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In the present work, the time-dependent density functional theory (TD-DFT) is applied to study the electronic
transitions which give rise to the near-ultravioteisible (near-U\~vis) optical absorptions of 3,4-dimethyl-
N-{2-[10,15,20-tris-(3,5-dtert-butyl-phenyl)-porphyrin-5-yl]-phenyl benzamide (HP—034) and its zinc
complex ZnP-0O34. Optimizations of the molecular structures were performed using the GGA type Perdew
Burke—Ernzerhof exchange-correlation functional. Excitation energies and oscillator strengths were obtained
from the TD-DFT calculations. Calculations were also carried out by using the BP and B3LYP functionals.
A large number of electronic transitions are responsible for the optical absorptions in the neaisw&gion.

It was also found that distortions induced to the porphyrin ring by the substituents contsibQ% to the

red shifts of the absorption wavelengths of the substituted porphyrins with respect to the unsubstituted
porphyrins. The energies of the lowest triplet states were calculated to be 1.44 e\Pfo©B4 and 1.61 eV

for ZnP—034.

Introduction generally interpreted as pure electronic transittbhsThe

The molecular structures and electronic properties of por- absorption spectra of metalloporphyrins and porphyrins differ
phyrin—fullerene dyads, in which either,A—034 or its zinc ~ mainly by the number of absorptions in teband. There are
complex ZnP-034 acts as an electron donating unit, have been only two Q band transitions in metalloporphyrins, that @
studied by various experimental methods during the past andQ?, out of whichQ is vibronic. The absorption spectra of
years!~3 Results from near-ultraviolewisible (near-UV-vis) porphine and metal-substituted porphine are usually qualitatively
absorption spectroscopy and from fluorescence measurementéterpreted on the basis of Gouterman’s four-orbital model which
performed by monitoring emission at the Soret band region considers On'y transitions inVO'Ving the two hlgheSt OCCUpied
suggest that a photoinduced electron transfer from the donatingorbitals and the two lowest unoccupied orbitalS. Most
unit to the acceptor could lead to a formation of a charge- theoretical calculations are in good agreement with this model,
separated state which lives long enough to allow fabrication of although several papers comment on the necessity of accounting
molecular optoelectronic devicéshus, the theoretical study ~ for more transitions involving also lower occupied and higher

of the electronic properties and optical absorptions eP-H unoccupied Ol't.)i'[a]S besides tr_lose of the Gouterman’s njoHel.
034 and ZnP-034 is important for understanding the electron Actually, also in the appendix of Gouterman’s “Part Il. Four
donor characteristics of these molecules. Orbital Model” article, the need for including more excited states

H,P—034 is an asymmetric substituted porphyrin (see Figure than those of the four-orbital model for a description of the
1a), and its experimental near-UVis spectrum resembles the UV absorption, at least, is brought into discussidvioreover,
spectra of other porphyrins including the unsubstituted porphy- most theoretical studies have been performed on symnigric
rin, that is, porphine (&P). In the same way, the absorption and Dan porphyrins which are the ones analyzed also in
spectrum of ZnP-O34 is similar to the spectrum of the Gouterman’s articles. Asymmetric substitution of the porphyrin
unsubstituted zinc porphyrin, that is, zinc porphine (ZnP). The ring and drastic lowering of the symmetry of the molecule will
experimental near-U¥vis absorption spectra of porphyrins resultin strong mixing of configurations, and this is an ongoing
have four weak absorptions in the visible region, which are research field. Experimental results of fluorescence spectroscopy
called theQ band. In addition, there is a very strong absorption Mmeasurements of porphyrins indicate thatBteand absorption
band in the near-UV region. This band is called the Soret band should be described by using a manifold of vibronic levels
or the B band. In addition to these, there are some smaller belonging to two or more electronic states.
intensity bands at lower wavelengths, namely, kh&, andM Recent time-dependent density functional theory (TD-DFT)
bands. calculations on KP81112ZnP, and some other metallopor-

The peaks of th€ band are due to vibronic transitions and Phine$**have identified two electronic excitations which give
are labeledQ?, Q’, QS' and Q;. The @ and QS peaks are  fise to theB band. In the cases of A—034 and ZnP-O34,

however, ground state DFT calculatiéhisave identified a large
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Computational Methods

