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Abstract Quantum chemical calculations were performed

to analyze the excited states and the redox potentials of

a recently synthesised fluorine-containing porphycene,

2,7,12,17-tetraethyl-3,6,13,16-tetrakis(trifluoromethyl)

porphycene. The reduction and oxidation potentials of the

porphycenes measured by cyclic voltammetry were semi-

quantitatively reproduced using density-functional theory

(DFT) and polarizable continuum model calculations, in

which solvent effect and basis-sets extension effect were

indispensable. Symmetry-adapted cluster configuration

interaction and time-dependent (TD) DFT calculations were

performed to analyze the visible region of the absorption

spectra, and the results were in good agreement with the

experimental data. The results of the calculations showed

that both structural distortion and electronic effects cause

specifically large stabilization of the LUMO level and

become the origin of the particularly large positive-side

shift of the reduction potential and the red-shift in the

Q band absorption.

Keywords b-trifluoromethylporphycene � Excited states �
Redox potentials � SAC-CI � TD-DFT

1 Introduction

Porphyrins are involved in a wide variety of redox reac-

tions in proteins and bioinorganic metal complexes (for

example see [1, 2]). Regulation of the redox potential of

porphyrins [3] is one of the important aspects to func-

tionalize the porphyrin-including systems. An interesting

approach would be to introduce highly electron with-

drawing, yet chemically inert peripheral substituents, such

as a trifluoromethyl (CF3) group [4, 5]. Another approach is

to modify the structure of the tetrapyrrolic macrocycle.

Porphycene [6] shown in Fig. 1 is one of the porphyrin

isomers, and the positions of the pyrrole and methylene

groups are interchanged. In particular, the reduction

potential of porphycenes is more positive than that of

porphyrin [3] because the LUMO level of porphycenes

becomes more stable. The spatial symmetry of the por-

phycene macrocycle is C2h symmetry and is lower than that

of the porphyrin macrocycle (D4h symmetry). Therefore,

the breakdown of the degeneracy due to the symmetry

lowering causes the stabilization of the LUMO level in

porphycenes [7, 8].

Porphyrins and related compounds are also indispens-

able dyes and pigments. There are significant accumula-

tions of studies concerning photoabsorption in visible

regions. There are several strategies to modulate the Q

band absorption. Substitution by heteroatoms in the mac-

rocycle increases oscillator strength such as in azapor-

phyrins [9–11]. Introducing orbital interactions such as in

phthalocyanine [12, 13] also increases the oscillator

strength, and the peak position moves to lower energy
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region. The symmetry lowering of the macrocycle such as

in chlorophylls and bacteriochlorophylls [14, 15] also

increases absorption intensity of the Q band. The porphy-

cene macrocycle also belongs to this class of compounds

and has a Q band absorption larger than porphyrins

[16, 17]. A combination of these strategies could produce

excellent functional molecules such as phthalocyanine in

which the strong absorption in the visible region is realized

by the heteroatom substitutions and the introduction of

orbital interactions [13].

Recently, the first fluorine-containing porphycene,

2,7,12,17-tetraethyl-3,6,13,16-tetrakis(trifluoromethyl) por-

phycene (H2Pc(EtioCF3)) was synthesised by Hayashi and

coworkers [18]. Because of the electron-withdrawing

nature of the CF3 groups, the reduction and oxidation

potentials shifted to the positive side. Another point of

interest is a remarkable red-shift of the Q band by

0.17 eV. In the case of a fluorine-containing porphyrin,

the amount of the red-shift was only 0.04 eV [5]. Sug-

gested origins were the structural distortion effect intro-

duced by the repulsion between the CF3 groups [18].

Another possibility pointed out was the electronic inter-

action effect that arises from the electron-withdrawing

nature of the CF3 groups [18]. Clarifying the red-shift

mechanism is an interesting subject because the CF3

substitutions in H2Pc might be a new strategy for con-

trolling the Q band absorption.

In our previous studies, we analyzed the excited states of

free-base porphin [19, 20], Mg porphin [21], chlorophylls

[15], azaporphyrins [10, 11, 13], porphycene [17], hemi-

porphycene [17], and corphycene [17] to analyze the

electronic structures and transition energies of the excited

states. In the series of the studies, we are trying to sys-

tematically understand the strategies to control the Q band

absorptions and emissions. We used the SAC [22]/SAC-CI

[23–25] method [26, 27] that is a correlated method

for calculating the excited states. Recently, a ‘‘direct

algorithm’’ was implemented [28] in a recent version of

the Gaussian package [29], in which the energy and the

r-vectors were computed directly from molecular integrals.

The present paper is aimed for analyzing the excited

states and the redox potentials of the fluorine-containing

porphycene. We also aimed for establishing a computa-

tional scheme to calculate the redox potentials and the

excited states of porphyrin-related compounds. Reliable

computations of these molecular properties would be very

useful to understand the redox functions of molecules in

environments and also to design photosensitizers for pho-

tovoltaic cells and photodynamic therapy. The present

paper is organized as follows. In the next section, we

mention the computational procedures employed in the

present study. In Sect. 3, the energy levels of the frontier

orbitals, so called the four orbitals, were discussed.

