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Nomenclature CD = circular dichroism, DFT = Density Functional Theory, TDDFT = timedependent DFT, HOMO = highest occupied molecular orbital, LUMO = lowest unoccupied
molecular orbital, LF = ligand field, LMCT = ligand to metal charge transfer, MLCT = metal
to ligand charge transfer, MO = molecular orbital, OR = optical rotation, ORD = OR dispersion,
SOS = sum over states
Keywords circular dichroism, optical rotation, optical rotatory dispersion, metal complexes,
quantum theory, time-dependent perturbation theory, excitation spectra
Abstract The theory underlying calculations of electronic optical activity (circular dichroism
(CD) and optical rotation) is discussed. A brief survey of computations of CD and optical rotation
for metal complexes and metal clusters using first-principles theory (specifically: time-dependent
density functional theory) is provided. Emphasis is placed on the origin of the optical activity of
ligand-field transitions and ligand-to-metal charge transfer excitations for complexes of the type
ML3 where L is a bidentate ligand. The strong exciton coupling CD in chiral metal complexes
with nonchiral ligands with  chromophores such as 1,10-phenanthroline or 2,2’-bipyridine is
analyzed with the help of an exciton dipole coupling model and by comparisons of experiment
and first-principles calculations.
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1

Introduction

The electronic and vibrational chiroptical properties of molecules, metal complexes, metal clusters, or molecular aggregates, are important in chemistry, biochemistry, physics, and other scientific disciplines [1–8]. Of significant interest are natural chiroptical properties such as electronic
circular dichroism, (ECD, or CD in short form), optical rotation (OR) and optical rotatory dispersion (ORD) at optical frequencies, vibrational circular dichroism, Raman vibrational optical
activity, as well as magnetic field induced chiroptical properties such as magnetic circular dichroism and magneto-optical rotation. As it is now documented in a growing number of review
articles, molecular chiroptical properties can be computed reliably starting from first principles
(ab-initio) quantum theory [9–19]. The present article is concerned with the natural electronic
optical activity, i.e. CD and ORD, of chiral metal complexes.
Chiral metal complexes have until relatively recently presented a formidable challenge for a
theoretical treatment by first-principles correlated quantum chemical methods, for several reasons: Chiral metal complexes are large molecules by computational chemistry standards of past
days. Using reliable metal basis sets adds additional demand for computational resources, and
for heavier metals a relativistic treatment of the electronic structure may be needed. The situation
has turned for the better owing to theory developments that have taken place in particular during
the past decade.
The quantum theory of optical activity has a long history dating back to Rosenfeld’s seminal
paper from 1928 [20], which has been followed by many important works devoted to theoretical aspects of optical activity of molecules and metal complexes [21–26]. For transition metal
complexes, full-fledged quantum theoretical calculations of CD or OR have not been feasible
until fairly recently, and as a consequence much of the older theoretical work has utilized models rooted in crystal field and ligand field theories. Developments of Hartree-Fock (HF) methods [27–29] allowed for the first ab-initio calculations of natural molecular electronic optical
activity. However, the lack of electron correlation is a severe disadvantage in such calculations,
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and tends to be particularly detrimental for spectral properties of metal complexes involving the
metal d shells. Researchers have now at their disposal a number of theoretical methods for CD
and ORD calculations that incorporate electron correlation which can be used to predict, confirm, and assign experimental data. Among the most ‘affordable’, in terms of required computational resources, are linear response theory methods developed within time-dependent density
functional theory (TDDFT [19]) and coupled-cluster (CC) wave function theory [11]. Given the
fact that CC theory, even in its most efficient variants, is still significantly more demanding than
TDDFT it is no surprise that at the time of writing this article virtually all chiroptical property
calculations for metal complexes and metal clusters are being carried out using some type of
TDDFT. Older semiempirical computational studies of electronic optical activity of metal complexes have been reviewed by Kuroda and Saito [26]. See also References 30–32 for a discussion
of semi-empirical theoretical methods, crystal field and ligand field models, and citations to original literature published prior to the development of correlated ab-initio methods for chiroptical
property calculations suitable for metal complexes. The theoretical studies discussed in Sections
4 to 6 strongly emphasize the utility, as well as possible shortcomings, of TDDFT computations.
A number of theoretical investigations carried out during the past 10 years have focused on the
origin of the optical activity in electronic excitations of transition metal complexes. Conceptually,
one may distinguish between ligand-field (LF) transitions involving mainly the metal d orbitals,
ligand to metal and metal to ligand charge transfer (LMCT, MLCT), and ligand based transitions
such as the -to- * in complexes with unsaturated ligands. CT and ligand centered exciton
coupling may result in particularly intense CD bands. Some theoretical works have focused on
the performance of TDDFT, in particular how calculated CD spectra are impacted by potential
sources of error such as self-interaction and the difficulties of standard density functionals to treat
CT excitations. Other theoretical studies have been carried out mainly with the intent to assign
the absolute configuration of metal complexes. So far, there have only been a small number of
theoretical studies reporting first principles calculations of OR or ORD for metal complexes. Most
of this chapter therefore focuses on CD spectra of metal complexes. OR and ORD are discussed
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near the end of Sections 3 and 6 and in Section 2 in the context of the theoretical background.
Some of the material presented in this chapter has been compiled, updated, and revised from
recent, more general, reviews of computations of chiroptical properties [9, 19, 33]. The reader
can find additional information on the subject in these references, in particular regarding more
technical aspects of the computations. The following Sections are concerned with, respectively,
basic aspects of the quantum theory of electronic optical activity (Section 2) followed by a discussion of three representative examples ([Co(en)3 ]3C , [Co(acac)3 ], [Os(phen)3 ]2C , Section 3), the
origin of CD in metal centered electronic transitions of metal complexes mainly with saturated
bidentate ligands such as ethylenediamine (en) (Section 4), an analysis of exciton coupling CD
in trigonal dihedral complexes with unsaturated ligands such as 1-10-phenanthroline (phen) or
2,2’-bipyridine (bipy) (Section 5), and a brief overview of benchmark computations, selected applications of TDDFT, and a discussion of problems related to approximations in popular density
functionals (Section 6).

2

Electronic optical activity: CD and ORD

As far as a formal theoretical treatment of the optical activity from first principles (ab-initio) is
concerned, there is nothing that distinguishes a metal complex from other molecules. Setting up
the Schrödinger equation requires to specify the charges and positions of the nuclei and the number of electrons in the system. In practice, however, computations on metal complexes can be
demanding and have in the past often required approximations that were specifically geared towards such systems (e.g. ligand field theory). Since there are now computationally efficient firstprinciples methods available for the calculation of chiroptical properties we forego a discussion of
semi-empirical models. Suggested general references for the quantum theory of optical activity
are a textbook by Kauzmann [22] and a monograph by Barron [1]. The theoretical background as
well as practical aspects of optical activity calculations are also discussed in an overview article
by the chapter’s author [9]. Most computations on metal complexes are presently performed with
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some flavor of density functional theory (DFT) for the ground state [34, 35] and TDDFT to treat
excitations [36, 37]. Regarding the performance of TDDFT calculations to describe chiroptical
and other response properties of inorganic and organometallic systems please consult Reference
38 and Section 6.

2.1

Optical rotation parameter and rotatory strength

The calculation of CD and OR / ORD involves, explicitly or implicitly, the knowledge of the
excitation energies and electric and magnetic transition dipole moments of a molecular system,
herein considered to be a metal complex. The real isotropic optical rotation parameter ˇ as a
function of the frequency ! of the incident light, is given in terms of excitation frequencies !j
and transition moments as
ˇ.!/ D

2c X Rj
3„
!j2 ! 2

(1)

j ¤0

In Equation (1), which is a typical example of a ‘sum over states’ (SOS) expression of a dynamic
response property,
X


Rj D ImŒ h‰0 jDO u j‰j ih‰j jMO u j‰0 i D Im Dj  Mj

(2)

u

is the isotropic rotatory strength for a transition from the ground state to an excited electronic
state j of the molecule, and Dj and Mj are the electric and magnetic transition dipole moment
vectors, respectively. The summation in (1) includes all excited electronic states. Nuclear motion
is not considered. The transition dipole moments occurring in the expression for the rotatory
strengths involve components u 2 fx; y; zg of the electron electric dipole moment operator DO u D
P
P
O
O i /u . In
e N
e=.2me c/ N
iD1 ru;i and the magnetic dipole moment operator Mu D
iD1 .ri  p

these moment operators the summations run over the electrons with positions ri . In subsequent

sections, the symbols dO D

O D
er and m

e=.2me c/r  pO are used for the one-electron electric

and magnetic dipole moment vector operators, respectively. The electronic linear momentum
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operator is pO D

{„.@=@r/. The equations include some fundamental constants such as the

unit charge e, the electron mass me , Planck’s constant „ D h=.2/, and the speed of light c.
As written, the operators are nonrelativistic but can be modified to include relativistic effects,
as discussed elsewhere [39]. The OR parameter ˇ in Equation (1) is the real part of a complex
function ˇQ D ˇ C {ˇ 0 . The imaginary part is ˇ 0 .!/. At an excitation frequency, the OR parameter
of Equation (1) diverges (vanishing denominator) while the imaginary part becomes nonzero:

ˇ 0 .!/ D

c X 
Rj ı.!j
3„!
j ¤0


!/ C ı.!j C !/

(3)

In the last equation, ı.x/ is the Dirac ‘delta function’ which is nonzero only where x D 0.
The significance of the real and imaginary part of the OR parameter is the following: The real
part describes the observable phenomenon of optical rotation, measuring the difference of the
refractive indices of a chiral medium for left and right handed circular polarized light at optical
frequencies. The imaginary part of the OR parameter describes an absorptive property, namely the
difference of the absorption coefficients of the medium for left and right handed circular polarized
light. As written, the absorption is due to electronic transitions and thus typically appears in the
UV-Vis frequency range. The rotatory strength is the chiroptical equivalent of the dipole strength
of absorption spectroscopy [40]. Both the rotatory strengths and the OR parameter have opposite
signs for a pair of enantiomers of a chiral molecule. The SOS expression for the optical rotation
in Eq. (1) and its imaginary counterpart in (3) assume infinite life times of the excited states and
exclude any effects from nuclear motion. Expressions for the (more realistic) case where excited
states are broadened and have finite life times are provided below.
For a system with a standard concentration of identical noninteracting chiral molecules, the
molecular OR parameter ˇ is converted to the observed specific rotation in deg / Œdm (g/cm 3 )
using
Œ˛! D 7200 deg

! 2 NA
ˇ.!/
c2M

(4)

Here, NA is Avogadro’s number, M is the molecular weight in g/mol, ! is in units of s 1 , and
7

ˇ is in cgs units of cm4 . Equation (4) excludes local field corrections and concentration effects.
Another frequent measure of the optical rotation is the molar rotation Œ. The molar rotation, in
units of deg cm2 dmol 1 , is obtained from the numerical value of Œ˛ in deg / Œdm (g/cm 3 ) by

Œ D Œ˛ 

M
100

(5)

The CD intensity is given by the differential molar absorption coefficient " D "L

"R for the

absorption of left vs. right handed circular polarized light, or in the form of a (molar) ellipticity
Œ . The unit of " is usually l / (mol cm). The conversion between " and the molar ellipticity in
units of deg cm2 dmol

1

is Œ  D .18000 ln.10/=4/". The relation between the CD intensity

and the rotatory strength of Equation (2) is [40]
3„c ln.10/1000
Rj D
16 2 NA

Z

CD Band j

".!/
d!
!