Geometry optimizations, electronic structure investigations,
and TD-DFT calculations were performed using two different
generalized-gradient approximation (GGA) exchange-correlation
functionals, that is, the PerdevBurke—Ernzerhof (PBEY—18
and Becke-Perdew (BP) functionals—2! In addition, a hybrid
functional, that is, the Becke3LYP (B3LYP) functional, was
used!’~2022.23The PBE functional is a reformulation of the first-
principles GGA functional PW91. On one hand, it is a
simplification, but on the other hand, it is an improvement on
PW91. These two functionals have been found to vyield
essentially the same results for atomic energetics, with PBE
being only slightly more accurate than PW9T herefore, PBE
is not expected to differ from PW9L1, at least not when describing
porphyrin in its singlet ground state. The BP functional has
become popular, and it has also been successfully used in the
TD-DFT calculations of the absorption spectra of porphine and
magnesium porphin&? To find a general view of different
functionals, we have carried out calculations also using the
popular B3LYP functional that involves semiempirical param-
eters and which was also used in TD-DFT calculations of the
absorption spectra of porphine and metalloporphffed; 13

The Karlsruhe split-valence basis set augmetitesith
(a) polarization functions (SVP) was used. The SVP basis set
consists of two basis functions for H (4s)/[2s], six basis functions
for C (7s4pl1d)/[3s2pld], and six basis functions for N (7s4p1d)/
[3s2pld]. The terms in parentheses represent the numbers of
primitive functions of each type, and the terms in brackets
represent the numbers of contracted basis functions of each type.
The resolution of identity approach (RI) was used together with
the PBE and BP functionals to reduce the computational effort
and, accordingly, the time needed for calculatiéhs.

The excitation energies and the oscillator strengths were
obtained from the TD-DFT calculations. Also, the energies of
the lowest triplet states of J#—034 and ZnP-O34 were
calculated by using the same method. The first step of the TD-
DFT calculation employs a self-consistent ground state Kohn
Sham (KS) computatioff. The second step consists of solving
the central equation of the TD-DFT response theory by using
the adiabatic local density approximation (ALDA) for the
functional derivatives of the exchange-correlation potesfial.

All calculations were performed with the Turbomole software

package?®
(b) Results
Figure 1. Optimized molecular structures of (a)P+-034 and (b) Geometries and Electronic Structures of HP—034 and

ZnP—-034. The hydrogen atoms have been omitted except from the ZnP—034. The DFT-optimized geometries of,F—034 and
nitrogen atoms of the pyrrole rings. The numbers in the figure represent )

the values of the dihedral angles, in degrees, between the phenyl ringsznp—034 are drawn in parts a and b of Flg_ure 1’. respectively.
and the porphyrin ring. Some bond lengths and bond angles are listed in Table 1, for

H,P—034, and in Table 2, for ZnPO34. Also the bond lengths
attributed to complex electronic structures and the lowest and bond angles from our previous DFT/PW91 calculations are
symmetry, that isC;, of these molecule¥' given in Tables 1 and ® The complete sets of Cartesian

In the present work, we have used the TD-DFT to determine coordinates are available upon request. Both molecules adopt a
the electronic excitations which correspond to the experimental slightly nonplanar geometry with the lowest symmetry. Es-
near-U\V-vis absorptions of BP—034 and ZnP-0O34 mol- sentially the same structures are obtained from the DFT
ecules. Red shifts of the near-UWis absorption peaks have calculations performed with different functionals (see Tables 1
been investigated in the light of electronic effects of the and 2). For both porphyrin molecules, that issPHO34 and
substituents at the porphyrin ring and of distortions in the ZnP—034, the differences in bond lengths ax@ x 103 A
porphyrin ring caused by the substituents. The relative contribu- and those in bond angles0.2°. The B3LYP functional, which
tions of these two factors are determined. We have also was used for the calculations obP+-034 (see Table 1) yields
evaluated the lowest triplet state energies. The triplet states areonly slightly larger values than the GGA functionals. To our
usually long living due to the selection rules and are, therefore, knowledge, no experimental data are available in the literature
relevant to molecular electronics as well. on the structural parameters presented in Tables 1 and 2.
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TABLE 1: Some Calculated Bond Lengths (A) and Bond Angles (deg) in lP—034
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structural
parameters PBE/SVP BP/SVP PW91/DRIP B3LYP
Bond Lengths (A)

