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Density Functional Calculation of the Electronic Circular Dichroism Spectra of the
Transition Metal Complexes [M(phen)k]?" (M = Fe, Ru, Os)

1. Introduction

Because of the presence of chiral molecules in living
organisms, optical activity is an important topic in chemistry
and biochemistry. Electronic circular dichroism (CD), which
measures the difference of absorption of left and right circularly
polarized light,
provides information on both the origin of the optical activity
and the electronic and geometric structure of chiral molecafes.
Since many transition metal complexes are chiral, CD spec-
troscopy is a very useful experimental method employed in the
characterization of such compounds as Well.

Theoretical approaches are very helpful in the assignment
and the interpretation of the CD spectra of chiral metal
complexed~14 Several decades ago, crystal field models were
developed to describe the d-to-d transitions at the metal center
(see refs 6, 7, 15, 16, and references therein). The exciton
coupling model was applied to excitations occurring within the
ligands of chiral metal complex&¥s2° and has been instrumental
for the assignment of absolute configurations, for instance o
tris-phenanthroline and tris-bipyridyl complexes, before single-
crystal X-ray structures became available. It is still widely
applied. A recent example is the analysis of “internuclear exciton
coupling” in polynuclear complexéd.However, these model
theoretical approaches have been cumbersome and/or restricte
to certain types of excitations and/or did not deliver accurate
results without imposing knowledge derived from experiment
onto the calculations. Until quite recenti§,24 no accurate first-
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The circular dichroism spectra of the tris-bidentate metal complaxfd(phen)]?t, with M = Fe, Ru, Os

and phen= 1,10-tris-phenanthroline, are investigated computationally, employing time-dependent density
functional theory. Good agreement with experimental spectra is obtained for Ru and Qs [Dséheny]?*
spectrum is analyzed in detail. It is shown how relativistic effects red shift CD bands where the Os 5d-orbital
participates to a large extent in the excitations. Further, the participation of the metal in thesdigand

exciton CD is determined to be of the order of 10%. Though solvent effects can have a noticeable effect on
individual transitions and rotatory strengths, they are demonstrated to have only a very small overall effect
on the resulting simulated CD spectra. PofFe(phen)]?*, the results are shown to be rather sensitive to the
choice of the applied hybrid and nonhybrid density functionals, and the optimized geometries based thereupon.
In particular, the sign pattern of the lower-energy part (up t0x330° cm™1) of the A-[Fe(phen)]>" CD
spectrum is difficult to reproduce. Some combinations of functionals and geometries yield good agreement
with experiment, but no “best” approach can be devised based on the available results. Possible sources of
errors in the spectrum of-[Fe(phenj]?" due to deficiencies in the functionals and the exchange-correlation
kernels are investigated.

principles theoretical calculations of complete (i.e., over the full
experimentally known energy range) CD spectra had been
carried out for chiral metal complexes. A preliminary calculated
DFT-based CD spectrum of [Ru(bip}d"™ was presented in
Figure 7 of ref 8 but no details of the method were given. To
our knowledge the spectrum was never published elsewhere.
The available first-principles studies have focused on organic
molecules. See, e.g., refs-289 for some recent developments
and applications. Because many of the best performing ab initio
methods are out of range for large molecules, time-dependent
density functional theory (TD-DFT), which combines compu-
tational efficiency with often quite reliable accuracy, has been
used in the cited studies. In ref 24, Diedrich and Grimme also
compared TD-DFT results to those obtained by a coupled-cluster
(CC2) and two multireference methods (MRMP2 and DFT/
MRCI) for a series of molecules including a tricarbonyl
pentadienatiron complex. For the transition metal complex,
CC2 was not applicable and perturbative methods were also
f found to be somewhat problematic. The TD-DFT results
appeared to be sensitive to the functional used. An acceptable
agreement of the low-energy part of the CD spectra with
experiment could be obtained with the B3-LYP functional. TD-
DFT was previously found to well reproduce excitation spectra
8f a number of chiral Ru complexé$but no CD computations
were carried out. For a recent overview of TD-DFT applied to
calculate excitation energies of transition metal systems see ref
31.

The CD spectra of various Co(lll) complexes as well as [Rh-

has turned out to be a powerful tool, which
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Further, we investigate the influence of relativistic corrections
on the CD spectra of 5d metal complexes, as well as basis set,
geometrical, and solvent effects. The compounds studied here
are [M(phenj]?" where M is either Os, Ru, or Fe, and phen
1,10-phenanthroline. This series of compounds is well-suited
for the purpose of this study because the CD spectra in the UV
vis energy range afford metal-to-metal (MM) d-to-d transitions,
metal-to-ligand (MLCT) charge transfer, exciton coupling CD
for the unsaturated ligand's—z" transitions, and increasing
relativistic effects in the metals’ valence shells along the series
Fe, Ru, Os. Current research interest in excited states of
compounds of this type, in particular with Ru, is signific&nt®
with proposed applications in many fields of chemi%tiyt also
materials scienc#, 3 biology** biochemistry!®> and medi-
cine34548 The present work is restricted to vertical singlet
excitations. Apart from the study of the circular dichroism of
[M(phen)]2" itself, though the interest for technological ap-
plications is not only in excited singlet but also triplet states of
such metal systems, our findings might assist other researchers
Figure 1. Optimized structure of the complex-{Os(phenj]*" as an by defining suitable computational models for computations of
example of the structure of the-[M(phen)|*" systems studied here. o) iitaiion energies and transition moments. CD spectra are more
difficult to reproduce qualitatively correctly than UwWis
similar TD-DFT computations, the same authors have later spectra because of the varying signs of the rotatory strengths.
extended the analysis of the optical activity in the d-to-d as Deficiencies in the computational models are thus more likely
well as the ligand-to-metal charge-transfer (LMCT) transition to lead to disagreement of simulated and experimental spectra.
regions to a larger series of tris-bidentate Co(lll) and Rh(lll)  The paper is organized as follows: In section 2 we outline
complexes?3 It was shown how configurational distortions  the computational details. Section 3 is devoted to the presenta-
of the ligands from a perfect octahedron are responsible for thetion and discussion of the computational results and the

sign and energetic ordering of the various CD bands, and how comparison with experimental data. We finish in Section 4 with
the TD-DFT approach can be used to validate or disprove some concluding remarks.

