lamp source
laced within a magnet observed parallel to the lines of force. Unlike the case
n Fig. 5, J and MJ are now used since S 	= 0.

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

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

z = −μB(Lz + 2Sz) (9)

hiral lcp or rcp photon results in either a left or right handed
edistribution of charge within the �-system, since the total
AM within the system must be conserved. The magnetic field

ines induced by the circular redistribution of charge all point
long the z-axis at the center of the ligand creating a magnetic
ipole moment perpendicular to the plane of the �-system.

MCD spectra are recorded by mounting a magnet into the
ample compartment of a CD spectrometer, in the Faraday
lignment. Unlike EPR spectroscopy, even diamagnetic com-
lexes exhibit an MCD signal. In the case of metal porphyrinoid
→ �* bands, absorption of a � → �* bands, absorption of a

hiral lcp or rcp photon results in either a left or right handed
edistribution of charge within the �-system, since the total
rbital angular momentum within the system must be conserved.
he magnetic field lines induced by the circular redistribution
f charge all point along the z-axis at the center of the ligand
reating a magnetic dipole moment perpendicular to the plane
f the �-system.

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

E = 2gLμBMJB (10)

The factor of 2 is based on the fact that the microstate accessed
y a photon of one handedness will be stabilized due to an align-

ent of the magnetic dipole moment with the applied field, while

hat accessed by a photon of the opposing handedness will be
estabilized since the magnetic dipole is aligned against the field,
ig. 7.

d
e
a
t

rom the south to north parallel to the axis of light propagation in the sample
ompartment of the CD spectrometer.

A parallel applied field is often referred to as the Faraday
lignment, since it was the basis of Michael Faraday’s experi-
ents in the 1840s [17] in which plane polarized beams of light
ere found to be rotated during transmission through certain

ubstances due to the differential absorbance of lcp and rcp light.
ince a perpendicular applied field tended to be used within Zee-
an spectroscopy [18] (i.e. excited state emission experiments) a

erpendicular alignment is sometimes referred to as the Zeeman
agnet arrangement. Prior to the emergence of MCD spec-

roscopy in the mid-1960s, with the development of Ti–Nb and
n–Nb alloy superconducting magnet coils and the photoelastic
odulators required to create an alternating beam of lcp and

cp light from plane polarized light, magnetic optical rotatory
ispersion (MORD) spectroscopy, which is based on Faraday
ffect experiments with plane polarized light, was the primary
lectronic absorption based technique used to study magnetic
ptical activity. Although MORD and Zeeman spectroscopy are
ow largely obsolete, in the early 1960s MORD experiments
emonstrated the potential utility of magnetic optical activity
or studying porphyrins, phthalocyanines and heme proteins [19]
nd inorganic anions [20]. MCD and MORD spectra are related
y Kramers–Kronig transforms in the same manner as CD and
RD spectra [21].

.3. MCD intensity mechanism and the three Faraday terms

The modern theoretical background to MCD spectroscopy
s largely due to Buckingham, Stephens and Schatz [7,22]. In
ontrast with natural CD, which is relatively rare, the Fara-
ay effect is a property of all matter. For a fully allowed

lectronic transition using the rigid-shift, Born–Oppenheimer
nd Franck–Condon approximations, the MCD intensity equa-
ion, according to the modified conventions recommended by
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tephens et al. [7], is:

�Al–r

E
= 152.5 Bcl

[
A1

(
− df

dE

)
+

(
B0 + C0

kT

)
f

]
(11)

Al–r is the differential absorbance of lcp and rcp light, B the
eld strength, cl the product of the concentration (mol l−1) and
ath length (cm), E represents the energy coordinate in cm−1

nd is used here to signify that the expression is for the entire
pectral band rather than for just one wavelength, while f is a
ormalized band shape function (normally a Gaussian-shaped
urve). Analysis of MCD spectra based on Eq. (11) is based on
n estimation of the magnitudes of the three Faraday terms, A1,
0 and C0, which were originally used within the interpretation
f MORD spectra [20,23]. Information can be derived based on
he Zeeman splitting of the absorption bands for lcp and rcp light,
he field-induced mixing of zero-field states and the Zeeman
plitting based ground state population adjustment, respectively.

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

0 = 3.062 × 10−3

νmax

∫
ε dν ≈ 〈A〉0

326.6cl
= 〈ε〉0

326.6
(12)

here D0 is expressed in (Debye)2 units (D2) [7b,24], νmax is
he band center energy in cm−1 and 〈A〉0 is the zeroth moment of
he intensity for the entire absorption band. The right hand side
quation is valid for any symmetrical band shape. It is important
o note that throughout this section energies are in cm−1 and field
trengths are in Tesla (T). In practical terms absorption and MCD
pectra are normally reported in terms of extinction coefficients
(M−1 cm−1) and �εM (M−1 cm−1 T−1) based on Beer’s Law.

The A1 term, Fig. 8, arises from the Zeeman splitting of an
rbitally degenerate excited state. There is a highly distinctive

rst derivative band shape due to the separation of the individual
and centers of the lcp and rcp light absorbing bands. A con-
ideration of Eq. (8) makes it clear that the A1 term intensity is
ased on the relative magnitudes of the combined orbital (Lz)

ig. 8. Selection rules for the absorption of circularly polarized light based on
transition between an orbitally nondegenerate ground state and an orbitally

egenerate excited state within a magnetic field applied parallel to the axis
f light propagation. A derivative-shaped Faraday A1 term is observed due to
he Zeeman splitting of states and the associated energy separation of bands
bsorbing lcp and rcp light based on the �ML = ±1 selection rule. We note
hat in this example, since S = 0 for closed shell atoms or molecules, J = L, and

J = MJ.
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nd spin (Sz) angular momenta of electrons within the ground
nd excited states, labeled as A and J, respectively:

1 = − 1

dA

∑
〈J |μz|J〉 − 〈A|μz|A〉([mAJ

−1]
2 − [mAJ

+1]
2
) (13)

here [mAJ
−1] and [mAJ

+1] are the electric dipole matrix elements
ssociated with the absorption of lcp and rcp light, respectively,
hile dA relates to the degree of degeneracy of the excited states.
ote that the sign convention for handedness used in the sub-

cripts of the matrix elements is the opposite of that used in
Al–r.
The Gaussian-shaped B0 term arises from second order

ffects based on the field induced mixing of the zero-field states
ia magnetic dipole transition moments. B0 terms completely
ominate the MCD spectrum when there is no three-fold or
igher rotation axis, since there are no orbitally degenerate states
hat can be split due to the Zeeman effect. B0 terms are also
resent in the spectra of high symmetry complexes but tend to
e significantly less intense than A1 and C0 terms, since there is
dependence on the energy separation of states J and K (�EKJ)
ixed by the field.B0 term intensity, in the absence of significant
eld induced mixing between the ground and excited states, is:

0 = 2

dA

e

∑ 〈J |μz|K〉
�EKJ

([mAJ
−1][mKA

+1 ] − [mAJ
+1][mKA

−1 ]) (14)

When a structural modification results in a small, relative to
he spectral band width, zero-field splitting of what would other-
ise be an orbitally degenerate ��* excited state, the resulting
erivative-shaped signal is often referred to as a pseudo-A1 term,
ig. 9.

The C0 term arises, Fig. 10, from the Boltzmann popula-
ion distribution across a degenerate ground state and, therefore,
hows a strong 1/kT temperature dependence, Eq. (11). At very
ow temperatures, a symmetric Gaussian-shaped Faraday C0

erm is observed because only the lowest split state contributes
o the MCD. Understandably, the intensity of this C0 term dom-
nates the MCD spectrum at low temperatures. At temperatures
bove saturation point at which the lowest microstate exists with

ig. 9. The appearance and the intensity of coupled Faraday B0 terms depends
pon the extent of the zero field splitting of states relative to the bandwidth. The
plitting of the +ve and −ve Gaussian-shaped MCD signals (black) is determined
y the energy separation of the lcp and rcp light absorption bands (dark and light
ray) that arise within the applied field due to field induced mixing of states via
magnetic dipole transition moment.
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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. C0 terms are extremely temperature sensi-
tive. The C term has a 1/kT temperature dependence since the ground state
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icrostates are populated according to a Boltzmann distribution. In this exam-
le S = 0 so ML = MJ. The Faraday C0 terms which arise when S 	= 0 are described
n Figs. 30 and 31.