H—N 1.029-1.031 1.030 1.026 1.020
N—Cq 1.380-1.381 1.38%+1.383 1.37#1.379 1.383-1.385
(N—C,)? 1.370-1.372 1.372-1.374 1.37+1.372 1.376-1.372
Cs—Cyq 1.441-1.442 1.44%1.442 1.432-1.434 1.443-1.446
(Cs—Cy)? 1.465-1.466 1.465-1.467 1.4571.458 1.469-1.470
Cs—Cp 1.380-1.381 1.38%+1.382 1.373-1.376 1.386-1.381
(Cs—Cp)2 1.366-1.367 1.367 1.3581.359 1.366

m—Ca 1.415-1.416 1.4141.415 1.4071.409 1.416-1.414
(Cn—Cy)? 1.420-1.423 1.422-1.424 1.414-1.415 1.418-1.421
Cs—H 1.095-1.096 1.095-1.096 1.086-1.088 1.0871.088
(Cs—H)2 1.096-1.097 1.097 1.0861.087 1.088

Bond Angles (deg)

H—N—C, 124.3-125.0 124.2-125.3 126.4126.8 124.+124.9
Cy—N—-C, 110.6-110.7 110.5110.7 110.7110.8 110.7110.8
(Co—N—Cy)? 105.4-105.5 105.3-105.4 105.4 108:2108.2
N—Cy—Cp 106.6-106.8 106.6-106.8 106.4106.5 106.3-106.5
(N—C,—Cp)? 111.1-111.2 111.6-111.4 110.9 1105110.7
Co—Cs—Cp 108.0 107.9-108.1 108.1108.2 108.2
(Co—Cs—Cp)? 106.2 106.1106.2 106.3-106.5 106.3-106.4
Cy—Cnm—Ca 124.9-125.4 124.8125.5 125.6-125.7 124.7#125.3

aPyrrole rings in which the nitrogen atoms are unprotonated.

TABLE 2: Some Calculated Bond Lengths (A) and Bond
Angles (deg) in ZnP-034

TABLE 3: Calculated Energies of the Frontier Molecular
Orbitals of H,P—034 and ZnP-034 Using the HOMO
Energy as a Referencee)?

structural
parameters PBE/SVP BP/SVP PW91/DNP H.P—034 ZnP-034
Bond Lengths (A) molecular PBE BP B3LYP PBE BP
Zn—N 2.062-2.065  2.06+1.063  2.059-2.060 orbitals €eV) e(eV) e(eV) e(eV) e(eV)
N—Cy 1.379-1.381 2.386-2.383 1.378-1.379 LUMO + 7 3.64 3.64 4.97 3.68 3.62
Cs—Ca 1.451-1.453 2.452-1.453 1.443-1.444 LUMO + 6 3.56 3.58 4.86 3.63 3.56
Cs—Cp 1.373-1.375 1.3741.375 1.3651.357 LUMO +5 3.51 3.54 4.81 3.62 3.63
Cn—Cq 1.416-1.418  1.4171.419  1.4121.413 LUMO + 4 3.48 3.50 4.78 3.46 3.45
Cs—H 1.096-1.098 1.096-1.098 1.086-1.088 LUMO + 3 2.96 2.99 4.20 3.06 3.10
N—Zn—N 89.8-90.3 89.9-90.1 89.8-90.1 LUMO +1 1.73 1.75 2.68 1.85 1.87
Co—N-C, 106.8 106.7106.8  106.9-107.0 LUMO 1.70 172 2.64 1.83 1.84
N—C.—C;s 109.6-109.8  109.7109.8  109.3-109.5 HOMO 0 0 0 0 0
Co—Cs—Cs 106.7-107.0  106.8-106.9  107.+107.2 HOMO-1 -041 -038 -040 029 -0.28
«—Cn—Co  124.8-1249  124.81249  124.91250 HOMO-2  -052 -046 -076 -057 —0.60
Zn—N—C, 125.7126.1  126.5126.7  125.9-126.0 HOMO-3 -084 -08 -131 -070 -0.74
HOMO—-4 —-0.96 -0.94 —-147 -071 —0.83
HOMO-5 -1.02 -1.00 -152 -1.02 -0.98
The energies of some frontier MOs obP+034 and ZnP- HOMO-6 —-1.17 -—1.14 —1.53 —-1.07 -1.13
-1.22 -119 -155 -1.09 -1.16

