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ABSTRACT  Lanthanide complexes exhibit interesting spectroscopic properties yielding
many applications as imaging probes, natural chirality amplifiers, and therapeutic agents.
However, many properties are not fully understood yet. Therefore, we applied magnetic
circular dichroism (MCD) spectroscopy, which provides enhanced information about the
underlying electronic structure to a series of lanthanide compounds. The metals in the M**
state included Y, La, Eu, Tb, Dy, Ho, Er, Tm, Yb, and Lu; the spectra were collected for
selected tetraphenylporphin (TPP) and octaethylporphin (OEP) complexes in chloroform.
While the MCD and UV-VIS absorption spectra were dominated by the porphyrin signal, metal
binding significantly modulated them. MCD spectroscopy was found to be better suited to
discriminate between various species than absorption spectroscopy alone. The main features
and trends in the lanthanide series observed in MCD and absorption spectra of the complexes
could be interpreted at the Density Functional Theory (DFT) level, with effective core
potentials on metal nuclei. The sum over state (SOS) method was used for simulation of the
MCD intensities. The combination of the spectroscopy and quantum-chemical computations
is important for understanding the interactions of the metals with the organic compounds.
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INTRODUCTION

Lanthanides include elements with atomic numbers 57-71,
and they often occur as M** ions. Their relatively large size
implies both rich coordination chemistry and a wealth of
energy levels, thus allowing for numerous applications.
Porphyrins' and their complexes containing these metals
can thus function as light-emitting or absorbing agents,
e.g., for biomedical diagnostics.? Lanthanides can also be
used as quantum dots® and the Forster resonance energy
transfer (FRET) makes them particularly suitable as fluores-
cent labels. Their complexes exhibit luminescence under
various excitation conditions, even yielding near-IR-emitting
materials,® and some lanthanide ions were investigated as
spectral converters for solar cells.® A nice application of
bright Eu complexes suitable for mitochondrial imaging
was described.” Previously, we found that the Raman optical
activity (ROA) of simple organic molecules rises by two
orders of magnitude when these make a complex with the
Eu®* ion,® potentially useful in detection of natural molecular
chirality and absolute configuration determination.’

The diversity of the lanthanides’ applications somewhat
contrasts with their similar chemical properties. To better
understand their electronic structure and chemistry, we
took advantage of a relatively complete series of the heavy
metals and their complexes with the tetraphenylporphin
(TPP) and octaethylporphin (OEP) ligands prepared earlier
(Refs. 10 and 11, respectively), and studied them by magnetic
circular dichroism (MCD) spectroscopy. Comparison between
compounds revealed the potential of MCD spectroscopy to
discriminate between rare earth metals and their binding
properties. It also provides insight into the properties of
the porphyrin ligands, almost universally used in heavy
metal chemistry.'?™1°
© 2014 Wiley Periodicals, Inc.

Although the complexes are not chiral, an external
magnetic field perturbs molecular symmetry and induces a
difference in absorption of the left- and right-circularly
polarized light, i.e., the MCD.*'6 Compared to unpolarized
spectra, such as UV absorption, the differential MCD tech-
nique provides positive as well as negative spectral bands.
MCD, similar to other chiroptical methods, is generally very
sensitive to structure and can thus yield detailed information
about studied systems.'”!® The application span of chiral
spectroscopic techniques including MCD has been greatly
broadened by the latest introduction of fast and accurate
computational techniques allowing one to simulate and
interpret the spectra.!%%

