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Time-dependent density functional theory (TD-DFT) has been emfloyed to calculate the electronic circular dichroism

(CD) spectra of tris-bidentate iron group complexes [M(L—L)3]

* (M = Fe, Ru, Os; L—L = 2,2"-bipyridine). The

simulated CD spectra are compared with the experiment, and reasonably good agreement is obtained. In this study,
much effort has been made to interpret the exciton CD arising from the long-axis-polarized = — 7* excitations in the
ligands of the complexes. Metal—ligand orbital interactions as well as the origin of the optical activity of the exciton
transitions have been elucidated in connection with the detailed analysis of the TD-DFT results within a general model

that is applicable to similar chiral compounds.

1. Introduction

Electronic circular dichroism (CD), the difference in
absorption between left and right circularly polarized light,
has become one of the most popular chiroptical methods for
the elucidation of electronic structures, the assignment of
transitions, and the determination of the absolute configura-
tion of chiral molecules.' ~* Because no direct spectroscopic
method such as X-ray crystallography is readily available for
the determination of molecular structures in solution or in the
gas phase, chiroptical methods are often the only means by
which to determine absolute configurations of chiral coordi-
nation compounds.

Tris- or bis-bidentate complexes containing conjugated
ligands, typically bipyridine (bpy) and phenanthroline (phen),
exhibit intense CD in the UV absorption region that is
ascribed to ligand-centered (LC) transitions of the conju-
gated ligands. However, for complexes containing only one
of the conjugated ligands, e.g., [Co(en),phen]**, the CD in
the same absorption region was found® to be extremely weak.
The intense CD bands in the tris- or bis-bidentate complexes
were rationalized in terms of Coulombic coupling of the
ot— sr* transitions in the individual ligands. This is referred to
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as exciton theory, which was ﬁrst proposed by Kuhn etal® and

later applied by Mason et al.*” and Bosnich'®!" to bpy and
phen complexes. According to the exciton model, the CD
arising from long-axis-polarized LC transitions will appear
strongly positive at lower energies and strongly negative at
higher energies if the molecule has the A absolute configura-
tion. The theory has thus been used nonempirically for the
determination of the absolute configuration of the coordina-
tion compounds. Ziegler and von Zelewsky recently demon-
strated the application of this model to complexes with the
chiragen ligand family."

On the other hand, the metal-to-ligand charge-transfer
(MLCT) transitions in the visible region of the metal, espe-
cially ruthenium(II), polypyridyl, and related complexes, have
attracted much interest because of the properties of the
MLCT excited states and their proposed applications in a
wide range of areas such as photosensitizers in solar cells,"> ">
photoprobes and photoreagents for biomolecules,'®™ "
light-emitting devices.* %
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In this context, theoretical investigations on the photo-
absorption properties of these compounds would be worth-
while from both the theoretical and practical points of view.
Nevertheless, almost all of the early studies have focused
on the absorption properties of charge-transfer transitions of
the relevant complexes,> >® whereas theoretical studies of
the CD spectra are rather sparse.””>* In this paper, we study
the electronic CD spectra over the whole experimentally
accessible range for the model compounds using time-depen-
dent density functional theory (TD-DFT).*** The DFT
method, because of its accuracy and computational effi-
ciency, has in recent years become a popular approach for
calculation of the optical activity. It has been applied to
calculate the CD spectra of a number of transition-metal
complexes,****~* including the work on [M(phen);]** (M =
Fe, Ru, Os) by Autschbach et al.>* It is our purpose here to
give a detailed analysis for the [M(bpy);]*" (M = Fe, Ru, Os)
complexes. We hope by the present work to obtain a relation-
ship between the CD spectra of the [M(bpy)s]*" complexes
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and their geometric and electronic structures. We will further
compare our results of [M(bpy)s]*" to those of the previously
studied [M(phen);]*".

The term “exciton” is used throughout this work to
characterize all LC & — &* excitations. We might thus be
using this term more broadly than in the classical exciton
theory.

