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ABSTRACT: Magnetic circular dichroism (MCD) spectrosco-
py provides valuable information about electronic excited states
in molecules. The interpretation of spectra is however difficult,
often requiring additional theoretical calculations to rationalize
the observed signal. Recent developments in time-dependent
density functional theory (TDDFT) bring hope that the appli-
cability of MCD spectroscopy for chemical problems may be
significantly extended. In this study, two modern analytical
TDDFT implementations are compared and used to under-
stand experimental MCD spectra of a model porphyrin system
upon protonation. Changes in porphyrin geometry and electron-
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ic structure are related to MCD intensities by comparing the spectra of 5,10,15,20-tetraphenyl-21H,23H-porphyrintetrasulfonic
acid (TPPS) measured at different pH values with the TDDFT calculations. Although the theoretical results slightly depended on
the chosen exchange —correlation functional, the computations provided MCD curves that could well rationalize the experimental
data. The protonation of the porphyrin core causes marked changes in the MCD spectrum, whereas the role of the substituents is
limited. Also, different conformations of the porphyrin substituents cause relatively minor changes of the MCD pattern, mostly in
the Soret region, where the porphine and phenyl electronic transitions start to mix. The solvent environment simulated by the
dielectric model caused a shift (~20 nm) of the absorption bands but only minor variations in the absorption and MCD spectral
shapes. The study thus demonstrates that the recently available first-principles interpretations of MCD spectra significantly enhance

the applicability of the technique for molecular structural studies.

B INTRODUCTION

Magnetic circular dichroism (MCD) is a well-established
spectroscopic technique that measures the differential absorption
of left and right circularly polarized light in the ultraviolet, visible,
or NIR region." The chirality of the sample is induced by a static
magnetic field oriented along the light beam. Modern computa-
tions of MCD spectra are largely based on the theoretical analysis
of Stephens,* who analyzed the perturbed molecular wave func-
tion in order to derive expressions for the different interac-
tion mechanisms that contribute to observed MCD intensities.
Because of the complicated mathematics and limited computa-
tional tools, however, semiempirical interpretation approaches
have been preferred for a long time.”* There have been early
implementations of the MCD “B term” at the Hartree—Fock and
multiconfigurational self-consistent field levels of theory by Jensen
and co-workers®” and Coriani et al.,® as well as implementations
at the coupled-cluster level.*” A quasi-relativistic formulation was
applied to the CH;I molecule'® and other test systems.'' How-
ever, it is only recently that MCD simulations within the time-
dependent DFT (TDDFT) framework have been made avai-
lable'***in a few program packages,ls’16 allowing for calculations
on larger molecules.

Although the chemical and analytical applications of MCD
coupled with first-principles interpretations are still relatively
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rare, previous work has already demonstrated the potential of the
technique. For example, MCD helped to decipher the electronic
structure of vitamin B;,.'” Quite often, inorganic18 and organicw’20
metal complexes are studied.

In this work, we investigate how the combined theoretical and
experimental MCD spectra can be used for studying a typical
chemical reaction, the porphyrin protonation. The changes in
the electronic structure are reflected in the MCD spectrum.
As a model compound, the 5,10,15,20-tetraphenyl-21H,23H-
porphyrintetrasulfonic acid anion TPPS*™ and its protonated
form H,TPPS>~ were chosen as they are relatively small, rigid,
and very soluble in water (see Scheme 1).

The TPPS protonation mechanism and proton transfer in
porhyrins have attracted attention in several studies*' because of
the abundance of the porphyrin backbone in living organisms and
biomolecular structures.”” The porphyrin acid—base equilibria are,
in particular, important for physicochemical properties, such as
passive diffusion through the plasmic membrane.” TPPS itself was
proposed as a singlet oxygen generator and is thus suitable as a
drug for photodynamic treatment of certain cancerous tumors.**
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Scheme 1. Structure of TPPS* ™ and H,TPPS*~
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Figure 1. Definition of the phenyl dihedral angles.

Acidobasic properties of porphyrins can be important for this
process. For example, the interstitial pH in malignant cells (about
7.0) is lower than that in normal tissues (mean pH of 7.5).>

On the basis of titration experiments, the inner core porphyrin
nitrogen atoms were identified as the proton binding sites, pro-
ducing distinct changes in the absorption spectra.”® As discussed
below, this is also consistent with our experimental and theore-
tical MCD results. However, the environment had to be included
in the computation to balance the hydrogen charge. The polar-
izable continuum model (PCM) approach was chosen to account
for the solvent as it has been shown to give a fairly balanced
description of the MCD intensities of solvated molecules at a
reasonable computational cost.””