Particularly, we investigated in a stepwise way how the
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Fig. 1 Structures of the free-base porphycene compounds investigated in the present study. Molecular structural symmetry used for the

calculations is indicated in the parentheses
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CF3 substitutions change the orbital levels. In Subsection

3.2, we describe the results of quantum chemical calcula-

tions of the reduction and oxidation potentials. In Sub-

section 3.3, on the basis of the SAC-CI and DFT results,

the origin of the red-shift is clarified in terms of the dis-

tortion and electronic effects.

2 Computational details

Figure 1 shows the porphycene compounds investigated in

the present study. H2Pc(EtioCX3) (X = H, F) shown

in Fig. 1c corresponds to the real molecules synthesised in

the experimental study [18]. In a X-ray crystallographic

structural analysis [18], only a single conformation, B

form, was observed (for definition, see Fig. 1 and latter

description). H2PcCX3 (X = H, F) shown in Fig. 1b are

simplified models in which the ethyl groups in H2Pc(Eti-

oCX3) were substituted by hydrogen atoms. We examined

relative stability of two conformers, A and B forms, which

represent different conformations of the four CX3 groups.

The positions of two hydrogen atoms within the four pyr-

role rings were classified as ‘‘trans’’ and ‘‘cis’’ forms as

shown in Fig. 1b, c. The symbol in the parentheses is

molecular symmetry adopted in the calculations.

Regarding the basis sets, we use the following abbre-

viations. ‘‘Bas1’’ denotes the 6-31G* sets [30, 31] for

all the atoms. ‘‘Bas2’’ is a combination of the 6-31G**

[30, 31] sets for the H atoms at the Npyrrole atom and the

6-31G* sets for the other atoms. ‘‘Bas3’’ denotes the

6-311G** [32] sets for all the atoms.

Because the X-ray crystallographic structure is unusually

distorted [18], it would be better to examine computational

methods for optimizing the structures. It is also interesting

that the present quantum chemical calculation can deter-

mine the protonation state of the pyrroles on the basis of the

calculated structural parameters such as bond lengths, bond

angles, and dihedral angles in addition to the relative energy

difference. As we mentioned, the conformations of the CF3

groups observed in the X-ray structure are the B form. In

addition, all of the ethyl groups were in the same confor-

mations as shown in Fig. 1c. The examined structures were,

therefore, four patterns, B-trans1, B-trans2, B-cis1, and

B-cis2. Computational model used was the H2Pc(EtioCF3)

model unless otherwise noted. The structural optimizations

were performed without taking account of any environ-

mental effect.

In Table 1, we compared relative energies, bond

lengths, bond angles, and dihedral angles of H2Pc(EtioCF3)

in the different protonation states. More details of the

comparison were described in Figure S1 in supplementary

materials. On the basis of the results of the calculations, the

B-trans2 form was concluded to be the best possible

protonation state. The energy of the B-trans2 form was the

lowest of all the isomers as shown in Table 1a. The cis

forms were by 2–4 kcal/mol more unstable than the trans

forms. Because the energy of the B-trans1 form is rather

close to that of the B-trans2 form, we have to consider the

results of the optimized structures. Table 1b shows the root

mean square (rms) deviations and maximum deviations

from the X-ray structure. For the bond length and bond

angles, the rms and maximum deviations of the B-trans2

forms were the smallest of all the protonation states. On the

other hand, the deviations of the dihedral angles, which are

shown in Table 1b-3, slightly depended on the computa-

tional method and the DFT exchange–correlation func-

tional. The maximum error occurs in the dihedral angles

involving the CF3 groups, for example C14–C15–C16–C30

(for the atom indices, see Fig. 1c). One reason is that the

angles could depend on the interactions with the neighbor

molecules in the actual crystal, which were not considered

in the present calculations. Other reason is in the compu-

tational method. The B3LYP functional [33, 34] cannot

describe dispersion interactions [35–37]. Concerning the

MP2 result, the basis sets (the 6-31G* set for the F atoms)

were insufficient for describing the dispersion effect. In

contrast, the long-range corrected functional, CAM-

B3LYP [38] and xB97XD [39], gave the smallest devia-

tion in the B-trans2 form. The xB97XD functional also

includes empirical dispersion term.

Next, we compare the results among the computational

methods. Firstly, the dependence on the exchange–corre-

lation functionals was small as seen in Table 1. Secondly,

the basis-sets dependence is also small, indicating that even

a B3LYP/6-31G* level calculation can give reliable

structural parameters. Calculated relative energies in

Table 1a also support this conclusion. Thirdly, we mention

the effect of the simplification in the computational model

from H2Pc(EtioCF3) to H2PcCF3 (the ethyl group at the b
positions were substituted to the H atoms). This simplifi-

cation does not significantly affect the relative energies and

structural parameters. The result for the bond lengths at the

B3LYP/6-31G* level is shown in Table 1b, and the chan-

ges in the rms and maximum deviations were only 0.001

and 0.013 Å, respectively. In the case of the bond angles,

the changes were 0.47� and 0.77�, respectively. In the case

of the dihedral angles, the deviations became larger: 1.52�
and 3.06�, respectively. Again, the largest deviation occurs

at C14–C15–C16–C30 angle (8.64�), which involves the

CF3 group.