2. Computational Details

The calculations reported in this paper are carried out with
a modified version of the Amsterdam Density Functional
(ADF) package.>® The CD version by Autschbach et al.>' >3
is an extension of the TD-DFT in ADF developed by van
Gisbergen, Baerends, and co-workers.>* > We have used the
valence triple-¢ doubly polarized (TZ2P) Slater basis sets for
the metals and the valence triple-& polarized (TZP) orbitals
for carbon, nitrogen, and hydrogen. In all calculations, the
inner shell cores (1s on C and N and up to 2p, 3d, and 4f for
Fe, Ru, and Os, respectively) have been considered to be
frozen. Rotatory strengths were calculated by the dipole-
length formula. Rotatory strengths computed with this for-
mula are in good agreement with those obtained from the
dipole-velocity form. The 50 lowest-spin and symmetry-al-
lowed excitations were calculated for each complex. On the
basis of the computed singlet excitation energies, associated
oscillator, and rotatory strengths, the CD spectra have been
simulated and compared with experimental data. A reason-
able overall agreement with the experiment was obtained by
choosing a Gaussian half-width parameter o of 0.13 eV for all
of the simulated spectra. We should note that the bandwidth
is chosen here as an adjustable parameter in order to mimic a
real spectrum. We do not calculate band shapes from first
principles. Numerical data for the experimental spectra have
been extracted using g3data software.”’

Relativistic effects were taken into account by a scalar zero-
order regular approximation approach. All TD-DFT calcu-
lations are based on optimized geometries in D3 symmetry.
The Vosko—Wilk—Nusair®® local density approximation
(LDA()) with the Becke88—Perdew86 (BP86) gradient correc-
tions*>%" has been used in all of the calculations. Geometries
optimized by BP86 reproduce experimental structures well
for the complexes considered here. Thus, bond distances are
reproduced by 0.02 A and bond angles by 1°. The adiabatic
LDA kernel has been employed for the frequency-dependent
linear response of the molecular potential. Experience has
shown that excited states lying well below the Kohn—Sham
continuum can be properly described within the adiabatic
approximation.®' % The present work is restricted to vertical
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Figure 1. Molecular level diagrams for [M(bpy)s]** complexes. The orbitals below the dotted line are occupied.

excitations. Vibrational effects have been neglected because
we expect them to be small for rigid coordinated molecules
like the tris-bidentate complex ions studied here.

3. Results and Discussion

In this section, results from DFT calculations on the CD
spectra and the electronic structure of the tris(bipyridyl)
complexes are presented. The simulated CD spectra are
compared to experimental findings® where such data are
available. CD bands in the experimental and simulated
spectra are in the following marked by Roman numerals
and alphabetic letters, respectively. For each system, the
positions of the computed excitation energies as well as the
sign and magnitude of the rotatory strengths are indicated by
a bar spectrum. Transitions that have the most important
contributions to a given CD spectrum are labeled with Arabic
numerals and discussed in detail later. In different complexes,
transitions due to equivalent one-clectron excitations carry
the same numbering in order to facilitate a comparison
between complexes. The results of the analogous phen com-
plexes are included in the Supporting Information. Compar-
isons are also made between bpy and phen systems.

3.1. [M(bpy);]**. Figure 1 displays the molecular orbi-
tal (MO) diagrams for all three bipyridyl complexes with
M = Fe, Ru, and Os. We see that the diagrams resemble
each other quite closely. In all three complexes, the high-
est occupied MOs (HOMOs; 3a; and 5e) are invariably
the t,,(d) set of the metal d orbitals that split into the a,
and e representations under D5 symmetry (see Figure S1
in the Supporting Information). The occupied orbitals
shown below the HOMOs have a dominant ligand &
character. They are made up of occupied 7 orbitals in a
free bpy ligand transforming as a, or b; in a free planar

bpy ligand of C,, symmetry (see Figure S2 in the Support-
ing Information). Symmetry combinations of the a,
ligand orbitals transform as a; and e under D5 symmetry,
whereas the b; symmetry combinations transform as
a, and e. The symmetry ligand orbitals are shown in
Table S1 in the Supporting Information. The dominant
contribution to the occupied MOs 4e and 2a, is the highest
occupied s orbital of bpy, shown as 2a, in Figure 2. The
lowest uoccupied MOs (LUMOs; 4a, and 6e) and the
orbitals above are ligand-based z* orbitals, except for
the ones labeled 8e in iron, 9¢ in ruthenium, and 10e in
osmium, which represent the metal do-based e, set. We
note, as expected, an increment in the t,,—e, crystal-field
splitting in going from iron to osmium. The LUMOs (4a,
and 6e) are made up of combinations of 7* orbitals (57 i =
1, 3), where each 7 transforms as b; under C,, symmetry
(Table S1 in the Supporting Information). The dominant
contribution from each bpy ligand comes from the lowest
unoccupied orbital shown in Figure 2 as 1b;.