As the computations including the environment are quite
demanding, a simpler tetraphenylporphyrin subsystem was cho-
sen for some MCD computations performed at a higher level of
theory. The role of substituents was estimated from trial compu-
tations of MCD or absorption spectra. They influence the spectra
only in a minor way, in agreement with the observations made in
a CD spectral study.”® Finally, we explore the importance of
molecular flexibility, which could be included at least partially by
a computation of the phenyl group rotamers. Interestingly, some
parts of MCD spectrum were found to be quite sensitive to the
conformational structure.

SO3 0,8 SO;3

B METHOD

Experimental Section. Commercial TPPS (disodium salt,
Sigma-Aldrich) was dissolved in MilliPore water (pH ~ 6). The
pH was adjusted by 0.1 M HCl and 0.1 M NaOH to 2.7 and 10.0;
the TPPS concentration was 4 uM (40 uM for pH 10.0 and the
Q-band region). MCD and absorption spectra were measured at
room temperature with the Jasco J-815 spectrometer equipped
with 1.5 T permanent magnet. The samples were contained in a
rectangular fused silica cell of 1 cm optical path length, and the
spectra were recorded within 300—750 nm at 1 nm resolution, a
response time of 16 s, and a scanning speed of 5 nm/min.
Spectra of two accumulations were averaged.

Calculations. The Turbomole program®” was employed for
geometry optimization. Calculations were performed with the
BP86™ functional and def-TZVPP>" basis set using the resolu-
tion of identity (RI) approximation. The COSMO solvent model*
was used to describe the aqueous environment.

All'TPPS*” conformers differing by the phenyl group rotation
(Figure 1) were generated, which provided 2* = 16 structures.
Using the same notation as that introduced previously for tetra-
phenylporphyrin,® the conformers of unprotonated TPPS*~
were divided into five classes differing in symmetry, LRRL (C,,),
LRLR (C,,), LLRR (C,y), LRLL (C,), and LLLL (D,). The
latter two groups also generate enantiomers, that is, LLLL in our
convention also comprises RRRR and so forth.

The Gaussian software®* was used for calculation of the
electronic absorption spectra. The exchange—correlation (XC)
functionals tested for the TPPS system were B3LYP,*® BP86,°
BPW91,%° BLYP,*® and CAM-B3LYP?” functionals. The influence
of the basis set size on the absorption properties of the porphyrin
chromophore was tested on tetraphenylporphyrin (TPP) with
the 6-31G, 6-31G*, 6-31+G, 6-31+G*, 6-311++G™*, and cc-pVTZ
basis sets. The COSMO variant of the PCM solvent model was
used with the united atom topological model for the cavity
(UA0).>*

For theoretical MCD intensities, we used the SAOP func-
tional*® as implemented in the ADF'® program with the TZP basis
set. In addition, the intensities were also computed by Dalton"®
using the B3LYP/6-31+G* and B3LYP/6-31G approximation
levels and the IEF-PCM solvent model.* Although it is often
advocated to use the Coulomb-attenuated B3LYP (CAM-B3LYP)
functional for studies of excited states,*® in this work, we will
focus entirely on valence-excited states, for which B3LYP gen-
erally performs better.*'

Absorption spectra calculated with the Gaussian program and
the ADF MCD intensities were convoluted with a Gaussian curve
to mimic the experimental spectrum, with the full width at half
height corresponding to 0.1 eV (~20—30 nm). The Dalton
computation provides the spectral curves directly; the spectral
width was controlled by a damping factor of 0.1 eV, and excita-
tion energies were selected to provide 10 nm equidistant spacing
within the spectral range 300—700 nm.

B RESULTS AND DISCUSSION

Geometry. As previously reported for TPP,>* the phenyl
rotation barrier is quite low, and the differences in relative
conformer energies are small. Therefore, the Boltzmann equi-
librium of more conformers can be expected also for TPPS.
Calculated TPPS*" relative conformer energies and populations
at 300 K are summarized in Table 1. The lowest-energy TPPS*~
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Table 1. Calculated Relative Energies (E, kJ/mol) and
Boltzmann Populations (77, %, at 300 K) of TPPS*~
Conformers

conformer symmetry  degeneracy =~ E° EY E° Bt nt
LRLR C,, 2 0 0 0 0 44
LLRR Cy, 2 2.5 1.6 29 4.8 17
LRRL Cy, 2 28 04 27 52 13
LLLL D, 2 3.7 1.9 4.8 2.4 10
LRLL C, 8 5.9 4.4 2.4 1.2 16

“BP86/def-TZVPP/COSMO. bB3LYP/def—TZVPP/ COSMO single-
point energies for BP86/def-TZVPP/COSMO geometries. “BPW91/
6-31G*. “ For TPP, BPW91/6-31G*; ref 33.