(6)

Therefore, the rotatory strength measures the integrated intensity of a band in the CD spectrum.
The above expression is analogous to the relation between the dipole strength of an absorption
and the area under the absorption band. Assuming narrow spectral lines, the division by ! in the
integrand can be replaced by a division by !j . The numerical value of the conversion factor in
(6) is approximately 22:97 if the rotatory strength is in cgs units of 10

40

esu2 cm2 and " is in

l / (mol cm).
A frequency-dependent molecular parameter that is closely related to ˇ is the isotropic dynamic mixed electric-magnetic polarizability G 0 . The real part of G 0 is given as
G0 D

!ˇ D

2c X !Rj
3„
!j2 ! 2

(7)

j ¤0

In some computational approaches, the quantity G 0 is calculated first and converted to specific or
molar rotation and/or ˇ, whereas other computational methods determine ˇ first, and then convert
to G 0 and the observable rotations. Note that G 0 vanishes for ! D 0, i.e. for infinite wavelength
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Figure 1: Behavior of the real (left) and the imaginary part (right) of the complex OR parameter in
the transparent region .!  !1 / and in the vicinity of excitation frequencies !j , j D 1; 2; 3 : : :
(dashed vertical lines and ‘stick spectrum’). In the example shown, the low frequency / long
wavelength behavior of ˇ is dominated by the intense second transition and changes sign as it
approaches the first electronic transition at !1 .
of the incident light (static limit). On the other hand, ˇ may have a nonzero static limit.
Both ˇ and G 0 are the isotropic averages of rank-2 tensors with Cartesian components ˇuv
0
and Guv
, where u; v; 2 fx; y; zg. The isotropic averages discussed above are given by 1/3 of the

sum of the diagonal tensor elements, i.e. ˇ D .1=3/.ˇxx C ˇyy C ˇzz ) and similarly for G 0 . An
element of the rotatory strength tensor for an excitation j may be defined in a similar way by
replacing MO u by MO v in Equation (2). This chapter only considers isotropic media, for instance
solutions of freely rotating chiral molecules, or gas phase measurements. Regarding chiroptical
properties of samples with oriented molecules please consult References 41–46.

2.2

Line shapes, ORD, Kramers-Kronig transforms

When including dephasing (damping) constants j to account for the broadening of excited state
energies, the SOS expressions for the real and imaginary OR parameter may be obtained as
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follows:
c X
ˇuv .!/ D
Rj
3„!
j ¤0

c X
0
Rj
ˇuv
.!/ D
3„!
j ¤0

"
"

.!j C !/
.!j C !/2 C j2

#

(8a)

j
j
C
2
2
!/ C j
.!j C !/2 C j2

#

(8b)

.!j !/
.!j !/2 C j2
.!j

Equations (1) and (3) of the previous subsection are obtained from Equations (8) for the limit
j D 0. The behavior of the real and imaginary part of the OR parameter at low frequency and
around resonances is illustrated in Figure 1 for the case of finite damping and in the absence of
damping. In the latter case, the CD spectrum corresponds to the ‘line spectrum’ comprised of the
delta functions in Equation (2). Around an electronic transition the ORD exhibits a characteristic
peak / trough pattern the sign of which is indicative of the sign of the rotatory strength of the
transition, unless other excitation that are close in frequency obscure the pattern. If the only
broadening mechanism were due to a finite lifetime of the excited states, the absorption peaks
would correspond to the Lorentzian functions in Equation (8b). There are other mechanisms
that lead to CD band broadening resulting in observed absorption lines of different shapes and
typically much broader than what would be dictated by an intrinsic life time alone. It is often the
case in spectral simulations that the calculated vertical excitations are broadened with Gaussian
functions.
Whatever the line shape, for very basic mathematical reasons the real and the imaginary part
of the broadened OR parameter must be related to each other in form of a Kramers-Kronig (KK)
transform pair, such that [23, 47–49]
Z
2 1
ˇ.!/ D
 0
Z
2! 1
0
ˇ .!/ D
 0

ˇ 0 ./
d
2 ! 2
ˇ./
d
2 ! 2

(9a)
(9b)

The molar rotation Œ and the molar ellipticity Œ  also constitute a KK transform pair. At each
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frequency point ! the integration over  includes the singularity where  D !. To properly take
R
into account these singularities, the symbol indicates that the principal value of the integral

should be taken. A normalized line shape function pair for Gaussian broadening that obeys the
KK relations upon symmetrization is [49]
 


.! !0 /
1
.! !0 /2
erf {
g .!I !j / D { p exp
p
2 2
 2
 2


.! !j /2
1
I
g .!I !j / D p exp
2 2
 2
R

(10a)
(10b)

where R and I indicate the real (refractive) and the imaginary (absorptive) part, respectively, and
 is the Gaussian broadening parameter.

2.3

Approximate wavefunction theories and TDDFT

The electronic states and wavefunctions are formally obtained as the solution of the time independent electronic Schrödinger equation

❍O ‰

i

D ‰i Ei

(11)

Stationary excitation frequencies are !j D .Ej E0 /=„ for j D 1; 2; 3: : : : Since the Schrödinger
equation cannot be solved analytically for many electron systems, there is no practical way to
calculate the OR parameter and rotatory strengths without making approximations. Of course,
there are approximate methods available to obtain the required quantities. These methods may
for the purpose of the following discussion conceptually be divided into two classes: In one class,
approximate energies and wavefunctions are constructed explicitly, and approximate transition
moments are then calculated from the wavefunctions. If all possible excited states are calculated,
then a value of the OR parameter that is correct within the approximations of the computational
model can be obtained directly from the SOS formula in Eq. (1). In practice, the SOS route to
calculate optical rotations has its limitations and more direct approaches are used.
11

In the other class of methods, equation systems for a molecule perturbed by electric and
magnetic fields are derived within the approximate theory and the results are identified as an approximate form of the SOS equation for the OR parameter. The OR is then calculated directly,
for instance as an analytic derivative of the quasi-energy defined consistent with the approximate
electronic structure approach. Likewise, equations for the excitation energies and expressions for
the transition moments can be derived to compute spectra without explicitly calculating approximate wavefunctions for a large number of excited states. In the theoretical limit approaching the
exact solution of the Schrödinger equation, these methods become all equivalent but at different
approximate levels of theory one form may be more advantageous than another. For instance,
TDDFT is a theory useful for describing the ground state of a molecule in the presence of perturbing time dependent fields. Considering such perturbations leads to equations for excitation
spectra as well as expressions for transition moments and generalized dynamic polarizabilities,
including the OR parameter, without the need to calculate electron densities for excited states
explicitly. For further details and specific consideration of chiroptical properties in this context
see References [9, 19, 33, 38] and original literature cited therein.

3

Representative examples: ƒ-[Co(en)3]3C, ƒ-[Co(acac)3], ƒ[Os(phen)3]2C

Before analyzing the optical activity of different types of excitations in coordination compounds
(vide infra) it is beneficial to take a look at calculated and experimental CD spectra of some
representative metal complexes and at an example for optical rotation and ORD.
Figure 2 shows three cases where simulated CD spectra (Gaussian broadened vertical excitations obtained from TDDFT calculations) of transition metal complexes are compared to experimental data. The three complexes have D3 symmetry. This point group affords electrically
and magnetically allowed transitions between an A1 ground state and excited states of A2 and E
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Figure 2: Representative examples of calculated CD spectra of ƒ-tris-bidentate metal complexes,
in comparison with experiment. Data to prepare the figures were taken from Refs. 26, 50–53.
The calculated d -to-d transitions for [Co(en)3 ]3C were shifted by -6103 cm 1 . All calculated
transitions for [Co(acac)3 ] were shifted by -4103 cm 1 , and for [Os(phen)3 ]2C by +2103 cm 1 .
The spectra are magnified in the low-frequency range. Calculations: TDDFT, BP non-hybrid
functional, Slater-type basis sets.
symmetry. The theoretical methods that were used to obtain the simulated spectra involve approximations, some of which are discussed in Section 6. It is not untypical that the spectral features
seen experimentally are reproduced by computations but the spectral peaks do not line up perfectly well. As a consequence, to produce the spectra in Figure 2, shifts of calculated excitation
energies were applied to align band peaks with experiment better. In TDDFT computations, shifts
of up to 0.3 eV are quite typical. Deviations between calculations and experiment that exceed 0.5
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eV may indicate serious deficiencies of the computational model, e.g. regarding the functional,
basis set quality, treatment of solvent effects, or neglect of counter ions, to name a few. If the experimental CD bands are strongly vibrationally broadened and/or exhibit pronounced vibrational
structure, a simple Gaussian broadening of vertical excitations may not be adequate. Methods to
include vibronic effects in CD spectra simulations have been described by various authors [19,54]
but are not yet in widespread use for calculations of metal complexes due to their high demand
for computational resources.
The spectrum of the tris(ethylenediamine)-cobalt(III) complex ion, [Co(en)3 ]3C , is comparatively simple and has been particularly well studied over the past several decades. The low
frequency part of the spectrum, below 35103 cm 1 , is determined by low-intensity ligand-field
(LF) transitions. The experimental spectrum of [Co(en)3 ]3C [26] affords two additional very
weak absorptions around 13 to 18103 cm