The most important MOs for the interpretation of the
CD spectra are the HOMO—1’s (2a; and 4¢), the HOMOs
(5eand 3a;), and the LUMOs (4a, and 6e) of Figure 1. Itis
noted that the character as well as the trigonal splitting
pattern of the HOMO—1’s, the HOMOs, and the LUMOs
is in line with the prediction made by Mason based on
Hiickel calculations® for all three metals and by Daul
et al. on multiple scattering X, (MSX,) and Hickel
models® for the ruthenium and osmium systems. In the
iron analogous, however, the LUMOs were determined®”
to be the metal e, set rather than 7* ligand orbitals as
found here. Moreover, the authors found that the mixing
between the occupied metal t,, orbitals and the empty 7*
orbitals of the ligands was dominant, while the mixing
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Figure 3. Simulated (solid line) and experimental® (dashed line) CD
spectra for A-[Os(bpy)s]**. The computed excitations are blue-shifted by
2.0 x 10% em™ . The low-energy parts of both spectra are magnified by a
factor of 5. Theoretical excitation energies and rotatory strengths are
indicated by bars. The factor by which computed rotatory strengths are
scaled is indicated in parentheses of the right-hand scale.

between the t,, orbitals and the occupied 7 orbitals was
significantly smaller. We find from our DFT calculations,
however, that the t,, orbitals interact comparably with
both the occupied 7 and empty 7% orbitals. We see for all
three metals that the trigonal splitting of the metal t,,
levels places 3a; above Se (see Figure 1). This splitting is
determined by the interaction between dm and linear
symmetry combinations of ;t(2a,) or t*(1b;) on the bpy
ligands. The interaction between dor and sr*(1b,) is stabi-
lizing as w*(1b;) is empty. However, the D3 symmetry
combinations of 7*(1b;) transform as e and a,. Thus, the
dsr(e) component 5S¢ is stabilized while the dsz(a;) compo-
nent 3a; is unperturbed because of the lack of interaction
between dzr and 7*(1b;). On the other hand, the same
interaction leaves 6e above 4a, in energy as only the e
component of 7*(1b;) is destabilized whereas the a,
combination is unperturbed.

While the interaction between dsr and *(1b;) accounts
for the LUMO splitting 6e > 4a,, it is only one of the
factors responsible for the dzr splitting 3a; > Se. The second
factor is the interaction between dm and m(2a;). This
interaction is destabilizing as 7(2a,) is occupied. Further,
the symmetry combinations of 77(2a,) transform asa; and e,
so that both dsr(e) and dzz(a;) are destabilized. However, as
shown elsewhere by symmetry considerations,* the overlap

Figure 4. Simulated (solid line) and experimental® (dashed line) CD
spectra for A-[Ru(bpy)s]**. The computed excitations are blue-shifted by
2.0 x 10* cm™'. The low-energy part of the theoretical (experimental)
spectrum is magnified by a factor of 3 (10). See also the caption for
Figure 3.

between a; and dsz(a,) is twice as large in absolute terms as
that between e and dz(e). The interaction between dor and
m(2a,) will, as a consequence, add to the destabilization of
Se compared to 3a; and place the ligand-based MO 2a,
below 4e. We note that the trigonal splittings 3a; > Se and
6e > 4a, increase through the series M = Fe, Ru, and Os as
the metal—ligand orbital overlap increases in absolute
terms. In fact, we find for the 6e—4a, separations 0.10 eV
(Fe), 0.19 eV (Ru), and 0.26 eV (Os). The trigonal splitting
will play an important role in the assignment of the CD
spectra for [M(bpy)s]°". We shall before we proceed with
our assignment point out that the o-type orbitals on the bpy
ligands give rise to a number of symmetry combinations, as
shown in Table S1 in the Supporting Information. One of
these combinations involves the o(e) orbitals. The interac-
tion between o(e) and do(e) has a major contribution to the
do—d crystal-field splitting.