Itis true that in lanthanides the potential of ab initio modeling
techniques is rather limited. Relativistic methods necessary
to reveal the properties of such heavy elements are currently
being developed,?* but empirical approaches still dominate
in descriptions of lanthanide electronic states.?® Typically,
the crystal-field theory is adapted and the metal environment
is simulated by a series of empirical parameters.?¢~2® As such
an approach often lacks predictive capability, chiral spectra
can provide an additional motivation to quantum chemists
to consider implementation of advanced optical properties
at the four-component relativistic level of approximation.
In the present study, not directly exploring inner metal
electrons, the effective core potentials (ECP)?>*° within
Density Functional Theory (DFT) yielded the basic trends
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in geometry and spectral properties of the complexes. Note
that electronic transitions involving the porphyrin core
contribute most to the spectra, i.e., the participation of the
metals is limited. The sum-over-state (SOS) theory?? was
used for MCD spectral simulation, as it quickly provides
the spectral features with accuracy comparable to the
standard coupled-perturbed approaches.!??!

As is apparent below, in spite of the chemical similarity, the
complexes of individual metals do exhibit different MCD
spectra, as the metal bound to porphyrin perturbs the porphyrin
electronic system.

EXPERIMENTAL
MCD Measurements

We used TPP and OEP lanthanide acetylacetonate (acac) complexes
prepared and described previously'®!**! (Fig. 1). MS spectra and results
of the elemental analysis can be found in the Supporting Information. For
all complexes the molecular ion peak is always present and the MS profile
of all complexes is consistent. According to the elemental analysis, how-
ever, some complexes exhibit sulfur contents as a residuum from the
high-performance liquid chromatography (HPLC) purification process
with dimethyl sulfoxide (DMSO), which can thus influence the absolute
spectral intensities. According to personal communication with Prof.
Saito, residual water may also be present in the compounds.

All samples were dissolved in chloroform. The solvent was purified
before each measurement by a standard procedure using an Al,O3
column. A nonlanthanide element, Y, was also included, as it exhibits
properties similar to lanthanides. All investigated compounds and the
concentrations are listed in Supporting Table S1. Spectra of free acacH
(acetylacetone, CH3;-CO-CH,- COCH3) and TPPH, were measured as
well. The signal of acacH, however, was quite weak and reached the
UV region only.

The MCD and absorption spectra were measured at room temperature
with a Jasco J-815 spectrometer equipped with a 1.5T permanent magnet.
The samples were contained in a rectangular quartz cell of 0.1 cm optical
pathlength placed at the middle of the sample compartment. The spectra
were recorded for both magnet orientations in the 240-850nm range,
using 0.5nm resolution, 4s response time, and a scanning speed of
20nm/min. Three accumulations were averaged. Finally, solvent
spectra acquired at identical conditions were subtracted from those of
the samples.

Quantum Chemical Computations

Only the TPP-metal complexes were investigated computationally, as
preliminary tests suggested that the OEP complexes behave in a similar
way as TPP. To obtain realistic initial geometries, MOPAC>? software was
employed, using the PM7%® semiempirical method with the SPARKLE**
representation of the metal. The conformation of the phenyl groups was
chosen the same for all compounds, close to the lowest-energy structure
of bare TPP molecule (of Cy, symmetry, “rlr]” in Ref. 35). Previously, a
negligible effect of the porphyrin substituent conformation on the spectra
in the visible region was found.?

For geometry minimization the BPW91% and B3LYP*” functionals with
Pople-type 6-31G** basis set were used within the GAUSSIAN®® environ-
ment. Stuttgart effective core potentials® for the metals were used as

M-TPP-acac

M-OEP-acac

Fig. 1. Studied complexes, M =Y, La, Eu, Th, Dy, Ho, Er, Tm, Yb and Lu.
Chirality DOI 10.1002/chir

follows: Y(MWB28), La(MWB46), Eu(MWB52), Th(MWB54), Dy (MWB55),
HoMWB56), ErMWB57), Tm(MWB(58), Yo(MWB59), and Lu(MWB60).
For B3LYP, the PCM* dielectric model was used to simulate the
solvent. For the optimized structures the energy minima were verified
by computation of the harmonic vibrational frequencies, which were all
positive. Although started from C; symmetry, for DFT the complexes
usually minimized to structures of C, symmetry. In such a case, the
higher C, symmetry was employed for MCD spectra computations to
save computer time.