1

which were assigned to triplet states. Reference 50

reported the lowest calculated triplet state of [Co(en)3 ]3C to be 4103 cm 1 below the first excited singlet state, in descent agreement with experiment. Since the computations do not include
spin-orbit coupling the CD of the triplet excitations has not been modeled. At the scale of the
spectrum in Figure 2 the intensity of the triplet excitations is negligible. The high frequency (UV)
range of the spectrum is dominated by intense LMCT excitations. The assignment of the LF and
LMCT excitations calculated by TDDFT is in agreement with the assignment derived from experiment [26, 50]. The sign of the rotatory strengths and the energetic ordering of the A2 =E pairs
of excitations for a given absolute configuration depends on the geometric distortion of the ligand
atoms relative to an idealized octahedral system [55], which is discussed in detail in the next section. In TDDFT computations with non-hybrid functionals, the LF transitions can be assigned as
relatively pure HOMO to LUMO transitions. Apart from the energetic position of the CD bands,
which may be strongly influenced by approximations in the calculations, the intensities and the
signs of the rotatory strengths are of critical importance for a successful modeling. Overall, the
spectral features of the CD spectrum of [Co(en)3 ]3C are seen to be reasonably well reproduced by
the computation. Inclusion of solvent effects by means of a continuum solvation model improves
14

the position of the LMCT bands. There is a strong dependence of the energy of the LF transitions
on the choice of the density functional, which is discussed in more detail in Section 6. CD spectra
for other CoIII complexes studied in Reference 50 and follow-up work [56, 57] afforded similar
agreement with experiment as the spectrum of [Co(en)3 ]3C shown in Figure 2.
For tris(acetylacetonato)-cobalt(III), [Co(acac)3 ], the agreement with experiment is considered good when keeping in mind that in computational simulations of electronic spectra an over
or underestimation of the intensity of strong transitions by a factor of two is not untypical. The
spectrum of the acac complex is more difficult to assign than that of [Co(en)3 ]3C due to the
occupied  orbitals of the acac ligand. The UV-Vis range of the [Co(acac)3 ] spectrum affords
coupled ligand centered transitions, MLCT at higher energies, and the metal and ligands have 
interactions that contribute to the LF part of the spectrum [58]. The two lowest-frequency CD
bands have weak intensity and can be assigned as relatively pure LF transitions. The remainder
of the spectrum cannot be cleanly separated into LMCT and ligand -to- * . Analyses of spectra
calculated with TDDFT [50, 58] have indicated that the frequency range from 20 to 34103 cm

1

is dominated by LMCT excitations, with additional contributions from MLCT. The range above
40103 cm

1

is dominated by ligand -to- * transitions and exciton coupling CD, with additional

contributions from MLCT and LMCT.
The spectrum of tris(phenantroline)-osmium(II), [Os(phen)3 ]2C , has been previously assigned
with the help of TDDFT calculations [51]. The very intense pair of CD bands above 35103 cm

1

has long been known to be the result of exciton coupling of the ligand centered -to- * transitions. See Section 5 for details. It was pointed out in Reference 51 that the direct contributions
of the metal orbitals in the exciton CD are very small, rendering any significant delocalization
of the  systems through the metal center very unlikely. Figure 2 shows that the agreement
with experiment is remarkably good. The lower energy portion of the spectrum is dominated by
MLCT character, including the lowest energy HOMO-LUMO metal-d to ligand   transitions.
The LF transitions are weak and do not contribute significantly to the CD intensity of the spectrum. Relativistic effects were shown to lead to a red-shift of excitations originating in the metal
15

5d shell [51]. The reason for this red-shift is the well known relativistic indirect energetic destabilization of valence d orbitals [59]. The corresponding calculated spectrum for [Ru(phen)3 ]2C
(Section 6) is very similar to that obtained from a nonrelativistic calculation for [Os(phen)3 ]2C .
An accurate TDDFT calculation of the CD spectrum of [Fe(phen)3 ]2C is complicated by issues
related to approximations in the density functionals and the compact d shell of first-row transition
metals. Additional details regarding these issues are provided in section 6.
Solvent effects on the CD spectra of metal complexes can be noticeable. For group 8 (phen)3
complexes [51] such as [Os(phen)3 ]2C they were found to be less important in how they affect
the overall comparison with experiment. Solvent effects on LMCT CD bands calculated for some
CoIII complexes with a +3 overall charge such as [Co(en)3 ]3C and [Co(tn)3 ]3C were found to be
more pronounced [50]. In references 50 and 51, solvent effects were modeled by a continuum
model (COSMO). Jensen et al. revisited the problem of modeling solvent effects on the CD spectrum of [Co(en)3 ]3C [60], using force-field molecular-dynamics simulations with discrete solvent
molecules treated by a discrete reaction field (DRF) model combined with TDDFT spectra calculations coupled with the DRF. The solvent effects obtained with this method were similar to those
obtained with COSMO in static computations. Minor solvent broadening of the LMCT bands was
obtained in the DRF computations due to the underlying geometry and solvent shell fluctuations
in the dynamics. The excitations had to be further broadened to match the experimental band
widths. Therefore, solvent broadening appears not to be the main mechanism that determines the
widths of the spectral CD bands of [Co(en)3 ]3C in Figure 2.
Optical rotation and ORD of transition metal complexes have received much less attention
than CD. Computations at the ab-initio level of theory have not yet been undertaken in large
numbers. The prototypical chelate complex ion with saturated ligands is [Co(en)3 ]3C [26]. The
measured ORD in the visible range was reported in the 1930s (Mathieu 1934, Jaeger 1937, in
Reference 61). The anomalous OR dispersion in the visible wavelength range is caused by the
ligand-field transitions. The experimental ORD follows the sign pattern in the vicinity of electronic transitions as shown qualitatively in Figure 1. The author of this chapter has in the past
16
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Figure 3: Molar rotation of ƒ-[Co(en)3 ]3C . Straight line without markers: Experimental data
for a solution of ƒ-[Co(en)3 ]3C (bromide salt) as reported in Reference 61. TDDFT calculations
with the PBE0 hybrid functional and GIAO basis functions (author’s GIAO implementation in
the NWChem quantum chemistry package). Global damping constants of 0.007 and 0.005 a.u.
were applied to obtain a non-singular resonant ORD. Gaussian type basis set Co: Wachters+f, C,
N, H: 6-31G*
reported calculated ORD curves for [Co(en)3 ]3C using TDDFT with different functionals and
calculated with different software packages [9, 62, 63]. New computations have been carried out
for the present work, based on the same optimized geometry on which the CD spectra of Figure
10 discussed in Section 6 are based. The calculated ORD is shown in Figure 3 along with the
experimental data. The comparison shows that the TDDFT calculations are able to reproduce the
behavior of the OR dispersion and the order of magnitude of the peak / trough pattern. Because
the computations were performed near and at resonance, a broadening / damping was used in
the calculations [62] in order to avoid the singular behavior of the ORD that would otherwise be
obtained (Figure 1). The damping parameter

formally corresponds to all j in Equations (8)

adopting the same value equal to . The smaller damping gives a more intense OR peak around
500 nm. The OR at long wavelengths is strongly overestimated with the PBE0 hybrid functional
irrespective of the damping. The global shift of the calculated ORD relative to experiment reflects
a slight blue shift of the calculated CD spectrum seen in Figure 10 for the PBE0 functional.
Of some concern in calculations of molecular properties that involve the magnetic moment
operator is basis set incompleteness because it may lead to an unphysical origin dependence of
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Figure 4: Distortion of an octahedral ligand environment. Definition of the polar ratio s= h and
the azimuthal angle . The example shows a -(phen)3 complex.

ω

Figure 5: Definition of the angle ! used to describe the orientation of bidentate ligands in trisbidentate complexes relative to the three-fold symmetry axis. Starting with a colinear arrangement of the ligands, a clock-wise rotation of a ligand around an axis connecting the metal center and the midpoint of the two ligating atoms yields a D3 symmetric  configuration. Anticlockwise rotation leads to a ƒ configuration.
the results. Regarding optical rotation, please refer to References [46, 64]. The data in Figure
3 were obtained with magnetic field dependent ‘gauge including atomic orbital’ basis functions
(GIAOs) which ensure origin invariant TDDFT results.

4

The origin of circular dichroism in ligand-field and ligandto-metal charge transfer transitions

In this section we examine the origin of the optical activity in the electronic excitations of metal
complexes, with a focus on LF and LMCT transitions. Before discussing the excitations in detail,
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it is appropriate to draw attention to important pioneering work on the optical activity of coordination compounds using semi-empirical molecular orbital methods as well as ligand and crystal
field theories [26, 53, 65–72] (see Reference 26 for a review) where many of the concepts used
here have been introduced. Fortunately, it is now possible to perform correlated quantum chemical computations of CD spectra of relatively large metal complexes directly and, in a-posteriori
analyses, determine to what extent the different models match the results from first principles
theory. For instance, a series of papers by Ziegler et al. has focused on tris-bidentate complexes
affording global D3 symmetry or a local D3 symmetry around the metal center [56–58, 73–75].
These researchers employed TDDFT calculations along with semi-quantitative analyses of the results in order to relate the findings to older model calculations and attempts to explain the origin
of the circular dichroism of the transitions. The discussion if facilitated by comparisons of the
complex structures to idealized nonchiral octahedral systems.

4.1

Geometrical considerations, metal symmetry orbitals, TDDFT analysis

In chiral complexes such as ML3 where L is a bidentate ligand, the six ligating atoms are arranged
in a trigonal dihedral geometry which is best considered as a distorted octahedron. The origin
of the CD in the metal centered transitions has been shown to occur as a direct result of the
deviation of the ligating atoms’ positions from octahedral. Thus, a perfectly octahedral ligand
field provides a convenient reference structure for which the chirality of the transitions vanishes.
Figure 4 illustrates how the lowering of the symmetry from Oh to D3 can be considered as
the result of a polar elongation or compression along the threefold symmetry axis, lowering the
symmetry from Oh to achiral D3d , followed by an azimuthal distortion (also called Bailar twist)
which further lowers the symmetry to D3 . The notation has been adopted from Reference 76.
p
For an ideal octahedron, the polar ratio s= h has a value of 3=2  1:22 and the azimuthal angle

 is exactly 60ı . Deviations from these values quantify the structural chirality around the metal

center [76]. One may alternatively consider an angle ! between the threefold symmetry axis of
the ligand environment and the axis connecting the two coordinating atoms of a bidentate ligand
19

-3.0

-3.5

[Rh(en) ]

Orbital Energy / eV

3+

3

-6.0

-6.5

-7.0

-3.5

-4.0

-4.5
[Co(en) ]