In calculating the reduction and oxidation potentials, we

used electron affinity (EA) and ionization potential (IP),

respectively. We performed computations for the real

systems, H2Pc(EtioCH3) and H2Pc(EtioCF3) at the B3LYP/

6-31G* level. With the Koopmans’ theorem (KT), we used

the LUMO and HOMO energies at the optimized structures
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of the neutral species. In the next, adiabatic EA and IP were

used for including electronic relaxation and molecular

structural relaxation effects. Thermal effects were taken

into account by using Gibbs free energy at 298.16 K. Zero-

point energy, vibration, rotation, and translational energies

were included in the internal energy. Finally, the basis-sets

extension effect was taken into account in the adiabatic EA

and IP. At the optimized structures for the reduced, neutral,

and oxidized species, single-point calculations were per-

formed at the B3LYP/6-311?G** level. The energy dif-

ference from the B3LYP/6-31G* result was added to the

adiabatic EA and IP at the B3LYP/6-31G* level. We tried

to include diffuse functions at the optimization step.

However, SCF convergence became very bad when a PCM

was combined. All of these calculations included the sol-

vent effect in the electronic energies. Self-consistent

reaction field method with a PCM [40] was adopted.

Dielectric constant of PhCN was used to mimic the

experimental condition [18].

A computational strategy to approach the experimental

oxidation and reduction potentials was studied in previous

articles [41, 42]. These previous studies used extrapolation

corrections for the solvent effect, the thermal effect, and

the basis-sets extension effects. However, the solvent effect

determines the largest part of EA and IP. In addition, an

empirical correction was also included to improve the

B3LYP description of the IP [42]. In the present study, we

already included the solvent effect in the structural opti-

mizations and the frequency calculations. The single-point

6-311?G** calculations also included the solvent effect.

To calculate the reduction and oxidation potentials with the

Ag/AgCl reference electrode, we have to consider a half-

reaction, AgCl(s) ? e- ? Ag(s) ? Cl-(aq). The reduc-

tion potential of the half-reaction is -0.22 V (vs. normal

hydrogen electrode (NHE) [43]). Therefore, we need to

calculate reduction and oxidation potentials of the por-

phycenes when NHE is used. To calculate these poten-

tials, we used a reaction Gibbs free energy DrG of a

Table 1 Comparison of the

energy and structural

parameters of H2Pc(EtioCF3)

a Bas1: 6-31G*. Bas2: 6-31G**

for the H atoms at the N atom of

pyrrole rings, and 6-31G* for

the other atoms. Bas3:

6-311G**. ‘‘(M)’’ denotes that

four ethyl groups were

substituted by the H atoms (the

H2PcCX3 model). The B-trans1

and B-trans2 forms become

identical when the ethyl groups

were removed. The same is for

the B-cis1 and B-cis2 models
b Relative energy compared

with the total energy of the

B-trans2 form
c Root mean square deviation.

Number in the parenthesis is the

maximum deviation

Computationa B-trans1 B-trans2 B-cis1 B-cis2

(a) Erel (kcal/mol)b

B3LYP/Bas1 0.17 0.00 3.48 3.48

B3LYP/Bas3 0.13 0.00 3.21 3.21

CAM-B3LYP/Bas3 0.13 0.00 2.53 2.53

xB97XD/Bas3 0.11 0.00 2.12 2.12

B3LYP/Bas1 (M) 0.00 0.00 3.80 3.80

MP2/Bas2 (M) 0.00 0.00 3.55 3.55

(b) RMS and Max deviations from the X-ray crystallographic structurec

(b-1) Bond (Å)

B3LYP/Bas1 0.017 (0.034) 0.009 (0.020) 0.017 (0.038) 0.018 (0.046)

B3LYP/Bas3 0.017 (0.033) 0.007 (0.017) 0.014 (0.035) 0.016 (0.038)

CAM-B3LYP/Bas3 0.018 (0.037) 0.010 (0.038) 0.022 (0.062) 0.024 (0.070)

xB97XD/Bas3 0.016 (0.029) 0.006 (0.016) 0.022 (0.044) 0.024 (0.053)

B3LYP/Bas1 (M) 0.018 (0.038) 0.010 (0.033) 0.021 (0.067) 0.020 (0.058)

MP2/Bas2 (M) 0.022 (0.069) 0.019 (0.069) 0.026 (0.094) 0.025 (0.087)

(b-2) Angle (�)

B3LYP/Bas1 2.36 (4.40) 0.54 (1.30) 1.63 (3.79) 1.42 (3.64)

B3LYP/Bas3 2.31 (4.43) 0.51 (1.29) 1.59 (3.83) 1.38 (3.61)