00% of the population, the measured C0 term shape begins to
ecome asymmetric due to the separation of the band centers
f transitions absorbing lcp and rcp light, until both states are
qually populated at very high temperatures at which point an
1-term-like derivative-shaped band will be observed. In the

ase of metal porphyrinoids, C0 terms are usually associated
ith the presence of an open shell transition metal. When the

plitting of the microstates is small relative to the spectral band-
idths of the lcp and rcp light-specific absorption bands the C0

erm is essentially Gaussian-shaped. B0 terms can be readily
istinguished from B0 terms by measuring spectra at both room
nd cryogenic temperatures since they lack a 1/kT temperature
ependence:

0 = − 1

dA

∑
〈A|μz|A〉([mAJ

−1]
2 − [mAJ

+1]
2
). (15)

.4. Quantitative analysis of ground state and excited state
agnetic dipoles

Comparison of Eqs. (13)–(15) forA1,B0, C0 with Eq. (16) for
he dipole strength of the absorption band,D0, demonstrates that
he electric dipole contribution is cancelled out within A0/D0,
0/D0, C0/D0 ratios:

0 = 1

dA

∑
[mAJ

±1]
2

(16)

Since D0 can be readily derived from the corresponding
V–vis absorption spectra using Eq. (12), the MCD technique

an be used to directly quantify the magnetic moments associ-
ted with the ground and excited states [7]. Method of moments
nalysis was introduced to MCD spectroscopy by Henry et al.
24] and has since been used extensively to derive the magnetic

oments of the ground and/or excited states from MCD spectral

ata.
Unfortunately, several different sets of equations have been

ublished for the moments of the three Faraday terms and

t
D
c
o
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qs. (11)–(15) which were recommended by Stephens [7a] and
iepho and Schatz [7b] in the late 1970s and which we regard as
eing the standard set of definitions within the field have not been
niversally adopted by all of the research groups active in the
eld of MCD spectroscopy. An earlier set of definitions for the

hree Faraday terms, which were adopted in the mid-1960s [25],
sually denoted by A, B and C, have also been used extensively.
he A, B and C definitions were originally derived in the 1930s
ithin the calculation of the Verdet constant, which is a measure
f the wavelength dependent rotation of a plane polarized light
eam in MORD experiments [20,23], while more recent sets of
efinitions, denoted as A1, B0 and C0, and A1(OLD), B0(OLD),
0(OLD) were developed specifically for use with MCD spec-
roscopy (see Section 2.5). The A0(OLD), B0(OLD), C0(OLD)
nd D0(OLD) definitions were used briefly by Stephens in the
arly 1970s [28]. The A, B, C, and D and A1(OLD), B0(OLD),
0(OLD) and D0(OLD) definitions can still be found in recent
CD papers [26,27]. Within any review of the MCD literature

he conventions used, therefore, need to be carefully checked.
he conversion factors to derive A1, B0 and C0 values from the
lder definition are:

1 = −2

3
A1(OLD) = 2

3
A (17)

0 = −2

3
B0(OLD) = −2

3
B (18)

0 = −2

3
C0(OLD) = −2

3
C (19)

0 = 1

3
D0(OLD) = 1

3
D (20)

A set of conversion factors quoted by Piepho and Schatz [7b]
as caused considerable confusion for experimentalists. An extra
actor of 1/μB was included, which while technically correct in
erms of their starting equations is not applicable for A1, B0,
0 and D0 values derived from observed �A and A values on
he basis of Eqs. (11) and (12), since μB is already included
ithin A1/D0, B0/D0 and C0/D0 ratio calculations as a factor
f 152.5/326.6. The units for A1, B0, C0 derived from a direct
pplication of these equations to experimental spectral data are
2β for A1 and D2 cm β for B0 and C0, therefore, as was the

ase previously with A, B and C.
The factor of 2 in Eqs. (17)–(19) ensures that the z-component

f the magnetic dipole moment for the ground and excited states
an be derived directly from the A1/D0 and C0/D0 ratio values
n instances where S = 0 and gL = 1:

z (excited state) = −A1

D0
, μz (ground state) = C0

D0
(21)

The factor of 1/3 is related to the presence or absence of ori-
ntational averaging which takes into account the fact that in
olution, molecules are randomly oriented so that the molecular
xis does not coincide with that of the applied field. In practical

erms, although this can affect the magnitude of A1, B0, C0 and

0, it usually cancels out within A1/D0, B0/D0 and C0/D0 ratio
alculations. Random orientation is sometimes denoted with
verbars [7b]. It should be noted that the difference between
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Fig. 11. The original definition of lcp and rcp within CD spectroscopy. Light
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Fig. 12. The Faraday effect within MORD spectroscopy. A plane polarized beam
i
r
d

i
n
F
fi
d
g
n
t
M
i
b
t
a
h
S
s
n
t
v
a
o
c
C
b
t
S

s
s
t
e
c
l
r
c
i
a

lane polarized in the yx-plane can be described in mathematical terms as being
omprised of left or right circularly polarized components of equal phase and
mplitude (top). The towards the source perspective is depicted (bottom).

andomly oriented solution spectra and spectra measured for a
pecific molecular orientation within a single crystal or argon
atrices can potentially be a significant factor for complexes
ith anisotropic symmetries, and in those circumstances the

quations required to analyze the Faraday terms may be sig-
ificantly more complex than those included here, for example,
anganese porphyrinoids complexes with Eg ground states [29].

.5. Definitions of left- and right-handedness

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

Left handed photons were originally defined as positive since
he electric vector rotates counterclockwise from the positive y-
xis to the positive x-axis within a right-handed set of axes from
ositive y-values to positive x-values [13]. Unfortunately, the
riginal definition for lcp light (E1 = E0(i cos θ1 + j sin θ1)) is the
ame as that used to define the right handedness of the �-helix
f DNA [30] where the perspective is from the source along
he axis of propagation. The application of CD spectroscopy
as, therefore, been complicated in conceptual terms by the fact
hat left handed incident photons within the optical definition
nduce a right handed transition within the definition used for
elical structures within proteins. The fact that the left- or right-
andedness of a helix is independent of perspective when viewed
rom either end complicates matters further in conceptual terms;
ince it can provide the impression that handedness is completely
ndependent of perspective.
Within MORD spectroscopy, Fig. 12, a positive Verdet con-
tant and φ value for rotation of a plane polarized beam corre-
ponds to clockwise right handed rotation when viewed towards
he source. Absorption of incident lcp light, therefore, results

t
θ

r
m

s rotated by a magnetic field applied parallel to the axis of propagation. The
otation is defined as positive if the beam is rotated to the right in a clockwise
irection when viewed towards the source.

n a positive signal within the CD intensity definition, but a
egative Verdet constant based on negatively-signed component
araday A, B and/or C terms. Although MORD was developed
rst, MCD became the dominant technique since it is easier to
erive values for A1, B0 and C0 from MCD spectra since there is
reater resolution of the component spectral bands and there is
o θ signal for the solvent and cell, which is a factor which had
o be compensated for in MORD experiments [19a]. When the

ORD definitions for the Faraday terms were initially adopted
n MCD spectroscopy, this resulted in Gaussian-shaped MCD
ands with a negative �Al–r CD signal initially being referred
o as positive B or C terms by researchers such as Michl [12]
nd Djerassi in key early papers on [25b]. Research groups who
ave subsequently adopted the modified moments definitions of
tephens [7a], Piepho and Schatz [7b] are now able to avoid this
ource of confusion and are able to refer to a negative �Al–r sig-
al as a negative Faraday B0 terms, since the sign of B0 matches
hat of �Al–r. It should be noted, however, that the sign con-
ention for the A1 term is the same as that of A, since negative
nd positive A term terminology based on the high energy lobe
f the derivative-shaped signal was well established and did not
ause the same level of confusion as the Gaussian-shaped B and

term definitions. The A1(OLD) definition initially proposed
y Stephens [28] was briefly the reverse of that of both the A
erm it replaced and the A1 term subsequently recommended by
tephens [7a] and Piepho and Schatz [7b], however.

An additional complication is that there are two different
ets of units currently in widespread use to express MCD inten-
ity. For historical reasons some research groups continue to use
he field normalized, molar ellipticity unit [θ]M. Within the CD
xperiment, the incident plane polarized beam becomes ellipti-
ally polarized due to the differential absorbance of lcp and rcp
ight. While the φ unit in ORD spectroscopy is a measure of the
otation of the electric and magnetic vectors per unit field, con-
entration and distance, the θ unit in CD spectroscopy is defined
n degrees based on the tangent of the ratio of the minor to major
xes of the elliptical path followed by the electric vector within

he xy-plane when viewed towards the light source. Initially the
unit was adopted by CD spectroscopists so that results could be

eadily compared to MORD data via Kramers–Kronig transfor-
ations. Since θ is proportional to the differential absorbance of
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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-
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cp and rcp light, however, �Al–r has increasingly been adopted
nd �εM based on the extinction coefficient for a 1 M solution
t a field strength of 1 T is the preferred intensity unit for MCD
pectroscopy. The conversion factors are θ = 32.98�A, where θ

s expressed in units of mdeg or [θ]M = 3.298�εM where [θ]M
s expressed in units of deg cm2 dmol−1.

In summary in describing an MCD spectrum use the style,
positiveA1 term” for a derivative-shaped signal that is negative
o low energy of the cross-over point, and use “negativeB0 term”
nd/or “negative C0 term” for Gaussian-shaped bands that have a
egative �Al–r signal based on Eqs. (11)–(16) using the modified
onventions recommended by Stephens [7].

