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Abstract Ethylendiaminetetraacetic acid (EDTA) substituted
and diethylenetriaminopentaacetic acid (DTPA) substituted
aminated free-base tetraphenylporphyrins (H,ATPP) and the
corresponding lutetium(I1l) complexes have been studied com-
putationally at the density functional theory (DFT) and second-
order algebraic diagrammatic construction (ADC(2)) levels
using triple-¢ basis sets augmented with polarization functions.
The molecular structures were optimized using Becke's three-
parameter hybrid functional (B3LYP). The electronic excitation
spectra in the range of 400—700 nm were calculated using the
ADC(2) and the linear-response time-dependent DFT methods.
The calculated spectra are compared to those measured in
ethanol solution. The calculated excitation energies agree well
with those deduced from the experimental spectra. The excita-
tion energies for the Q, band calculated at the B3LYP and ADC
(2) level are 0.20-0.25 eV larger than the experimental values.
The excitation energies for the Q band calculated at the
B3LYP level are 0.10-0.20 eV smaller than the ADC(2) ones
and are thus in good agreement with experiment. The calculat-
ed excitation energies corresponding to the B, and B, bands are
0.10-0.30 eV larger than the experimental values. The excita-
tion energies of the By and By bands calculated at the B3LYP
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level are in somewhat better agreement with experiment than
the ADC(2) ones. The calculated and measured band strengths
largely agree.
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Introduction

Porphyrins and their complexes with metals are successfully
used for charge transport layers in electroluminescent devices,
nonlinear switches and as colorants, pigments, and drugs. The
lanthanide-porphyrin complexes can be utilized in medicinal
applications, because they have useful luminescent and mag-
netic properties [1]. The relatively low chemical stability in
comparison with many other metaloporphyrins and the very
small energy loss due to infrared (IR) luminescence are some
important properties for applications of lanthanide-porphyrin
complexes as luminescent probes. The design of new stable
lanthanide-porphyrin complexes is therefore one of the active
research fields of modern porphyrin chemistry. A deeper
knowledge of relations between optical properties and their
molecular structures is of central importance when aiming at
the design of lanthanide-porphyrin based optical devices and
functional molecules.

The approximate second-order coupled-cluster (CC2)
method has proven to be useful in studies of excited states
of large molecules [2—6]. A closely related Hermitian method
is the algebraic diagrammatic construction model through
second-order ADC(2), which was originally proposed by
Schirmer [7, 8]. It has more recently been implemented by
Hittig in Turbomole employing the resolution of the identity
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(RD) approximation [9]. The ADC(2) method is roughly a
factor of three faster than CC2 when excitation energies and
oscillator strengths are calculated. CC2 and ADC(2) are
though computationally more expensive than the time depen-
dent density functional theory (TDDFT) method [10, 11].
However, all virtual orbitals are not needed for describing
the differential correlation effects between the ground and
the lowest excited states [12—19]. The feasibility of using a
reduced-virtual-space (RVS) approach in the calculation of
excitation energies of large molecules at the CC2 level has
recently been demonstrated [19]. In the RVS calculations, all
virtual orbitals above a given orbital energy threshold are
omitted in the correlation calculation of the excitation ener-
gies. The accuracy of the RVS approach has been investigated
by performing CC2 calculations with different energy thresh-
olds on a rhodopsin model and other biochromophores [19].
Omitting all virtual orbitals above 50 eV introduces errors in
the excitation energies that are smaller than 0.1 eV, which can
be compared to the generally expected accuracy of +0.1—
0.3 eV for excitation energies obtained using the ADC(2)
method [19]. A very extensive study of triplet states of organic
semiconductors showed that the relative splitting between

higher excited states is even less affected by the omission of
virtual orbitals due to cancellation of errors [20].

The use of the RVS approach significantly reduces the
computational time of ADC(2) and CC2 calculations ren-
dering application on large molecules at the ADC(2) and
CC2 levels feasible. The RVS approach can also be used in
combination with other ab initio correlation methods as well
as for speeding up TDDFT calculations.