3+

3

-6.0

-6.5

-7.0

Figure 6: Calculated orbital diagrams for [Rh(en)3 ]3C (top) and [Co(en)3 ]3C (bottom). Isosurfaces of MOs relevant for the ligand-field and LMCT transitions are also shown. DFT calculations
with the BP functional. Reprinted from Reference 78 c 2011 with permission from Elsevier.
to quantify structural distortions [73]. This angle ! is illustrated in Figure 5 (not to be confused
with the circular frequency ! D 2 of a light wave). For an ideal octahedron, sin2 ! D
1=3; cos2 ! D 2=3, which gives a numerical value of ! D ˙35:3ı for  and ƒ configurations,
respectively. It is convenient to define distortions .s= h/, , and ! which adopt values of
zero for an idealized octahedral metal coordination. The model used here based on a single angle
is of course somewhat simplified, but it is useful to derive theoretical models as shown below. For
a more detailed consideration of structural chirality in different coordination shells see Alvarez et
al. [77].
Jorge, Ziegler, et al. considered the origin of the circular dichroism of LF and LMCT transi20

tions in various CoIII and RhIII complexes with saturated  bonding ligands such as ethylenediamine (en) and 1,2-propane-diamine (pn). The transition dipole moments calculated by TDDFT
were analyzed in terms of contributions from individual molecular orbitals (MOs). The analysis
made it possible to relate results from first-principles computations to semiempirical models introduced several decades ago. First, consider the LF transitions [56]. In octahedral symmetry, these
excitations are parity-forbidden (Laporte rule). In MO theories, including DFT and TDDFT, these
electronic excitations represent transitions between the t2g (HOMO) and eg (LUMO) d -orbital
levels of an octahedral environment. Calculated MO level diagrams for two representative chiral complexes, [Co(en)3 ]3C and [Rh(en)3 ]3C , are shown in Figure 6. Note the larger ligand field
splitting for the Rh complex. Mainly due to the distortion of the N6 coordination environment, the
octahedral t2g HOMO level splits into an a1 and an e level under D3 symmetry. As a result, the
forbidden triply degenerate HOMO-LUMO d -to-d transition of octahedral parentage splits into
a pair of A2 and E transitions upon lowering the symmetry to D3 [26]. The energetic ordering of
the orbitals is predominantly determined by the sign of the polar distortion .s= h/ [56, 57]. In
other words, the energy splitting between the A2 and E LF transitions, and the energetic ordering
of the excitations, is related to the magnitude and sign of .s= h/.
One can use first-order perturbation theory in order to determine how the polar and azimuthal
distortions in the ligand sphere create the CD of the ligand field transitions [56]. Instead of Oh
parent symmetry, the orbitals of the undistorted system may be classified according to the achiral
D3d subgroup of Oh , initially at an octahedral geometry with .s= h/ D 0. The advantage
of doing so is that a polar distortion does not lead to a change of the point group and that the
main three-fold symmetry axis coincide in D3 and D3d . Since D3d is an achiral point group,
the rotatory strengths of the LF transitions must be zero for any value of .s= h/. Only the
azimuthal distortion  can create non-vanishing rotatory strengths. The appearance of the CD
spectrum is then determined by the signs and magnitudes of the rotatory strengths for the A2 and
E transitions, and by the energetic ordering and the magnitude of the energy splitting between
A2 and E.
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In TDDFT calculations, the transition density for an electronic excitation is given as a
weighted sum over products of occupied and unoccupied MOs. The transition moments and
the rotatory strengths can then be analyzed conveniently in terms of MO pairs [19]. For a relatively ‘pure’ excitation, the contribution from one pair of MOs, or from a linear combination of
degenerate orbitals required by symmetry, may contribute in excess of 80% to the total transition
density. Transitions that involve many different orbital products are not as straightforwardly assigned. For example, an electronic excitation might be assigned as a HOMO to LUMO transition
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if the transition density is strongly dominated by a product of the HOMO and the LUMO orbitals
without too much mixing from other products of MO pairs. The metal d orbitals adapted for D3d
symmetry are shown in Figure 7. Calculated MOs of [Co(en)3 ]3C and [Rh(en)3 ]3C corresponding to these orbitals are shown in Figure 6. For the LUMOs, the antibonding combinations with
ligand orbitals of local  symmetry are readily apparent.

4.2

Ligand-field transitions

In D3d symmetry, the LF transition rotatory strengths have MO contributions of the following
form [56]:
O  .egb /i  h  .egb /jmj.e
O
R.A2 / / h.ega /jdj
ga /i

(12a)

O  .ega /i  h  .ega /jmj.e
O
R.E/ / h.ega /jdj
ga /i

(12b)

Here, the   .eg / LUMOs are antibonding combinations of metal d orbitals with ligand  orbitals. Compare with the isosurface plots of the LUMOs of [Co(en)3 ]3C and [Rh(en)3 ]3C in Figure 6. In Figure 7 and Equations (12), labels a; b denote components of the twofold degenerate e
levels. The electric dipole integrals in Equations (12) vanish because the components of the oneelectron electric dipole operator dO are of odd symmetry (ungerade, u) and the orbitals involved
in the ligand field transitions are all even (gerade, g). The integrals involving the one-electron
O can be nonzero because in D3d the components of m
O belong to
magnetic moment operator m
even symmetry species. Therefore, the leading order effects that cause a non-vanishing rotatory
strength of the LF transitions are those that create non-vanishing electric transition dipoles.
The following discussion is based on an analysis provided by Jorge et al. in Reference 56.
Starting from a D3d arrangement, a  azimuthal distortion lowers the symmetry to D3 and, as
far as the MOs are concerned, mixes g with u species. Jorge et al. [56] considered contributions
to the rotatory strengths where metal centered orbitals of eg symmetry mix with ungerade combinations of the ligand  orbitals. The mixing is driven by the structural distortion. To first order,
23

it can be described by a perturbation operator @FO =@jD0   corresponding to a vibrational
normal mode of a1u symmetry. Here, FO is an effective one-electron Hamiltonian such as the
Fock operator used in Kohn-Sham DFT. The canonical MOs are eigenfunctions of FO . The sign
of the perturbation depends on the sign of . Consider the mixing of the .eg / HOMOs with
odd ligand combinations L .eu / when applying the azimuthal distortion. In the distorted system,
the HOMO levels of e symmetry are to first order in 

.ed / D .egd / C  C L .eu /

(13)

where d is a or b. The mixing coefficient C can be calculated from first-order perturbation theory,
which gives
C D

hL .eu /j@FO =@j.edg /i
"Œ.egd / "ŒL .eu /

(14)

To obtain the previous equation, a complete atomic orbital basis has been assumed, i.e. the orbitals
are supposed to be exact eigenfunctions of the operator FO . The " are the orbital energies. Upon
substitution of (13) and (14) in Equations (12) and considering that the electric transition dipole
moments vanish for D3d symmetry, the non-vanishing rotatory strengths of the system distorted
by  are dominated by orbital contributions of the form
O  .egb /i  h  .egb /jmj.e
O
R.A2 / /  C hL .eua /jdj
ga /i

(15a)

O  .ega /i  h  .ega /jmj.e
O
R.E/ /  C hL .eua /jdj
ga /i

(15b)

with the coefficient C given in Equation (14). In this MO based perturbation theory model,
the sign and magnitude of  determines the relative signs and the magnitudes of the rotatory
strengths R.A2 / and R.E/ of the ligand field transitions for structurally related complexes where
all other quantities in (15) are assumed to be of comparable magnitude.
This perturbation theory model is supported by experimental data and by first-principles computations of CD spectra [56]. Typically, for CoIII and RhIII complexes with the ligands en, pn,
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tn, acac, and ox the azimuthal angle  is lower than 60ı , i.e.  < 0. The ƒ configurations
afford R.E/ > 0; R.A/ < 0. An exception is the complex [Co(tn)3 ]3C . Depending on the conformations of the chelate rings in this complex,  can be slightly above or below 60ı , with a
concomitant change in the signs of the rotatory strengths of the LF transitions. Another factor
that determines the CD spectra in the low frequency range is the sign and magnitude of the polar
distortion .s= h/. Most of the complexes surveyed in Reference 56 exhibited a polar compression, .s= h/ > 0, along with !E

!A2 < 0. See also References 55, 76 where these trends have

been discussed previously. A counter example is [Co(acac)3 ] which, both experimentally and in
computations, exhibits a polar elongation .s= h/ < 0 and accordingly !E

!A2 > 0. It was

noted in Reference 56 that the sign of the frequency difference is not easy to predict from qualitative considerations. The polar distortion determines how the octahedral t2g HOMO d -orbital
levels split. For s= h < 1:22 DFT calculations find ".a1 / < ".e/, whereas for s= h > 1:22 the
ordering is ".a1 / > ".e/. The orbital energy diagrams in Figure 6 are typical examples; for these
complexes .s= h/ > 0. The e1 orbital dominates the A2 transition, whereas both sets of orbitals
participate in the E transition. One might therefore expect that the splitting between a1 and e
has a larger impact on the A2 transition which should therefore be higher in frequency than the E
transition for s= h > 1:22.
A breakdown of the calculated transition dipole moments in terms of contributions from products of occupied and unoccupied MOs (vide supra) has been discussed in Reference 56 with the
aim to assess the relevance of older semiempirical theories. For example, in a crystal field model
of a complex only the metal orbitals in the presence of a non-spherically symmetric electrostatic
field are considered. In the context of the model put forward in this subsection, the optical activity of the LF transitions must in this case be due to mixing of metal orbitals of even and odd
symmetry, for instance nd with .n C 1/p, upon the azimuthal distortion. An analysis of TDDFT
results for model complexes indicated that this mechanism contributes less than five percent to
the optical activity of the LF transitions. In another model, one might attribute the optical activity
to a chiral electrostatic perturbation from the ligand back bones rather than the distortion of the
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ligand field around the metal. The analysis found that for complexes with saturated ligands this
mechanism is of minor importance (< 5%). On the other hand, for CoIII complexes with ligands
such as acac and ox that have  orbitals, such contributions were found to be significant. Already
in a perfect octahedral arrangement of the ligating atoms there can be contributions from even ligand  orbitals in the HOMOs of the complex and vice versa. Further, ligand  combinations of u
symmetry may mix with the metal centered orbitals upon azimuthal distortion. The participation
of gerade ligand  combinations at the octahedral reference geometry complicates the spectral
analysis, and the model for the sign pattern of the rotatory strengths depending on the azimuthal
distortion may break down.