various older crystal-field theory based approaches. In all these

stud?es, the agreement wi_th experiment was found to be 5 Computational Details

semiquantitative at best. Differences of about a factor of 2

between calculated CD intensities and the experimental values Scalar relativistic computations of singlet excitation energies
were found to be typical for weak CD bands when using an and rotatory strengths, based on the zeroth-order regular
empirical recipe for the line width originally employed by approximation (ZORA) Hamiltoniaff>°were carried out with
Brown at al*3in 1971. The agreement was often better for more the 2004 version of the Amsterdam Density Functional (ADF)
intense CT transitions. Of course, the simulated CD intensity program packag®: >3 The CD functionality by Autschbach et
depends on the chosen line width, which in reality may or may al2654%5is an extension of the TD-DFT module in ADF
not vary significantly over the studied frequency range. How- previously developed by van Gisbergen, Baerends, & #.
ever, cases where experimental rotatory strengths are availablelypically, the 50 lowest excitations were calculated (in some
in the literature indicated that the calculated rotatory strengths cases 70) in order to cover the energy range of the experiments.
might indeed be somewhat too large for transitions involving Rotatory strengths are reported here based on the dipole-length
metal d-orbitals. expression. It has been shown previogalthat the dipole-

It was argued in ref 22 that deficiencies of the density velocity expression yields very similar simulated CD spectra
functionals might be responsible for sometimes sizable errors for metal complexes with the basis sets that we applied here.
found for the calculated excitation energies. On the other hand, When calculated from the dipole-velocity representation, the
the shape of the simulated spectra agreed very well with the rotatory strengths are gauge-origin independent. Though we did
experimental ones, which suggests that the main sources of erronot employ a gauge-including atomic orbital b&3igGIAO),
were rather the calculated excitation energies, not the rotatorythe similarity between the simulated spectra in dipole-length
strengths. A (very limited) comparison between Co(lll) and and dipole-velocity form in the common-gauge approach
Rh(Ill) indicated that nonhybrid density functionals might indicates that the results are likely not to change in a qualitative
perform quite accurately for systems with heavier metals, and sense when switching to a GIAO basis (i.e., the overall
that in addition to known problems, for instance with the appearance of the CD spectra will remain the same). It has
adiabatic exchange-correlation (XC) kernel to describe charge-previously been argued that “global” mixed electrinagnetic
transfer excitation®: the deficiencies in the functionals are likely  response properties, unlike chemical shifts, can be meaningfully
to cause errors for d-to-d transitions involving 3d metals. calculated within a common-gauge origin approach if basis sets

In this work, we apply TD-DFT to expand the still very are employed that are adequate to achieve good agreement
limited experience with the calculatierand ultimately the between theory and experimeéae?
prediction—of CD spectra for chiral metal complexes over the From the computed singlet excitation energies and rotatory
whole experimentally accessible energy range (here betweenstrengths, CD spectra were simulated as previously described
15 and 45x 10° cm™1). The question of whether TD-DFT in refs 22 and 26 in order to allow for an easier comparison
performs better for CD spectra of complexes of heavier metals with experimental data. The software used to simulate the
than for 3d metals has not been sufficiently investigated. Thus, spectra is available from our group’s WWW seré&ihe CD
we have decided to address this issue in the present work.spectra were calculated for the optical antipodes of the

[Os(phen),|**
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TABLE 1: Major Contributions (in %) from

Occupied—Unoccupied Orbital Pairs to the Transition
Dipole Moments of Some Excitations of [Os(pher)?"
(TZ2P/TZP Basis, BP Functional}

major contribution to transition

Le Guennic et al.

L [Os(phen)3]2+

Ae/Tmol™ em™
Rotatory Strength (x 0.2)/ 10 cgs

AE/ R/ dipole moment

no. sym 1®cm?* 104cgs MO—MO % assignment

A 1A, 14.3 33.87 195183 99 Os— x* phen

B 'E 16.9 48.22 35e>18a 45 Os— a" phen
19& - 37e 27 Ae X 6 (calc.)
19a - 366 25 Ae x 10 (expt.)

c E 17.4 45.16 19a—37e 58 Os—xa phen -500 . . . . . .

35— 18@ 23 15 20 25 30 35 40 45
35e—36e 15 AE/10%em’!

D 'E 20.6 —57.94 35e—>36e 64 Os—x phen Figure 2. Experimental and simulated CD spectrafofOs(pheng]?*.
35e— 18a 10 Calculated excitation energies and rotatory strengths are indicated by
35e—37e 11 line spectra. Rotatory strengths were scaled by a factor of 0.2. Calculated

E E 35.6 801.23 18a—36e 17 x phen— 7" phen excitations are blue shifted by 2:010° cm™%. The low-energy part of
34e— 193 13 the experimental (simulated) CD spectrum up to33L0° cm™? is
33e—36e 12 magnified by a factor of 10 (6). The BP functional for the exchange-

F A 36.5 —1315.9 33e—-36e 26 & phen—x" phen correlation potential, the ALDA kernel, TZ2P (metal)/TZP (ligands)
18a — 18a 12 basis sets, and a BP optimized geoemtry were used.
34e—38e 10

G 'E 38.9 82.52 32e-18y 42 mphen—z" phen work,?? the adiabatic LDA (ALDA) kernel has been used for

) 33e—19a 18 . the frequency-dependent linear response of the molecular
A, 392 —264.17 313893:318%@ 52% 7 phen— =" phen potential. In the TURBOMOLE computations, the respective
34e—38e 11 adiabatic exchange-correlation (XC) kernel consistent with the

I 1A, 428 —145.58 35e—4le 38 x phen— ' phen functional used for the exchange-correlation potential in the
3le—37e 32 and Os> " phen ground state calculation has been employed (either adiabatic

a See the MO diagram in Figure 9 for orbital energy levels and Figure GGA (AGGA,) or adial?atic hybr7id kernels): We havg applied
2 for labels A, B, C, etc. of the excitations. the Voskoe-Wilk —Nusair (VWN}¥ local density approximation