. Overview of early research on the optical
pectroscopy of porphyrinoids

.1. Molecular orbital theory

One of the factors that can make MCD spectroscopy some-
hat inaccessible to many organic and inorganic chemists is

hat either ligand field theory or a molecular orbital theory is
equired to interpret the spectral data. Although valence bond
heory is still widely used as the conceptual framework for visu-
lizing bonding and reactivity, an MO approach is required to
ccount for the aromatic properties of benzene and other aro-
atic and heteroaromatic �-systems, such as the porphyrinoid
-system. Since the electron density for each molecular orbital is

pread across the entire complex, the nodes and anti-nodes asso-
iated with the orbital angular motion around a �-system can be
bserved on the cyclic perimeters of aromatic molecules, Fig. 13.
inear combinations of the six carbon pz orbitals which combine
ithin the molecular orbital approach, result in three bonding

nd anti-bonding MOs with an ML = 0, ±1, ±2, 3 sequence
n ascending energy terms. The resonance energy of benzene,
hich accounts for the lack of reactivity, is based on the fact that

ll of the stabilized bonding MOs is fully occupied. This forms
he basis of Hückel’s 4N + 2 rule for aromaticity.

.2. Platt’s free electron model for a cyclic π-system
erimeter

In the late 1940s, Platt [9] proposed a free electron model
or describing the energies of the �-system perimeter MOs
n wavenumbers (cm−1) based on an OAM quantum number
based on ML) for the cyclic perimeter which was referred to as
:

= q2h2

2mel2
(22)

where me is the mass of the electron, h the Planck’s con-
tant and l is the length of the cyclic perimeter (Å). Since the
OMO and LUMO of benzene have ML = ±1 and ±2 nodal

roperties, respectively, Fig. 13, the 1e1g and 1e∗

2u MOs can be
iewed as being linked by an allowed �ML = ±1 and a forbid-
en �ML = ±3 transition, Fig. 14. Platt [9] referred to these
s the B and L bands, respectively. The forbidden �ML = ±3

f
o
a
g

er, which arise from the magnetic quantum number properties associated with
he corresponding complex wave functions, which have ML = 0, ±1, ±2 and 3
AM properties as shown.

ransitions are located at lower energy based on Hund’s second
ule that for a given multiplicity the lower energy state has the
reater angular momentum, Fig. 14. The B band is observed at
80 nm and is strongly allowed (ε = 65,000) with the L bands at
00 nm (ε = 8000) and at 254 nm (ε = 254) gaining intensity by
ibrational borrowing.

.3. LCAO based perimeter models

Moffitt [10] subsequently developed a more complex LCAO
ased model of the cyclic perimeter and noted the fact that in
he case of cyclic heteroaromatic polyenes the nodal patterns

or structural homologs based on the same basic ideal charged
r uncharged parent CnHn perimeter are consistently retained
nd that the molecular orbital method used to predict the ener-
ies and relative intensities of the major spectral bands can be
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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, 1Elu.
In contrast, the L excited states arising from the �ML = ±3 transition is nonde-
generate with 1Blu and 1B2u symmetry in the case of benzene due to the D6th,
symmetry [9]. The La state is associated with nodes through the bonds, while
t
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Fig. 15. The real �-MOs of the D16h symmetry C16H16
2− species (left) and the

D4h 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 ML = 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 �HOMO and �LUMO terminology used by Michl [12] relates to
the perturbation of the frontier �-MOs relative to the 1e4u and le∗

5g MOs of the

C16H16
2− parent hydrocarbon cyclic perimeter, respectively. It is convenient to

use the �HOMO and �LUMO 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 e4u and e5g molecular
orbitals, vide infra.
he Lb state is associated with nodes through the atoms, Fig. 13.

implified on this basis. A 16 atom 18 �-electron C16H16
2−

-system, consistent with Hückel’s 4N + 2 rule for aromaticity,
an be viewed as being the parent cyclic perimeter of metal por-
hyrinoids based on the inner ligand perimeter. An ML = 0, ±1,
2, ±3, ±4, ±5, ±6, ±7 and 8 sequence is observed in the
olecular orbitals predicted on the basis on DFT optimizations

f C16H16
2− and zinc porphin. In the case of metal porphyrin

omplexes, the symmetry of the ligand is lowered from D16h to
4h due to the introduction of four pyrrole rings, but the same
asic nodal pattern sequence can still clearly be observed within
6 of the 24�-MOs, Fig. 15, resulting in a similar calculated
V–vis spectrum, Fig. 16, to that obtained for benzene.
The basis of the perimeter model approach to the electronic

tructure of porphyrinoids is that although the original degener-
te HOMO and LUMO orbitals, 1e4u and 1e∗

5g, may and do split
n energy terms when the symmetry is lowered from the D16h of

16H16
2−, these four frontier �-MOs still retain the C16H16

2−
odal properties, which form the basis of the magnetic proper-
ies associated with the �-system which can be probed by MCD
pectroscopy. The success of perimeter model based approaches,
uch as the research of Gouterman [11] and Michl [12], at inter-
reting the spectral properties of an extremely wide range of
orphin-related compounds argues for this usage despite the
act that it is, of course, technically incorrect to speak of a split
OMO or LUMO. The focus of our attention is the explanation
f the spectroscopic properties of porphyrinoids so we will use
omenclature such as �HOMO, and �LUMO that is well estab-
ished within the literature of porphyrinoid spectroscopy [12],
or the energy separation of the 1a1u and 1a2u top-filled MOs,
hich are derived from the 1e4u HOMO of the parent C16H16

2−
ydrocarbon perimeter, with the proviso that we come to this

escription from a consideration of the HOMO and LUMO of
he C16H16

2− perimeter shown in Fig. 15 (left). Similarly, we
ill use the 1e∗

5g LUMO of the parent C16H16
2− hydrocarbon

erimeter.



J. Mack et al. / Coordination Chemistry Reviews 251 (2007) 429–453 439

Fig. 16. Calculated UV–vis spectrum of a D16h symmetry C16H16
2− 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 C16H16

2− perimeter the
a
s
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t
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a
F
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C
C

llowed and forbidden states are both orbitally degenerate with 1E1u and 1E7u

ymmetry [32], respectively. Michl refers to these bands as the B and L bands
12a].

.4. Gouterman’s four-orbital model

The spectra of synthetic main group metal porphyrins con-

ain a fully allowed B band at ca. 400 nm (also referred to
s the Soret band) and a set of weaker bands between 500
nd 650 nm (arising from the forbidden �ML = ±9 transitions),
ig. 17. Early attempts at predicting porphyrinoid spectra based

ig. 17. Absorption and MCD spectra of zinc octaethylporphyrin (ZnOEP) in
HCl3. Reproduced with permission from Ref. [39], copyright 2005 American
hemical Society.
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ig. 18. Gouterman’s four-orbital model [11] based on a consideration of only
he HOMOs and LUMOs of the �-system (bottom). Reproduced with permission
rom Ref. [39], copyright 2005 American Chemical Society.

n a consideration of the entire 24 �-electron system within
n LCAO approach proved problematic. Almost simultaneously
ith Platt’s work on benzene, Simpson [8] proposed a free elec-

ron model based on an 18 atom 18 �-electron �-system in the
ase of free base porphyrin to account for the relative intensities
f the bands within the absorption spectrum based on allowed
nd forbidden transitions with �ML = ±1 and ±9 properties,
espectively, Fig. 16.

Gouterman subsequently developed a four-orbital LCAO
odel for porphyrinoid complexes in the 1960s, Fig. 18, after

arrying out postgraduate research at Platt’s laboratory at the
niversity of Chicago [11a]. Gouterman’s research [11] pro-
ided conclusive evidence that the weaker Q bands in the visible
egion were of ��* rather than n�* origins as some researchers
31] had suggested. The four-orbital model has since found
idespread use as the conceptual framework to describe por-
hyrinoid optical spectra including those of the chlorophylls,
roteins and a wide range of synthetic porphyrins and phthalo-
yanines [11]. Modern DFT techniques as well as the older
emi-empirical methods such as PPP and INDO predict acci-
ental degeneracy of the two �-system HOMOs, which would
ormally be expected to be nondegenerate under the D4h sym-
etry typical for metal porphyrinoid complexes, Fig. 19. This

orms the basis for understanding the spectroscopy of free base
orphyrins and their metal complexes, since accidental degen-
racy results in a spectrum with a set of electronically allowed

�ML = ±1) and forbidden (�ML = ±9) transitions between the
OMO and the LUMO based on the �ML = ±1 selection rule.
The forbidden band was referred to as the Q band in the case of

orphyrinoids 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-
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ulations based on B3LYP geometry optimizations with 6-31G(d) basis sets.
za-substituted ligands such as Pc are underlined. Reproduced with permission

rom Ref. [39], copyright 2005 American Chemical Society.

oid field tend to be familiar with the Q and B band nomenclature
rom Gouterman’s four-orbital model without being aware that
he name for the Q band is based on the Japanese word for nine,
yuu, since �ML = ±9 character (when considered in simplistic
ree electron model terms) accounts for the electronically for-
idden nature of the lowest energy electronic transition. The first
se of the Q band terminology was by Platt [9b] who drew a dis-
inction between bands associated with forbidden low energy
ransitions associated with orbitally degenerate excited states
ith �ML > 1 and the La and Lb bands observed in the case
f benzene, Fig. 14, which are associated with nondegenerate
xcited states. This terminology was not adopted by subsequent
esearchers within the field of aromaticity, such as Michl, how-
ver, who continued to use Platt’s original B and L band nomen-
lature for all aromatic and heteroaromatic �-systems [12a].