Figures 3—5 compare simulated and experimental CD
spectra. The relevant spectral information has been com-
piled in Tables 1—3. The agreement between theory and
experiment is good, especially for the ruthenium and
osmium systems. In all three spectra, the lower-energy
part (<30 x 10° em ") is ascribed, both theoretically
and experimentally,®2*~ 2831733 to MLCT transitions. Of
the MLCT transitions from the metal t,, levels to the
LUMOs of Figure 1, the three 1(A»), 2(E), and 3(E) are
shown to have considerable CD intensities. The three
transitions are largely due to the 3a; — 4a,, 5e — 4a,, and
Se — 6e one-electron excitations, respectively. The excita-
tions give rise to bands A—C in the simulated CD spectra
of the ruthenlum and osmium complexes after a blue shift
of 2 x 10° cm ™. They are assigned to bands I—III of the
experimental spectra (Figures 3 and 4). The simulated
spectrum for the iron system is very similar to those of the
heavier elements ruthenium and osmium in the low-
energy region. The only difference is that the excitations
for M = Fe are calculated to take place at lower energies.
In fact, the calculated bands A and B for iron are predicted
to be situated at frequencies not explored experimentally.
We denote for this reason the first observed band as 1l and
assign it to the simulated band C. On the other hand, we
assign the simulated bands A and B to two yet unobserved
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Figure 5. Simulated (solid line) and experimental® (dashed line) CD
spectra for A-[Fe(bpy)s]*". The low-energy parts of both spectra are
magnified by a factor of 10. See also the caption for Figure 3. The
numbering of the experimental spectrum starts with III to undertake the
similarity with that for M = Ru, and Os. It is assumed that I and II are at
lower energy than those recorded in ref 8.

Table 71. Calculated Excitation Energies and Rotatory Strengths for A-[Os-
(bpy)s]”*

one-electron excitation?

no. R* (107 cgs) AE” (10° cm™") symmetry® MO — MO %

1 +43.31 13.73 A, 3a; — 4a, 100
2 +175.92 16.82 E Se — 4a, 87
3 —125.31 19.87 E Se — 6e 83
4 +86.14 23.69 E 3a; — 8e 78
Se —Te 11
5 —142.26 26.72 E 4e — 4a, 43
Se — 8e 34
6 +384.46 32.22 E 4e — 5a, 67
2a; — 6¢ 12
7 +612.84 33.64 E 2a; — 6e 20
4e — Sa, 18
4e — 6¢ 16
4e —Te 13
Se — 5a, 12
8 —906.83 34.36 A, 4e — 6e 43
4e —Te 21
23.1 - 43.2 16
9 —136.31 39.30 E la; — 6e 20
3e — 6e 15
2a; — 8¢ 13
3a, — 6e 13

“Rotatory strength; for the degenerate E states, the rotatory strength
givenis the sum of the contributions from E, and E,.. b Excitation energy.
Symmetry of the excited state. “ Major contributions from one-electron
excitations to the transition.

bands (I + II) in the unexplored region below 16.0 x
10° cm™'. It is interesting to note that semiempirical
calculations®’ also predicted two spin-allowed MLCT
transitions in this region. Alternatively, the disagree-
ment of the CD results in this region might be due to a
reduced efficiency of the nonhybrid functional when it is
applied to the 3d metals.** This issue will be examined in
a later study. The emphasis of the present work is on the
interpretation and analysis of the origin of the exciton
CD. The simulation of the exciton CD seems not to
differ much whether or not use is made of pure or hybrid
DFT functionals.>* Thus, any problems one might find
with the MLCT transitions below 15 x 10* cm ™ in the
iron complexes are of little consequence for the main
objective in the current work.
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Table 22 Calculated Excitation Energies and Rotatory Strengths for A-[Ru-
(bpy)s] ™

one-electron excitation

no. R(107* cgs) AE(10°cm™") symmetry MO — MO %

1 +32.74 15.16 A, 3a; —4a, 100
2 +134.14 17.85 E Se — 4da, 89
3 —129.76 20.36 E Se — 6e 85
4 +68.99 24.58 E 3a; — 8e 81
Se —Te 10
5 —90.15 27.02 E 4e — 4a, 62
Se — 8e 13
6 +334.98 32.29 E 4e — 5a, 69
2a; — 6e 11
7 +571.72 33.52 E 2a; — 6e 21
4e — Sa, 17
4e — 6e 16
4e — Te 14
4e — 4a, 11
8 —860.19 34.19 A, 4e — 6e 45
231 - 43.2 19
4e —Te 14
9 —117.83 38.90 E la; — 6e 20
2a; — 8¢ 13
3e — 6e 12

“For a description of each column, see the footnotes in Table 1.