(LDA) combined with Becke-Perdew (BP8%°PerdewWang

experimentally studied species tonfigurations) and have thus ~ (PW91)°or the revised PerdewBurke—Ernzerhof (revPBE} "
been inverted. We have obtained overall reasonable agreemen@eneralized gradient approximations (GGAs), and the B3-LYP
with experiment when choosing a Gaussian line width parameter hybrid functional. Further, the asymptotically correct Kehn
o of 0.13 eV for all simulated spectra. Numerical data for the Sham potential “statistical average of orbital potentials” (SAGP),
experimental spectra were extracted from graphical material 2nd an effective exact-exchange potential, the Localized Har-
accessible in the literatute with the help of the g3data tree-Fock (LHF) potential®’ (cf. also refs 78 and 79), have
softwareS2 A frozen core tripleg doubly polarized TZ2P Slater ~ been employed along with the ALDA and adiabatic BP (ABP)
basis set was employed for the metal atoms in most of the TD- XC kernel. Both potentials have recently been successfully
DFT calculations, whereas the TZP basis set was used for N,applied to various response properties.
C, and H. Inner shells up to 4f, 3d, and 2p for Os, Ru, and Fe, Most TD-DFT calculations were carried out based on
respectively, were kept as frozen cores in the calculations (60, 9eometries optimized with ADF, using the BP functional and
28, and 18 frozen core electrons, respectively). The 1s shellthe TZ2P basis set W_ith frozen core (d_eltails are availa}ble in the
was kept frozen for C and N. Test calculations on [Coféh) Supporting Information). Some additional calculations for
have previously shown that while the values of the rotatory A-[Fe(phenj]** were performed based on a B3-LYP/TZVP
strengths and excitation energies change somewhat, there ar@ptimized geometry. FulDs symmetry was employed in all
no significant modifications in the simulated CD spectra when Calculations. For each excitatioh the composition of the
including additional polarization functions on the metal. The solution vectorF; of the TDDFT eigenvalue problem from
TZP on the ligands and the TZ2P basis sets on the metal appeafvhich the transition dipole moments are compuie#,>*in
to offer enough flexibility22 This has further been confirmed ~ terms of contributions from pairs of occupied and virtual MOs
by additional test calculations on [Os(phg&) for the present allows one a convenient and intuitive analysis of the results in
work. Because of the size of the complexes and the fact thatterms of “excitations” from occupied to virtual KokiSham
valence excitations determine the spectra in the-wié range, ~ Orbitals. The energy gaps between occupied and virtual orbitals
diffuse functions on the ligands are not expected to significantly Serve as a zeroth order estimate for the excitation enefyies.
improve the spectra. .Graphical representations of molecular orbitals were prepared
In addition to calculations with ADF, we have also carried With the MOLEKEL prograrf:©2
out CD spectra computations with the TURBOMOLE c&de
employing the CD functionality by Furche et?&#455The TZVP
basis from the TURBOMOLE basis set library has been used 3.1. General Assessment and Comparison with Experi-
in all calculations, along with a default 28 and 60 electron ment. In Figures 2, 3, and 4, the calculated excitation energies
relativistic effective core potentf® (ECP) for Ru and Os,  and rotatory strengths for the three complexes obtained with
respectively. Unless explicitly noted otherwise, results presentedthe BP nonhybrid functional for the exchange-correlation
in the graphics, Table 1, and the Supporting Information are potential and the ALDA kernel are shown in the form of a “bar
based on ADF calculations. spectrum”. Simulated CD spectré\d) are compared to the
Different density functionals were applied, as discussed in experimental specttain the same graphics. We have chosen
the next section. In all computations with ADF, as in previous A-[Os(phen]?" as our benchmark system to study the influence

3. Results and Discussion
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of various functionals, relativistic effects, solvent effects, and 600
the basis set. We will present a more detailed analysis in Section
3.7 but mention already that the (magnified) low-energy parts
of the spectra are dominated by MLCT excitations, whereas
the most intense pair of CD bands is in all cases due to ligand
o — sr* exciton transitions. The metal d-to-d transitions are
weak and do not contribute much to the main CD bands.

For the complexeaA-[Ru(phen)]?™ andA-[Os(phen))?™, the
agreement with experiment is very goeih fact much better
than with any of the CD spectra of transition metal complexes
previously presented in the literature. All main features in the -500 L A X20 (xp!) : ' s
experimental spectra are well reproduced by the computations, A
both for transitions formally |nvolv.|n.g only the ligands as well Figure 3. Experimental and simulated CD spectrafofRu(phen)]?".
as for those where the metal pgrtmlpates to a large exte.nt. FOlsee also the caption for Figure 2.

A-[Fe(phen)]2*, however, the signs of the three energetically

lowest CD bands are not correctly reproduced, indicating some 800
difficulties with the 3d metal. TD-DFT with nonhybrid func-
tionals has been applied successfully to model the electronic
excitations of many organic ligands in organometallic syst€ms.
Thus, when beginning with this study we did not expect
particular difficulties to model ther — z* region of the CD
spectra of the complexes considered here. The comparison of
our results with experiment for all three complexes indeed
supports this view.

L [Ru(phen),I**

Ae/Tmol™ cm™
Rotatory Strength (x 0.2)/ 10 cgs

Ae x 6 (calc.)

— calc.