The absorption spectra were simulated using GAUSSIAN within the
time-dependent density functional theory (TDDFT)* at B3LYP/6-31G**
level of approximation. Only the results obtained with the PCM solvent
correction for chloroform are reported. They are closer to experimental
results, although qualitatively the outcome of the vacuum computations
was similar. The TDDFT transition energies (not orbital energies!) and
wavefunctions obtained by GAUSSIAN were used in our own programs
to obtain MCD intensities using the SOS method.?? The MCD intensities
were derived from the “B-terms™! computed for each % — j transition as:

80‘/97 Z Im

where &,4, is the antisymmetric tensor, d, is the degeneracy of the
ground state, E; is electronic energy of a state /, and m, and y, are
the magnetic and electric dipole moment components. Note that this
approach allows for A-term computation as well, via an arbitrary
perturbation of the degeneracy.?? Absorption and MCD spectral curves
were simulated using Gaussian band shapes 10nm wide (full width
at half maximum).

‘Within the vertical gradient approximation (VG)* possible effects of the
vibrational splitting of the lowest-energy electronic transitions (Q-bands)
were estimated for the Tb-TPP-acac complex using the FCCLASSES
program,*® working closely with the GAUSSIAN interface.
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RESULTS AND DISCUSSION
Calculated Geometries of the TPP Complexes

The metal-oxygen (M-O) and metal-nitrogen (M-N) distances
in the M-TPP-acac complexes as obtained by different compu-
tational models are summarized in Table S2 and Figure S2.
They compare well with available crystal data and previous
modeling studies.** Both the M-O and M-N distances
decrease rather monotonically with the atomic number in the
lanthanide series. The PCM solvent environment (chloroform)
in combination with the B3LYP/6-31G** approximation level
provides a nonsymmetric geometry (C;) for La, which reflects
the large bond lengths and relatively weak complexation
affinity of this metal. With the B3LYP/6-31G** method
the vacuum distances are shorter than for chloroform, and
the difference is on average only slightly larger for M-N
(0.003-0.007 A) than for M-O (0.002-0.004 A). As apparent
from the N-M-N angles (the last two columns in Table S2),
with increasing atomic number the angles become wider,
i.e., the metal is approaching the porphyrin plane.

Computed Effect of Metal Binding on Porphyrin Spectra

The expected absorption and MCD spectra of the free and
complexed porphyrin ligand are summarized in Figure 2, as
estimated at the B3LYP/6-31G** approximation level. The
vacuum TPP MCD and absorption spectra (top in Fig. 2A)
correspond to previous studies.'>?**> The addition of the sol-
vent environment (middle, Fig. 2B) significantly modifies the
spectra. The wavelengths of the Q-transitions (541 and
579nm in vacuum) are not much affected (544 and 580 in
CHCl;), while the main Soret band shifts more
(393 —-401nm). The intensity changes are larger, the
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Fig. 2. Computed MCD and absorption spectra (A) for free TPP, (B) TPP within the PCM (CHCl3) environment, and (C) Eu- TPP-acac complex.

absorption intensity of the “Qy” band (calculated at 544 nm)
grows if compared to the Qx band at 580 nm, and the Soret
band grows as well. In MCD spectrum the Soret “-/+” couplet
around 400nm becomes even more dominant, whereas
the signal around 349 nm diminishes. The relatively large
influence of the environment on MCD intensities was also
observed previously, for example, for ZnTPP complexes.*®

The main simulated TPP spectral features including MCD
band signs correspond to the experiment (Refs. 23, 45, and
the results below). The fine vibrational Q-bands’ splitting*>*”

is not comprised in the electronic model. Experimentally,
MCD and absorption spectra of TPP in benzene, for example,
exhibit a splitting of the Qy band to Qy; (~510nm) and Qyq
(550 nm) components, i.e., by 1426 cm™, and the Qx splits to
Qx;1 (~590nm) and Qx, (650 nm, by 1564 cm™).*® This corre-
lates with the experimental values of 516 and 551 nm for
Qy1 and Qyyp, and 591 and 647 nm for the Qx; and Qxo compo-
nents for TPP in CHCls.