Table 23. Calculated Excitation Energies and Rotatory Strengths for A-[Fe-
(bpy)s]™™

one-electron excitation

no. R(107* cgs) AE(10*°cm™") symmetry MO — MO %

1 +21.47 13.74 A, 3a; — 4a, 100
2 +93.52 16.08 E Se — 4a, 89
Se — 6e 10
3 —100.60 18.09 E Se — 6e 85
4 +44.84 22.69 E 3a; — 9% 58
3a; — 8e 21
Se — 4da, 10
6 +338.90 32.14 E 4e — 5a, 69
2a; — 6e 11
7 +556.58 33.35 E Se — Sa; 32
2a; — 6e 16
4e — Te 14
4e — 6e 11
8 —1019.80 33.61 A, 4e — 6e 47
2211 - 4212 28
9 —57.31 38.50 E la; — 6e 27
2a; — Te 13
2a; —~ 9% 12
3e—Te 12

“For a description of each column, see the footnotes in Table 1.

The CD bands at about 35 x 10* cm™" are assigned to
the exciton excitations centered on the bpy ligands. We
shall shortly show that these excitations are polarized in the
plane of the ligand molecule along an axis connecting the
two N atoms. A satisfactory agreement between the theory
and experiment is obtained in this region for all three
complexes. The two CD bands have opposite signs, with
the positive one occurring at lower energy, in agreement
with the experimental CD spectra of the A enantiomer.

3.2. Comparison between [M(bpy);]*" and [M(phen);]*".
The MO diagrams as well as the main features of the CD
spectra for the three phen complexes (Figures S3 and
S5—S7 in the Supporting Information) display a close
resemblance to those of the analogous bpy systems as a
whole. The band assignments are basically the same for the
two ligand systems; the lower-energy part of the spectra
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arises from the MLCT transitions, while the higher-energy
part is due to LC exciton transitions. In general, the CD
spectra of the phen complexes exhibit a higher energy of
(0.5—1) x 10° cm ™' for the CT region and about 2 x 10°
cm~ ! for the exciton region compared to those in the
bipyridyl counterparts. Detailed information of the CD
calculations for [M(phen);]*" indicates a significant involve-
ment of the ligand-based LUMOs and HOMO—2’s
(instead of the HOMO—1’s due to the symmetry con-
straints) in the exciton region and the LUMO+1’s,
LUMO+2’s, and metal-based HOMOs in the MLCT
region.

It is noted that the band at about 25 x 10° cm ™' of the
simulated spectrum for [Fe(phen)s]* " is due to an almost
pure d—d transition. The band that is quite unique for this
metal is labeled x, and it is assigned to band x’ of the
experimental spectrum (Figure S7 in the Supporting Infor-
mation). The relatively high CD intensity of the d—d
transitions can be ascribed to metal—ligand (antibonding)
orbital interactions that result in (out-of-phase) mixing of
ligand st and/or o orbitals into the d orbitals. These ligand
contributions are responsible for that the rotatory strength
being nonzero. The mechanism by which formally forbid-
den d—d transitions gain their CD intensity has been
illustrated in the earlier publications of this series.****
The similar feature in the spectrum of the corresponding
bipyridyl complex labeled x’ (Figure 5) is ascribed to the
mixing of d—d transitions with MLCT and indicated as x in
the simulated spectrum. In the ruthenium and osmium
complexes, such d—d transitions take place as expected at
much higher energies and are likely hidden by more intense
internal ligand transitions.

4. Origin of the CD in Tris(bipyridyl) and Similar Complexes

We have shown in the previous section that the low-energy
part of the CD spectra for the tris(bipyridyl) complexes of the
iron group metals is ascribed to the MLCT excitations and
the high-energy part to the internal ligand 7z — 7* transitions.
The origin of the CD associated with MLCT excitations, in
general, has been addressed within a qualitative framework
developed elsewhere*® and will not be discussed again here.
We shall as a consequence in this section focus on the
mechanism that gives rise to the CD for the internal ligand
transitions. To this end, we first consider the individual 7 —
or* transitions on the free ligands.

4.1. Electric and Magnetic Allowed 7 — 7* Transitions
in the Individual bpy Molecules. In a single planar
m-conjugated molecule, e.g., 2,2'-bipyridine, electric transi-
tion dipole moments of the ;7 — 7 excitations are polar-
ized in the molecular plane and will be directed either along
the long axis ()') or the short axis (), as shown in Figure 2.
The primeis used to distinguish the local coordinate system
for the free ligands from the global one for the complexes.
It is noted that the long-axis-polarized transitions involve
ligand MOs belonging to different symmetries, thatis, a, —
by, while the short-axis-polarized transitions occur be-
tween orbitals of the same representation, that is, a, — a,
or b; — b;. On the other hand, the a, — b; transitions are
associated with a magnetic transition moment that is
polarized perpendicular to the molecular plane along the

(64) Fan, J; Ziegler, T. Ghizalics 2008, 20, 938-950.
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x" axis of Figure 2. It is then obvious that the &7 — x*
transitions in individual bpy molecules are optically in-
active because the associated electric and magnetic transi-
tion dipoles are perpendicular to each other.