In the case of reduced symmetry complexes, for example
he chlorins and bacteriochlorins where there is reduction of the
ouble bonds at the periphery of the �-system, the degeneracy of
he LUMOs and/or the HOMOs is lifted resulting in significant

band absorption in the visible region, since the configuration
nteraction between the Q and B excited states is modified so that
oth the Q and B bands have electronically allowed character. In
outerman’s words the four-orbital model explained both within

n easily understood qualitative conceptual framework, as well
s 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
pproach through extended Hückel calculations for a series
f porphyrin, phthalocyanine and tetraazaporphyrin complexes.
he relative magnitudes of the magnetic moment values for the

t
a
f

y Reviews 251 (2007) 429–453

�* excited states were verified based on theA1/D0 ratios of the
and B bands of metal porphyrins [11c], Fig. 17. Ceulemans et

l. [32] have reported an in depth study for zinc tetraphenylpor-
hyrin (ZnTPP) and zinc octaethylporphyrin (ZnOEP) reporting
1/D0 values typically between 2 and 5 for the Q band and

etween 0.5 and 1 for the B band depending on the nature of the
xial ligation. Earlier Djerassi and coworkers [33] had reported
lightly higher values in the 2.9–5.9 range based on cryogenic
emperature measurements in a study of the effects of five and
ix coordination in the case of MgOEP and ZnOEP [33]. Axial
igation can lower the symmetry from D4h to C2v introducing a
ero-field splitting of the ��* excited states due to a lifting of the
rbital degeneracy of the LUMO. MCD spectroscopy has, there-
ore, provided direct spectroscopic evidence that the �-system
OMOs are accidentally nearly degenerate, thus forming an

deal cyclic polyene system similar to that studied by Platt in
he case of benzene [9]. The values derived for the magnetic

oments of the excited states are significantly lower than the
z = −1 and μz = −9 values that would be anticipated based on
free electron model of Simpson and Platt [8,9]. LCAO models,
uch as Gouterman’s D4h symmetry four-orbital model for elec-
ronic structure of porphyrinoids and Michl’s D16h symmetry
erimeter model [12], which was derived from the earlier cyclic
olyene approach of Platt and Moffitt [9,10] (see below), clearly
rovide a more accurate description of the magnetic moments
f metal porphyrinoid ��* excited states. In the case of metal
hthalocyanine complexes, where the porphyrin ligand is mod-
fied through the addition of aza-nitrogens and peripheral fused
enzene rings, Fig. 1, the OAM associated with electron cir-
ulation in the HOMO of main group metal phthalocyanine
omplexes is largely quenched due to a >2 eV splitting of the
a1u and 1a2u MOs, which are derived from the 1e4u HOMO of
he parent C16H16

2− hydrocarbon perimeter, Fig. 19. The fully
llowed and forbidden magnetic dipole character of the Q and

band is, therefore, lost and all four one-electron transitions
ithin Gouterman’s four-orbital model [11] become electroni-

ally allowed. The absorption spectrum of MPc, Fig. 20, includes
n intense Q band (ε ca. 300,000 L mol−1 cm−1) at ca. 670 nm,
ollowed by a series of weaker vibrational bands, Qvib, and a
road envelope of overlapping bands in the B band region of
he spectrum (250–400 nm) [34]. The Q band retains its large

agnetic moment due to the OAM associated with the orbitally
egenerate LUMO. A1/D0 ratios of between 1.5 and 4.0 [35]
re typically observed for MgPc and ZnPc depending on the
ature of the axial ligand. The Q band completely dominates the
CD spectrum of main group metal phthalocyanines primarily

ue to significant band broadening in the B band region, since
he observed peak-to-trough intensity of Faraday A1 terms is
nversely proportional to the bandwidth, Fig. 20.

. Practical application of MCD spectroscopy within
orphyrinoid research
Having introduced the theoretical basis for MCD spec-
roscopy and having also provided a brief background to the
nalysis of porphyrinoid optical spectra based on MO theory, the
ocus for the remainder of this review will be on five different
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ig. 20. Absorption and MCD spectra of (CN−)ZnPc in dimethylacetamide.
eproduced with permission from Ref. [36c], copyright 1987 American Chem-

cal Society.

ractical applications for MCD spectroscopy within porphyri-
oid research: (i) the use of spectral band deconvolution analysis
o identify the number of electronic transitions and to derive
uantitative values for the three Faraday terms, (ii) the use of
ichl’s perimeter model, a general conceptual approach devel-

ped for aromatic and heteroaromatic �-systems based on the
arlier work of Platt and Moffitt [9,10], which can be used to
isualize the alignment of the induced ��* magnetic moments
nd to predict the sign sequences for the MCD bands arising from
he Q and B, (iii) How MCD spectroscopy relates to the latest
dvances in molecular modeling software and in particular to
he use of density functional theory (DFT) and how these calcu-
ations can be used in conjunction with Michl’s perimeter model
o predictA1/D0 ratios and μz values for ��* excited states, (iv)
he use of MCD spectra recorded at cryogenic temperatures to
erive information about orbital and/or spin degenerate ground
tates of transition metal complexes, and (v) the use of MCD
pectroscopy as a complimentary method to EPR spectroscopy
n studies of the electronic structure of paramagnetic anion and
ation radical metal porphyrinoid species.

.1. Spectral band deconvolution analysis

Method of moments analysis was the first approach used to
erive A1/D0, B0/D0 and C0/D0 ratio values so that quantita-
ive values could be derived for the ground and excited state
agnetic moments. The technique is only suitable for baseline-
o-baseline spectral band envelopes, however. Spectral deconvo-
ution with Gaussian-shaped curves tends to be used to extract

1/D0, B0/D0 and C0/D0 ratios from spectral data sets that lack

t
t
i
a

nTPTANP recorded in CH2Cl2. Reproduced with permission from Ref. [39],
opyright 2005 American Chemical Society.

iscrete baseline-to-baseline band envelopes [24]. The Stillman
roup have developed the Simpfit for WindowsTM [37] spectral
and deconvolution program, Fig. 21, to obtain the band ener-
ies and polarizations of the major spectral bands within the
ighly overlapping band envelopes often encountered in por-
hyrinoid UV–vis absorption and MCD spectral data using data
ecorded in optically transparent non-aqueous solvents at room
nd cryogenic temperatures [36]. Since the MCD and UV–vis
bsorption spectra arise from the same set of spectral bands, the
easurement of a second data set removes much of the ambi-

uity normally associated with band deconvolution techniques.
nder the rigid-shift approximation it can be assumed that the

pplication of the applied magnetic field makes no difference to
he spectral bandshape function.

Identifying the number of electronic origins within the
V–vis region can challenging when spectral bands overlap

xtensively. For example, Fig. 21, MCD spectroscopy identifies
he electronic origin of the Q band within the optical spec-
00
rum of zinc tetraphenyltetraacenapthoporphyrin (ZnTPTANP),
n what would otherwise appear to be a set of hot bands associ-
ted with the more intense Q01 vibrational band. In the case of
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Fig. 22. Michl ’s perimeter model (left) [12]. The circle is a diagrammatic repre-
sentation of the clockwise and counterclockwise motion of �-system electrons
on the C16H16

2− parent perimeter of metal porphyrinoid complexes based on
the 16 2pz atomic orbitals, generating the ML 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 lcp or rcp, the excited
electron typically retains the left or right handed motion on the perimeter asso-
ciated with the ML quantum number resulting in the electronically allowed B
transition (�ML = ±1) so that the total angular momentum within the system is
conserved. There is an electronically forbidden transition (�ML = ±9) named
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etal phthalocyanine complexes, spectral deconvolution studies
y the Stillman group revealed that there are in fact two overlap-
ing intense Faraday A1 terms of almost equal magnitude and
andwidth in the B band region, Fig. 20. This led to a modifica-
ion of the Q, B, N, L and C band nomenclature [11e] originally
roposed by Gouterman to include B1 and B2 band in the case
f phthalocyanines [34]. This work has been reviewed recently
lsewhere [34c,d] and will, therefore, not be covered here in
etail. In recent years the Kobayashi and Stillman groups have
xtended the use of spectral band deconvolution beyond the ini-
ial focus on symmetric porphyrin and phthalocyanine ligands
o a wide range of structurally modified porphyrinoids such as
educed symmetry �-systems, dimers and corroles [38,39].

.2. Michl’s perimeter model

Platt and Moffitt [9,10] were the first to develop a cyclic
erimeter approach to the electronic structure of cyclic polyene
ystems and predicted the relative band intensities for the B and

bands based on the �ML = 0, ±1 selection rule. The nodal
atterns of the frontier �-MOs are maintained even after substan-
ial structural perturbations [12a] and can, therefore, be related
ack to those of an ideal high symmetry parent hydrocarbon.
hen a magnetic field is applied there is only very limited field

nduced mixing of the ��* states with n�* and σ�* states, so
perimeter model approach can also be used to study Faraday
1 or B0 terms within MCD spectra which arise from Platt’s
and B transitions (i.e. the Q and B transitions within Gouter-
an’s four-orbital model). In the 1970s, Michl [12] developed
general theory to account for the MCD spectroscopy of cyclic
-electron systems which could account in both qualitative and
uantitative terms for the sign sequences of A1 (or of coupled
ppositely-signed B0 terms in the case of lower symmetry com-
lexes) based on a consideration of the excited state magnetic
oments induced by the allowed and forbidden B and Q tran-

itions within Gouterman’s four-orbital model, Fig. 22. It was
oped that this would result in the MCD technique becoming a
ore widely used spectroscopic tool within organic chemistry.
ichl’s perimeter model [12] subsequently provided a key con-

ribution to porphyrinoid research when Djerassi and coworkers
sed semi-empirical INDO/s based studies to predict the sign
equences observed for the chlorins, bacteriochlorins, isobacte-
iochlorins and monosubstituted free base porphyrins [40]. In
ecent years, Waluk, Sessler and coworkers [27] have used the
erimeter model to study the electronic structure of porphycenes,
ibenzoporphycenes, and smaragdyrins.