4.3

LMCT transitions

The orbital-mixing model of the previous subsection can also be applied to LMCT excitations of
complexes with saturated  binding ligands. The discussion here follows that of Reference 57.
Spectral data for complexes such as [Co(en)3 ]3C shows that pairs of LF and LMCT transitions
of the same symmetry tend to have alternating signs. This indicates that the mechanisms that
are responsible for the optical activity of the LMCT excitations are coupled to those that cause
the circular dichroism of the LF transitions. The LMCT excitations involve occupied ligand 
orbitals that are of t1u parentage in Oh symmetry and the eg LUMOs of the complex. The leading
MO contributions to the rotatory strengths are in D3d symmetry (i.e. before or after applying a
polar distortion)
O  .egb /i  h  .egb /jmjL
O  .eua /i
R.A2 / / hL .eua /jdj

(16a)

O  .ega /i  h  .ega /jmjL
O  .eua /i
R.E/ / hL .eua /jdj

(16b)

In D3d symmetry, the LMCT excitations are electric dipole allowed, but magnetic dipole forbidden since the magnetic dipole operator is of even symmetry. To first order, the rotatory strengths
upon azimuthal distortion are obtained from a mixing of the ligand orbitals L .eu / with occupied
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.egd / metal orbitals, causing non-vanishing magnetic transition dipole moments of the LMCT
excitations. Similar to the previous subsection, one may write the perturbed ligand MOs as

L .eu / D L .eu / C  C 0 .egd / I .d D a; b/

(17)

Here, the mixing coefficient C 0 is the negative of the mixing coefficient C of Eq. (14). The
reason for the opposite sign is that the same pairs of orbitals enter the coefficients C and C 0 in
Equations (14) and (17), but in C 0 their order is interchanged because now the perturbation of
the ligand based orbitals are of concern. The sign change is due to the orbital energy difference
in the denominator in Equation (14). Using (17) in the magnetic moment integrals in (16) and
substituting C 0 D

C , the leading non-vanishing MO contributions to the rotatory strengths of

the LMCT excitations are

R.A2 / /

O  .egb /i  h  .egb /jmj.e
O
 C hL .eua /jdj
ga /i

(18a)

R.E/ /

O  .ega /i  h  .ega /jmj.e
O
 C hL .eua /jdj
ga /i

(18b)

These are the same expressions as those for the LF transitions in (15), but with opposite signs.
One deficiency of the model is that it predicts comparable magnitudes of the rotatory strengths
for the LF and LMCT excitations. This is not supported by TDDFT calculations and experiment
which show, in agreement with expectations, that the circular dichroism of the LMCT transitions
is typically more intense. On the positive side, the perturbation model provides a simple explanation for the alternating signs of the rotatory strengths of LF and LMCT excitations for  bonded
trigonal dihedral metal complexes. Further, the model relates the sign pattern of the LMCD CD
bands to the sign of the polar and azimuthal distortions of the complex relative to an idealized
octahedral ligand arrangement. The leading cause of the optical activity in the LF as well as the
LMCT excitations appears to be the mixing of occupied odd and even metal and ligand orbital
combinations due to a slightly distorted arrangement of the ligating atoms [56, 57].
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4.4

Effects due to changes in the chelate ring conformation

Ligands such as ethylenediamine (en) are conformationally flexible. As a result, for a ML3 trisbidentate complex the chelate rings may have different orientations with respect to the threefold symmetry axis of the complex [26]. For example, for [Co(en)3 ]3C the C-C bonds of the
amine backbone may be oriented oblique or approximately parallel to the threefold axis. These
conformations are sometimes labeled as ob and lel, respectively. Another labeling scheme derives from the rotational sense ı or  of the helical configuration of the ligand chelate ring. For
example, lel3 -ƒ-[Co(en)3 ]3C corresponds to ƒ.ııı/-[Co(en)3 ]3C which is the stereoisomer of
lel3 --[Co(en)3 ]3C = ./-[Co(en)3 ]3C . On the other hand, ƒ./-[Co(en)3 ]3C , or ob3 ƒ-[Co(en)3 ]3C , is a diastereomer of ƒ.ııı/-[Co(en)3 ]3C and may have a different CD spectrum
and a different energy. Computations have shown that the CD spectra for the ob3 and lel3 conformers of [Co(en)3 ]3C are very similar [50]. The spectrum of [Co(en)3 ]3C in Figure 2 is for
the (ob)3 conformer. Larger differences were found for [Co(tn)3 ]3C . Regarding the stability of
the [Co(en)3 ]3C conformers, DFT computations found the ob3 conformer to be more stable than
lel3 by about 4 to 5 kJ/mol [50, 79]. Previous work considered the lel3 conformer to be the more
stable one [80]. In solution there is likely a dynamic equilibrium of these conformers with mixed
conformers of the type lel2 ob1 and lel1 ob2 [79].
The authors of Reference 57 investigated the influence of conformational changes on the
CD spectra of CoIII and RhIII complexes with aliphatic bidentate amine ligands. By comparing
experimental with computed data it was shown that TDDFT computations correctly reproduce
trends for the CD spectra that are due to changes in the chelate ring conformations. The signs and
intensities of the CD transitions for ob versus lel conformations depend on the signs and sizes of
the chelate bite angles. In turn, these angles are dictated by the preferred configurations of the
rings. For example, the set of ligands that were studied included S- and R-pn (pn = 1,2-propyldiamine). For this ligand, the methyl group has a strong preference for an equatorial orientation
with respect to the chelate ring. The conformations of the chelate rings determine the arrangement
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and of the six nitrogens around the metal center and the extent to which it differs from octahedral.
As the perturbation theory model of the previous subsections clearly illustrates, the geometry
distortion of the ligating atoms relative to octahedral is mainly responsible for the sign, energetic
ordering, and CD intensity of the d-to-d and LMCD transitions. In this sense, the chelate ring
conformation influences the CD spectra for LF and LMCT indirectly through geometry changes
in the first coordination sphere, rather than directly via electronic effects originating in the chelate
rings.

4.5

Ligands with  orbitals

For unsaturated ligands, the possible mixing of occupied ligand  orbitals with occupied metal d
orbitals has already been mentioned in the section on LMCT excitations. Fan and Ziegler recently
developed a more predictive numerical model to analyze LF and LMCT excitations, by explicitly
deriving expressions of the rotatory strengths in terms of orbital overlap integrals and matrix
elements of the dipole operators. A proof of concept was provided for [Co(en)3 ]3C in Reference
73. Subsequently, the model was applied to trigonal dihedral CoIII complexes with the ligands
acac, ox, mal, and thiox, with a focus on transitions involving  orbitals [58]. A third paper of
the series investigated group 8 tris-bidentate phen and bipy complexes [75]. We forego a detailed
discussion here, since these ligands are more appropriately discussed in the following section
which is concerned with the strong CD of metal complexes with unsaturated ligands resulting
from exciton coupling.

5

Exciton coupling circular dichroism in metal complexes

Ligand centered transitions with significant absorption intensity, such as -to- * excitations in
the UV-Vis range of the spectrum, may couple electronically. Among the well known consequences of such coupling is the appearance of the absorption spectra of J- and H-aggregates of
-chromophores. Exciton coupling can also create circular dichroism of coupled excitations that
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Figure 8: D3 -symmetric arrangement of three phen ligands as adopted in complexes such as
[Ru(phen)3 ]2C . Shown here is a ƒ configuration. Left: The arrows centered in the phen ligands
represent the electric transition dipoles Da ; Db ; Dc for uncoupled long-axis polarized -to- *
transitions in the phen ligands a; b; c, and their relative orientation with respect to the C3 symmetry axis of the complex. Right: The arrows represent electric transition dipoles for the A2 and E
components of the coupled set of excitations.
individually have no (or negligibly small) intrinsic magnetic transition dipole moments. For a
review see Berova et al., Reference 15. If  ligands in a metal complex are arranged in a chiral
configuration the coupled excitations may exhibit very strong circular dichroism. Much insight
into the nature of such exciton coupling CD in phen and bipy complexes has already been gained
decades ago by Mason and coworkers; see, for instance, Refs. 52, 70, 81, 82. A perspective on
exciton coupling CD in metal complexes was recently provided by Telfer et al. [83].
The CD spectrum of [Os(phen)3 ]2C shown in Figure 2 provides a typical example for exciton
coupling CD in a metal complex. The spectrum exhibits an intense pair of positive and negative
CD bands around 35 to 40103 cm

1

which is a result of exciton coupling of excitations located in

the ligand  systems without much involvement of the metal [51] (other than keeping the (phen)3
system in its chiral D3 symmetric ‘propeller’ configuration which is illustrated in Figure 8). The
CD spectra of group 8 and group 9 metal (phen)3 and (bipy)3 complexes have been analyzed in
detail in References 51, 75, and 84 based on TDDFT calculations For analyses of acac complexes
(see Figure 2 for a representative spectrum of [Co(acac)3 ]), and related systems with ox, thiox,
and mal, ligands, see References 50 and 58.
The phen ligand is chosen here as an example. The bipy ligand exhibits similar characteristics
but it is less rigid. The calculated and experimental absorption spectra of 1,10-phenanthroline in
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solution are shown in Figure 9. The first intense absorption band around 5 eV (4  104 cm 1 )
is assigned to a -to- * transition for which the transition dipole moment vector is parallel to
the long axis of the molecule (parallel to the N-N direction). In a D3 arrangement, the intense
long-axis (`) polarized -to- * excitons of the three ligands can couple as shown in Figure 8 and
create the strong exciton CD seen in the [Os(phen)3 ]2C spectrum in Figure 2. Because of the
helical arrangement of the ligands, the rotatory strengths of the coupled excitations are nonzero
[70]. Details are provided below. Since the D3 symmetric (phen)3 arrangement is inherently
chiral, the circular dichroism is not strongly dependent on whether the ligating nitrogen atoms
are slightly distorted from an octahedral arrangement or not [84]. For simplicity one may assume
an octahedral metal coordination and idealized perfectly planar phen ligands. The angle between
each transition dipole vector D` of the long-axis polarized -to- * transition and the C3 axis of
the complex is then ! D 35:3ı (Figure 5). Let the centers (e.g. center of mass or center of nuclear
charge) of the phen ligands be at a distance R`` from each other. In Figure 8, R`` is the distance
between the origins of the transition dipole vectors drawn in the left panel. Mason [70] derived
for a degenerate point dipole coupling model an exciton splitting energy of

E.A2 /

E.E/ D 2„cŒ.A
Q 2/

.E/
Q
D

3D`2
3
4R``

(19)

where D`2 D D`  D` is the dipole strength of the transition. Mason used electrostatic units where
the square of the electric dipole divided by a volume on the right hand side of (19) yields an
energy. In SI units, the equation requires a factor of .4"0 / 1 . The rotatory strengths were given
by Mason as
R.E/ D