In complexes [M(L—L);]"" where the coordination of
three ligands leads to a Ds environment, the coupling
between the transition moments on individual ligands
might give rise to nonvanishing CD. The CD can be
accounted for by contributions to the rotatory strengths
from individual transition moments as shown below.

4.2. Symmetry-Adapted Microstates Responsible for
the Exciton CD Bands in the [M(bpy)s]*" Complexes. It
follows from Tables 1—3 and Figure 1 that the major
contributions to the exciton transitions in [M(bpy)s]* " are
due to one-electron excitations from the occupied Lz-
based orbitals 2a; and 4e to the virtual Lz* levels 4a, and
6e. The L — Lar* transitions give rise to a number of
symmetry-adapted microstates, as illustrated in Table 4.
Because in this case the MOs 4e—2a; and 6e—4a, involved
in the excitations are largely made up of free ligand
orbitals 2a, and 1b; (Figure 2), respectively, the rotatory
strengths are primarily determined by (2as|u,/|1b;) and
(1by|my|2a,) on individual ligands with a given molecular
structure of the complex. It is noted that the transition
moments on the ligands are all symmetry-related and can
be expressed in terms of the transition moments on one
ligand. In doing so, the effect of moving the origin of the
magnetic transition dipole operator from the metal center
to the center of the ligand has been neglected without
changing the qualitative picture of the model. We can
then readily obtain the transition moments and rotatory
strengths associated with transitions from the ground
state to the microstates (see Table 4 and Figure 6). In
the table, the coefficients of the symmetry ligand 7z
orbitals are omitted by further assuming that all of the
MOs involved are purely made of the ligand orbitals. For
a free bipyridyl ligand shown in Figure 2, (2a|u,/|1b;) and
(Iby|ly[2a5) are computed to be 2.397 and —0.2394,
respectively, in atomic units with g = ¥ and 1 = 2cm.
It then follows from Table 4 that, in the A configuration
of [M(bpy)s]** with0 < w < 90°, the rotatory strength of
the E transitions is positive while that of the A, transitions
is negative.

4.3. Origin of the Rotatory Strengths of the Transitions
Involved in the Exciton CD Bands. We note that excited
states might, in practice, be expressed as a linear combi-
nation of microstates having the same symmetry:

W, = Z Ci, (1)

The rotatory strength will therefore depend also on the
coefficients that mix symmetry-adapted microstates.

A — A, Transition. The overall A, excited-state wave
function can in accordance with Table 4 be written as

Wp, = C1Dip, + Cr D24, (2)

We then have

Ra, = Im(Ai|@|Az)-(Az|m|Ay)

—R(CHVIC) 3)
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Table 4. Transition Moments and Rotatory Strengths Associated with 7 — * Transitions from the Ground State to Excited Microstates in [M(bpy)s]**

microstates” wave functions”¢ [ \Aydet (Am|0)/ " R
1A, %(|2a14§2\ —|2a,4a,|) \/Zuy, cos V2my sin o 2u,ym.y sin @ cos ®
2A, 1(|4e 68| —|42,6¢,| —|4e 68, | + [42.6¢,|) 24, cos 2my sin w 4uymy sin o cos o
1E 1E, %(|4e"‘4§2| —|4e,4a,|) —uy sin My COS W —iymy Sin w cos @
1E, \%2(|4ex4§2\ —|de, 4as|) Wy sin @ —My COS w —yny Sin @ cos @
2E 2E. %(|4ex6éx\ —|48.6e.| —|4e,68,| + |4e,6¢,|) —ly Sin @ M, COS @ —ymy sin @ cos m
2E, 1(|4e,68,| — |48 6e,| + |[4e,68,| —|4e,6e,|) Uy Sin @ —mMy COS W —ymy sin @ cos ®
3E 3E, %(|2a16€x\ —|2a;6e,|) —ly sin @ Ny COS @ —Uymy Sin @ cos »
3E, JLE(|2a1 6¢,| —|2a;6¢,|) —uy sin My COS W —{ymy sin w cos @
AL(GS) |3a, 3@, Se, 5&, Se, 58|