Since the �-system is based on the 2pz atomic orbitals of the
arbon atoms, complex wavefunctions for the cyclic perimeter
ermit a description of the net electron circulation upon elec-
ronic excitation based on the component atoms, which is not
ossible on the basis of the more commonly used real wave-
unctions. A stack of MOs can be constructed for the 16 atom
8�-electron �-system on the inner ligand perimeter, Fig. 22.

he magnetic moments for the 16�-MOs are plotted diagram-
atically, based on the results of Michl’s LCAO calculations,

elative to the applied magnetic field. For each set of degenerate
omplex wavefunctions ΨN and Ψ−N, the Ψ−N MO involves

a

t
e

L” in this context, which is associated with a reversal of the sense of electron
otion on the perimeter (diagonal lines) and corresponds to the Q transition
ithin Gouterman ’s four-orbital model, Fig. 18.

lectron circulation (based essentially on a redistribution of
lectronic charge from one 2pz atomic orbital to another) in a
lockwise direction from the lowest energy ML = 0 MO, while
he ΨN MO involves electron circulation in a counterclockwise
irection.

When a magnetic field is applied parallel to the axis of light
ropagation, absorption of a photon of right or left circularly
olarized light (lcp and rcp) results in either a �ML = +1 or a
ML = −1 transition as is the case in Zeeman’s magnetic cir-

ularly polarized emission experiment [15], since the electric
ector of the incident electromagnetic wave rotates clockwise
r counterclockwise once per wavelength and the total angular
omentum within the system must be conserved. This results in

ither clockwise or anticlockwise charge circulation on the inner
igand perimeter of the ��* excited state based on the direction
f rotation of the electric vector of the incident photon, Fig. 22.

The alignment of the magnetic dipole induced within the
xcited state by this circular charge redistribution can be visu-
lized based on Ampere’s rule for current flow in a solenoid.

hen the fingers of the right hand are curled around the loop
n the direction of conventional current flow (i.e. based on the
harge carrier within the loop being positively charged), the
humb points in the direction of the dipole moment. A positive

agnetic dipole moment, which points along the z-axis of the
pplied field is the energetically favored alignment within the
eeman splitting of states. Since the perspective is towards the
etector rather than the source, this corresponds to circulation
nduced within the cyclic perimeter of benzene by absorption of

photon of incident lcp [15].

In high symmetry cyclic polyenes, such as benzene, in which
he �-MOs associated with the perimeter retain orbital degen-
racy, Fig. 23, the OAM is no longer fully compensated for
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Fig. 23. The sign orderings of the positiveA1 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 μ+ and μ− magnetic dipoles, associated
with the forbidden L and allowed B bands, induced through the absorption of
a photon of either lcp 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
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Fig. 24. The origin of negative Faraday A1 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 ML = 0 MO, the orbitally nondegenerate
ML = 2 MO has no net OAM, the lcp and rcp transitions, therefore, both obey
the �ML = ±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 lcp or rcp are indicated
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act that a moment aligned with the applied field is energetically favored. The
lectronically forbidden L transition (�ML = ±3) corresponds to the Q transition
ithin Gouterman ’s four-orbital model for porphyrinoid �-systems, Fig. 18.

y the motion of a second electron in the MO of the opposing
andedness when an electron is promoted to the LUMO in an
lectric dipole allowed manner (ΨN → ΨN + 1 in the case of lcp
nd Ψ−N → Ψ−N − 1 in the case of rcp). When OAM is greater
n the LUMO than in the HOMO, a negatively charged particle
s effectively formed on the perimeter so the induced magnetic

oment is aligned in the opposite direction from that generated
y Ampere’s Rule for solenoids based on conventional current
ow and therefore results in a negative moment aligned against

he field within the definition of handedness used by physicists
nd a positive Faraday A1 term, since the higher energy com-
onent has a positive �Al–r signal in the MCD spectrum.

Positive Faraday A1 terms, Fig. 23, are the dominant spec-
ral feature of high symmetry cyclic polyenes since the OAM
ssociated with the LUMO is usually higher than that asso-
iated with the HOMO. The induced ��* magnetic moments
or Platt’s electronically allowed B and forbidden L transitions
which would have �ML = ±1 and �ML = ±3 properties in a
ree electron model approach) were referred to by Michl as the
− and μ+, respectively. The μ− magnetic moment is smaller in

agnitude and less dependent on the structure of a complex since

erimeters, while the μ+ moment can vary greatly as a function
f the number of atoms and electrons in the parent hydrocarbon
erimeter and of perturbations to the electronic structure.

(
b
a
i

ith colored circles and arrows, respectively (bottom). The resulting MCD sign
equence in ascending energy terms is shown based on the fact that the moment
ligned with the applied field is energetically favored.

Kobayashi and coworkers [41] recently tested the validity of
ichl’s perimeter model [12] in a study of a four-atom six �-

lectron cyclobutadiene dianion. A negative Faraday A1 term
as observed at 289 nm, as anticipated, for the Ψ±1 → Ψ2

ransition, Fig. 24. Since there is no OAM associated with
he LUMO, the positive hole within the �-system HOMO as
pposed to the negative charge within the LUMO is the domi-
ant factor in charge circulation terms and the alignment of the
agnetic dipole moments is reversed. The microstate associated
ith the absorption of lcp is therefore stabilized by the Zeeman

plitting of states, so the negative lobe of the A1 term lies at
igher energy.

When there is a minor zero-field splitting of the excited
tates due to a lifting of the orbital degeneracy of the HOMOs
nd/or the LUMOs, the A1 terms of high symmetry com-
lexes are replaced by coupled oppositely signed B0 terms
ith the same basic −ve/+ve or +ve/−ve sign sequence. The
and B transitions linking the frontier �-MOs of reduced

ymmetry porphyrinoids tend to have the strongest magnetic
ipole transition moments and, therefore, are most extensively
ixed by the applied field, Eq. (14). Michl successfully demon-

trated that the alignment of the magnetic moment, Fig. 25,
s determined by the relative energy separations of the fron-
ier �-MOs derived from the 1e4u HOMO and 1e∗

5g LUMO
�HOMO, �LUMO) [12a] of the C16H16
2− parent hydrocar-

on perimeter, Fig. 15. When �HOMO � �LUMO the OAM
ssociated with the excited electron predominates and there
s a −ve/+ve/−ve/+ve �Al–r intensity pattern with ascending



444 J. Mack et al. / Coordination Chemistr

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 �-MOs derived from the 1e4u HOMO and 1e∗

5g LUMO (�HOMO,

�LUMO) [12a] of the C16H16
2− parent hydrocarbon perimeter, Fig. 15, since

this determines whether a positive or negative charge circulates on the �-system
perimeter. Quenching of OAM properties of the electrons in either the HOMOs
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r LUMOs due to a structural perturbation, which introduces a large �HOMO
r �LUMO, is denoted in black. Reproduced with permission from Ref. [39],
opyright 2005 American Chemical Society.

nergy for the Faraday B0 terms associated with Platt’s L and
bands [9]. When �LUMO � �HOMO circulation of the

ositive hole left within the HOMO becomes the predominant
actor. The magnetic moments induced by the absorption of a
hoton of lcp and rcp light are reversed and the �Al–r sign
equence for the FaradayB0 terms in ascending energy becomes
ve/−ve/+ve/−ve. It should be noted that Michl often used a
eversed sign sequence based on the original MORD based def-
nitions of the Faraday B term, which can cause considerable
onfusion.