034 are given in Table 3. The energies of the MOs calculated HOMO —7
with the PBE functional are slightly higher than those calculated 2 The HOMO energies of #P—034 are—4.68, —4.78, and—5.08
with the BP functional. However, the energies calculated using eV for PBE, BP, and B3LYP, respectively. The HOMO energies of
the highest occupied molecular orbital (HOMO) energy as a ZnP-034 are—4.71 and—4.79 eV for PBE and BP, respectively.
referenced) differ only in the second decimal for the PBE and
BP functionals. The DFT/PBE calculations oaR4-034 yield with wavelengths below the considered near-tks interval
a gap of 1.70 eV between the highest occupied molecular orbitalwere obtained from the TD-DFT calculations. These can be most
(HOMO) and the lowest unoccupied molecular orbital (LUMO). probably correlated to the lower wavelength absorption bands
The HOMO-LUMO energy gap obtained with the hybrid of porphyrins, although they have slightly larger oscillator
functional is almost 1 eV larger. In the case of ZnP34, the strengths than what should be expected. The experimental
PBE functional yields 1.83 eV for the HOM&@.UMO gap. wavelengths and the absorbances of the liquid phase near-Uv
Near-UV—vis Absorption Spectra.Because no experimental  Vis absorption spectrum are also given in Table 4. In addition,
gas phase absorption spectra have been found in the literaturéhe calculated electronic transition energies are presented in
for Ho,P—034 and ZnP-034, the liquid phase data are used Figure 2a wih a 6 nmbroadening of Gaussian line shape, to
when the calculated absorption spectra are compared withsimulate the experimental spectra as well as the vibrational
experimental results. The experimental absorption spectra ofbroadening that is not included in our present calculations. In
H,P—034 and ZnP-034 were measured in benzené. Figure 2, the areas under the calculated and experimental spectra
H,P—034. The wavelengths and oscillator strengths of the were normalized to 1.
TD-DFT/PBE-calculated excitations, which can be assigned to  The calculated electronic excitations at 631.6 and 598.8 nm
the Q and B bands, are listed in Table 4. The weights of the compare well with the experimental wavelengths of the absorp-
one-electron transitions contributing more than 5% to the tion maxima of theQS and QS peaks, that is, 648.0 and 552.0
excitations are also given in Table 4. Several other excitations nm, respectively (see Table 4 and Figure 2). Moreover, in the
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TABLE 4: TD-DFT/PBE-Calculated and Experimental Wavelengths (nm, eV), the Corresponding One-Electron Transitions,
and Oscillator Strengths of the Electronic Transitions of H,P—034?2

TD-DFT/PBE experimental
excitation  excitation weight oscillator  excitation  excitation
(nm) (eV) one-electron transition (%) strength (nm) (eV) absorbance
Q° 631.6 1.96 H-L+1;H—L 42.9;29.0 0.043 648.0 191 0.015
H-1—LH-1—L+1 16.4;9.9
Q;’ 598.8 2.07 H-LH—L+1 41.4;27.4 0.068 552.0 2.25 0.039
H-1—L+1,H-1—L 14.7;9.3
B 447.7 2.77 H-4—L+2;H-5—L 30.3;18.3 0.191 423.0 2.93 2.319
H-1—LH-5—L+1, 15.6; 15.0; 6.2
H-1—L+1
B 445.8 2.78 H-4—LH-4—L+1 58.8; 37.1 0.003
B 444.5 2.79 H-L+2,H-5—L; 67.5;14.6;7.3 0.032
H-5—L+1
B 440.0 2.80 H-5—LH-5—L+1 40.3;23.1 0.057
H-4—L+1,H-4—L 14.2; 6.9
B 438.4 2.82 H-4—L+1,H-4—L 42.8;29.5 0.018
H-5—L+1,H-5—L 11.5;6.6
B 431.5 2.87 H-1—L+1,H—L 29.6;8.7 0.428
H-11—L+1;H-5—L 8.6;6.8
H-6—L+1,H-6—L 5.7;5.5
B 428.7 2.89 H6—LH-5—L+1 64.3;9.4 0.096
B 426.5 2.90 H-6—LH-5—L+1 23.2;15.5 0.264
H-—1—LH-11—L 10.2;10.1
H-6—L+1,H-7—L 8.9;8.8
B 421.3 2.94 H-6—L+1,H-7—L, 53.9;23.8;5.5 0.012
H—L+3
B 419.9 2.05 H-7—LH-6—L+1, 59.6; 13.0; 5.4 0.134
H-5—L+1
B 418.7 2.96 H-8—L 82.1 0.023
B 416.1 2.98 H-9—LH-7—L+1, 40.0; 29.8; 26.0 0.012
H—10—L
B 415.4 2.98 H-7—L+1H-9—L+1 51.2;22.6 0.016
H-10—L+1;H-12—L+1 8.1;68
B 413.9 2.99 H-8—L+1 92.3 0.003
B 412.0 3.01 H-9—L+1,H-10—L+1 64.9;21.5 0.006
B 410.9 3.02 H-11—L;H - 10—L 36.1;24.0 0.036
H-10—L+1;H-9—L; 15.9;7.2;6.0
H—11—L+1
B 409.7 3.03 H-10—L+1;,H-10—L 20.2;19.7 0.054
H—-11—L+1;H—11—L; 17.2;13.7;12.3
H-9—L
B 406.8 3.05 H-10—L+1;H—12—L 23.3;22.8 0.014
H-12—L+1;H-11—L; 14.3;10.7; 7.4
H-9—L+1
B 405.8 3.06 H-12—L;H—-11—L +1; 36.7;25.1; 23.7 0.029
H—-12—L+1
B 403.2 3.07 H-11—L+1;H-12—L 30.0;12.9 0.121
H—-14—L;H—-13—L 11.0; 10.0
H-10—L+1;H-16—L; 7.0;6.3;6.0
H-9—L+1
B 400.8 3.09 H-12—L+1,H-14—L+1 443;10.8 0.058
H—13—L+1;H—12—L 8.5;7.0