New interesting mezasubstituted porphyrins have recently
been synthesized [21]. They consist of aminated free-base
tetraphenylporphyrin (H,ATPP) with ethylendiaminetetraace-
tic acid (EDTA) or diethylenetriaminopentaacetic acid (DTPA)
substituted to one of the phenyls attached to the porphyrin ring
in the meta position. The EDTA and DTPA groups can com-
plex a lutetium(IIl) cation forming a chelate. The substituted
tetraphenylporphyrins and their rare earth complexes can be
used as probes in medicine or for capturing solar energy in
solar-cell devices [22-24]. In the work of Ermolina et al., the
energies of the obtained peak positions of the absorption bands
of H,ATPP-EDTA, H,ATPP-DTPA, H,ATPP-LuEDTA, and
H,ATPP-LuDTPA in ethanol solution were reported [25]. In
the recent studies of Valiev et al., the experimental extinction
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Fig. 1 The ground-state molecular structures of H,TPP-EDTA, H,ATPP-DTPA, H,ATPP-LuEDTA and H,ATPP-LuDTPA optimized at the

B3LYP/TZVP level of theory
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Fig. 2 The electronic absorption spectra of H,TPP-EDTA, H,ATPP-
DTPA, H,ATPP-LuEDTA and H,ATPP-LuDTPA recorded for a por-
phyrin concentration of C=2:10"> M in C,Hs;OH

coefficients were reported for H,ATPP-EDTA and H,ATPP-
DTPA. The theoretical analysis of the absorption spectra of
H,ATPP-EDTA and H,ATPP-DTPA were carried out at the
TDDFT/6-31G(d,p) level [26, 27].

In this work, the absorption spectra in the range of 400—
700 nm have been recorded for H,ATPP-LUEDTA and
H,ATPP-LuDTPA dissolved in ethanol. The experimental
absorption spectra of H,ATPP-EDTA, H,ATPP-DTPA,
H,>ATPP-LuEDTA and H,ATPP-LuDTPA have been ana-
lyzed by performing quantum chemical calculations. The
electronic excitation energies and the corresponding oscillator
strengths have been calculated using the the second-order
algebraic diagrammatic construction and the linear-response
time-dependent density functional theory methods H,ATPP-
EDTA and H,ATPP-DTPA were studied at the B3LYP and

Table 1 Comparison of vertical excitation energies (E in eV) and
oscillator strengths (f) for H,TPP calculated at the B3LYP and ADC
(2) levels with values deduced from spectroscopic measurements in

ADC(2) levels, whereas the H,ATPP-LuEDTA and H,ATPP-
LuDTPA spectra were studied computationally using merely
B3LYP calculations.

Experimental and calculation details

The title compounds were synthesized according to the
procedures described in Ref. 25. Their purity and identity
were assessed using elemental analysis, thin-layer chroma-
tography, mass spectrometry, and 'H NMR  spectroscopy.
Chemically pure ethanol (96 %) was used as solvent. The
ultraviolet—visible (UV—vis) absorption spectra were recorded
at 298 K using an Evolution 600 (Thermo Scientific) spectro-
photometer. The concentration of the free-base tetraphenyl-
porphyrin (H,TPP) and the substituted aminated free-base
tetraphenylporphyrins (H,ATPP-EDTA and H,ATPP-DTPA),
and their Lu complexes (H,ATPP-LuEDTA and H,ATPP-
LuDTPA) in the ethanol solution was C=2*10"> M. The line
positions were recorded with accuracy of about 0.5 nm and the
extinction coefficients were determined with errors smaller
than 10 %.

The molecular structures were optimized at the density
functional theory (DFT) level using Becke's three-parameter
functional (B3LYP) [28, 29] as implemented in Turbomole
[30]. The Karlsruhe triple-¢, basis sets (def2-TZVP) [31, 32]
were employed in the calculations. We omit def2 in the
following.