[Fe(phen) I !
F === expt. ~

Ae/Tmol™ em™
Rotatory Strength (x 0.2)/ 1074 cgs

Nonhybrid functionals were previously reported to have -400 1 e X6 cale)
difficulties, for example, to reproduce chemical shifts of 3d -600 L L 2EX10 pt) . , ,
metals accurately, in particular for iron chemical shifts, 15 20 25 30 35 40 45

AE/10%cm™

Figure 4. Experimental and simulated CD spectrafofFe(pheng)?*.
See also the caption for Figure 2.

whereas chemical shifts of 4d and 5d metals are well (often
better) described at the nonhybrid DFT le¥eBecause the
rotatory strength occurs from considering a mixed eleetric
magnetic perturbation of the molecule it might be expected that oy petter with experiment than in our previous studies on
problematic cases in NMR calculations also pose problems in ¢y complexes where in particular the d-to-d transitions were
calculations of circular dichroism. When comparing the CD arestimated in energy by up to 1 eV {810° cm2).

spectra of the three complexes with experiment it is seen that e reason the experimental spectra for Os and Ru are

those parts of the CD spectrum of-[Fe(phenj]*" are not  haicylarly well reproduced by the computations here could
reproduced qualitatively correctly where metal 3d orbitals play e that d-to-d transitions do not contribute much to the CD bands
a major role (see analysis fox-[Os(phen]*" below). Thus, i, the pheg complexes. However, as already mentioned for 4d
our finding of good agreement with experiment for Ru and OS54 54 metals, nonhybrid functionals might be expected to yield
but not Fe is likely not just a mere coincidence with similar - more accurate excitation energies of transitions involving metal
experiences in computations of metal chemical shifts for 3d, y.orpitals than for the 3d metal Fe. This viewpoint is also

4d, and 5d metals. However, we will show in a subsequent gnnorted by a comparison of CD spectra of Co(lll) and Rh(1ll)
section that an agreement or disagreement with the experimentaln, ref 22 where the d-to-d excitations are the only contributors

solution spectrum oft-[Fe(phen]*" depends rather strongly (5 the low-energy CD bands. The results for Rh(lll) agreed much
on the optimized geometry, and that unfortunately the B3-LYP petter with experiment. On the other hand, the nature of the
hybrid functional does not perform better for all geometries than, jigand also plays an important role. For Co(agatt)e only Co

for instance, the BP functional. complex with unsaturated ligands among those that were studied
The overestimation of the rotatory strength for the low- in ref 22, we have in fact obtained by far the best agreement
intensity CD range up to about 32 10° cm™* appears to be  with experiment, similar to what is seen here for the tris-
typical. As already mentioned, we have observed this also in phenanthroline complexes of Ru and Os.
previous work? when assuming line widths that represent the  An important purpose of CD spectra calculations is to aid
CD intensity of the CT excitations reasonably well. We have experimentalists in the assignment of the absolute configuration
applied a global blue shift of 2 10° cm™ for A-[Os(phen)]?" of new compound®’ It is clear from the present results that
in order for the strongest CD bands to coincide with the forthe 4d and 5d metal complex the accuracy of (fast) nonhybrid
experimental ones. We believe that this shift rather corrects TD-DFT is good enough to assign the absolute configuration
systematic errors due to approximations in the exchange-of the complex, and the individual CD bands, with high
correlation potentials rather than unspecific solvent effects since confidence (if we did not know the absolute configuration). For
we have modeled solvent effects to some extent (see below)the Fe complex, on the other hand, the situation is not so clear.
and found only minor changes. To be consistent, the same globalFrom the knowledge of the nature of the strang— 7* CD
shift has been applied to the other two complexes for calcula- bands it would still be possible to assign the absolute config-
tions that use the same basis sets and functionals (Figures 3uration, but the low-energy part of the spectrum almost appears
and 4). This leads to slightly less good agreement with the as one calculated for the optical antipode. One reason -
experimental position of the most intense CD bands for the Ru (phen}]?" spectrum appears particularly incorrect in the low-
and Fe complex. However, it should be pointed out again that energy region is the applied shift. For the Fe complex, no or
the energies of the CD bands in all parts of the spectra agreeeven a slight red shift would yield better agreement with
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Figure 5. Simulated CD spectra foh-[Os(phen)]?*: (a) for different basis sets, (b) with or without relativistic effects, (c) with or without the
inclusion of the solvation (COSMO model) in the ground-state calculations, and (d) for different density functionals for the exchange-correlation
potential. In all cases ALDA kernels and BP optimized geometries were used. Calculated excitations are blue shifted b§® .. The

intensity of the low-energy part (below 326 10° cm™) has been scaled by a factor of 6. BP exchange-correlation potential for parels a
TZ2PITZP basis for panels c and d, and TZP basis for panel b due to the lack of a nonrelativistic TZ2P basis for Os.

experiment in ther — z* region. However, a red shift would  basis are twice as large as those calculated with the TZ2P/TZP
then predict the presence of a positive CD band belowk15 basis and thus overestimate the experimental intensities even
10° cm™1, which is not visible in the experiment. We will more. However, the overall shape of the simulated spectra is
analyze in a later section what the sources of errors for the Fethe same. Differences in the rotatory strengths occur mainly
complex could be. Our conclusions will be supported by results for the MLCT excitations where the use of the LDA XC kernel
from calculations employing the B3-LYP hybrid functional for in the ADF calculations might play a role.

potential and kernel as well as results from calculations with  3.3. Density Functional Issuesin Figure 5d, we present a

the LHF potential. comparison of various XC potentials for calculating the CD
3.2. Basis Set EffectsThe computed CD spectra of-[Os- spectrum of [Os(pheg]?". (Spectra ac in Figure 5 are based