CAM-B3LYP/Bas3 2.30 (4.69) 0.51 (1.26) 1.62 (4.53) 1.38 (3.47)

xB97XD/Bas3 2.30 (4.68) 0.53 (1.37) 1.65 (4.76) 1.40 (3.41)

B3LYP/Bas1 (M) 2.57 (5.28) 1.01 (2.07) 1.60 (3.67) 1.79 (4.48)

MP2/Bas2 (M) 2.54 (5.03) 0.85 (1.46) 1.67 (3.88) 1.80 (4.24)

(b-3) Dihedral (�)

B3LYP/Bas1 3.02 (5.57) 2.52 (5.58) 2.78 (5.25) 2.37 (4.95)

B3LYP/Bas3 2.91 (5.37) 2.43 (4.92) 2.84 (4.71) 2.36 (5.37)

CAM-B3LYP/Bas3 3.21 (6.03) 2.68 (5.11) 3.82 (6.52) 3.01 (7.13)

xB97XD/Bas3 3.43 (6.34) 2.62 (4.87) 4.46 (7.46) 3.55 (8.59)

B3LYP/Bas1 (M) 4.39 (7.31) 4.04 (8.64) 3.30 (5.14) 3.62 (7.43)

MP2/Bas2 (M) 3.96 (6.92) 3.21 (6.31) 3.02 (5.16) 2.52 (5.58)
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half-reaction, H? ? e- ? (1/2)H2(g), that was estimated

to be -4.44 eV in a previous study [44]. Together with the

quantum chemically calculated EA and IP, the reduction

and oxidation potentials of the porphycenes with the NHE

were calculated. In the last step, the potentials with the

Ag/AgCl electrode were evaluated. Nernst equation [43]

was used for the conversion between the potentials and

Gibbs free energy.

Excited states of H2Pc, H2PcCH3, H2Pc_distorted, and

H2PcCF3 were calculated with SAC-CI and TD-DFT

[45, 46] with the B3LYP and LC [47]-BLYP [34, 48]

functionals. To separate the distortion effect from the

electronic effect in H2Pc(EtioCF3), we introduced

H2Pc_distorted, a distorted H2Pc model, in which atomic

coordinates were taken from the fully optimized structure

of H2PcCF3 except that the CF3 groups were substituted by

the hydrogen atoms.

For the TD-B3LYP and TD-LC-BLYP calculations, the

6-311G** basis sets were used. The ground-state molecular

structures were optimized at the B3LYP/6-311G** and

LC-BLYP/6-311G** levels for the TD-B3LYP and TD-

LC-BLYP calculations, respectively. For the SAC-CI cal-

culations, the LC-BLYP/6-311G** optimized structures

were used. The D95(d) basis sets [49] were used. Analysis

of the MO energy levels is very useful to understand the

result of the excited-state calculations. We analyzed the

Hartree–Fock (HF) MOs to understand the SAC-CI results.

Concerning the SAC-CI calculations performed in this

study, we solved both variational (SAC-CI-V) and non-

variational (SAC-CI-NV) equations [24] for the SAC-CI

eigenvalue problem. The SAC-CI-V equation was derived

as an approximation to the one exactly derived by the

variational principle. The SAC-CI-NV equation was

obtained by projecting Schrödinger equation on the con-

figurations defined with the linked operators. See the ori-

ginal publications [23–25] for details.

All of the computations were performed with the

Gaussian09 package [29].

3 Results and discussion

3.1 Effect of the CF3 and CH3 substitutions

on the four orbital levels

Figure 2 shows Hartree–Fock MO distributions and energy

levels of the four orbitals of the porphycene compounds,

H2Pc, H2PcCH3, H2Pc_distorted, and H2PcCF3. There are

two high-lying occupied (HOMO and next HOMO) and

two low-lying unoccupied orbitals (LUMO and next

LUMO) such as porphyrin compounds. These orbitals were

relevant to the wave functions of the low-lying excited

states as described in the latter section. In analogy to the

porphyrin case [50], we use ‘‘four orbitals’’ for next

HOMO, HOMO, LUMO, and next LUMO. In the case of

D4h symmetry as in metalloporphyrins, the LUMO and

next LUMO levels are degenerate. In the C2h symmetry

case of porphycene, the LUMO and next LUMO levels

were separated by 0.43 eV. On the other hand, the HOMO

and next HOMO levels were close to each other.

Next, we investigate the effect of the CF3 substitutions

on the orbital energy levels. The previous report pointed

out two effects [18]. The first one is structural distortion of

the p skeleton induced by the steric repulsion of the CF3

groups. To investigate the distortion effect, we introduced

the H2Pc_distorted model. The second one is electrostatic

effect that arises from the electron-withdrawing property of

the CF3 groups. Comparing the orbital energy levels of

H2Pc and H2Pc_distorted, the LUMO level of the distorted

model showed specific low-energy shift of -0.12 eV,

while the shift of the other MOs were relatively smaller as

seen in Fig. 2. Because LUMO of H2Pc has an antibonding
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Fig. 2 Hartree–Fock MO distributions (isosurface value = 0.02) and

orbital correlation diagram of the four orbitals of the porphycene

compounds. The number next to the bar is the orbital levels in eV.