a Excitation weights which are smaller than 5% have been neglected.

visible part of the spectrum, the number of the calculated cupied orbitals. Inspection of Table 4 reveals that the electronic
excitations is very similar to that obtained by the TD-DFT excitations, which give rise to thB band, involve transitions
calculations with HP 811.1214The calculated excitations at 556.9, between 17 occupied and 3 unoccupied MOs. The large number
549.9, 489.7, and 483.9 nm are not given in Table 4 becauseof transitions, which involve a large number of MOs, can be
(1) their oscillator strengths are onlyl0~3, which is an order mainly attributed to two factors. First, JA—034 belongs to
of magnitude smaller than the transitions giving rise to@je  the lowest symmetry point group, that i§;. Therefore, no
andQ peaks and (2) there are no experimental absorptions Symmetry restrictions apply to the electronic transitions; that
which could be related to these excitations. It is also possible thatis, from the symmetry point of view, all transitions are allowed
these excitations are not resolved in the experimental spectrumand, therefore, a number of aimost forbidden transitions emerge
All the 21 calculated electronic excitations between 447.7 With weak intensities. Second, the occupied MOs, which locate
and 400.8 nm can be assigned to Bieand. The absorption of ~ below HOMO— 1, are quite close in energy; for example, the
the experimentally measurddiband covers a spectral region €energy difference between HOMO 1 and HOMO— 16 is
of ~450.0-400.0 nm. The large amount of excitations in e~ only 1 eV (see Table 3).
band region can only be explained by electronic transitions The TD-DFT calculations with two different GGA function-
taking place between a large number of occupied and unoc-als, PBE and BP, yield essentially the same results. Both func-
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The TD-DFT/B3LYP-calculated excitations above 330 nm