“One-electron excitations involving open shells give rise to a number of (micro)states that are described by a symmetry-determined linear combination
of determinants. ” Refer to Figure 1 for one-electron MOs. © A one-electron transition y,0.— ;0. is represented by the Slater determinant [yap;| where all

of the other occupied ground state orbitals are omitted. In the same way, 1

transition to a microstate. ,uJ

B — B is represented by [yp;]. ?Electric transition dipole moment for
A, |1b efer to Figure 2 for single ligand orbitals 2a, an . agnetic transition dipole moment for
= (Qaslu, |1b;). ' Ref Fi 2 fi le ligand orbitals 2 d 1b;. 4 M dipol fi

transition to a microstate. " my = (1b,|my [2a,). ' Rotatory strength for transition to a microstate.

Figure 6. Orientations of electric and magnetic transition dipole mo-
ments associated with the long-axis-polarized x — 7* excitations in free
ligand.

with &% = —2u,m sin w cos w. The in-phase combina-
tion of the two microstates with C; = /1/3 and C, =
v/2/3 in anideal case gives rise to Ry, = —3 9%, which has
anegative magnitude for the A configuration. The out-of-
phase combination with C; = /2/3 and C; = l/
gives rise to a zero rotatory strength. For A- [Os(bpy)3 ,
C,:C, is found to be 0.4139:0.6470 from a TD-DFT
calculation using the Tamm—Dancoff approximation
(TDA).® This corresponds to excitation no. 8 of Table 1.
The rotatory strength associated with the out-of-phase
combination is considerably weaker and is not indicated
in the simulated CD spectrum.

A, — E Transition. Likewise, we have the wave function
for the E transition

Yg = C1 D+ Co @ + C3Pag (4)

and the rotatory strength for the E, component

1
Rg, :E%(C1+C2+C3)2 (5)

with & being the same quantity as defined in eq 3. The
rotatory strength for the E, component has the same
magnitude as that of E, in spite of the different MOs
involved. The E transition achieves a rotatory strength of
3% (positive for the A configuration) from the in-phase
combination of the microstates 1E, 2E, and 3E with C; =

(65) Hirata, S.; Head-Gordon, M. iy 1999, 374, 291-299.

C, = C3 = 1/\/§ in an ideal case. On the other hand,
the rotatory strengths would vanish in the theory for the
two out-of-phase combinations. In the real situation of
A-[Os(bpy);]*", a TDA calculation found the in-phase
combination with C;:C>:C5; = 0.3633:0.4552:0.4936,
which corresponds to excitation no. 7 of Table 1. Again,
the CD intensity associated with the out-of-phase combi-
nations is particularly small and is not indicated in the
spectrum.

The sign and qualitative intensity of the exciton CD in
[M(phen)s]*" can be interpreted in a similar way. In this
case, the important transition moments in a free phen
ligand (see Figure S4 in the Supporting Information)
involve (las|u,[2b;) (2.0722) and (2b|//[la) (—0.8915).
The coefficients that combine different symmetry-adapted
microstates vary in absolute value.

4.4. Energy Splitting of the A, and E Exciton CD
Bands. It is readily seen from Table 4 that the overall
sum of the rotatory strengths due to the A, and E transi-
tions canceled out, as is expected from the theoretical sum
rule.%¢-¢7 Therefore no CD should be observed if the A,
and E transitions occur at the same energy. This is certainly
not the case in the actual situation where transitions to
excited states of A, and E symmetry take place at different
energies (Tables 1—3).

Within the TD-DFT formalism, we ascribe the splitting
between states A, and E giving rise to exciton transitions
as being mainly due to the energy difference of the
MOs involved in the one-electron excitations. The orbital
energy differences are, in turn, caused by interactions
between the z-ligand orbitals and the d set on the metal
center as discussed in section 3. We expect, in addition,
the splitting to be influenced by overlaps between orbitals
on different ligands. For symmetry-adapted microstates
2A, and 2E, which both arise from the one-clectron
excitation 4e — 6e, two-electron Coulomb integrals are
responsible for the splitting.