The metal complexation of TPP in the Eu-TPP-acac causes
weakening of the signal around 350nm (Fig. 2C) and
strengthening of the Soret band at 410 nm. Additionally, the
Q-band split is reduced to less than 2nm, but its MCD
intensity increases. The near degeneracy of the electronic
states corresponds to the higher effective local symmetry
of the porphyrin in the complex, close to the C; (or Dy, if
we neglect the metal) point groups, as opposed to the Dy,
symmetry of free TPP. Note, however, that the metal is
above the porphyrin plane (the out-of-plane deviation is
about 1.6 A for La-TPP-acac, 1.1 A for Lu-TPP-acac; see also
the structure in Fig. 2 and the N-M-N bond angles in Table
S2), i.e., far from ideal planar arrangement.

Although the metals do influence the spectra, the strongest
transitions within the 200-800nm region originate almost
entirely in the porphyrin aromatic system. The extent to
which the metal modifies the LUMO and HOMO TPP
orbitals is shown for the Th-TPP-acac complex in Figure 3.
The largest changes between the orbitals in the free and
complexed TPP system seem to originate in a lowering of
the local TPP symmetry in the complex. Absorption and
MCD spectra simulated using other (6-31G, 6-31G*, and
6-31+G**, see Figure S1) basis sets are very close to those
obtained by 6-31G**, which is in accord with our previous
results on porphyrin derivatives.?

EXPERIMENTAL ABSORPTION AND MCD SPECTRA OF
TPP AND OEP COMPLEXES

The experimental spectra of the TPP-acac metal com-
plexes in the Soret and Q regions are plotted in Figure 4.
We also plot the MCD/absorption ratio, which enables a
better comparison of MCD spectral shapes. The division
also partially compensates for a possible experimental
error in concentration determination and sample impurities
(see Supporting Information). In particular, we suspect
that the Eu complexes were prone to decomposition, and
might be, for example, contaminated by the free TPP ligand.
Note that if decomposition products interfere in the same
spectral region, the interference may not be eliminated by
the division.

As predicted (Fig. 2), the position of the Soret band of
the free porphyrin (Fig. 4) shifts to longer wavelengths
(from 418 nm to 412-424 nm in experiment, depending on
the metal, 401 -407 nm in the calculation), and the MCD
intensity for the Q transitions (within 500-670nm) signifi-
cantly grows upon the metal binding. In experiment, the Q
region exhibits a rather complicated vibrational structure;
nevertheless, the calculated reduction of the Q-band split in
TPP upon metal binding is apparent, as the four strongest
bands in TPP are reduced to two in all the complexes.

In the Q-region, all the metals provide very similar
absorption and MCD signals. On the other hand, there are
clear differences in the Soret region, including absorption
and MCD intensities, and, in particular, in MCD band shapes.
The positive band at 415nm in free TPP shifts to ~421 nm in
the lanthanide complexes. It is accompanied by a shoulder
at 415nm increasing with the atomic number. Yttrium
behaves as Lu in this respect. Rather surprisingly, the increase
of absorption intensity is not monotonic with the atomic num-
ber in this case. The most absorbing Dy complex has the Soret
absorption and MCD about five times larger than for Tm.