(phen})?* for various basis sets are shown in Figure 5a. Though on computations with the BP exchange-correlation potential and
small differences remain between all the simulated CD spectra,the ALDA kernel.) It can be seen that the use of other gradient-
it can be seen that the largest effects result from adding corrected functionals for the exchange-correlation potential, such
polarization functions on the “heavy” (C, N) atoms of the ligands as PW91 or revPBE, does not imprever even significantly
(DZ versus DZP). Because the CD spectrum is dominated by change-the calculated spectra. Also, the use of the asymptoti-
valence excitations in a rather large molecule we do not expectcally corrected KohaSham potential SAOP does not lead to
substantial improvement by adding diffuse functions to the basis. any significant improvement. This is understandable because
Test calculations with additional polarization functions on the the accessible range of the CD spectra is based on valence
metal have confirmed previous findirf§shat the TZP or TZ2P  excitations whereas SAOP, though affording features other than
basis is sufficiently flexible for the metal because it can benefit just the asymptotic correction, differs from the GGAs mainly
from added flexibility provided by the ligand’s basis functions. in the shape and energies of rather diffuse virtual orbitals that
Regarding comparisons of the basis sets applied with ADF should not have a strong influence on the CD spectrum of
and TURBOMOLE, we should note that when using the same A-[Os(phen)]2". Likewise, for A-[Fe(phenj]>" the SAOP
functional (BP) for the exchange-correlation potential and the potential offers no improvement over the BP potential. Our
same kernel (ALDA) the simulated spectra obtained with findings here are in line with previous wotkwhere we also
TURBOMOLE and the TZVP basis agree very well with those found that for Co complexes CD spectra obtained with different
obtained with ADF and the TZ2P/TZP basis (despite small nonhybrid density functionals (VWN, BP, SAOP) all exhibited
differences in the excitation energies). They are therefore not similar errors when based on the same geometry.
shown. This also demonstrates that, as expected, the pseudo- Rosa et aP! have recently pointed out that the performance
potential and the scalar ZORA approach lead to very similar of hybrid functionals for excitation energies of 3d metal
relativistic valence orbitals for Ru and Os. For the Fe complex, complexes is all but consistent. However, considering the good
the differences are somewhat larger but not particularly sig- performance of B3-LYP for Fe chemical shifts that was reported
nificant when compared with the differences between both in the literatur& we might expect some improvement for the
calculations and experiment. For instance, the calculated CD A-[Fe(phen}]?"™ CD spectrum. In Figure 6 we display results
intensities in the low-energy range calculated with the TZVP for A-[Fe(phen)]?" obtained with the B3-LYP functional for



[M(phen)]2+ Circular Dichroism Spectra J. Phys. Chem. A, Vol. 109, No. 21, 2008341

1000 — T
800 - [Fe(phen),I**

800 T T T T T

[Fe(phen) I

600 -

Ae/1mol ! em™

Ae x 6 (calc.)

Rotatory Strength (x 0.2)/ 1074 cgs
Ae/1mol™ em™
Rotatory Strength (x 0.2)/ 1074 cgs

600 Ae X 6 (calc.)

Ae X 10 (expt.)
800 L L L L L L s -600 L L
15 20 25 30 35 40 45 15 20 25 30 35 40 45

AE 7 10% e AE/10% em™

Figure 6. Experimental and simulated CD spectra for [Fe(pkiéh) Figure 7. Experimental and simulated CD spectra for [Fe(pkiéh)
using the B3-LYP functional for the exchange-correlation potential and Using the LHF potential, ABP kernel, and BP geometry. See also the
kernel (TURBOMOLE, TZVP basis), and a BP optimized geometry. Caption for Figure 6. Calculated excitations are not shifted.
Calculated excitation energies and rotatory strengths are indicated by
line spectra. Calculated excitations are red shifted by>210° cm™. . .
CD intensity and rotatory strengths have been scaled as indicated in__The first, lowest energy, CD band of-[Fe(phen]*" in the
the figure. B3-LYP spectrum is due to the lowest energy excitation with a
sizable rotatory strength of-86 x 1074 cgs units. This
the exchange-correlation potential and kernel at the optimized excitation shows a strong mixing of occupied-to-virtual orbital
BP geometry. The simulated spectrum agrees better with thepair contributions (five, with weights of 53%, 27%, 8%, 2%,
experimental one, though the agreement is not as good as wha@ind 2% in the square of the transition vedtg). The occupied-
has been obtained for the other two complexes. It should be Virtual orbital energy differences for the strongest contributions
noted that a global red shift of 108 cm™* has been applied ~ (nos. 1 and 2) are more than 2 eV higher than the HOMO-
to achieve an overall reasonable matching of the CD band’s LUMO gap 28a — 50e, which corresponds to the third-largest
maxima. contribution with only 8%. This indicates a strong influence
In contrast toA-[Fe(phenj", the simulated CD spectra from the XC kernel. The symmetry of the lowest two transitions

based on the BP/ALDA calculations for the 4d and 5d complex motlhe pu_rﬁ B?I’D'LY.P calfulagonhlshEéAé|S ascen(_jlrllg (_err:erkg]]y
are very similar to their B3-LYP counterparts (and therefore 2\132 Izvel';nelcas ?/:/ger;ls;stﬁe I_S,E;-LtYleD Oteﬂ?ﬁ;n&ﬁh\?’#e 'Lt\BeP
not shown here). This result suggests that it is indeed thek | the other hand. vield.& p'th ians+/— Th
presence of the 3d metal that causes the differences. Moreover emel, on fhe other hand, yieldak With Signs - 1he

also theA-[Fe(phen}]2" experimentabpectrum is qualitatively é_xcnanons n bOth cases are C‘.’mposed from e|th_er a S'”g"? oce-
different from the other two in the low-energy region. Interest- virt MQ pair Con.trlbut|on ora mixing of such contributions with
ingly, the calculated GGA/ALDA spectra for all 3 complexes v?r?]/ S|m|Iarr1'(t))rb|taI energy dlffergrt;cgs, dufe to symmgt(rjy. !\Ionle
are qualitatively equivalent. This seems to suggest that importantgrtt)i tgrpg?(rslvxllgtshanq)llj:;r?:rggroggtlarggoggpsr,o?s?gctﬁgliaggrwﬁen
features which distinguish Fe from the other group 8 elements the B3-LYP kernel is used, which would s’hift the E-transition
are not contained in the approximate treatment of the electronic '

with negative rotatory strength below the lowest thansition
structure at the GGA/ALDA level. The fact that the spectra for . L : ; :
. ; : . th positive rotatory strength. Along with the discussion from
A-[Fe(phen)]?" are virtually identical when calculated with with posiiv y 9 9w ISCUSSI

ADF using the BP potential and the ALDA kernel and with the previous paragraph, we interpret these results such that the

. . i low-ener art of the\-[Fe(phen)]2 CD spectrum is caused
TURBOMOLE using the BP potential and the consistent BP P [Fe(pheny] P

.~ by rather subtle features in the response of the electronic
kernel (spectrum not shown here) further proves that missing structure that are described differently by an ALDA or AGGA
GGA corrections in the exchange-correlation kernel do not make | o q compared to an adiabatic hybrid-XC kernel
the main difference here. '