On the basis of the orbital energy order in Figure 1, the
symmetry-adapted microstates are qualitatively pre-
dicted to have the energy order 1E(4e—4a,) < 1A»-
(2a;—4a,) < 2E(4e—6e) < 3E(2a;—6¢e) < 1A,(4e—6¢),
as illustrated in Figure 7. The energy order is due to the

(66) Condon, E. U. 1937, 9, 432-457.
(67) Sugano, S. jiekasit. 1960, 33, 18831884,
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Figure 7. Schematic microstate splitting for 4¢ — 4a,, 2a; — 4a,, 4¢ —
6e, and 2a, — 6e one-electron excitations in [M(bpy);]*". & = —2uymy
sin @ cos w.

fact that the 4e and 2a, orbitals are almost degenerate (see
Figure 1). We note that the A| microstate arising from the
4e — 6e¢ excitation has been omitted from Figure 7
because it is both electrically and magnetically forbidden.
In real situations where the overall A, and E states are
the combinations of symmetry-adapted microstates, the
energies then rely on contributions from different one-
electron excitations. From the spectral information com-
piled in Tables 1—3 as well as the coefficients from the
TDA calculations presented earlier in section 4.3, we see
that the A, exciton state has a major involvement of the
microstate 2A,, which has the highest excitation energy
among the five counterparts (Figure 7). Meanwhile, for
the E state, in most cases contributions from the three
microstates are comparable. We thus expect an energy
order of v(E) < w(A,) for the overall A, and E exciton
states, which is in line with the results obtained from
TD-DFT calculations.

Even though part of the argument made above is based
on the MO information of the bpy complexes, it is
generally applicable to the phen complexes and other
analogues that exhibit similar electronic structures.

Historically, the LC & — s* transitions have been
treated by the classic exciton theory.®!'*!" We present in
Supporting Information the relationship between our
model and the classic theory.

5. Conclusion

Electronic structures and CD spectra of bpy and phen
complexes of iron group metals have been studied using the
TD-DFT method. The spectroscopic properties of the com-
plexes are closely related to their electronic structures. From
the DFT calculations, the most important frontier orbitals
involved in the absorption region investigated include the
ligand-based 7 HOMO—1’s (2a; and 4e), the metal-based
HOMO'’s (5¢ and 3a;), and the ligand-based 7* LUMO’s
(4a, and 6¢) for the bpy complexes. In the case of phen
complexes, the orbitals of the same key are the HOMO—2’s
(1a; and 3e), the HOMO'’s (5¢ and 2a,), and the LUMO’s
(4a; and 6e). The trigonal splitting of these orbitals in the D;

Fan et al.

environment is elucidated in terms of the metal—ligand
orbital interaction based on symmetry arguments and the
overlap expressions derived earlier. These interactions give
rise to an increment of the trigonal splitting of the 7* LUMOs
in going from iron to osmium as a result of increasing orbital
overlaps.

As was just mentioned, the occupied metal d orbitals
(t, set) are situated between the ligand 7 and 7* orbitals on
the energy scale in all of the complexes studied. Accordingly,
the lowest-energy region of the CD spectra appears to result
from the MLCT transitions, in line with the experimental
assignment. This finding is, however, in contrast to the earlier
prediction from Hiickel calculations for the iron system in
which the LUMOs appear to be the metal-based e, set and the
first band of the absorption spectrum was assigned to the
d—d transitions. The higher-energy region of the spectra is
found to derive from the LC excitations. The two most
intense CD bands, also referred to as exciton CD bands,
show opposite signs, with the positive one occurring at lower
energy for the complex ion of the A configuration. The high
intensity of these bands is ascribed to the long-axis-polarized
o — r* excitations localized on the ligands. The sign pattern
of the two exciton bands, in connection with the TD-DFT
calculations, is rationalized by the orientation of the transi-
tion moments associated with the = — 7* excitations on the
individual ligands. It was further found that the energy
difference of the ligand orbitals, in particular the 7% LUMOs,
is responsible for the trigonal splitting of the two exciton
bands. The orbital energy difference is, in turn, due to both
metal—ligand and interligand bonding.

Tris(bipyridyl) metal complexes continue to play a significant
role in inorganic photochemistry. We have here provided the
first modern computational study on the CD of [M(bpy)s]*"
(M = Fe, Ru, Os) based on TD-DFT. Our study affords a full
analysis of the CD due to d—d and metal-to-ligand transitions
as well as the LC exciton excitations. Further studies on the
optical rotatory dispersion of [M(bpy)s]*" (M = Fe, Ru, Os)
and related complexes will be reported in a separate account,®®
where we will also consider the d—d transition region for iron
complexes described by different functionals.
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