R.A2 / D

r

2
 Q ` R`` D`2
3

(20)

for a ƒ configuration. The units of the wavenumber Q ` and the inter-ligand distance R`` cancel,
leaving the rotatory strength is in the usual units of esu2 cm2 . In Equation (20), R.E/ is the
combined rotatory strengths for the two components of the E transition. A derivation is provided
below.
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Figure 9: Left: Experimental and calculated (TDDFT, BP functional) UV-Vis spectrum for 1,10phenanthroline. Experimental data from Reference 85. Right: TDDFT calculation of the CD
spectrum of a (phen)3 system along with the calculated dipole coupling (MM = ‘matrix method’)
spectrum using geometry parameters for [Os(phen)3 ]2C . Calculated data used to prepare the
graphs were taken from Reference 78.
In agreement with the exciton coupling model, TDDFT computations for the ƒ configurations of a number of (phen)3 and (bipy)3 complexes yielded positive rotatory strengths for the
E transitions arising from coupled ligand -to- * excitations [51, 75, 84]. Further, in agreement
with the model, the E transitions appear at lower frequency in the spectra as implied by the positive sign of the right hand side of Equation (19). Irrespective of how the CD spectrum appears
in the low-energy (LF transitions) part of the spectrum, the higher energy -to- * exciton CD
is therefore a reliable indicator of the absolute configuration of a D3 complex. Fan et al. [75]
derived a common sin ! cos ! behavior for the dependence of the rotatory strengths on the angle
! shown in Figure 5. As ! changes sign when going from a ƒ to a  arrangement of the ligands,
the sin ! cos ! term determines the sign change of the exciton CD when comparing a ƒ with a 
configuration.
Rudolph and Autschbach have used a dipole coupling model originally devised by Schellman
et al. in conjunction with TDDFT computations of absorption spectra of isolated ligands to explore the exciton coupling in ML3 complexes where L is a ligand with a relatively intense -to- *
transition [84]. A full discussion of the matrix formulation of this dipole coupling model (‘matrix
method’ or MM) has been given by Schellman et al. in Reference 86. The following paragraphs
illustrate how a simplified version of this model can be applied to derive Equations (19), (20),
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and other useful expressions for the exciton coupling in highly symmetric metal complexes and
in more general cases of lower symmetry. As input are required the excitation energies of the
ligands, the transition dipole moment vectors in their orientation relative to the coordinate frame
of the fully coupled system, and the coordinates of the ligand centers. For an account of related
coupled oscillator models and the DeVoe method please see Reference 87.
The matrix method allows one to couple an arbitrary number of excitations per ligand. Here,
only the coupling of a single excitation per ligand is considered to keep the derivation compact,
and only the electric dipole coupling mechanism is included. For a ML3 complex, one then
encounters a simple 3-by-3 eigenvalue problem. As above, we discuss the coupling of the longaxis polarized transition of the 1,10-phenanthroline (phen) ligands in a M(phen)3 complex. We
adopt the units used by Mason for easier comparison. The Hamiltonian matrix H describing the
coupling of the excitations, assumed here to be real, reads
0

B Ea Vab Vac
B
H DB
B Vab Eb Vbc
@
Vac Vbc Ec

1
C
C
C
C
A

(21)

where a; b; c label the transitions of the three individual ligands before solving the eigenvalue
equation for H , and the three coupled excitations in the compound system afterwards. For further
details and the general case of coupling several excitations per ligand subsystem see Reference
84. The excitation energies for the uncoupled ligand transitions are on the diagonal of the matrix.
The off-diagonal elements of H describe the interactions of the excitons. To lowest order in the
multipole expansion, the electrostatic coupling of two excitons, Vab , involves the interaction of
their dipole moments:

Vab D

Da  Db
3
Rab

3.Da  Rab /.Db  Rab /
5
Rab

(22)

In Equation 22, Da=b is the electric transition dipole vector for the excitation in subgroup a and
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b, respectively. Further, Rab D Rb

Ra is the vector pointing from the subgroup center Ra to

the subgroup center Rb , and Rab is the length of Rab .
The discussion here is restricted to the case where the three ligands are equivalent and the
three excitations to be coupled in (21) are degenerate. i.e. Ea D Eb D Ec D E` and the
magnitudes D` of the transition dipole moments are identical. In this case, in a D3 symmetric
environment as shown in Figures 5 and 8, Rab D Rac D Rbc D R`` (the latter being the same
R`` as in Equation (19), and Vab D Vac D Vbc D V , where
V D

D2
p ` 3 4cos2 !
12 3RM `

5sin2 !



(23)

As before, D`2 D D`  D` is the dipole strength of the ligand transition under consideration, and
! is the angle illustrated in Figure 5. Further, RM ` D Ra D Rb D Rc is the distance from the
metal center to the ligand centers, which for D3 symmetry is related to the distance between the
p
ligand centers by RM ` D R`` = 3.
For the coupling of degenerate transitions, the eigenvectors of H are independent of the value
of V . Collected (column wise) in the form of an eigenvector matrix C , one obtains
0

p1
6

p1
2

B
B
C DB
B 0
@

p1
2

q

p1
3

2
3

p1
3

p1
6

p1
3

1
C
C
C
C
A

(24)

with eigenvalues E` V; E` V; E` C2V . Thus, the first two eigenvectors or linear combinations
thereof are the components of the degenerate E transition, and the third eigenvector represents
the A2 transition in the CD couplet. The energy splitting is E.A/

E.E/ D 3V . For the !

angle of an octahedron, three times the potential V of Equation (23) is equal to E.A/

E.E/ of

Equation (19).
Consider a scenario where the axis connecting two ligating nitrogen atoms of the same phen
ligand is parallel to the three-fold symmetry axis of the D3 complex (here taken along z) in a
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trigonal prismatic geometry. That is to say that the long axis of the phen ligand is parallel to z.
Let the C2 symmetry axis of this ligand be parallel to x. The transition dipole moment vector for
the long-axis polarized -to- * transition of the phen ligand in this orientation is then parallel to
the z axis and can be written as
0

1

B 0 C
B C
C
D0a D D` B
B 0 C
@ A
1

(25)

where D` is the magnitude of the ligand transition dipole moment. Rotation of the phen ligand
about the x axis by an angle ! yields
0

B 0
B
D0a D D` B
B sin !
@
cos !

1
C
C
C
C
A

(26)

for the uncoupled transition dipole vector of subgroup a in the D3 arrangement shown in the left
panel of Figure 5. The centers of the ligands, collected as columns in the matrix R, are
0

B 1
B
R D RM ` B
B 0
@
0

1
2
p
3
2

0

1
2
p

3
2

0

1
C
C
C
C
A

(27)

Rotating D0a around the z axis in the xy plane by 120ı and 240ı , respectively, yields the transition
dipole vectors for the transitions of the other two phen ligands, subgroups b and c. The three
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uncoupled transition dipole vectors can be collected in a matrix,
0

0
B
B
D 0 D D` B
B sin !
@
cos !

p

3
2
1
2

sin !
sin !
cos !

p

3
2

1

sin ! C
C
1
C
sin
!
C
2
A
cos !

(28)

In the matrix method, the transition dipole moments of the coupled transitions are then calculated from the uncoupled transition dipole matrix and the eigenvectors of the coupling Hamiltonian as
D D D 0C

(29)

from which the set of dipole vectors of the coupled system in Figure 8 is obtained. The dipole
vector for the A2 transition is parallel to the three-fold symmetry axis of the complex, chosen
here to be parallel to z.
The results obtained so far are sufficient in order to calculate the absorption spectrum of the
coupled system. For the CD spectrum, one needs to consider the magnetic transition moments
induced by the coupling. Consider the relation between the momentum representation and the
length representation for the electric transition dipole moment for ligand ` D a; b; c,
P0` D

iE` 0
D
e„ `

(30)

which holds in exact theory. Superscripts 0 indicate that the equation is applied to the uncoupled
transition moments. Further, there is the relation between the magnetic moment operator and the
angular momentum. For an electron with charge e,

O D
m

e
r  pO
2c

(31)

The last two equations may be combined for the exciton ‘quasi particle’ in order to obtain an
expression for the induced magnetic transition dipole moment for the ligand transitions in the
36

uncoupled system, using for each ligand r  RM ` :
M0` D

iE`
RM `  D0`
2„c

(32)

An uncoupled magnetic moment vector matrix associated with the transition dipole matrix of
Equation (28) for the D3 ligand arrangement shown in Figure 5 is then given by

M0 D

iD` E` RM `
2„c

0
B
B
B
B
@

0

p
3
2

cos !

cos !

1
2

cos !

sin !

sin !

p
3
2

1

cos ! C
C
1
C
cos
!
C
2
A
sin !

(33)

where the matrix R of Equation (27) has been used to calculate the vector cross products. The
magnetic moment matrix for the coupled system is then calculated as

M D M 0C

(34)

It should be pointed out that in the absence of electronic coupling, V D 0, the eigenvector matrix
is a unit matrix and the rotatory strengths of the excitations in the aggregate are zero because
D0` ? M0` . Using the eigenvector matrix of equation (24) for the coupled system in conjunction
with the electric and magnetic transition dipole vectors in (28) and (33) yields for the rotatory
strengths of the transitions in the coupled system
3
El RM ` D`2 sin ! cos !
2„c
3
R.E/ D
El RM ` D`2 sin ! cos ! (each component)
4„c

R.A2 / D

(one needs to use

(35a)
(35b)

M D M  to obtain this result because the rotatory strength, Equation (2),

requires the complex conjugate of the magnetic transition dipoles). For octahedral metal coorp
dination and a ƒ configuration, sin ! cos ! D
2=3. With E` D 2„c ,
Q Equation (20) is
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obtained.
The right hand panel of Figure 9 displays the results from a TDDFT computation of a (phen)3
aggregate (no metal atom present) in the same geometry as adopted in ƒ-[Os(phen)3 ]2C . The exciton CD couplet around 4.5 eV is readily apparent and compares well with the ƒ-[Os(phen)3 ]2C
complex (Figure 2). Also shown in the same figure is a spectrum obtained from the dipole coupling model introduced in this section, using the matrix method to couple all excitations in the
UV-Vis range up to about 6 eV that were calculated for a single phen ligand using TDDFT (essentially the data from the left panel of Figure 9). The agreement with the TDDFT computation
on the full system and with the [Os(phen)3 ]2C spectrum is very good, showing that the dipole
exciton coupling mechanism indeed describes the nature of these CD bands very well. Further
investigation in Reference 84 showed that at the relatively small inter-ligand distances adopted
in the complex the dipole-dipole interactions are not completely sufficient to describe the coupling. One should include higher multipole moments for more accurate results. The electronic
and electrostatic influence from the metal is also of some significance.