The vertical excitation energies were calculated at the
linear-response time-dependent DFT (TDDFT) level using
the B3LYP functional [10, 11]. The electronic excitation en-
ergies were also calculated at the second-order algebraic dia-
grammatic construction ADC(2) level using the resolution of
the identify (RI) approximation to speed up the calculations

C,H;sOH. The experimental extinction coefficients (¢ in M ' cm™') and
the half-widths of the peaks (in cm ') are also reported

State B3LYP ADC(2) Experiment®
E f E f Band E € Avip (em ™) f
Qx 2.15 0.018 2.16 0.063 Q«(0-0) 1.91 6183 453 0.012
2.13 (0.03)b Q(0-1) 2.10 5567 744 0.018
Qy 2.29 0.027 2.48 0.13 Q,(0-0) 2.26 8169 773 0.027
2.27 (0.05)° Qy(0-1) 242 18402 877 0.070
Bx 3.15 0.85 3.25 1.46 By and By 3.01 400000 1000 1.73
3.14 (0.85)°
By 3.25 1.33 3.29 1.65
3.25 (1.35)°

*The experimental values are taken from Ref. [26]
® Calculated at the PCM/TDDFT/B3LYP/6-31G(d,p) level in Ref. [26]
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Table 2 Comparison of vertical excitation energies (E in eV) and oscil-
lator strengths (f) for H2TPP-EDTA calculated at the B3LYP and ADC(2)
levels with values deduced from spectroscopic measurements in

C2HSOH. The experimental extinction coefficients (e in M ' cem ™) and
the half-widths of the peaks (in cm ") are also reported

State B3LYP ADC(2) Experiment®
E f E f Band E € Avyy (em™) f
Qx 2.14 0.024 2.10 0.076 Q,(0-0) 1.91 3238 470 0.007
2.1 (0.03)b Q4(0-1) 2.11 4391 600 0.011
Qy 2.29 0.037 2.44 0.18 Qy(0-0) 2.25 7684 780 0.027
2.25 (0.06)° Qy(0-1) 2.42 15752 900 0.060
Bx 3.12 1.03 3.22 1.58 B, and B, 3.00 309500 1010 1.34
3.14 (0.9)°
By 3.2 1.28 3.27 1.69
3.19 (1.09)°

#The experimental values are taken from Ref. [26]
® Calculated at the PCM/TDDFT/B3LYP/6-31G(d,p) level in Ref. [26]

[7,9, 33, 34]. The reduced-virtual-space (RVS) approach with
an energy threshold of 50 eV [19] was used at the ADC(2)
level making the ab initio correlation calculations on the large

substituted porphyrins feasible. All calculations have been
done with TURBOMOLE [30].

Results and discussion
The molecular structures

The molecular structures were optimized at the B3LYP/
TZVP level. The obtained structures agree well with exper-
imental data such as X-ray structures for EDTA [35], DTPA
[36], LuEDTA, LuDTPA [37] and H,TPP [38, 39], whereas

Table 3 Comparison of vertical excitation energies (E in eV) and
oscillator strengths (f) for H,TPP-DTPA calculated at the B3LYP and
ADC(2) levels with values deduced from spectroscopic measurements

the X-ray structures have not been determined for the stud-
ied molecules. The available X-ray data were used as initial
structures for the optimization of the ground-state structures
of H,ATPP-EDTA, H,ATPP-DTPA, H,ATPP-LuEDTA,
and H2ATPP-LuDTPA. The optimized molecular structures
are depicted in Fig. 1. The Cartesian coordinates are given
as Supplementary material.

Electronic excitation spectra

The experimental absorption spectra in the visible range mea-
sured for considered molecule in ethanol are shown in Fig. 2.
The corresponding excitation energies obtained in the TDDFT
and ADC(2) calculations are compared to experimental data in
Table 1, 2, 3, 4 and 5. The experimental oscillator strengths

in C,HsOH. The experimental extinction coefficients (e in M~ cm ™)
and the half-widths of the peaks (in cm™ ") are also reported