Figure 2. Optimized (BP86/def-TZVPP/COSMO) geometry of
H,TPPS*".
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Figure 3. Calculated TPP absorption by several theoretical models
(variations of the default B3LYP/6-31+G*/COSMO combination are
indicated) and the experimental TPPS spectra.

conformer is LRLR, as for TPP.** Note that the conformer
populations are also significantly influenced by the entropic
degeneracy factor. In particular, the eight-times degene-
rate LRLL conformer is more frequent than a lower-energy
one, LLLL.
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Figure 4. Substituent influence: Calculated B3LYP/6-31+G*/COSMO
absorption spectra of porphyrine, tetravinylporphine, and tetraphenyl-
and tetra(sulfophenyl)-porphine.

The flexibility of TPPS*™ contrasts with that of H,TPPS*~,
where all of the LRLR, LLRR, LRRL, LLLL, and LRLL starting
structures converged to the same C,, conformer. This is caused by
the distortion of the porphine core induced by the protonation, which
enforces the conformation of the attached phenyl rings (Figure 2).

Geometries of TPPS*™ and H,TPPS>~ optimized with and
without the COSMO aqueous correction were quite similar, as
can be expected because the conformation is primarily controlled
by the nonpolar phenyl and porphyrin groups.

Functional, Basis Set, and Solvent Effects. The dependence
of the electronic transition energies and absorption intensities on
the choice of the XC functional (B3LYP, BP86, BPW91, BLYP,
and CAM-B3LYP), basis set (6-31G, 6-31+G*, and 6-311++G**),
and environment for the TPP test system can be seen in Figure 3.
The COSMO aqueous correction improves the position of the
Soret band (top part of Figure 3). The vacuum computation pro-
vides a maximum at 385 nm, which shifts to 404 nm, closer to the
experimental value (for TPPS) of 413 nm. Surprisingly, the “Q”
bands at ~570 nm are almost unaffected by the solvent; in por-
phyrin experiments, they are somewhat hidden in the back-
ground or overlapped by vibrational satellites.**** Thus, the two
maxima at 544/580 nm calculated with the COSMO solvent most
probably correspond to the 551/581 nm experimental signals.

The calculated dependence of the absorption spectrum on the
basis set size (middle part of Figure 3) is relatively modest, in
agreement with other studies on porphyrins.*> The smallest
6-31G basis set provides wavelengths lower by ~20 nm than
the larger ones; 6-31+G* and 6-311++G** basis sets give virtually
the same spectrum. The cc-pVTZ results (not shown) also do
not significantly differ from 6-31+G*.

The calculated results depend more strongly on the choice of
the functional (Figure 3, bottom); B3LYP provides transition
frequencies closest to experiment, whereas CAM-B3LYP gives a
too low wavelength for the Soret band; the GGA (BPW91 and
BLYP) functionals provide too high Soret wavelengths, and they
also overestimate the Q-band intensities.

Substituent Influence. Because the MCD computations are
time-demanding, we tried to find a simplified model of TPPS that
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Figure 5. MCD spectra of TPPS*™ and H,TPPS>: experiment
(bottom, solid line, measured at pH = 10 and 2.7 for TPPS*™ and
H,TPPS*", respectively; note the 30X intensity zoom at the higher-
wavelength part of the TPPS*~ spectrum) and the B3LYP/6-31+G*/
PCM (center, dashed line) and SAOP/TZP/COSMO (top, dotted line)
simulations.

could be calculated accurately. We therefore investigated the
influence of the distant groups on the porphyrin core absorption
properties. Although the orghyrin core sT-electron system is known
to be relatively isolated,**° it can be significantly perturbed by a
substituent. This can also be seen in Figure 4, where the absorp-
tion spectra generated for unsubstituted porphine and the vinyl,
phenyl, and sulphophenyl derivatives are shown. The plain
porphine spectra exhibit a negligible intensity of the Q bands,
and the Soret maximum is around 370 nm, clearly split into two
components. The vinyl substituent reduces the splitting and
causes a significant increase of the Q-band signal. Finally, the
phenyl and sulphophenyl residues provide almost the same ab-
sorption pattern. In comparison to the vinyl, both the Q and
Soret bands are shifted significantly to shorter wavelengths for the
phenyl derivative, closer to experiment. The intensity also differs
for phenyl and vinyl. We thus conclude that the phenyl analogue
can be used as a smaller model system that faithfully simulates
the spectrum of TPPS. This leads to a significant reduction of
computer time; still, about 5 days were needed for the calculation
of the absorption spectrum (2 GHz Intel 64 CPU).