An important shortcoming of LDA as well as GGA exchange-

To further investigate this issue, we have carried out a correlation potentials is that they do not sufficiently cancel the
TDDFT calculation employing the ABP GGA kernel on top of  self-interactions of electrons contained in the Coulomb potential.
a B3-LYP ground state calculation. We do not assign physical The most pronounced effect of this self-interaction is the wrong
significance to the results of this calculation and consequently asymptotic behavior of LDA and GGA potentials. However,
do not tabulate them. However, this calculation allows us to the self-interaction affects the LDA and GGA potentials in all
obtain a rough estimate of whether the exact exchange contribu-regions of space, not only the asymptotic region. To analyze
tion in the hybrid-GGA kernel is mostly correcting the difference the effect of Coulomb self-interactions in the exchange-
between the nonhybrid and hybrid DFT orbital energies when correlation potentials on the calculated CD spectra, a calculation
evaluating the excitation energies, or whether there are morewith a self-interaction free KohaSham potential had to be
complicated (and important) contributions. When simulating a carried out. To this end, we have performed a computation on
CD spectrum from this calculation, not surprisingly a large red A-[Fe(phenj]?* employing the LHF potential developed by
shift of 1.25 eV (10.1x 10° cm™1) compared to the red shiftof  Della Sala and Gding”®77 (cf. also refs 78 and 79) together
2.0 x 10° cm™! of the pure (potential and kernel) B3-LYP  with the ABP kernel for reasons of consistency with the other
calculation needs to be applied in order to align it with the BP calculations with TURBOMOLE. The LHF potential is an
experimental CD bands. After shifting, however, the spectrum effective exact-exchange Kokisham potential and as such
is rather similar to the GGA CD spectrum and does not agree cancels the self-interactions of the Coulomb potential. The
with the experiment in the low-energy range. This means that resulting CD spectrum is shown in Figure 7 in comparison with
B3-LYP both shifts back the orbital energy differences and takes experiment. It can be seen that the— s* region of the
influence on the low-energy part of the spectrum. spectrum agrees very well with the spectrum obtained with the

Ae x 10 (expt.)
L
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BP potential and the ALDA kernel shown in Figure 4. However, .
the BP/ALDA spectrum had to be blue shifted byx210% cm ! goo | [Fe(phen);]

to achieve good agreement with experimental data. For the LHF/ | B3LYP/TZVP//B3LYP/TZVP
ABP spectrum a shift of only 0.5 10° cm~* would be required

for perfect agreement of the strongest CD bands, which is clearly
an advantage at this point. We have noted that the results with
the LHF potential show a slight dependence on which adiabatic
nonhybrid kernel is used. For instance, using the ALDA kernel
instead of ABP shifts the — z* CD bands by 0.5¢< 10° cm™1. -
However, there is little effect on the simulated CD spectrum L 42X 6 (calc.) )
otherwise. Results obtained with the adiabatic Becke88 exchange- | 4eX10 @at) . . .
only kernel are virtually indistinguishable from the ones obtained 15 20 25 30 35 40
with the ABP kernel. More important here is that the low-energy 800 T,
range of the LHF/ALDA and LHF/ABP CD spectra is also very | [Felphen);]
similar to that of the shifted BP/ALDA spectrum shown in BPITZVPIBSLYPITZVP
Figure 4, with an energetic ordering o/& and signst/— for 4001
the lowest two excitations that do not reproduce the experiment
qualitatively. Tentatively, therefore, though the analysis is
somewhat limited by the size and complexity of the systems,
our results suggest that the apparent failure of the nonhybrid
functionals for the 3d metal at the BP geometry is due either to
a superior treatment of electron correlation by the hybrid
functional or to self-interaction errors in the ALDA or AGGA
XC kernels, but probably not due to self-interaction errors of 15 2 s % % 4
the nonhybrid exchange-correlation potential employed in the 800 L. ' ' '
ground-state calculation. The calculation employing the B3-LYP | [Felphen),]

functional along with an AGGA kernel indicates that the LHF(ABP)TZVPIBSLYP/TZVP
differences in the B3-LYP and AGGA exchange-correlation a0r
kernelmight be more important for the present case.

3.4. The Influence of the Geometry.Because the CD
spectrum is caused by contributions of varying sign, the
energetic ordering of the excitations is crucial to obtain a
qualitatively, let alone a quantitatively, correct calculated
spectrum. Obviously, fon-[Fe(phen)]?" in particular, small
differences in the lowest excitation energies matter. Therefore,
the question arises whether small changes in the geometry of

the Fe complex might lead to a different performance of the Figure 8. Experimental and simulated CD spectra for [Fe(pkénh)

various functionals. ) ) ) at the B3-LYP optimized geometry: (a) B3-LYP potential and kernel;

The BP geometry compares very well with available single- (b) BP potential and kernel; and (c) LHF potential and ALDA kernel.
crystal X-ray diffraction dat&%8” For instance R(Fe—N) = See also the caption for Figure 7. Calculated excitations are shifted by
1.972 A (calcd) vs 1.978 (exptl, ref 86) or 1.97 (exptl, ref 87), —2 x 10°cm* for panel a andt1 x 10° cm™* for panel b. No shift
N—Fe—N angle (cis, same pher) 82.6 (calcd) vs 82.6 (ref ~ Was applied for panel c.