State B3LYP ADC(2) Experiment®
E f E f Band E € Avip (em™ ) f
Qx 2.10 0.032 2.09 0.074 Q«(0-0) 1.91 3619 430 0.007
2.11 (0.06)° Q(0-1) 2.10 4643 714 0.014
Qy 2.20 0.063 2.44 0.19 Q,(0-0) 2.25 7763 866 0.029
2.25 (0.10)° Qy(0-1) 2.42 15732 877 0.060
Bx 3.07 0.9 3.21 1.57 By and By 3.00 285000 1030 1.23
2.98 (1.35)°
By 3.08 1.2 3.27 1.69
3.04 (1.18)°

*The experimental values are taken from Ref. [27]
® Calculated at the PCM/TDDFT/B3LYP/6-31G(d,p) level in Ref. [27]
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Table 4 Comparison of vertical excitation energies (E in eV) and
oscillator strengths (f) for H,TPP-LuDTPA calculated at the B3LYP
level with values deduced from spectroscopic measurements in

C,HsOH. The experimental extinction coefficients (e in M! cmfl)
and the half-widths of the peaks (in cm™ ") are also reported

State B3LYP Experiment
E f Band E € Avip (cmfl) f

Qx 2.10 0.024 Q«(0-0) 1.92 2077 552 0.005
Q«(0-1) 2.10 2745 954 0.011

Qy 2.30 0.038 Q,(0-0) 2.25 4179 866 0.016
Qy(0-1) 2.42 8000 1000 0.035

Bx 3.10 1.03 By and By 3.00 150000 1050 0.6

By 3.2 1.3

were deduced from the recorded spectra using 1" = 4.32 - 10~°
J edv [40]. The integral was estimated as [ edv = emaxAvy 2,
where €,0(in M' cm ') is the extinction coefficient at the
peak maximum and Av;, (in cmﬁl) is the half-width of the
spectral line. This expression for the experimental oscillator
strengths results in uncertainties that are less than 6 % [40].
The electronic absorption spectra of porphyrins and their
derivatives depend very weakly on the solvent [41]. The
excitation energies and oscillator strengths deduced from
spectra recorded for molecules in solvents can therefore be
readily compared with excitation energies and oscillator
strengths obtained in calculations on isolated molecules.
According to the Frank-Condon principle, the calculated
excitation energy of the Q, band must be compared to the
peak maximum of the vibrational band (Q,(0—0) or Q,(0-1))
with the largest extinction coefficient. The same holds for
the vibrational bands of the Q, transition. As no vibrational
effects are considered in the present calculations, the calcu-
lations cannot provide any separate values for the individual
vibrational bands. As the Q4(0-1) and Q,(0-1) bands have
larger oscillator strengths than Q(0-0) and Q,(0-0), respec-
tively, the calculated excitation energies must be compared
to the energies of the Q.(0-1) and Q,(0-1) bands. The

Table 5 Comparison of vertical excitation energies (E in eV) and
oscillator strengths (f) for H,TPP-LuEDTA calculated at the B3LYP
level with values deduced from spectroscopic measurements in

excitation energies of the Qx and Q, bands of H,ATPP-
EDTA and H,ATPP-DTPA calculated at the ADC(2) level
are generally in better agreement with experiment than the
corresponding values calculated at the B3LYP level. The
differences between the ADC(2) and B3LYP excitation en-
ergies are at most 0.2 eV. The oscillator strengths of Qy, Q,,
By, By and the excitation energies of the By and B, bands
calculated at the B3LYP level are in rather good agreement
with experiment. The present calculations confirm that the
bonding of EDTA or DTPA to H,TPP decreases the intensities
of the Qx and Q,, bands. The calculated oscillator strengths of
the Soret (B) bands are generally much larger than the ones
deduced from the experimental spectra. Similar results have
previously been obtained in other computational studies on
porphyrins [42]. The calculated excitation energies and oscil-
lator strengths of H,TPP, H,ATPP-EDTA and H,ATPP-DTPA
are compared to experimental values in Tables 1, 2 and 3,
respectively.