The approximate computation based on the relativistic
pseudopotentials cannot capture all the fine differences be-
tween the metals, in particular the interplay between the in-
ner metal electrons and porphyrin electronic transitions.
Nevertheless, as shown in Figure 5, there is a reasonable cor-
relation between the calculated and experimental positions of
the absorption bands. Both the Soret and Q transition

Chirality DOI 10.1002/chir
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Tbh-TPP-acac

Fig. 3. The HOMO/LUMO orbitals (B3LYP/6-31G**) in the free TPP ligand (left) and the Th-TPP-acac complex (right).
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Fig. 4. Experimental absorption (bottom), MCD (middle, ratio MCD/abs at the top) spectra for the TPP-acac metal complexes.

wavelengths decrease with the atomic number, and the
B3LYP/PCM/6-31G** computation slightly underestimates
the observed changes. The OEP experimental data seem to
be closely following the TPP results, except for a relatively
large overall shift to shorter wavelength of the Soret
(424nm—404nm) and Q (656nm— 536nm) transitions,
given by the more restricted n-electron conjugation in OEP.

Chirality DOI 10.1002/chir

Except for the band shifts, spectra of the OEP complexes
are similar to those with the TPP ligand. The absorption and
MCD spectra of the OEP-acac complexes are plotted in
Figure 6. As for TPP (Fig. 4) the Q-transitions in the OEP
complexes are relatively indifferent to the nature of the metal.
The Soret band is thus the most sensitive spectral feature in
this respect. This is a somewhat counterintuitive finding, as
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vibronic splitting, not comprised in the theoretical model.
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Fig. 6. Experimental absorption and MCD spectra, and the MCD/abs ratio for the OEP-acac metal complexes.

the lowest-energy (highest-wavelength) transitions involving
frontier HOMO and LUMO orbitals are usually more sensi-
tive to the molecular environment.

The absorption differences in the Soret bands of the OEP
complexes are comparable to TPP. As for TPP, the positive
MCD Soret signal splits upon metal binding. However,
MCD differences between individual metals appear to be less
apparent for OEP than for TPP. Additionally, the highest-
wavelength (lowest-energy) absorption and MCD bands of
the OEP complexes (around 545nm) are stronger than the
second-highest wavelength one (~530 nm), whereas the relative
intensity ratio was found opposite for TPP. After the division,
the MCD/absorption ratios (top in Figs. 4 and 6) for TPP and
OEP are comparable again.

Lanthanum, available as the La-OEP-acac complex only,
provides some outstanding spectral features if compared to
the other metals. Its Soret absorption band and correspond-
ing MCD couplet are red-shifted to 417 nm, compared to
403-405 nm observed for the other metals (Fig. 6). This as also
predicted by the computation, albeit for the La-TPP-acac com-
plex and to a lesser extent (Fig. 5). Its absorption spectral pat-
tern in the Q region is also different in that, instead of the two
intense bands visible for the other complexes (~536/572nm),
four bands appear at 516, 552, 589, and 645 nm. The MCD signal
is very weak compared to the other metals. The richer Q signal
splitting can be deduced from the lowering of the symmetry of
the La complex (cf. Table S2), although we cannot currently
explain the experimental intensity pattern in detail.

Chirality DOI 10.1002/chir
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M-OEP-acac complexes.

Apart from the Soret and Q, we acquired the absorption
and MCD spectra also in the UV region (~200-400 nm, Fig.
S3). Similarly as for the two other regions, the UV transitions
are also sensitive to metal binding, but they do not appear to
be too sensitive to a particular metal type. Additionally, the
signal here is rather weak and prone to artifacts due to strong
solvent absorption. In general, however, the MCD features
are quite reproducible everywhere, e.g., different magnet
orientation providing nearly mirror-image spectra, as docu-
mented for the Dy complexes in Figure S4.

In Figure 7, selected experimental spectral intensity
features for the Q bands are plotted as compared for differ-
ent metals. We did not find any similar correlations for the
Soret band. This is in agreement with the computations
(Tables S3 and S4) providing for only minimal differences
for the different metals. For Q, however, the ratio of the
two strongest absorption bands seems to monotonically
increase/decrease with the atomic number for the TPP/
OEP complexes. On the other hand, the integrated

2x10* N
1x10

1x10°*

absorption intensity has an extreme around Z=6567 (Ib, Dy,
Ho). From the dependencies, we can deduce that the atomic
number plays a dominant role for the complexes’ spectroscopic
properties, although many factors can contribute. For example,
lanthanides with a higher atomic number bind stronger
to the porphyrin and acac ligands (Table S2). Also the
differences in atomic mass contribute to a different vibrational
splitting determining the fine intensity pattern, especially for
the Q transitions.