The perimeter model is most useful for deriving structural
nformation in the case of complexes with �HOMO ≈ �LUMO
ince small structural changes can reverse the direction of the
nduced magnetic dipoles excited state. Michl referred to these
yclic perimeters as soft MCD chromophores. We have recently
eported a study of the MCD spectroscopy of ZnTPTANP [39]
n which the Q and B bands appear as negative Faraday A1
erms with a +ve/−ve/+ve/−ve sign sequence in ascending
nergy, the sequence normally anticipated for a spectrum dom-
nated by Faraday B0 based on a structural perturbations in
hich �LUMO > �HOMO. Non-planarity of the ligand due

o steric hindrance appears to be the most likely explanation.
he perimeter model is based on a consideration of only the

lectronic transitions, while vibrational bands can dominate the
pectra of electronically forbidden transitions such as the Q
and of ZnTPTANP, Fig. 21. In the case of perimeters in which
HOMO = �LUMO = 0, Michl [12] has pointed to the fact that

y
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n theoretical terms there is a −ve/−ve/−ve/+ve �Al–r inten-
ity pattern for the μ− contribution to the Q and B bands. In
ractical terms, however, this is only of limited interest to the
xperimentalist since when the porphyrinoid Q band is formally
orbidden it usually gains intensity from the B band through
ibrational borrowing with an alternating positive and negative
equence being observed in the signs of the A1 terms for Q00,
01, Q02 [42] as is the case with ZnTPTANP, Fig. 21. Michl

heorized at length [12a] on how the perimeter model can be
pplied on a qualitative basis to predict the sign sequences of
he MCD bands based on a consideration of the effect of struc-
ural perturbations to the ideal cyclic perimeter on the �HOMO
nd �LUMO of the four frontier �-MOs nodal patterns within
he real wavefunctions. Recent advances in molecular modeling
oftware have made a more quantitative approach to determining
he relative magnitude of �HOMO and �LUMO more readily
ccessible than was the case in the late 1970s, however.

.3. Density functional theory

Modern computational techniques such as DFT [43] can pro-
ide a significantly more accurate description of the ground
tate geometry than the semi-empirical techniques used by
outerman and Michl in the 1960s and 1970s [11,12]. It

hould be noted, however, that commercially available DFT soft-
are packages are not fully ab initio, since they are based on

xchange-correlation functionals such as B3LYP that are par-
ially empirically derived. Calculated UV–vis spectra based on
ime-dependent DFT (TD-DFT) [44] should be treated with cau-
ion particularly when there is charge transfer between the ligand
nd the metal and the geometry of the excited states differs sub-
tantially from that of the ground state [45]. The application of
FT to transition metal porphyrinoid complexes remains highly
roblematic [46].

The main focus of the development of DFT within the field
f optical spectroscopy has been on electric, rather than mag-
etic, dipole based properties. In 2003, the Gaussian software
ackage [47] was upgraded to include predictions of CD spectra
ased on TD-DFT [48], however. Ziegler and coworkers [49]
ave recently reported DFT calculations of Faraday A1 terms of
everal inorganic anions and substituted benzenes based on the
msterdam density functional program. A1/D0 ratios reported
y Seth et al. are currently significantly lower than experimental
alues [49b] due to a neglect of environment effects on the inci-
ent radiation and the relatively low accuracy of dipole strengths
alculated by TD-DFT.

Analysis of induced magnetic moments values derived from
he three Faraday terms would represent an important additional
pectroscopic basis for assessing the validity of DFT and TD-
FT based descriptions of the electronic structures and optical

pectra of porphyrinoid complexes. Even in the case of the sim-
lest porphyrinoid calculations based on metal porphins with
closed shell d10 central metal, the results of TD-DFT anal-
ses cannot be accepted uncritically with a band assignment
ade by lining up the experimentally observed band wave-

engths with those predicted by the calculation. It should be
oted, for example, that two close lying intense x/y-polarized
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→ �* transitions of similar intensity were recently predicted
n the B band region of zinc and magnesium porphin (ZnP
nd MgP) by Baerends et al. [50] based on statistical averag-
ng of (model) orbital potentials (SAOP) calculations within the
msterdam density functional package, Fig. 9, which appears

o be inconsistent with the available MCD spectral data [11d],
ig. 17. We have observed similar results for the B band region
f ZnTPP [39] based on TD-DFT calculations with the B3LYP
unctional of the Gaussian 03W software package [47] when
sing 6-31G(d) basis sets, but not in calculations with 6-31G
asis sets or when using semi-empirical INDO/s calculations.

Despite the problems that can be encountered, the basic
rends predicted for Q and B band intensity on the basis of the

ML = 0, ±1 the selection rule and semi-empirical calculations
rom Gouterman’s four-orbital model and Michl’s perimeter
odel, can be clearly observed in the results of DFT based

alculations, Fig. 26. We recently reported a series of B3LYP
nd TD-DFT calculations for 17 radially symmetric zinc por-
hyrinoid complexes to study the effect of various structural
erturbations on the wavelengths and intensities of the major
ands in the UV–vis region. When the HOMOs are accidentally
egenerate the Q transition is forbidden, Figs. 19 and 26, but
hen a large �HOMO is introduced the Q band gains signifi-

ant intensity.
Despite the lack of calculated DFT based values for the

hree Faraday terms, it is still possible to estimate the magni-
ude of the induced magnetic moments for the Q and B excited
tates based on calculated oscillator strengths and values for
+ and μ− calculated for the C16H16

2− parent hydrocarbon

f the inner ligand perimeter of porphyrinoid complexes [12a].
ichl reported tables for calculated μ+ and μ− moments of
wide range of possible parent hydrocarbon cyclic perimeters
ased on a set of 2pz type Löwdin-orthogonalized atomic orbitals

t
I

ig. 26. Calculated Q band oscillator strengths of 17 Zn(II) complexes, Fig. 28, plotte
n B3LYP geometry optimizations with the 6-31G(d) basis set. Reproduced with per
y Reviews 251 (2007) 429–453 445

51] and used Lindenberg’s relation [52] to calculate PPP based
lectric and magnetic dipole operators with the ratio for the mag-
etic dipole matrix elements between next-nearest-neighboring
owdin-AOs set as −0.15 MOs were calculated based on an

deal Dnh symmetry (where n is the number of atoms on the
erimeter) with CI based on the four spin allowed one-electron
ransitions between the HOMOs and the LUMOs. The values
btained for a C16H16

2− perimeter, were −0.01β and −6.24β,
espectively. Michl derived the Eq. (23) for the electronic con-
ributions to the Faraday A terms of the L and B transitions of a
yclic perimeter when �HOMO 	= 0 and �LUMO = 0 in terms
f the degree of mixing, α, in radians:

D0(Q)

D0(B)
= tan2 α (23)

(B) = ±(cos2 α)μ− ± (sin2 α)μ+ (24)

(Q) = ±(sin2 α)μ− ± (cos2 α)μ+ (25)

The magnitude of the induced magnetic dipole moments of
he Q and B excited states (μ(Q), μ(B)), Fig. 27, can be derived
rom the calculated oscillator strengths (f), Fig. 26, based on
qs. (23)–(27), by converting the calculated oscillator strengths

nto dipole strengths based on Stephens, Piepho and Schatz’s [7]
odified convention for D0:

0 = 3.062 × 10−3

νmax

∫
ε dν (26)

= 4.319 × 10−9
∫

ε dν (27)
Values for μ(B) and μ(Q) were calculated, Fig. 27, on
he basis of calculated Q band oscillator strength values from
NDO/s and TD-DFT calculations for a set of DFT geometry

d against �HOMO from INDO/s (left) and TD-DFT (right) calculations based
mission from Ref. [39], copyright 2005 American Chemical Society.
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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 1a1u → 1e∗

g and 1a2u → 1e∗
g 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

Qa B/B1a α (◦)b �HOMOc (eV)

C16H16
2− 49:49 49:49 0 0.00

P 63:34 33:60 12 0.50
TAP 85:12 8:64 39 2.22
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
(�C6H6)8Pc 92:5 4:45 60 2.83

a The percentage contribution of the 1a1u → 1e∗
g and 1a2u → 1e∗

g eigenvectors
ig. 27. The calculated excited state magnetic dipole moments for the Q and B
n the oscillator strengths from INDO/s (left) and TD-DFT (right) calculations b
re used for μ(Q) and open symbols for μ(B). Reproduced with permission fro

ptimizations based on the B3LYP functional with 6-31G(d)
asis sets. In the case of the parent perimeter, configuration
nteraction in the INDO/s calculations for the Q and B excited
tates is almost exclusively between the 1a1u → 1e∗

g and
a2u → 1e∗

g one electron transitions, Fig. 18. When the Q band
oses its fully forbidden character and gains significant absorp-
ion intensity due to a lifting of the degeneracy of the HOMOs,
ig. 20, there is significantly increased mixing between the B
or B1) and higher energy ��* states, Table 1, which often (par-
icularly in the case of fused ring expanded and aza-substituted
orphyrinoids (Fig. 28)) results in a much more complex optical
pectrum within the UV region than that observed for porphyrin
omplexes, Fig. 17. Since the interaction with higher energy
�* states in the UV region is not included in the 4-orbital based
erimeter model, Michl’s approach is, therefore, best suited to
redicting the sign sequence and moment observed for the Q
ands of porphyrinoid ligands with high α values in Eq. (23)
39].