6

Survey of TDDFT computations of electronic optical activity

In this section a brief survey of recent theoretical studies is provided in order to illustrate the range
of applicability of TDDFT to a variety of problems. The survey is not intended to provide full
coverage of the literature (see Reference [19] for a more complete coverage of literature between
2005 and 2010) and, as previous sections, draws heavily from the author’s own work. The focus
is on TDDFT computations because of their practical importance in this area of research.
It has been noted many times that the energies of charge–transfer (CT) excitations may afford
substantial errors when calculated by TDDFT [37, 88–95]. The problem is particularly severe if
a local exchange-correlation (XC) potential is used to describe excitations involving a spatially

38

separated pair of occupied and unoccupied orbitals whose charge densities hardly overlap. Hybrid
functionals with range–separated exchange can effectively handle this CT problem [38, 93, 94]
and are expected to work also for CT excitations in metal complexes. In these functionals, the
electron-electron distances r12 are split into a short and a long range part. The separation is used
in the exchange functional to associate the short range part with a local density functional and
the long range part with the non-local Hartree-Fock (HF) exchange orbital functional. Not all
excitations that are formally assigned as CT involve a long range transfer of electronic charge
[96]. For such situations, i.e. CT excitations between orbitals that partially or strongly overlap,
range separated functionals such as CAM–B3LYP which affords 65% (HF) exchange at large
r12 tend to perform well [93]. Often, in such cases global hybrids or non-hybrid functionals
also yield acceptable agreement with experiment [96]. If a CT excitation is truly long-range, a
range-separated functional that switches to 100% HF exchange at large r12 is preferred [94].
In HF theory, the exchange term in the energy eliminates an unphysical self-repulsion (selfinteraction) of the electrons. The replacement of HF exchange by a local DFT XC functional
in Kohn-Sham DFT creates a balance of self-interaction vs. electron correlation that is in part
responsible for the long success story of popular hybrid functionals such as B3LYP but also for
shortcomings that have been revealed, for instance, in calculations of response properties such as
excitation spectra, polarizabilities, NMR parameters, or optical rotation. Many of the currently
applied functionals have been developed during the 1990s. Therefore, an extensive review from
2004 by Rosa et al. [96] devoted to assessing the performance of TDDFT in calculations of
electronic excitation spectra of metal complexes remains a valuable guidance on the subject. For
more recent reviews see, for instance, References 38, 97, 98.
An issue with DFT calculations using non-hybrid, and to a somewhat lesser extent when using
standard hybrid functionals, is that metal - ligand bonds tend to be too covalent [99–101]. From
this follows that the LUMOs of complexes such as [Co(en)3 ]3C afford too much ligand character
and too high energies. Thus, the HOMO-LUMO gap is too large. Orbital energy gaps are zerothorder estimates for TDDFT excitation energy. Therefore, an overestimation of HOMO–LUMO
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gaps is expected to translate into overestimations of LF excitation energies in TDDFT. Other
excitations in a metal complex may be affected by the CT issues mentioned above. Indeed, in
TDDFT calculations of electronic excitation spectra of transition metal complexes (in particular
of 3d complexes) the performance of most currently popular functionals is sometimes good but
generally not stellar, and large errors for excitation energies of LF transitions have occasionally
been reported. For a selection of reviews, see References 38, 96, 97, 100. As an example, the
LF transitions of [Co(en)3 ]3C in Figure 2, which were calculated with a non-hybrid functional,
had to be red shifted by 6103 cm

1

or 0.7 eV in order to match the experimental band peaks.

Calculations for other CoIII reported in Reference 50 overestimated the LF excitation frequencies
by 2 to 8103 cm 1 .
Problems with accurately calculating LF transitions in metal complexes, in particular for 3d
metals, have recently been highlighted in Reference 78. The results obtained with non-hybrid
functionals for [Co(en)3 ]3C , [Rh(en)3 ]3C , and [Fe(phen)3 ]2C were comparable to those reported
previously in the literature [50, 56, 57, 75]. Computations for the CD spectrum of [Co(en)3 ]3C
in the frequency range of the LF transitions, using a variety of functionals, are shown in Figure
10. Compared to the spectrum shown in Figure 2, the non-hybrid functionals BP and PBE used
for Figure 10 produced CD bands at somewhat lower energies for two reasons: (i) The geometry
of the complex was re-optimized for the study reported in Reference 78 and it was found that
the LF excitation energies are sensitive to geometrical parameters. (ii) An approximation for the
functional derivative of the XC potential was used for the older calculation but not for the calculations on which Figure 10 is based. Nonetheless, the LF transitions calculated with non-hybrid
functionals are significantly overestimated in energy. HF theory, on the other hand, places the
first CD band at much too low energy and severely overestimates the energy difference between
the first two CD bands. It is noted that the HOMO-LUMO gap in HF theory is not a zerothorder approximation to the lowest LF excitation energy. The HF calculations for [Co(en)3 ]3C
afforded an orbital gap exceeding 15 eV. The hybrid functionals PBE0 and B3LYP, and rangeseparated versions thereof, yielded acceptable spectra without applying spectral shifts. However,
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Figure 10: Simulated Gaussian broadened CD spectra of ƒ-[Co(en)3 ]3C based on calculated
ligand-field transitions using Hartree-Fock (top) and TDDFT with different functionals. CAMB3LYP and LR-PBE0 are range-separated hybrid functionals with 65% and 100% Hartree-Fock
exchange, respectively, at large electron-electron separations. The relevant low-frequency part
of the experimental spectrum is plotted together with PBE0 and LR-PBE0 (bottom). Figure
reproduced from Reference [78] c 2011 with permission from Elsevier.
this very pronounced dependence on the functional highlights the balance of self-interaction and
correlation mentioned above, which makes it difficult to know in advance which functional performs best for difficult problems such as calculating accurate LF excitation energies in metal
complexes. Note that for the LF transitions of [Co(en)3 ]3C , where the participating HOMOs and
LUMOs have significantly overlapping charge densities, the effects from the range separation of
exchange (CAM-B3LYP vs. B3LYP and LR-PBE0 vs. PBE0) are very minor.
Another illustrative case is the low-frequency part of the CD spectrum of tris(phenantroline)iron(II), [Fe(phen)3 ]2C [51], shown in Figure 11. TDDFT computations with a variety of functionals have no apparent difficulties with reproducing intense exciton CD bands around 35 to
40103 cm

1

(not shown) similar to those of [Os(phen)3 ]2C (Figure 2) and [Ru(phen)3 ]2C (Figure

14). (The calculated intensities of the exciton CD bands may vary by about a factor of two de-
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Figure 11: Low-energy regions of calculated (TDDFT) and the experimental CD spectra of ƒ[Fe(phen)3 ]2C . Reprinted from Reference 78 c 2011 with permission from Elsevier. Gaussian
broadening with  D 0:13 eV. The density functional used to calculate the spectrum (left: B3LYP,
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Experimental spectra were obtained by Mason and Peart [81].
pending on whether a non-hybrid or a hybrid functional and what type of basis set is used.) The
lower energy range of the CD spectra of these complexes is dominated by CT and ligand-field
excitations involving the metal d orbitals. These are modeled well by TDDFT for the Os and
Ru complex. It is interesting to note that the experimental spectrum for [Fe(phen)3 ]2C in the low
frequency range has a different sign pattern than those for [Os(phen)3 ]2C and [Ru(phen)3 ]2C ,
indicating that the electronic structure around iron might be subtly different than those in the Ru
and Os complexes. Further, calculations with non-hybrid functionals produce very similar spectra for [Fe(phen)3 ]2C and [Ru(phen)3 ]2C [51] in the low-frequency range, yielding reasonable
agreement with experiment for the Ru but not for the Fe complex. The low-frequency part of the
CD spectrum of [Fe(phen)3 ]2C appears to be particularly sensitive to approximations in the computational model. The spectra of Figure 11 have been obtained with two different functionals and
two different geometries. The hybrid DFT computations (B3LYP) appear to be superior in the
sense that the sign of the first CD band matches experiment. However, if the spectra are shifted to
match the more intense band peaks, the qualitative agreement between simulation and experiment
is quite reasonable for the BP spectra apart from a positive CD band at low energy. Comparison
of the ‘stick spectra’ in Figure 11, indicating the number, location, and rotatory strengths of the
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Figure 12: Calculated and experimental CD spectra for two high spin CrIII complexes. Data
to prepare the figures were taken from Reference 74. Excitations below/above 40103 cm 1 were
shifted by -6/+6103 cm 1 for [Cr(en)3 ]3C . A global shift of -5103 cm 1 was used for [Cr(acac)3 ].
Spectra for the analogous CoIII complexes are shown in Figure 2.
calculated vertical excitations, demonstrates that the BP and B3LYP TDDFT computations have
little in common. The case of [Fe(phen)3 ]2C highlights the challenge of obtaining the right results for the right reasons. For the Fe complex, calculations performed with local HF potentials
and other functional combinations suggested that DFT self-interaction might be one of the more
dominant sources of error [51].
Some computational studies have been carried out for metal complexes with unpaired electrons. For instance, Vargas et al. [102] reported computations for [CoII (bipy)3 ]2C . Thulstrup et
al. performed computations on (bis(biuretato) spin triplet cobalt complexes [103]. In TDDFT,
a complication arises from the fact that the Kohn-Sham approach is based on a single determinant wavefunction for the noninteracting reference which may create problems with open-shell
ground states. Fan et al. [74] have investigated the CD spectra of high-spin trigonal dihedral CrIII
complexes for which a single determinant of the desired spin multiplicity for the ground state can
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be constructed. Two representative spectra from the study are shown in Figure 12 for comparison
with the spectra for closed-shell [Co(en)3 ]3C and [Co(acac)3 ] in Figure 2. Approximations in the
DFT / TDDFT treatment required shifts of the excitation energies similar to those used for the the
CoIII analogs to match the band positions of experiment and simulations. Apart from this issue,
the computations were shown to be a suitable aid in assigning the spectra. The d orbitals of CrIII
are spatially more extended than those of CoIII . This results in a larger ligand field splitting for
the Cr complexes and a concomitant blue-shift of the LF and LMCT transitions for Cr relative to
Co.
Applications of first-principles quantum chemical methods, mainly TDDFT, to calculate CD
spectra of large and structurally diverse metal systems have demonstrated that these methods
are mature and of great practical use, notwithstanding the impact of some of the theoretical approximations discussed above. A brief survey of recent work follows: Coughlin et al. [104] have
synthesized neutral iridium(III) luminophores and characterized the systems with the help of CPL
and CD spectra. TDDFT calculations of the CD spectra were performed for (MeOmppy)2 Ir(acac)
at the B3LYP/LANL2DZ level of theory. The comparison of simulated and experimental spectra
was favorable, predicting the structure to be a  configuration. To further support the assignment, calculations were also performed for a fac--Ir(pppy)3 complex for which the structure was
known (pppy = phenylpinenopyridine). In another study [105], Coughlin et al. considered UV-Vis
and CD spectra of Fe, Ru, and Zn complexed with a large enantiopure hemicage ligand. The excitation energies and intensities calculated with TDDFT agreed well with experimental data and
allowed to assign the configuration around the metal center. Armstrong et al. were able to assign
the absolute configuration of a nickel complex with three metal centers, Ni3 [(C5 H5 N2 )]4 Cl2 [106].
The absolute configuration was determined by comparing experimental and calculated ORD and
CD (BHLYP/LANL2DZ), and also with the help of vibrational circular dichroism. Each method
indicated the same (P)-helical structure for the enantiomer that has a negative specific rotation
at 589.3 nm. In the computational chemistry literature it is often emphasized that for a reliable
assignment of the absolute configuration of complex organic molecules by comparison of cal44

culations with experiment it is advisable to consider several chiroptical properties in order to
minimize potential detrimental effects from unavoidable approximations. Such concerted studies
are evidently also beneficial in coordination chemistry.
Helicenes are fascinating organic molecules. Due to their helical shape intense and low
frequency excitations they afford strong circular dichroism and specific optical rotations ranging in the thousands of degrees [107–109]. Tunable chiroptical properties of a number of helicene derivatives containing metal centers have been investigated in recent years by Crassous,
Autschbach, Reau, et al. [110–112]. For instance, organometallic helicenes incorporating metals such as Pt, Ir in the helical backbone have been synthesized and separated into enantiopure
samples [110]. X-ray crystal structures were also obtained. For the Pt-helicenes, TDDFT computations of CD spectra and optical rotations were carried out with the intent to quantify the
involvement of the metal orbitals in the optical activity of the helicene backbone. The combination of the 50% HF exchange global hybrid functionals BHLYP with a split-valence basis set
omitting polarization functions for hydrogen proved to be a reasonable compromise in terms of
accuracy and computational cost. The computed absorption and CD spectra in the UV-Vis frequency range matched well with experiment after a modest red-shift of 0.25 eV, as shown in
Figure 13 for the platina-helicene. The agreement between calculation and experiment is comparable to that for pristine [n]-helicenes with n equal to 5 and 6. [107,113]. The experimental molar
rotation of the Pt-helicene is [] = 8.2103 deg cm2 dmol