86) or 82.9 (ref 87), N-Fe—N angle (trans, opposite pher) Table S3 in the Supporting Information lists the irreducible
175.#4 (calcd) vs 175.2 (ref 86) or 176.3 (ref 87). For representations and energies of the highest occupied and lowest
comparison, the optimized geometry faf[Fe(phenj]?* at the unoccupied KohaSham orbitals ofA-[Fe(phen]?* calculated
B3-LYP/TZVP level yields values of 2.037 A, 82,3nd 174.4, with different exchange-correlation potentials based on the two
respectively, which do not compare as favorably with the X-ray geometries optimized (using the BP or B3LYP functional,
structure data. On the other hand, there are some uncertaintiesespectively). In general, it seems difficult to relate the different
as to what degree crystal packing compared to solvation affectsshapes of the calculated CD spectra to the corresponding
the structure, which is relevant since we are comparing with electronic structure descriptions. However, it may be worthwhile
solution spectra obtained at room temperature. Nonetheless, theo note that the low-energy part of the spectra is critically
simulated spectra based on the B3-LYP geometry that areinfluenced by a transition labeled 7E, which can be projected
displayed in Figure 8 show, in comparison with the BP-geometry on a transition from the 28aoccupied orbital to the 53e
spectra in Figures 3, 6, and 7, that the small geometry changeunoccupied orbital. The energy of the 53e virtual orbital is
between BP and B3-LYP has a profound impact on whether almost 0.3 eV lower in BP//B3LYP than in BP//BP, while all
the low-energy range of the CD spectrum agrees qualitatively the other orbital energies differ by usually less than 0.1 eV.
with experiment or not. In particular, the B3-LYP spectrum The concomitant change in the electronic transition energy may
obtained at the B3-LYP geometry is not as favorable anymore, partly be held responsible for the notable differences of the two
whereas the BP spectrum now agrees quite well with experi- corresponding spectra.

ment, except for the underestimation of the CD intensity in the  The pronounced functional- and geometry-dependence of the
7 — 7* region at the chosen line width of 0.13 eV. The LHF-  A-[Fe(phen)]2" spectrum indicates that though there are likely
(ABP) spectrum agrees less well with experiment than the BP issues related to deficiencies in the XC kernel, this system is
one at this geometry, but better than the LHF(ABP) one obtained somewhat too sensitive to serve as an easy benchmark test for
at the BP geometry. a functional’s performance; i.e., the simultaneous dependence
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Figure 9. Orbital energy diagrams including and excluding relativistic effects (ZORA, BP functional, TZP basis) for the complex [QE{phen)
The orbital numbering excludes the 30 frozen core orbitals of Os. The orbital diagram[Ru(phen}]?" is almost quantitatively the same as the
nonrelativistic one for the Os complex. For the orbital energieA-¢Fe(phenj]>* see Table S3 in the Supporting Information.

of the CD spectrum on the geometric structure obscures thea comparison of the molecular orbital diagrams, Figure 9. Other
conclusions drawn from a comparison of various functionals at relativistic effects which are seen as a change in the energetic
the same geometry. It should be noted that similar conclusionsordering of the lower lying occupied orbitals 31e, 32e,,15a
regarding Fe NMR chemical shifts and their geometry and and 16a as well as the very pronounced shift of 40e (which
functional dependence were recently draéf#vD simulations has a large metal 5d character) are hardly visible in the simulated
including solvent molecules are currently performed by us to CD spectrum except for small changes in the maximum
elucidate whether the protocol “B3-LYP geometi$P spectra” intensities because they cause energetic shifts of CD transitions
is a reasonable pragmatic choice to simulate solution spectra,that are weak compared to the dominating> z* transitions
albeit unsatisfactory from a theoretical consistency viewpoint. which are not significantly altered by relativistic effects. This
With the sensitivity of the spectrum with respect to geometry also indicates that an indirect participation of the metal’s orbitals
changes taken into consideration, for instance, the success oin the x — 7* CD is either small or very little influenced by
nonsuccess of a particular combination of Ket8ham potential relativity.
and kernel with the geometry optimized including solvent effects ~ 3.6. Solvent Effects.In our previous work, ref 22, the
at the COSMO level would not be convincing without verifying influence of the solvent in the calculation of the CD spectra of
that a dynamical simulation including solvent molecules leads Co complexes has been investigated by means of the “COn-
to similar results. ductor-like Screening MOdel” (COSM&)? applied to the
3.5. Relativistic Effects.The influence of relativistic effects  ground state calculations. The solvent was water in all cases
on the calculated CD spectrum for [Os(phg#)is demonstrated  but one. It was shown that acceptable agreement of LMCT
in Figure 5b by a comparison of the simulated CD spectra with excitation energies with experimental spectra for some of the
and without relativistic effects included in the computation. highly charged complexes can only be achieved if the solvent
Because of the lack of a nonrelativistic TZ2P basis for Os we is considered in the calculation. For the well-studied “bench-
have used the TZP basis for all atoms in both calculations. The mark” complex [Co(ern3*, the solvent shift of the CT CD
main differences appear in the low-energy region where the CD bands obtained from such a continuum solvent treatment is
bands are mainly due to excitations involving metal d-orbitals. modest (about-2 x 10° cm™1), but for [Co(tn}]3*, it amounts
These bands are red shifted because of the decrease of theo almost 7x 10° cm~1, bringing the calculation into much
HOMO-LUMO gap corresponding to an expected relativistic better agreement with experiment. For less, e¥&n charged
indirect destabilization of the occupied metal d-orbitals (HOMO systems such as the ones calculated here and #thand+2
and HOMO-1). This relativistic effect is also clearly visible from charged systems investigated previodslhe simulated spectra
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are not strongly altered by the presence of the solvent. These 800

previous findings are corroborated by the present study. See T e e
Figure 5c for a comparison of th&-[Os(phenj]?t spectrum 600 ... anphen),
including and excluding solvent effects. A missing contribution = [ostphen
in the COSMO solvent treatment as presently implemented is
due to the electric polarization of the solvent’s electron density.
We expect this contribution to be negligible fei3 charged
systems and highly polar solvents such as water, and small to
negligible for lesser charged systems and the same solvent. A
demonstration that the solvent’s polarization is negligible for
the [Co(enj]®" spectrum in aqueous solution is under way in a

separate study, based on the discrete reaction field solvent 15 20 25 30 35 40 45
mode]91.92 AE/10%cm™

3.7. Assignment and Analysis of theA-[Os(phen)]?* Figl}f‘re 10. SimU|a|te(?| CDhSP(e)Ct)ra fo;[%S(?hE?iaG:(phere (Witfll
; ; i+ i~ a ghost atom replacing the Os), and the (phdigand system only.
/S\r_)[e(;:;r(urrr]ler'l]'g E ‘!etfilaltlscfcs)natzbelljrzzl)rﬁtl)ssto fs,;[rhoci]sel (E[E ttrr]aenigﬁgss il: See text for details. BP potential, ALDA kernel, and TZ2P(Os)/TZP-
P . L 9 y . (phen) basis. Calculated excitations are blue shifted by210° cm™
the CD spectrum into contributions from pairs of occupied  for consistency with Figure 2.