.4. MCD spectroscopy of transition metal complexes

Since the mid-1960s, MCD spectroscopy has found consid-
rable use in biochemistry for studying heme-proteins, such
s myoglobin and hemoglobin [6], and other biologically sig-
ificant transition metal complexes. The redox chemistry of
ransition metal porphyrinoid complexes is significantly more
omplex than that of main group metal and closed shell d10 metal
omplexes due to the partially filled d shell. MCD spectroscopy

as consistently provided key ground and excited state degen-
racy information that cannot easily be derived from analysis of
V–vis absorption spectra and theoretical calculations, alone.
he MCD technique is complementary to EPR spectroscopy,

t

s

C

(μ(Q), μ(B)) of 17 Zn(II) complexes, Fig. 28, plotted against �HOMO based
n B3LYP geometry optimizations using the 6-31G(d) basis set. Closed symbols
. [39], copyright 2005 American Chemical Society.
o the Q and B/B1.
b α, the degree of mixing of the magnetic properties of the Q and B/B1 excited

tates on the basis of Eqs. (23)–(25), Figs. 26 and 27.
c Energy separation (eV) of the MOs derived from the 1e4u HOMO of the

16H16
2− 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-α-phenylphthalo-
cyanine ((�C6H5)8Pc), anthracoporphyrin (AP) and anthracocyanine (Ac) based
on DFT geometry optimizations using the B3LYP functional of the Gaussian
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Fig. 29. The crystal field splitting of Fe(II) and Fe(III) d orbitals in cubic Oh,
tetragonal D4h and rhombic C2v environments (TOP). Only the latter two are
typically observed for metal porphyrinoid complexes. The axial and rhom-
bic ligand field parameters are denoted as Δ and V. The low, intermediate
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Key information about the ground state degeneracy can be
3 program [47] with 6-31G basis sets. The structure of phthalocyanine (Pc) is
hown in Fig. 1.

hanges in band centers and intensities are typically observed in
he UV–vis absorption spectra [2b,6, 11c, 36b,d].

Since there is a partially filled set of d orbitals, ligand to metal
nd metal to ligand charge transfer bands (LMCT, MLCT) bands
re observed in both the absorption and MCD spectra in addi-
ion to the � → �* bands. The ligand field splitting of the d
rbitals in metal porphyrinoid complexes tends to be essentially
etragonal based on the tetradentate nature of the porphyrin lig-
nd and some form of axial ligation from above and below the
ing. In an Oh symmetry environment the ligand field splitting
ΔOCT) is typically of the order of 10,000 cm−1. Most six coordi-
ate D4h symmetry porphyrinoid complexes are axially distorted
x = y 	= z) so that the degeneracy of the eg and t2g levels is lifted,
hile lower symmetry porphyrinoids contain a rhombic distor-

ion (x 	= y 	= z) in which there is a complete lifting of d orbital
egeneracy. In the case of Fe(II) and Fe(III) complexes, the spin
tate of the central metal is determined by the nature of axial
igation from above and below the ring.

Strong ligands such as CO and CN−, which act as �-acceptors

ased on back bonding, result in low spin complexes by increas-
ng the separation of the eg and t2g orbitals, while weak ligands,
hich act as �-donors, such as F− reduce the separation and

d
F
F

nd high spin states for Fe(II) and Fe(III) based on a tetragonal environment
bottom).

esult in a high spin state with S > 1/2. In the case of Fe(III)
emes, ligation with azide (N3

−) can also result in an inter-
ediate spin state with S = 3/2 [53]. In complexes where there

re unpaired electrons so that S > 0, spin–orbit coupling, Fig. 29,
esults in zero-field splitting (ZFS) of state degeneracies in addi-
ion to the ligand field effects on orbital degeneracy, which are
elated to the axial and rhombic distortions to the coordination
phere of the central metal.

For example the low, intermediate and high spin states of
e(II) and Fe(III) porphyrin complexes (e.g. in heme proteins)
epend on the nature of axial ligation from above and below
he ring with the configuration interaction between the main
→ �* and charge transfer states resulting in distinctive “fin-

erprint patterns” that can be used to derive information [6a,b],
hich can help to provide answers to a series of questions: (i)
ow many ligands are attached to the iron and what is the nature
f these coordinating ligands (in the case of a protein, nitrogen
rom a histidine or a sulfur from a cysteine, for example)? (ii)
s the spin state of the iron high, intermediate or low, which
elates to the binding strength of the axial ligand present. (iii)

hat is the oxidation state of the central iron (Fe(II), Fe(III) and
e(IV))? (iv) Can the heme iron be readily oxidized or reduced?
v) And finally can axial ligands approach and bind to the iron?
ecently the Stillman group have used this approach to explore

he heme binding properties of iron-regulated surface determi-
ant proteins in the human pathogen Staphylococcus aureus
54]. Dawson and coworkers have also recently reported MCD
nalyses of analogous Fe-containing proteins [55].
erived by determining whether the MCD spectrum contains
araday C0 terms with a 1/kT temperature dependence, Fig. 30.
or example, in the case of Fe(II) and Ru(II) porphyrinoid MCD



4 emistry Reviews 251 (2007) 429–453

s
w
w
b
a
p
a
t
c
l
t
m

t
p
a
E
d
o
o
a
r
o

c
m
t
s
n
i
d
i
(
o
s

F
b
o
t
d
l
m

Fig. 31. The origin of the Faraday C0 term from Kramers doublets for the ground
and excited states of a paramagnetic complex with S = 1/2, a non-orbitally degen-
e
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pectra, the absence of temperature dependence is consistent
ith the presence of a low spin d6 central metal configuration
ith S = 0. For heme proteins, this configuration can normally
e obtained through reduction with Na2S2O4 and the addition of
strong axial ligand [6a]. The MCD spectra of low spin d6 por-
hyrinoid complexes, such as FeIIPc and RuIIPc [34c,36d,36k],
re dominated by Faraday A1 terms and are typically similar to
hose of main group metal and closed shell d10 Pc complexes,
omplicated somewhat by the presence of metal to ligand and
igand to metal charge transfer (MLCT and LMCT) in addition
o the major main � → �* transition observed for main group
etal complexes.
In the case of Fe(III) hemes with d5 central metal configura-

ions, LMCT bands in the near IR (1000–2000 nm) are an ideal
robe for determining the extent of rhombic splitting of the d(yz)
nd d(xz) orbitals, Fig. 29. Thomson [56] has reported combined
PR, MCD and UV–vis absorption spectroscopic studies which
emonstrate that the near IR region LMCT bands for a series
f low spin Fe(III) hemes can be used to determine the nature
f the axial ligands as had earlier been reported by Stephens
nd coworkers based on MCD spectroscopy of cytochrome c at
oom temperature [57] and also by Hatano and coworkers based
n measurements between 138 and 283 K [58].

Since S = 1/2, the ground and excited states of low spin d5

omplexes will split into Kramer’s doublets within an applied
agnetic field with MS = −1/2 and MS = +1/2. At high tempera-

ure and low field, the lcp and rcp absorbing transitions result in
pectral bands that tend to cancel resulting in a weak MCD sig-
al, Fig. 30. As the temperature is lowered or the applied field
s increased, the Boltzmann population of the higher sublevel
ecreases and the C0 term, therefore, increases in intensity. Dur-
ng measurement of vitreous solutions at cryogenic temperatures
1–4 K) and high field strengths (4–7 K), the lowest component

f the ground state will often be populated and the MCD signal
aturates.

ig. 30. Selection rules (right) for the absorption of circularly polarized light
ased on a transition between an orbitally degenerate ground state and an
rbitally nondegenerate excited state within a magnetic field applied parallel
o the axis of light propagation. A Gaussian-shaped Faraday C0 term is observed
ue to the separation of the band centers for the absorption of lcp and rcp
ight. The C0 term has a 1/kT temperature dependence since the ground state
icrostates are populated according to a Boltzmann distribution.

m
t
o
m
p
w
d
m
o
d

b

�

p
t
a
a

p
w
t

rate ground state and orbitally degenerate excited state (TOP). Temperature
ependent, derivative-shaped signals can result when the ground state is orbitally
ondegenerate and the excited state is orbitally degenerate (bottom).

Although it is possible in principle to derive the ground state
-factor value by measuring the C0/D0 ratio from method of
oments analysis, this is usually not practical, since the absorp-

ion bands lack a baseline to baseline band envelope or due to
verlap with bands associated with other metal centers or chro-
ophores. It should be noted that in some instances, excited state

arameters also have to be carefully considered. For example,
hen ground state degeneracy (and the associated Boltzmann
istribution of population across microstates within an applied
agnetic field) is introduced by spin degeneracy into what would

therwise be a Faraday A1 term, Fig. 31, a temperature depen-
ent, derivative-shaped signal is observed for C0 term intensity.