1

for the P configuration (589.3 nm,

dichloromethane). The computed gas phase molar rotation was 10.3103 deg cm2 dmol 1 . For
comparison, the molar rotation of pristine (P)-[6]helicene has been measured as 12.0103 [109].
The experimental OR is quantitatively reproduced by BHLYP/SV(P) computations. However,
the optical rotation is somewhat sensitive to the functional used, and relative deviations from
experiment on the order of 20% have been obtained with other combinations of functionals and
basis sets [108, 109]. The calculations for the platina-helicenes revealed significant participation
of the metal, in particular from Pt 5d orbitals, in the excitations in the UV-Vis spectral range,
rationalizing why the metallahelicenes displayed an intense phosphorescence.
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Figure 13: Left: CD spectrum of a Pd(II) bis(phosphole-[6]helicene) complex. Data to prepare
the figure were taken from Reference 111. Right: CD spectrum of a (P)-platina-[6]helicene.
Spectral data used to prepare the graphs were taken from Norel et al., Reference 110. TDDFT
computations with BHLYP/SV(P). Calculated spectra were red shifted by 0.25 eV.
Graule et al. [111, 112] reported syntheses and spectral data for metal - bis(phosphole[6]helicene) complexes. Calculated and experimental CD spectra for a PdII complex are shown
in Figure 13. The agreement between the simulated and the experimental CD spectrum for the
Pd complex is good. A relatively modest red-shift of 0.25 eV was applied to match the positions
of the first intense CD bands. An analysis of the computed spectrum showed that the intense
bands can be assigned to -to- * transitions within an extended  framework stretching across
the helicene and the phosphole groups. In Reference 112, Graule et al. investigated the reasons
for drastic difference in magnitude for the optical rotation and CD intensities seen for analogous
bis(phosphole-helicene) Pd and Cu complexes. The experimentally measured molar rotation of
the Pd complex is 23.1103 deg cm2 dmol 1 ˙ 2% but for the Cu complex it is 13.1103 ˙ 2%.
The calculations yielded comparable molar rotations. The analysis uncovered that the nature of
the metal (preferring square planar vs. tetrahedral coordination) dictates the conformation of the
ligand adopted in the complexes. In turn, the different relative ligand orientations adopted in the
Pd and Cu complex are the main reason for the very different optical activity, possibly due to
influence of inter-ligand exciton coupling.
Metal clusters pose unique challenges to first-principles theoretical calculations. However, in
recent years successful calculations of CD spectra of ligand protected gold clusters using TDDFT
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methods (defined here in a broad sense) have been reported. Garzón and collaborators investigated the origin of the optical activity of Au25 clusters protected by cysteine and glutathione
ligands [114]. Computations were performed for the cysteine system and agreed reasonably well
with an experimental CD spectrum for the glutathione cluster. TDDFT computations of CD spectra performed for Au14 (R-methylthiirane) suggested that chiral signatures might be observable in
the infrared and near infrared spectral regions for an ensemble of gold clusters passivated with
chiral adsorbates [115]. Provorse and Aikens [116] performed TDDFT computations for gold
clusters of the type [Au11 L4 X2 ]+ with X D Cl, Br, and L represents chiral mono and bidentate
phosphine ligands. The authors pointed out that their study was the first to demonstrate how the
optical activity of the metal core is sensitive to the presence and chiral arrangement of surrounding
ligands. Given the tremendous interest in clusters of gold and other metals, more computational
studies of this type are likely to be published in the coming years.
Rudolph and Autschbach recently performed concerted ORD and CD calculations for a set
of complexes ML3 where L = phen, bipy and M = Fe, Ru, Os, Co, Rh, Ir [84]. Representative
data sets are shown in Figures 14 for [Ru(phen)3 ]2C and [Ru(bipy)3 ]2C and in Figure 15 for
[Rh(phen)3 ]2C and [Rh(bipy)3 ]2C . The overall quality of calculated CD spectra for these types
of complexes has already been discussed in previous sections, but it can be noted that the experimental CD spectra of the Rh complexes are not well reproduced by the TDDFT computations
in the high frequency regime. The figures, in addition to TDDFT and experimental CD spectra, also show exciton coupling CD calculated by using the dipole coupling model discussed in
Section 5, with TDDFT data calculated for a single ligand as input. The agreement with the full
TDDFT spectra is favorable for the exciton coupling region. The calculated ORD for the four
complexes was obtained in two different ways: (i) Direct calculations of the OR parameter at
given frequencies, using a damping similar to how the ORD for [Co(en)3 ]3C shown in Figure 3
was obtained. (ii) Kramers-Kronig (KK) transformations of the simulated broadened CD spectra
(Equations (9)). The agreement between these calculations is excellent. For the Rh complexes,
experimental ORD curves are available. The agreement of the calculations with experiment is
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Figure 14: Calculated CD and ORD of ƒ-[Ru(phen)3 ]2C and ƒ-[Ru(bipy)3 ]2C along with experimental data taken from Reference 81. Calculated CD spectra were Gaussian-broadened using
 D 0:13 eV. For the KK transformation, the CD was Lorentzian broadened with the corresponding line width to match the damping parameter used for direct OR calculations. For comparison,
the exciton CD obtained from a dipole coupling model is also shown. Calculated data used to
prepare the plots were taken from Reference [84].
reasonably good in the sense that the sign pattern and order of magnitude match. The deviations
of the ORD in the high frequency regime are indicative of the deviations between the calculated
and experimental CD spectra. However, there appears to be a better mach for the ORD than for
the CD in this case. Overall, the calculations highlight that optical rotation and ORD are sensitive
molecular properties that require high level computational models.
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Figure 15: Calculated CD and ORD of ƒ-[Rh(phen)3 ]2C and ƒ-[Rh(bipy)3 ]2C along with experimental data taken from Reference 81. For further details see caption of Figure 14. Calculated
data used to prepare the plots were taken from Reference [84].

7

Concluding remarks

The outlook for theoretical support of inorganic and coordination chemistry in the optical activity arena is excellent. Quantum chemical computations rooted in first-principles theory can
be undertaken to model a large variety of systems and chiroptical properties successfully. This
chapter has focused on optical rotation, optical rotatory dispersion, and electronic CD, some
theoretical background, and a survey of applications. On-going method development is needed
to improve the computational models, but the available methods are clearly mature enough to
be of significant practical use. As long as the approximations used are physically well justified, quantitative agreement with experiment — although desirable — is not a necessary re-

49

quirement to draw meaningful conclusions from a theoretical study that will stand the test
of time. The computations presented here have been performed with a variety of commercial and free quantum chemistry packages. To name a few: Gaussian (www.gaussian.com),
ADF (www.scm.com), Dalton (http://www.mn.uio.no/kjemi/english/research/projects/dalton/),
NWChem (http://www.nwchem-sw.org).
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[41] Kuball, H.-G.; Höfer, T. Cirlcular dichroism of oriented molecules. In Circular Dichroism.
Principles and Applications, Second Edition; Berova, N.; Nakanishi, K.; Woody, R. W.,
Eds.; VCH: 2000.
[42] Claborn, K.; Isborn, C.; Kaminsky, W.; Kahr, B. Angew. Chem. Int. Edit. 2008, 47,
5706-5717.
[43] Pedersen, T. B.; Hansen, A. E. Chem. Phys. Lett. 1995, 246, 1-8.
[44] Hansen, A. E.; Bak, K. L. J. Phys. Chem. A 2000, 104, 11362-11370.
[45] Krykunov, M.; Autschbach, J. J. Chem. Phys. 2006, 125, 034102-10.
[46] Autschbach, J. page submitted.
[47] Byron, F. W.; Fuller, R. W. The mathematics of classical and quantum physics; AddisonWesley: Reading, Mass., 1969.
[48] Polavarapu, P. J. Phys. Chem. A 2005, 109, 7013-7023.
53

[49] Rudolph, M.; Autschbach, J. Chirality 2008, 20, 995-1008.
[50] Autschbach, J.; Jorge, F. E.; Ziegler, T. Inorg. Chem. 2003, 42, 2867-2877.
[51] Le Guennic, B.; Hieringer, W.; Görling, A.; Autschbach, J. J. Phys. Chem. A 2005, 109,
4836-4846.
[52] McCaffery, A. J.; Mason, S. F.; Norman, B. J. J. Chem. Soc. A 1969, 1428-1441.
[53] Mason, S. F.; Seal, R. H. Mol. Phys. 1976, 31, 755-775.
[54] Grimme, S. Calculation of the Electronic Spectra of Large Molecules. In Reviews in Computational Chemistry, Vol 20; Lipkowitz, K. B.; Larter, R.; Cundari, T. R., Eds.; John
Wiley & Sons, Inc.: Hoboken, 2004.
[55] Judkins, R. R.; Royer, D. J. Inorg. Chem. 1974, 13, 945-950.
[56] Jorge, F. E.; Autschbach, J.; Ziegler, T. Inorg. Chem. 2003, 42, 8902-8910.
[57] Jorge, F. E.; Autschbach, J.; Ziegler, T. J. Am. Chem. Soc. 2005, 127, 975-985.
[58] Fan, J.; Ziegler, T. Inorg. Chem. 2008, 47, 4762-4773.
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