Calculations were performed at the HF/D95(d)//LC-BLYP/6-311G**

level. Insets show the optimized structures of H2PcCH3, H2Pc, and

H2PcCF3. For the H2Pc_distorted model, the geometry of the

porphycene skeleton is the same as that of H2PcCF3
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interaction at the C4–C5 and C14–C15 bonds, the distor-

tions introduced in the C4–C5 and C14–C15 bonds (see

insets of Fig. 2) stabilize the LUMO level. Introducing the

CF3 groups in the H2Pc_distorted model, all of the four

orbitals showed significant low-energy shifts by -0.93 to

-1.12 eV. In particular, the shift of the LUMO level

(-1.12 eV) was the most significant. This specific shift

would be ascribed to the LUMO distribution. As seen in

Fig. 2, LUMO has larger distribution on the C3, C6, C13,

and C16 moieties than the other four orbitals. Therefore,

the largest electron-withdrawing effect of the CF3 groups

was observed in the LUMO level. We conclude that both

the steric distortion and the electronic effects contribute

specific low-energy shift of the LUMO level.

Introducing methyl groups at the C3, C6, C13, and C16

positions of H2PcCH3 also causes a red-shift of the Q band

position as in the CF3 case. However, the methyl substi-

tution effect causes high-energy shifts in the HOMO and

LUMO levels as shown in Fig. 2. The amount of the shift

in HOMO and LUMO was 0.28 and 0.23 eV, respectively,

which slightly reduced the HOMO–LUMO gap compared

with that of H2Pc. There are two effects that explain the

reason. The first one is a hyper-conjugation between the

methyl groups and the p skeleton of the porphycene ring:

antibonding interactions between the C–H r orbitals, and

the p orbitals pushed up the HOMO and LUMO levels (See

Figure S2 in supplementary material). The second one is

the structural distortion effect as in the CF3 case. Although

the extent of the distortion is much smaller than that of

H2PcCF3, the C3–C4–C5–C6 dihedral angle was calculated

to be 9.8�. Because the distortion specifically stabilizes the

LUMO levels, the HOMO–LUMO gap became smaller in

H2PcCH3.

3.2 On the significant positive-side shift

of the redox potentials

In order for computational chemistry to be a useful tool for

designing a redox reagent, it is necessary to calculate the

redox potentials of a molecule at least in a semiquantitative

accuracy. We performed DFT calculations to reproduce the

experimental reduction and oxidation potentials with

the Ag/AgCl reference electrode. At first, we mention the

accuracy of the KT level estimation using the HF/D95(d)//

LC-BLYP/6-311G** results. As shown in Fig. 2, the CF3

substitutions significantly reduced the orbital energies of the

four orbitals, showing that at least the trend was reproduced.

However, the KT level estimation for the reduction and

oxidation potentials of H2PcCF3 was -2.71 and 2.72 V,

respectively. These values were far from the experimental

reduction (-0.14 V) and oxidation (?0.92 V), respectively.

These errors cannot be improved if we calculate a real

molecule, H2Pc(EtioCF3), without any omission of the

substituents (reduction: -3.01 V, oxidation: ?2.28 V).

Next, we used adiabatic EA and IP calculated at the B3LYP/

6-31G*//B3LYP/6-31G* level. Calculated reduction and

oxidation potentials of H2Pc(EtioCH3) were -3.52 V and

?1.33 V, respectively, which were still far from the exper-

imental data (reduction: -0.92 V, oxidation: ?0.92 V).

The first important improvement was achieved by

including the solvent effect at the PCM level. The results

were shown in Table 2. At the KT level, the calculated

potentials were in a crude agreement with the experimental

data. The largest error was around 0.9 V on the reduction

potentials. With the use of the adiabatic EA and IP, the

results for the calculated potentials were further improved

by around 0.2 V. Including the thermal effect using Gibbs

free energy (at 278.15 K), minor change at most 0.1 V was

obtained. The second important improvement around

0.3–0.4 V was obtained by the basis-sets extension from

the 6-31G* to 6-311?G** sets. The calculated reduction

and oxidation potentials of H2Pc(EtioCF3) were -0.35 V

and ?1.04 V, respectively, which were in qualitative

agreement with the experimental data (-0.14 V and

?1.30 V, respectively). For H2Pc(EtioCH3), similar qual-

itative agreement was achieved. We also note that the

relative differences were in very good agreement at the KT

level. This substituent effect, the D(CF3–CH3) values, in

the oxidation and reduction potentials were calculated to be

?0.49 and ?0.82 V, respectively (in experiment, ?0.38

and ?0.78 V, respectively).

In the experiment, a specifically large positive-side shift

was observed in the reduction potential when the CF3

groups were introduced [18]. Because the shift was almost

reproduced at the KT level, the origin is ascribed to the

specific stabilization of the LUMO level in PhCN solution

as seen in the MO diagram (see Fig. 2).