0.045: T T T T L T T
0,04 - :3%2 ;3::::;211;?“’”** i are given in Table 5 and Figure 2b. In addition, the one-electron
0,035} il e H2PO34 experimental x 10 | transitions contributing more than 5% as well as their weights,
" [ | which are indicated in percents, are given in Table 5. Examina-
§ a.oa:r tion of the spectra in Figure 2 and the numerical data in Tables
2028 4 and 5 reveals several differences between the results calculated
% 0.02} i with the GGA type and hybrid functionals. First, the absorption
Z 0015} i A spectrum calculated with B3LYP is shifted toward higher
il J ;': wavelengths as compared to the PBE absorption spectrum.
| e \ H “. Second, the number of excitations which give rise toBland
o'oosi____ i L\ js,;.la\\ f/\ A | is smaller in the B3LYP-calculated spectrum. The difference
S S A s e ah ek TGS in the number of excitations would be even larger if we did not
Absarption Wavelength (nm) consider those excitations which have oscillator strengths smaller
(a) than 102 and are therefore 2 orders of magnitude smaller than
0.045; . . : : : : . the strongest excitation of thB band. The different results
sinck (o uaed FoDERRIEE obtained with the GGA and hybrid functionals can be related
.04 ¢ i perimental e . :
P || | == H2POB4 calculated x 10 to the sensitivity of the TD-DFT calculations to the asymptotic
il || Ly FPON supa Y X 10 decay of the exchange-correlation poterii&® This in turn
&4 Bar & 7 influences the quality of the orbital energy differences which
;o.oas} [\ 1 enter the TD-DFT formalism as a first approximation to the
£ o0z [\ il ] excitation energie¥’?° As can be seen from Table 3, there are
= o015l [ \'. P & differences of almost 1 eV between the orbital energy differences
| J |\ it | calculated with the GGA and hybrid functionals. It could be
o # \ i f'; expected that hybrid functionals, which in general exhibit an
OO0 o e H \ A 7 improved asymptotic decay of the exchange-correlation potential
goo_ 3;0 460\_ e 56;" %ﬁb T over the GGA functionals, yield more correct excitation
Absorption Wavelength (nm) energies. However, the hybrid functionals are improved by
(b) mixing of exact Hartree Fock exchange with semilocal func-
0.06 : . . tionals, and as pointed out in ref 30, the optimum amount of
— zggz::f:r‘f":’e‘f];?‘[’”m“ mixing is far from universal. On the other hand, the PW91
) = H2P calculated x 100 functional and its modified form, the PBE functional, are derived
Ml o HEP @iperimental - 10 without semiempirical parameters. Therefore, answering the
iy | '); i 1 question of whether the GGA functionals or the hybrid
= | | functionals can be trusted more is not straightforward. While
£ i1 the search for improved functionals is continuing, discussions
:ic e i :’. | on the influences of the most widely used functionals on the
TD-DFT results can be found in several articles and bG6RS.
1'F | /\‘3 When comparing the optical absorptions offH034 with
| \ i /i X‘.‘ /&A those of HP * one can find differences not only in the number
800 350 400 250 500 550 600 B50 700 of electronic excitations which contribute to tH& band
Absorption Wavelength (nm) absorptions, as explained in the Introduction, but also in the
(©) excitation wavelengths of th& and Q bands. Both the

. . . . experimental and calculated excitation wavelengths g#-H
Figure 2. Calculated (solid line) and experimental (dotted line) 034 are shifted toward red when compared # Ksee Figure

absorption spectra of (a and byP-034 and (c) HP1* Calculated . . .
plots are presented wita 6 nmbroadening of Gaussian line shape. 2)- [N the experimental absorption spectra, the red shifts are

The areas under the plots are normalized to 1. The thick lines are drawn~30 nm. The TD-DFT-calculated red shifts of tizand B

after multiplication of they-values corresponding to the visible bands of HP—034 with respect to bP are~53.0 and~11.0

wavelength region. The multiplication factors are given in the legends nm, respectively.

of the plots. The experimental gas phase absorption spectrurgFof H . . .

was drawn after the experimental data provided in ref 32. Red shifts are due to the. eIeCFronI(? effects of the subs.tltu.ents
as well as to the geometrical distortions of the porphyrin ring

tionals yield almost the same excitation wavelengths and oscil- caused by the substituents, that is, nonplanarity and changes of
lator strengths. However, there are differences between the exci20nd lengths and bond angles. To quantify the total contribution
tation weights and the MOs involved in one-electron transitions. Of the geometrical changes alone, we have carried out TD-DFT/
The differences are larger for ti:band excitations than for ~ PBE calculations also for a modifiecsP-034 (m—H,P—034)
theQ band excitations. In th® band excitations, the differences Molecule in which all the substituents were replaced by
are restricted to the LUMO and LUM@- 1 orbitals. These hydrogens while retaining the distorted porphyrin skeleton. The
orbitals are interchanged if the TD-DFT/BP results are compared 9eometrical distortions of the porphyrin ring contribut@0%

to the TD-DFT/PBE results. These differences originate from t0 the red shifts of the absorption peaks. The red shifts of the
small differences in structures, which are obtained with the PBE Q andB bands of m-H,P—034 with respect to kP are~5.0

and BP functionals (see Table 1). The TD-DFT/PBE calcula- and~1.0 nm, respectively.

tions, which we have carried out by using the DFT/BP-optimized = ZnP—034. The TD-DFT/PBE-calculated and experimental
geometries, yield practically the same excitation wavelengths, spectra of ZnP-O34 are presented in Figure .3A 6 nm
oscillator strengths, excitation weights, and MOs involved in broadening with Gaussian line shape was applied to the
one-electron transitions as the TD-DFT/BP calculations. calculated electronic excitations. Inspection of Figure 3a reveals
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TABLE 5: TD-DFT/B3LYP-Calculated and Experimental Wavelengths (nm, eV), the Corresponding One-Electron Transitions,
and Oscillator Strengths of the Electronic Transitions of H,P—034?2