MCD Spectra. In Figure S, the SAOP/TZP/COSMO (ADF)
and B3LYP/6-31+G*/IEF-PCM (Dalton) MCD TPPS spectra
are plotted. As in Figure 3 for the absorption spectrum, the GGA
functional represented here by SAOP provides transition wave-
lengths higher than those of the hybrid B3LYP functional. The
advantage of the B3LYP approach is apparent primarily for the Q
band, where the SAOP central wavelength is 60 nm higher than
that in experiment. Interestingly, the SAOP computation pro-
vided a much larger number of transitions in the Soret region
than B3LYP, as also noted previously."* Nevertheless, the result-
ing band shapes are similar, and both approaches provide reason-
able transition energies and realistic spectral patterns, that is, the
MCD band signs, if compared to experiment (Figure S). Inter-
estingly, both methods also provided rather overestimated inten-
sities for the Q-band MCD signals.

In principle, the MCD spectrum can be influenced by the
electronic structure of the molecule to a different extent than the
absorption spectra. Therefore, we tested the ability of our simpli-
fied TPP model to mimic the complete TPPS molecule by calcu-
lating the MCD spectra for the latter at a lower computational
level. The results are shown in Figure 6, comparing experimental
spectra with those calculated for the TPP and TPPS mole-
cules using the B3LYP/6-31G/PCM method. Clearly, the MCD
spectra as well as the protonation changes are quite similar for
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Figure 6. Comparison of calculated B3LYP/6-31G MCD spectra of
TPP/H,TPP** (top, dotted line) and TPPS*~/ H,TPPS*>~ (middle,
dashed line) with experiment (bottom, solid line, measured at pH = 10.0
and 2.7 for TPPS*~ and H,TPPS>", respectively).

LUMO

HOMO

Figure 7. Selected TPP and H,TPP** B3LYP/6-31+G*/COSMO
orbitals.

the two molecules. This gives at least some support for the notion
that the TPP B3LYP/6-31+G*/PCM computations reflect the
results that would be obtained at this computational level also for
the TPPS system.

The effect of protonation itself is nicely reproduced by the
calculations (Figures S and 6). Protonation at the lower pH
(right-hand side of the figures) causes an upshift of the Soret
(~by 20 nm) and Q-band signals and a significant increase of the
intensity of the Q-band MCD signal.

The protonation causes large geometry changes (cf. Figure 2).
Rather surprisingly, its effect on the molecular orbitals is limited.
Without a full quantum mechanical computation, we would not
be able to deduce any relation between the MCD changes and
the orbital shapes. For example, the HOMO—1, ..., LUMO+1
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Figure 8. MCD spectra of individual TPP conformers (top), the
Boltzmann average (middle), and TPPS*™ (bottom) experiment. Spec-
tra were calculated using ADF (SAOP/TZP/COSMO).

TPP and H,TPP*" orbitals are still very similar (Figure 7). The pro-
tonation in HyTPP*" induces a large involvement of the phenyl
rings in the transitions, and a 77-conjugation between the phenyl and
porphine electrons is enhanced by the deformation of the molecule.

The influence of conformer equilibria and molecular flexibility
(modeled by the rotation of the phenyl residues) on the MCD
spectrum displayed in Figure 8 is also interesting. Clearly, the
main MCD signal (the Soret band) is relatively independent
of the conformation. Surprisingly, the most conformer sensitive
part is the shortest-wavelength region (below 400 nm). For these
transitions, the HOMO/LUMO orbitals do not participate much,
whereas the phenyl electrons start to participate. As expected,
the lowest-energy conformer MCD spectrum or the Boltzmann
average shows the best agreement with experiment, although
the computation still overestimates the MCD intensity below
400 nm. To the best of our knowledge, the conformational de-
pendence of MCD was not explored so far. We plan a separate
study in the future dedicated to this aspect.

Bl CONCLUSIONS

We have shown that the protonation of TPPS leads to a
significant change of the MCD spectral pattern, reproducible by
quantum chemical computations. The SAOP functional with the
TZP basis set as implemented in ADF provides similar theore-
tical MCD curves as the B3LYP/6-31+G*/PCM method in
Dalton, and both were in agreement with experiment. The
energy pattern of the calculated electronic excited states signifi-
cantly differs for the SAOP and B3LYP functionals, but they
provide similar spectra, and comparison with experiment does
not allow us to discriminate between these different descriptions.
The MCD spectral profile was found to be more sensitive to
computational parameters, including the solvent model, basis set,
DFT functional, and porphyrin substituents, than absorption.
The side-chain rotation did not significantly disturb the basic
MCD patterns in the Soret and Q-band regions; however, it did
influence the finer spectral features.

The results convincingly show that MCD spectroscopy
coupled with ab initio computations can be applied to molecular
structural studies. For the porphyrin protonation, it provides
additional information about the electronic structure and geo-
metry in comparison to the absorption spectroscopy.
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