The difference between the oxidation and reduction

potentials is a good measure for the HOMO–LUMO gap.

This quantity became gradually accurate as shown in

Table 2. After all of the corrections were included, calcu-

lated gaps for H2Pc(EtioCF3) and H2Pc(EtioCH3) were

?1.39 and ?1.83 V, respectively. These numbers were in

very good agreement with the experimental data for

H2Pc(EtioCF3) (?1.44 V) and H2Pc(EtioCH3) (?1.84 V).

We also note that the substituent effect, the D(CF3–CH3)

value, was already in a quantitative accuracy at the KT

level estimation.

We also performed MP2 calculations for the redox

potential. Because the optimization at the MP2/6-31G*

level was time-consuming, we performed single-point

MP2/6-311?G(d,p) calculations with PCM at the B3LYP/

6-31G* optimized geometry. For H2PcEtioCH3, the cal-

culated reduction and oxidation potentials were -2.58 and

1.96 V, respectively. We found that the \S**2[ value for

the doublet anion and cation states were 1.17 and 1.14,
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respectively, which were far from the desirable value for a

doublet state. We, therefore, performed the approximated

spin projection proposed [51, 52] to improve the spin

contamination. Although the reduction and oxidation

potentials were improved by 0.30 and 0.15 V, respectively,

the agreement to the experimental data is still worse than

the B3LYP results. We note that B3LYP gave correct

expectation values (0.757 and 0.762 for anion and cation

states, respectively).

The messages obtained by the series of calculations

were the crucial importance of the solvent effect. To dis-

cuss relative shift in the potentials, a KT level estimation

using the orbital energies at neutral geometry was satis-

factory. We note, however, the KT level estimation for the

D(CF3–CH3) values fails when the solvent effect was not

included as shown in Table 2. Extended basis sets were

necessary to achieve semiquantitative agreement with the

experimental data. For improving the quantum chemical

calculations of the redox potentials in a future study, the

description of the environmental effect would be a key

point because the solvent effect shares an essential portion

of the calculated potentials.

3.3 Low-lying excited states of H2Pc, H2Pc_distorted,

H2PcCF3, and H2PcCH3

In Table 3, we summarized excited states calculated with the

SAC-CI and TD-DFT methods. Calculated excitation ener-

gies were compared with that of the experimental data [18].

Excitation energies calculated with the SAC-CI-NV equa-

tions were in reasonable agreement with the experimental

data. Regarding the first excitation energy, the deviations

from the experimental data for H2Pc, H2PcCF3, and

H2PcCH3 were -0.07, -0.17, and -0.17 eV, respectively.

The SAC-CI-V excitation energies were systematically

smaller than those with the SAC-CI-NV ones. The deviations

from the SAC-CI-NV results were -0.10, -0.07, -0.08,

-0.06 eV for H2Pc, H2PcCH3, H2Pc_distorted, and

H2PcCF3, respectively. Calculated oscillator strengths

were very close to those obtained with the SAC-CI-NV

solutions.

The excited-state wave functions are more or less sim-

ilar among the porphycene compounds. In the case of

H2Pc, the first excited state, the 11Bu state, was dominated

by next HOMO ? LUMO transition (64% in weight). In

the second excited state, the 21Bu state, was represented by

the HOMO ? LUMO transition (67% in weight). These

leading configurations were unchanged after the CH3 and

CF3 substitutions.

Here, we explain the origin of the red-shift of the Q band

when the CF3 groups were introduced in the H2Pc.

As described above, the CF3 effects were analyzed in

twofold: structural distortions and electronic interactions.

As shown in Table 3, introducing the structural distortion

in the H2Pc_distorted model, the excitation energies for the

first and second excited states were shifted to 1.64 and

1.94 eV, respectively, which were by 0.25 and 0.22 eV

smaller than those of H2Pc. In H2PcCF3, the first and

Table 2 Calculated and experimental oxidation and reduction potentials (V) of H2PcCF3 and H2PcCF3

B3LYP/6-31G* B3LYP/6-31G* ? PCM Exptl.a

KT KT Eel G G ? Dbasis

Oxidation

H2Pc(EtioCF3) ?1.05 ?1.01 ?0.79 ?0.73 ?1.04 ?1.30

H2Pc(EtioCH3) ?0.23 ?0.52 ?0.31 ?0.29 ?0.55 ?0.92

D(CF3–CH3) ?0.82 ?0.49 ?0.48 ?0.44 ?0.49 ?0.38

Reduction

H2Pc(EtioCF3) -1.07 -1.07 -0.86 -0.76 -0.35 -0.14

H2Pc(EtioCH3) -2.15 -1.89 -1.67 -1.59 -1.28 -0.92

D(CF3–CH3) ?1.08 ?0.82 ?0.81 ?0.83 ?0.83 ?0.78

Oxidation potential minus reduction potential

H2Pc(EtioCF3) ?2.12 ?2.08 ?1.65 ?1.49 ?1.39 ?1.44

H2Pc(EtioCH3) ?2.38 ?2.41 ?1.98 ?1.88 ?1.83 ?1.84

D(CF3–CH3) -0.36 -0.33 -0.33 -0.39 -0.34 -0.40

‘‘KT’’ denotes that the reduction and oxidation potentials were calculated with EAs and IPs at the Koopman theory level. ‘‘Eel’’ denotes that the