The experimental absorption spectra in the visible range
(400-700 nm) recorded for H,ATPP-LuEDTA and H,ATPP-
LuDTPA in ethanol are shown in Fig. 2. The EDTA and DTPA
molecules do not absorb light in the visible nor in the near UV
regions. Lutetium has closed shells in LuEDTA and LuDTPA

C,HsOH. The experimental extinction coefficients (e in M ' cm ™)
and the half-widths of the peaks (in cm™") are also reported

State B3LYP Experiment
E f Band E € Avyp (cmfl) f

Qx 2.15 0.023 Q«(0-0) 1.92 4874 450 0.009
Q«(0-1) 2.10 6017 750 0.019

Qy 2.29 0.036 Qy(0-0) 2.25 8724 866 0.033
Q,(0-1) 2.42 15824 1000 0.07

Bx 3.13 0.97 By and By 3.00 444400 1060 1.92

By 3.22 1.47
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complexes implying that it does not directly influence the
electronic absorption spectra of the H,ATPP-LuEDTA and
H,ATPP-LuDTPA complexes in the visible range. The differ-
ences in the electronic absorption spectra relative to H,TPP are
due to structural distortions of the tetraphenylporphyrin moiety
caused by the EDTA and DTPA substitutions, which are also
affect the electronic structure of the porphyrin. The absorption
spectra and the excitation energies for H,ATPP-LuDTPA
given in Table 4 show that the Q,(0-0) peak of the experi-
mental spectrum of H,ATPP-LuEDTA is blue shifted by 4 nm
as compared to unsubstituted H,TPP.

The calculated excitation energies for HATPP-LUEDTA
are compared in Table 5. The differences between the ex-
perimental absorption spectra of the studied molecules are
mainly due to differences in the absorption intensities. The
Soret band (B) as well as the Q,(0-1) and Q,(0-0) bands
have the largest intensity in the absorption spectrum of
H,ATPP-LUEDTA. The weakest absorption intensities were
obtained for H,ATPP-LuDTPA.

ADC(2) calculations could not be employed in the studies
of the excited states of the H,ATPP-LUEDTA and H,ATPP-
LuDTPA lutetium complexes, because no auxiliary basis sets
have been optimized for that element. Calculations on the
corresponding free-base porphyrins showed that the excitation
spectra obtained at the ADC(2) and B3LYP levels are very
similar. The electronic excitation spectra obtained in the
B3LYP calculations are in somewhat better agreement with
experiment than the ADC(2) ones. For H,ATPP-LuEDTA and
H,ATPP-LuDTPA, the calculated excitation energies of the
Q, band agree well with values deduced from the experimen-
tal spectra. For the Q,, By, and B, bands the discrepancies
between the calculated and measured excitation energies are
in the range of 0.10-0.20 eV. The calculated oscillator
strengths for the Q, band is somewhat smaller than the ones
obtained experimentally, whereas the calculated and experi-
mental band strengths of the Q, transitions agree well.

Conclusions

In the present work, the equilibrium molecular structures of
the electronic ground state of the recently synthesized
H,ATPP-EDTA, H,ATPP-DTPA, H,ATPP-LuEDTA, and
H2ATPP-LuDTPA compounds were calculated at the DFT
level using the B3LYP functional and TZVP basis sets. The
experimental UV—vis spectra show that the peak positions
of the absorption band of H,TPP, H2ATPP-EDTA,
H,ATPP-DTPA, H,ATPP-LuEDTA, and H2ATPP-
LuDTPA molecules almost coincide with wavelength shifts
that do not exceeded 4 nm. The main differences in the
absorption spectra of the investigated molecules are due to
the absorption intensities of bands. Calculations of the few
lowest excitation energies using the second-order algebraic

@ Springer

diagrammatic construction method (ADC(2)), which is a
modern ab initio correlated quantum chemistry approach,
yield for the Q bands a somewhat better agreement with
experiment than time-dependent DFT (TDDFT) calcula-
tions. For the Soret band the TDDFT methods seems to
perform better than ADC(2). The oscillator strengths calcu-
lated at the TDDFT level are in better agreement with
experimental data than the ones obtained using ADC(2)
calculations.
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