TD-DFT/B3LYP experimental
excitation excitation weight oscillator excitation excitation
(nm) (eV) one-electron transition (%) strength (nm) (eV) absorbance
Q° 581.3 2.13 H-LH-1—L+1 56.7; 23.7 0.039 648.0 191 0.015
H—L+1 12.8
Qg 537.7 2.30 H-L+1,H-1—L 53.4;27.4 0.062 552.0 2.25 0.039
H—L 12.8
B 431.7 2.87 H-2—L 94.5 0.007 423.0 2.93 2.319
B 416.1 2.98 H-2—L+2 95.3 0.007
B 394.9 3.14 H-1—L+1,H—L 41.2;13.6 0.779
H-—4—LH-1—L 13.1;12.4
B 381.4 3.25 H-1—LH—L+1 44.6;22.4 1.381
H-—1—L+1,H—L 14.4; 6.6
378.5 3.27 H-3—LH-3—L+1
B 356.3 3.48 H-3—L+1,H-4—L/H-3—L 49.2;26.38;15.6 0.160
B 355.3 3.49 H-4—LH-3—L+1 46.4;32.4 0.389
B 351.3 3.53 H-4—L+1,H-4—L 87.4;5.0 0.100
B 349.0 3.55 H-L+2 97.6 0.022
B 341.6 3.63 H-5—LH-6—L 85.9;5.1 0.003
B 340.2 3.64 H-5—L+1,H-6—L+1 83.3;5.0 0.005
B 337.2 3.68 H6—LH-6—-L+1,H-7—L 675;12.2;6.4 0.008
B 335.0 3.70 H-7—LH-7—L+1 51.7;14.1 0.008
H—10—L, H—-6—L 11.6;7.6
B 333.8 3.71 H-7—L+1,H-10—L 49.9;19.2 0.002
H—L+3;H-6—L+1 78,71
B 333.1 3.72 H-6—L+1,H-9—L 48.0; 14.4 0.007
H-7—L+1,H-9—L+1 8.8;8.2
H—-10—L+1 6.2
B 3314 3.74 H-9—L+1,H-10—L 29.2; 20.6 0.005
H-7—LH-6—L+1 14.3;9.3
H—L+3H-9—L 7.8;5.7
B 330.8 3.75 H-10—L,H—-9—L+1 41.2;27.4 0.054
H—L+3H-9—L 19.1;12.0

a Excitation weights which are smaller than 5% have been neglected.

that the calculated excitations at 586.8 and 584.9 nm with Q° peak have slightly different energies, which result in two
oscillator strengths of 0.031 and 0.038 can both be assigned todistinct but energetically close excitations. The electronic
the Q° peak, whose maximum appears at 604.0 nm in the excitations, which give rise to thB band, involve transitions
experimental spectrum. The maximum absorbance ofGhe  between a large number of occupied and unoccupied MOs. The
peak is 0.056. Following are six excitations at 514.5, 511.5, same reasoning as that described above ##+D34 can be
487.7, 484.8, 483.0, and 480.3 nm which are not visible in also applied for understanding the large number of MOs
Figure 3a because of their very low oscillator strengths. There involved in the electronic transitions of ZriD34. The TD-

are no corresponding experimental absorption peaks for theseDFT results obtained by the PBE and BP functionals yield
transitions. As in the case of,A—034, these excitations might  essentially similar results for the excitation wavelengths and
not be resolved in the experimental spectrum, because of theiroscillator strengths, but the excitation weights and MOs differ.
low oscillator strengths. Subsequent calculated electronic excita- Red shifts are also observed when comparing the optical
tions, which start at 433.7 nm, are assigned tdBtand. There absorptions of ZnP0O34 and ZnP (see parts a and b of Figure
are 11 electronic excitations in the spectral regiond@f30— 3, respectively). As shown above forpP+034 and HP and

405 nm. The experiment8 band extends from-440 to~400 also in the case of their zinc complexes, the experimentally
nm. A maximum oscillator strength value of 0.352 was observed red shifts are reproduced by the calculated electronic
calculated for the excitation at 432.7 nm. This again compares transitions. The contribution of the geometrical changes to the

very well with the experimental spectrum in which tBdand red shifts was evaluated by calculating the electronic excitations
maximum locates at 432.0 nm and has a maximum absorbanceof a modified ZnP-0O34 (m-ZnP-034) molecule in which all
of 1.652. the substituents on the porphyrin ring were replaced by