potentials were calculated with adiabatic EAs and IPs. ‘‘G’’ denotes that Gibbs free energy was used. ‘‘G ? Dbasis’’ denotes that the basis-sets

extension effect was included. ‘‘Dbasis’’ is the energy difference between the 6-311?G** and the 6-31G* results. ‘‘D(CF3–CH3)’’ denotes the

difference between H2Pc(EtioCF3) and H2Pc(EtioCH3)
a The first oxidation and reduction potentials. Experimental data measured using cyclic voltammetry in PhCN using the Ag/AgCl reference

electrode. See Ref. [1]
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second excitation energies were further shifted to 1.55 and

1.89 eV, respectively, which were by 0.11 and 0.05 eV

smaller than those of H2Pc_distorted. The 74% of the shift

arose from the distortion, while the rest of the 26% from

the electronic effect. These results indicate that the major

origin of the Q band shift is ascribed to the structural

distortion introduced by the steric repulsion of the CF3

groups. A key point to understand the results of the cal-

culations is that the Q bands originate from the excitations

to LUMO. As mentioned in the former section, both the

structural and electronic effects contribute to the specific

stabilization of the LUMO level.

Next, we mention the DFT results. The excitation

energy with TD-B3LYP was by 0.26–0.32 eV higher than

the experimental data, and the deviations were rather sys-

tematic among the porphycenes. On the other hand, very

fine agreement was obtained with the long-range corrected

(LC)-BLYP functional [47, 53]. The deviations from the

experimental data for H2Pc, H2PcCH3, and H2PcCF3 were

-0.01, ?0.01, and ?0.05 eV, respectively. Oscillator

strengths calculated with the B3LYP and LC-BLYP func-

tions were in qualitative agreement with those obtained with

the SAC-CI method. In Table S1, in supplementary mate-

rial, we summarized all of the coefficients for the main

components of the excited states calculated by the SAC-CI,

B3LYP and LC-BLYP. The calculated electronic structures

of the excited states were more or less independent of the

methods used. Among them, the LC-BLYP results were

closer to the SAC-CI-NV results than to the B3LYP ones. In

the first excited states of H2PcCF3, next HOMO to LUMO

transition was a leading configuration in the SAC-CI-NV

wave function, while HOMO to LUMO transition was a

leading configuration in the B3LYP result. Introducing the

long-range correction by the LC scheme, the coefficient for

the HOMO ? LUMO transition decreased, and the elec-

tronic structure became similar to those obtained by the

SAC-CI-NV equations. These successful applications of the

LC-BLYP functional indicate the applicability of the LC

Table 3 Low-lying excited states of H2Pc, H2PcCH3, H2Pc_distorted, and H2PcCF3

State SAC-CI-NVa,b SAC-CI-Va,b B3LYPc LC-BLYPd Exptl.

Eex(f)e Main configurations (|C| C 0.2) Eex(f)e Eex(f)e Eex(f)e Eex(f)e

(1) H2Pc (C2h symmetry), MO81 = HOMO, MO82 = LUMO

11Bu 1.89 (0.17) -0.81 (80 ? 82) -0.44 (81 ? 83) 1.79 (0.16) 2.22 (0.13) 1.95 (0.15) 1.96f, 1.98 g

21Bu 2.16 (0.30) -0.82 (81 ? 82) ?0.34 (80 ? 83)

?0.22 (80 ? 82)

2.06 (0.31) 2.34 (0.20) 2.12 (0.23) 2.07f

(2) H2PcCH3 (C2 symmetry), MO97 = HOMO, MO98 = LUMO

11B 1.72 (0.14) -0.75 (96 ? 98) -0.41 (97 ? 99)

-0.32 (97 ? 98)

1.65 (0.13) 2.19 (0.12) 1.90 (0.13) 1.89 h,i

21B 2.02 (0.30) -0.78 (97 ? 98) ?0.36 (96 ? 98) ?0.30

(96 ? 98) ?0.22 (97 ? 99)

1.95 (0.30) 2.32 (0.22) 2.09 (0.25)

(3) H2Pc_distorted (C2 symmetry), MO81 = HOMO, MO82 = LUMO

11B 1.64 (0.18) ?0.80 (80 ? 82) -0.39 (81 ? 83) ?0.22 (81 ? 82) 1.56 (0.17) 2.12 (0.14) 1.85 (0.17)

21B 1.94 (0.31) ?0.85 (81 ? 82) ?0.33 (80 ? 83)

-0.19 (80 ? 82)

1.86 (0.30) 2.26 (0.20) 2.06 (0.24)

(4) H2PcCF3 (C2 symmetry), MO145 = HOMO, MO146 = LUMO

11B 1.55 (0.19) -0.69 (144 ? 146) ?0.49 (145 ? 146)

-0.31 (145 ? 147) -0.20 (144 ? 147)