Vibrational Splitting of the Q Transitions

Finally, at least at a qualitative level, we attempted to obtain
an insight into the vibrational splitting of the Q transitions in
the ThTPPacac complex. A full interpretation of the vibronic
pattern is associated with many problems and requires
inclusion of the Herzberg-Teller®! and Duschinsky®? effects
relying on a complete harmonic description of the excited
state potential energy surface.*? Different contributions to
the vibrational splitting of the Q bands were analyzed in

s
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Fig. 8. Calculated absorption and MCD spectra of the Th-TPP-acac without (left) and with (middle) the vibrational structure for the two (red and blue) Q
electronic transitions; the resultant spectra are plotted by the black line. The normal mode displacement for the 1371 cm™ transition most contributing to the

splitting is indicated at the right-hand side.
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detail for the bare porphyrin moiety in Ref. 48. With respect
to the unsubstituted porphyrin analyzed therein, our
vibronic broadening is slightly larger due to vibronic transi-
tions associated with low frequencies. These are more
numerous because of the presence of the four phenyl
moieties in our molecule.

As is apparent from the calculated MCD spectra plotted in
Figure 8, the VG approach provides the basic split feature
observed in the experiment: the two electronic transitions
provide opposite MCD signs. Each state splits into two
vibronic bands. The vibronic progression is characterized
by a spacing between the two bands (518 and 559nm) of
about 1415cm™. The two states give negative (state 1) and
positive (state 2) components of a MCD couplet. This roughly
corresponds to the observation, although the intensity of the
lower-wavenumber band (~518 nm) is strongly underestimated
by the calculation (cf. Fig. 4). A more detailed analysis of
the vibrational progression reveals that characteristic normal
modes contributing most to the intensities largely involve
C=C and M-N stretching with frequencies of 1371 (displayed
in Fig. 8), 1537, and 1581 cm™. All of them belong to A
irreducible representation.

A more precise vibronic MCD model would have to include
the coupling between the two involved electronic excited
states, which are nearly degenerate (555 and 552nm). Cur-
rently, however, vibronic MCD calculation is possible only
for pure B-terms.*® In the future, time-dependent approaches
taking into account coupling between excited states may pro-
vide a better description.”® The progress of the MCD inter-
pretation technique can thus have a direct impact on
discrimination of the fine binding properties of the lanthanide
and rare earth metals.

CONCLUSIONS

We investigated MCD of a series of the porphyrin com-
plexes in order to estimate the potential of this spectroscopy
for analytical and spectroscopic studies of lanthanides and
other rare-earth elements and their interactions with organic
compounds. In spite of the structural similarity, specific
MCD and absorption features were observed for individual
metals as modifications of the porphyrin signal in the com-
plexes. The main trends observed in the spectra could be
interpreted on the basis of the DFT computations. In the lan-
thanide series (i.e., except for yttrium) many properties
strongly correlated with the atomic number. However, finer
spectral differences suggest a more complicated progression
of the electronic structure than a linear dependence. The TPP
and OEP ligands behaved similarly, with the largest differ-
ences in the Q region.

The vibronic theory available only recently provided a rea-
sonable understanding of the fine vibrational splitting ob-
served in the Q-branch. Overall, we find that the MCD
technique is a useful supplement of the absorption spectros-
copy. In spectroscopy and analytical chemistry of lanthanides,
differences in MCD spectral shapes can enhance resolution
of the metals and contribute to an understanding of their
structure and binding properties.
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