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

A = 152.5 tanh

(
gLμBB

kT

)
([mAJ

−1]
2 − [mAJ

+1]
2
) (28)

The analysis is complicated by the fact that, in the case of
orphyrinoids, the molecular symmetry is usually axial rather
han isotropic. The g-factor values are therefore different, par-
llel (g‖), and perpendicular (g⊥), to the applied field, but are
veraged (gav) out in solution due to random orientation.
Schatz et al. [59] demonstrated that for a D4h symmetry com-
lex with the S = 1/2 Kramer’s doublet ground states associated
ith low spin Fe(III) porphyrinoids, the zeroth moment of C0

erm intensity for an axial complex with gx ≈ gy in the linear
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imit is given by:

�ε〉0 = KμBB

3kT

g||[mAJ+ ]
2

2
(29)

here mAJ+ ≡ 1/
√

2(mx + imy). At saturation:

�ε〉0 = (K[mAJ
+ ]

2
)

cosh(α)

sinh3(a)

(
sinh(2α)

4
− α

2

)
(30)

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

g‖
g

= σ = cosh(α) (31)

1

L
= cosh(α)

sinh3(α)

((
sinh(2α)

4
− α

2

)
−

(α

2

))
(32)

The ratio of the slope to the MCD intensity at saturation
efined by an intercept value, I, can be used to derive the expres-
ion:

‖ = 3I

L
(33)

Thomson [60] subsequently demonstrated that it is possible
o use magnetization curves of �ε plotted against μBB/2kT,
ig. 32, based on C0 term temperature dependence studies at
ryogenic temperatures (typically 2–50 K) and applied field
trengths of 1–6 T, to derive values for g‖ and g⊥ based on the
xpressions:

av = 1√
3

√
g2

x + g2
y + g2

z (34)

⊥ = 1√
2

√
g2

x + g2
y (35)

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

In the case of the S = 5/2 ground states of high spin Fe(III)
omplexes, there is a ZFS of the MS = ±1/2, ±2/3, ±5/2
icrostates due to spin–orbit coupling based on the axial (D)
nd rhombic (E) ZFS parameters within the spin Hamiltonian:

= D

(
S2

z − 1

3
S2

)
+ E(S2

x − S2
y ) (36)

ig. 32. Analysis of an MCD magnetization curve based on Eqs. (29)–(33).
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orphyrinoid complex with S = 5/2 based on the axial parameter, D. When D is
ositive the S = 1/2 microstates are stabilized (top), while if D is negative the
= 1/2 microstates are stabilized (bottom).

ith the central metal, Fig. 33. In the early 1980s, Stephens
nd coworkers [7] demonstrated that the magnitude of D could
e derived by fitting a plot of �ε against T−1 from cryo-
enic temperature MCD spectral data of a high spin Fe(III)
etraphenylporphyrin with a set of quadratic equations based
n a least squares fitting approach, since the MCD signal is
he sum of the MCD signals of the three sets of Kramers dou-
lets which are populated according to a Boltzmann distribution
ased on the magnitude and sign of D. Study of the tempera-
ure dependence over a range where kT is comparable to the

agnitude of the ZFS (typically <20 cm−1) enables D to be
alculated.

The Stillman group [61] subsequently used this approach to
robe the ground states of horseradish peroxidase compounds
and II. The ordering of the microstates is determined by

he strength of the axial ligands interaction. Compound I was
ound to exhibit derivative-shaped Kramers doublet based prop-
rties, Fig. 31, due to spin–orbit coupling between the low
pin S = 1 O FeIV central metal and an S = 1/2 �-cation rad-
cal porphyrinoid ligand. In contrast compound II was found
o have a complex temperature dependence based on the zero
eld splitting of an S = 1 low spin O FeIV ground state. Thom-
on [62] carried out studies of the pH dependence of myo-
lobin peroxide and found that the acidic pH form is similar to
orseradish peroxidase compound II. More recently, Oganesyan
nd Sharonov have studied the zero field splitting parameters of
he S = 5/2 ground states of a series of high spin Fe(III) hemes
sing fluoride as an axial ligand [63]. In the mid-1990s, the
araday C0 term in the MCD spectra of Fe(III) phthalocya-
ine and its cation radical were investigated by the Stillman

roup [36e] based on MCD spectra recorded at different field
trengths between 2.8 and 100 K. This work has been reviewed
ecently elsewhere and will therefore not be dealt with in detail
ere [34a].
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Fig. 34. When there is a non-Kramers doublet ground state, complex nested
magnetization curves are observed at different temperatures and field strengths
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group theory considerations, the addition of an electron to the
LUMO of a porphyrinoid �-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

* * *
ased on Eqs. (29)–(33) since gx 	= gy 	= gz due to the zero field splitting of the
= 2 ground state.

Analysis of S = 2 ground states associated with high spin d6

onfigurations of Fe(II) are considerably more challenging than
he Kramers doublet based systems which arise from d5 configu-
ations, since the even spin ground states are EPR silent. In 1980,
homson and Johnson [60] reported multiple nested magnetiza-

ion curves, Fig. 34, for the S = 2 ground state of high spin Fe(II)
yoglobin but did not attempt a detailed analysis due to the

omplexity of the field-induced mixing of the zero-field splitting
omponents. During the 1990s, Solomon developed techniques
or analyzing variable temperature variable field (VTVF)MCD
pectra for non-Kramers doublet ground states as part of a wide-
anging study of non-heme iron enzymes [64]. Solomon has
emonstrated that it is possible to calculate values for the lig-
nd field splitting properties, Δ and V, Fig. 29, of the t2g set of
rbitals of high spin S = 2 Fe(II) complexes derived from analysis
f nested magnetization curves, Fig. 34, based on experimen-
ally obtained values of the zero-field rhombic splitting of the

S = ±2 level (δ) and g‖.
Although the focus of this section has primarily been on iron,

ince it is the most important transition metal biologically, it
hould be noted that temperature and field dependence studies
ave also been carried out for porphyrinoid complexes of other
ransition metals such as cobalt and manganese and that the tech-
iques described for iron can easily be applied to other metals
ased on the nature of the ground state [29,65].

.5. Porphyrinoid cation and anion radicals

Additional information about the electronic structure of metal
orphyrinoid complexes can be obtained through a study of their
pectroelectrochemistry. Two electrons can be readily removed
rom the �-system HOMO, and up to four electrons added to
he LUMO based on electrochemical, chemical or photochemi-
al methods [34]. In the case of �-cation and �-anion radicals,
dditional � → � or �* → �* bands appear within the optical

pectrum. When oxidation or reduction occurs at the central
etal rather than in the ligand �-system, significant changes

an occur in the MLCT and/or LMCT bands of transition metal
omplexes. EPR and MCD spectroscopy have been used exten-
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ively to study the electronic structure of porphyrinoid cation
nd anion radical species [36a,36j,38b].

Ideally, the validity of band assignment schemes developed
n the basis of DFT calculations to account for the optical
pectroscopy of a neutral porphyrinoid complex, should also
e tested by studying the UV–vis absorption and MCD spec-
roscopy of oxidized and reduced species at room and cryogenic
emperatures. The Stillman group have used spectral the results
f INDO/s calculations based on DFT geometry optimizations
ombined with spectral band deconvolution analyses to develop
consistent band assignment scheme for the � → � or � → �*

nd �* → �* bands of metal phthalocyanine �-cation radicals
nd mono-, di-, tri- and tetra-�-anionic species [36b] (Fig. 35).
hese studies have been reviewed elsewhere [33b–d] and will

herefore not be dealt with in detail here.
Aggregation effects can complicate the study of anion

nd cation radical species since dimerization resulting in
iamagnetic species with no EPR signal [36g,36h,66]. Based on
ig. 35. The energy of the major � → � or � → � and/or � → � bands
f neutral zinc phthalocyanine and cation and anion species based on a band
ssignment scheme developed on the basis of MCD spectral data and INDO/s
alculations. Reproduced with permission from Ref. [36b], copyright 1997
merican Chemical Society.
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ependence was observed when room and low temperature
CD spectra were subsequently recorded for [ZnPc(−3)]−

36a,38b]. This provided definitive and unambiguous spectro-
copic evidence that the orbitally degenerate ground states of
orphyrinoid anion radicals are subject to a static Jahn–Teller
istortion effect at zero-field, which lifts the orbital degeneracy,
ince Faraday C0 terms would be observed if orbital degeneracy
as retained.
The spectrum is, instead, dominated by coupled oppositely

igned Faraday B0 terms. We recently reported that the anal-
sis of the optical spectra of the anion radical species of zinc
, 4, 8, 11, 15, 18, 22, 25-octafluoro-2, 3, 9, 10, 16, 17, 23,
4-octaperfluoro-isopropylphthalocyanine is only possible after
areful analysis of the coupled oppositely-signed Faraday B0
erms within the MCD spectrum [38b].

. Conclusions

The aim of this review is to enable the broader audience of
hemists to develop a deeper appreciation of MCD spectroscopy
y providing the basic background material. The conceptual
roblems faced due to the differing definitions for left- and right-
andedness that were adopted by physicists for magnetism and
ithin classical optics are clearly a matter that can ultimately
nly be addressed by bodies such as IUPAC. Within the field
f MCD spectroscopy, however, we strongly that the conven-
ions recommend by Stephens et al. [7] for the three Faraday
erms and the general MCD intensity equations are adopted by
ll research groups active within the field and that the use of the
lder conventions that were developed primarily for the obsolete
ORD technique be discontinued.
In the end, the value of any technique rests on the value of

he information provided. Once the theory on which the MCD
echnique is based is understood, reference to the many papers
escribing analysis of MCD spectral data clearly demonstrates
hat the MCD technique is and will continue to be a valuable
pectroscopic probe for molecules and metal complexes of high
ymmetry. However, even when the symmetry is lowered sub-
tantially, such as in the case of chlorophyll, the OAM properties
ssociated with the ring current of the heteroaromatic �-system
etermine the optical transitions within the readily accessible
V–vis–near IR regions and can be analyzed based on Michl’s
erimeter model approach. In the case of metal containing pro-
eins, MCD spectroscopy has the key advantage, over other
echniques used to study bulk magnetic properties of an entire
ample, that spectral bands associated with specific metal cen-
ers can be studied in isolation.
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