1.49 (0.19) 2.04 (0.16) 1.77 (0.13) 1.72

21B 1.89 (0.32) ?0.68 (145 ? 146) ?0.56 (144 ? 146)

-0.24 (144 ? 147) ?0.19(145 ? 147)

1.80 (0.32) 2.20 (0.22) 2.00 (0.28)

a ‘‘NV’’ and ‘‘V’’ denote that the solutions were obtained with the SAC-CI non-variational and variational equations, respectively
b SAC-CI/D95(d)//LC-BLYP/6-311G** calculations
c B3LYP/6-311G**//B3LYP/6-311G** calcuations
d LC-BLYP/6-311G**//LC-BLYP/6-311G** calcuations
e Excitation energy in eV. Number in parenthesis denotes oscillator strength in atomic unit
f In 2-methyltetrahydrofuran. Ref. [2]
g In benzene. Ref. [3]
h 2,7,12,17-tetraethyl-3,8,13,18-tetramethylporphycene in CH2Cl2 [1]
i 2,7,12,17-tetraethyl-3,8,13,18-tetramethylporphycene [4]
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scheme to the molecular design for the excited states of the

porphycene compounds.

Before closing this section, we also examined a possi-

bility of other configurational stereoisomers. Because of

the observed X-ray structure [18], only the B-trans form

was considered in the discussion above. Here, we evaluated

the relative stability of the other isomers, A-trans, A-cis,

and B-cis forms (for definition of the isomers, see Fig. 1b).

In Table 4, relative energies of the isomers were compared.

The energies of the cis isomers were about 3 kcal/mol

higher than those of the trans isomers. It is interesting that

the energy of the A-trans form is by 0.1 kcal/mol lower

than that of the B-trans isomer in the B3LYP, CAM-

B3LYP, and MP2 results. As shown in Figure S3 in sup-

plementary material, structural parameters of the A-trans

form are very similar to those of the B-trans form. The rms/

maximum deviations in the bond lengths and bond angles

calculated at the B3LYP/6-31G* level were 0.005/0.020 Å

and 0.51�/0.91�, respectively. The deviation became larger

in the dihedral angles: 5.07�/8.02�. The trend of the dia-

gram seen in Figure S3 is similar to each other. The first

excitation energy of the A-trans form calculated at the

B3LYP/6-311G** and LC-BLYP/6-311G** levels was

2.06 and 1.65 eV, respectively, which were also close to

those in the B-trans form (2.04 and 1.77 eV, respectively).

4 Conclusions

Quantum chemical calculations were performed to analyze

the absorption spectrum and the redox potential of a

recently synthesised fluorine-containing porphycene, 2,7,12,

17-tetraethyl-3,6,13,16-tetrakis(trifluoromethyl) porphy-

cene (H2Pc(EtioCF3)), in which the CF3 groups at the b
positions introduce unusual distortion in the porphycene

macrocycle [18]. A particularly large positive-side shift

(?0.8 V) was found in the reduction potential measured by

cyclic voltammetry, and a large red-shift (-0.2 eV) of the Q

band was observed in the absorption spectrum [18].

We started checking the applicability of the DFT

exchange–correlation functionals by comparing the struc-

tural parameters (bond lengths, bond angles, and dihedral

angles) between the calculated and X-ray crystallographic

structures. The deviations were small enough to apply these

functionals to the structural optimization of the distorted

porphycene. On the basis of the relative energy and the

magnitude of the deviations, the B-trans2 form (see Fig. 1c)

was the most possible protonation state of H2Pc(EtioCF3) in

the crystal.

We tried to reproduce the experimental reduction and

oxidation potentials of H2Pc(EtioCF3) using available

quantum chemical calculation methods. The particularly

large shift of the reduction potential originates from a

specifically large stabilization of the LUMO level due to

both structural distortion and electronic effects introduced

by the CF3 groups. In order to reproduce the experimen-

tally observed potentials, the solvent effect plays a crucial

role. Extended basis sets were also necessary to achieve

semiquantitative agreement with the experimental data. For

improving the accuracy of the quantum chemical calcula-

tion of the redox potential in a future study, the environ-

mental effect is a key point because the effect shares an

essential portion of the reduction and oxidation potentials.

On the other hand, for a qualitative discussion on the rel-

ative shift in the potentials, a quick and still acceptable

approach is a KT level estimation using the orbital energies

at neutral geometry.

Regarding the significant red-shift in the Q band absorp-

tion, we analyzed the electronic structures of the excited states

of a series of porphycene compounds. The major contribution

was from the molecular distortion effect introduced by the

steric repulsions between the CF3 groups. The second con-

tribution arose from the electronic effect of the CF3 groups.

Both two effects caused the specific stabilization of the

LUMO level and are the origin of the red-shift of the Q band.

In this study, we also aimed for establishing a compu-

tational scheme to calculate the redox potentials and the

excited states of porphyrin-related compounds. The results

are useful not only to understand the excited states and

redox potential but also to help the computation-based

molecular design for the functional molecules.
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