In a similar manner as in the case off+034 above, the hydrogens. The red shifts (a) of ti@and B bands of ZnP
electronic excitations of ZnPO34, which give rise to th& 034 with respect to ZnP are55.7 and~44.0 nm, respec-
band, involve one-electron transitions between a large numbertively.1® The red shifts (b) of th&) and B bands of m-ZnP
of occupied and unoccupied MOs. The excitations which O34 with respect to ZnP are4.5 and~1.3 nm, respectivel{?
correspond to th&) peak consist of one-electron transitions Therefore, the geometrical distortions of the porphyrin ring
from HOMO and HOMO— 1 to LUMO and LUMO+ 1. The contribute <8% to the red shifts of the absorption peaks.

QP peak of ZnP consists of similar one-electron transitions;  Triplet States. Some of the energies of the triplet excited
however, in this case, the LUMO and LUM® 1 orbitals are states of HP—034 and ZnP-O34 with respect to the ground
degenerate and the HOMO and HOM®OL orbitals are nearly  states are given in Table 6. The calculated energies of the lowest
degeneraté? In the case of ZnP034, the LUMO and LUMO triplet excited states of ##—034 and ZnP-O34 are 1.44 and

+ 1 orbitals are almost degenerate but the energy differencel.61 eV, respectively. The experimentally obtained values for
between HOMO and HOMG- 1 is ~0.3 eV (see Table 3).  almost identical porphyrin and zinc porphyrin molecules are
Therefore, the two one-electron transitions contributing to the 1.40 and 1.64 eV, respectively The PBE and BP functionals



Electronic Absorption Spectra ofH—034 and ZnP-O34

0.04 ; ; ; ¥
fil | — ZnP034 calculated TD-DFT/PBE
0.035} ht ZnPO34 experimental g
0.03| R
£ 0,025/
= i
o i
S o0.02f 5
2 |
20015 / i
< i
0.01} I." i
)
0.005 jllf' |
Mt ok i M '“:'_'I_“-L.' oot ¥ = SRR TVER
300 350 400 450 500 550 600 650 700
Absorption Wavelength (nm)
(a)
0.08
__ZnP experimental
§ = ZnP calculated x 10*
0.0 i
2
E H
3 . 1
11
F004) i
£ i1
= I
< I !
0.02} ]
| i |
300 400 450 500 550 600 650 700
Absorption Wavelength (nm)
(b)

Figure 3. Calculated (solid line) and experimental (dotted line)
absorption spectra of (a) ZrfO34 and (b) ZnP. Calculated plots are
presented wit a 6 nmbroadening of Gaussian line shape. The areas
under the plots are normalized to 1. In part b, the thick full line is
drawn after multiplication of the-values by 16 The experimental

gas phase absorption spectrum of ZnP was drawn after the experimental

data provided in ref 33.

TABLE 6: TD-DFT/PBE-Calculated Triplet State Energies
(eV) of H,P—034 and ZnP-034

H,P—034 ZnP-034
state energy (eV) state energy (eV)
A 1.44 A 1.61
SA 1.56 A 1.63
A 1.95 A 1.98
SA 2.00 SA 2.00
A 2.20 A 2.40
SA 2.23 SA 2.42
A 2.48 A 2.49
A 2.53 A 2.50

yield energies which are the same within 0.03 eV for the eight

lowest triplet excited states.

Conclusions

In this work, the TD-DFT was applied to study two
asymmetric substituted porphyrins, that isPHO34 and ZnP
034, using the PBE and BP functionals of GGA type and the 19gq 162 165.
B3LYP hybrid functional.

It was shown that although there are differences between th
TD-DFT results obtained with different functionals all calcula-
tions support the fact that thB band is a result of several
electronic excitations which involve a large number of MOs, Chem. Soc200Q 122, 6535.
whereas the peaks in th@ band originate from transitions
involving only HOMO — 1, HOMO, LUMO, and LUMO+ 1.
The low symmetry of these porphyrin molecules and the very Phys. Chem1976 80, 2253.
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close spacing of a large number of occupied MOs are two of
the factors which contribute to the complex structure ofBhe
band. The present results support the results obtained from our
previous ground state DFT calculatiofsThe red shifts of the
near-UV~vis absorption peaks have been evaluated, and our
calculations predict that the contribution of the porphyrin ring
distortion is <10% for both substituted porphyrins. The
calculated lowest triplet state energies are 1.44 eV fg?H

034 and 1.61 eV for ZnPO34.
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