unoccupied MOs. The labeling of the transitions, A, B, C, ...,

and CD bandsg, g, v, ..., refers to Fi_gure 2. Starting at the e placed in the same position as\FOs(pheny]2+, with their
low-energy part of the CD spectrum, it can be seen that bandsgrpitals kept the same as in free phenanthroline (“‘unconverged”),
o, B, andy, up to about 25« 10° cm™*, are mainly due o (p) same as (a) but after letting the orbitals adapt to the trimer
MLCT, i.e., from Os d-orbitals to phenanthrolimé orbitals. (“converged”), (c) same as (b) but with the basis functions of
The CD band) is rather unspecific, with many small contribu-  Os (i.e. an Os Ghost atom) placed in the center (“Gh(gfgn)
tions of varying character. Bands ¢, and 6 are of course  and (d) for comparison the simulated spectrum for the full
dominated by the ligandst — x* transition, with the very complex A-[Os(phen)]2*. The low-energy part of the CD
intense circular dichroism of the E/F pair being due to the gspectra for cases-a (up to about 33x 10° cm™?) is caused
exciton coupling mechanism. The higher lying excitations have py n — z* transitions due to the uncoordinated nitrogen lone
again some MLCT character. pairs. Focusing on the — z* CD bands only, first we note
The TD-DFT-based analysis is in agreement with the detailed that there is virtually no difference between cases b and c, i.e.,
analysis based on experimental and model theoretical datathe basis functions of Os as such have no effect. That the metal
performed by Mason et al’,in particular regarding the MLCT  indeed participates to some extent in the exciton CD in bands
character of the low-energy CD bands and the nature of thee and{ is also rather obvious from Figure 10 (other than just
exciton CD band around 3% 10° cm L As predicted by a keeping the ligands together, of course). From the previous
coupling of the 3 long-axis polarized transition dipole moments analysis of CD band (excitation no. | in Table 1), it is seen
in a A Ds-symmetric configuration of the complex, the; A that the metal strongly contributes here, which explains why it
transition would exhibit a negative Cotton effect, the E transition is not present for cases-a. There is also a sizable effect from
a positive one (excitations E and F in Table 1). The dissymmetry the relaxation of the ligand orbitals when the three phen units
between the rotatory strengths shows that there is a significantare brought together to form the trimer, mainly visible as a
amount of interaction between the ligands. The splitting between strong increase in the intensity of the exciton CD due both to
the most intense transitions E and F is calculated here ag 0.9 an increase in the rotatory strengths as well as an increase of
10% cm L. An experimental average value quoted by Mason et 0.2 x 10° cm™! of the splitting between the nearest intense A
all7is 1.6 x 10° cm~1. Mason and co-workers have speculated and E transitions around 3% 10° cm?, along with a
about the amount of the metal’s participation in the— 7* concomitant red shift of 0.5 10° cm™™.
exciton CD, in particular via delocalization of the system
through the metal center, as well as about the amount of ligand4. Summary

interaction. From a model calculation, the met#ahand interac- In this paper we have presented a TD-DFT study of the CD
tion was estimated to contribute on the order of 10% to the spectra of the tris-phenanthroline complexes of Fe, Ru, and Os.
Davydov splitting. In Table 1, only the largest contributions to - The study has taken into account relativistic effects, which were
the transition dipole moments are listed, which sum up t0 42% gpown to have some impact on the position of the low-energy
and 48% of the total values for excitations E and F, respectively. p_cT bands of A-[Os(phenj]2*. Solvent effects (water) were
Rather small contributions from many other orbital pairs provide shown to be rather small for the-p) charged systems studied
the remainjng 58% and 52%, respectively, among those a]so anere (therefore, only data fox-[Os(phen)]2+ were presented
number with pronounced metal character. The contributions to demonstrate the small solvent influence). It does not appear
involving orbitals with a large Os 5d component (mainly the that the basis set requires diffuse functions or many polarization
occupied orbitals 19al and 35e, see Figure 9) add up to aboutynctions in the metal’s basis set. The CD spectra over the
8% for transitions E and F, showing that the metal definitely experimentally accessible range are caused by valence excita-
participates in these excitations by the same order of magnitudetjgns.
as predicted by Mason et al. long ago. Less important are \vith efficient and parallelized TD-DFT methods as those
contributions from virtual MOs with some Os 5d character applied here, it is possible to contribute theoretical support to
(mainly 36e, 20al, and 37e). the assignment of absolute configurations of large metal
To study these excitations further, we have performed complexes, and to the study of the electronic excitations of such
calculations based on the-[Os(phen]?* optimized structure, systems. Compared to previous investigations of CD in Co(lll)
but excluding the metal. Figure 10 displays the resulting complexes, the agreement with experiment achieved in this work
simulated CD spectra for the case that (a) the 3 phen fragmentss very good for the Ru and Os complex, no matter whether
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nonhybrid or hybrid functionals were used. The agreement with ~ Supporting Information Available: Optimized structures
experiment is comparable to, or even better than, for example, (Cartesian coordinates) for the complexes [M(pgEh)(M =
in a pioneering TD-DFT study of various helicenes of ref 25 Os, Ru, and Fe) and [M(bipy]f™ (M = Os and Ru) as well as
(where the agreement between theory and experiment was callegbart of the output from the ADF TD-DFT computations with
“excellent”). Most of the CD spectrum ok-[Fe(phen)]%" is detailed numerical data for the excitation energies and the
also described well by the computations. The nonhybrid rotatory strengths; orbital energies far[Fe(phenj]?+ obtained
functionals as well as the SAOP and the LHF potentials in with various XC potentials, kernels, and geometries. This
conjunction with an ALDA kernel do not reproduce the negative material is available free of charge via the Internet at http:/
sign of the lowest energy CD band in case the calculations arepubs.acs.org.
based on the BP geometry (which agrees well with crystal
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