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Excited States of Porphyrin Isomers and Porphycene Derivatives: A SAC-CI Study
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Excited states of free-base porphyrin isomers, porphycBag ¢orrphycene Cor), and hemiporphycene

(hPc), were studied by the Symmetry-Adapted Cluster (SAC)/SAC-Configuration Interaction (Cl) method.
The absorption peaks of the porphyrin isomers were assigned on the basis of the SAC-CI spectra. The X, Y,
X', and Y bands of the porphyrin isomers, which have weak intensities, are identified. The differences in the
Q-band absorptions among the isomers were clearly explained by the four-orbital mo@Gek. &nd hPc,

the wave function of the B-band corresponds to the mixture of the four-orbital excitations and the optically
forbidden excitation of free-base porphiR)( due to the molecular symmetry lowering in the isomers. The
B-band character is described by the five-orbital modétdrand the six-orbital model i€or andhPc. Two
tetrazaporphycenes and two ring-extended (dibenzo) porphycenes were designed, and the Q-band transition
moment was successfully controlled. These examples show that the control of the four-orbital energy levels
is the guiding principle for pigment design in porphyrin compounds.

1. Introduction However, there are few theoretical studies on the excited

Tetrapyrrolic macrocycles have intriguing physical, chemical, States of porphyrin isomers, apart from some semiempirical
and biological properties. In biological processes, Fe-porphyrins calculation&'8 of the excited states of porphycene. Considering
are found in hemoglobins, myoglobins, and cytochromes, the practical applications of porphyrin isomers, a theoretical
whereas chlorophylls are used in photosynthetic Systems_understanding of the electronic structure of the excited states is
Therefore, tetrapyrrolic molecules are appropriately called the Very important. Figure 2 shows the experimental absorption
“pigment of life”.X In the medical field, porphyrins have been spectra of free-base octaethyl-porphin, porphycene, corrphycene,
used in photodynamic therapy for the treatment of cancer andand hemiporphycen€. Porphyrin compounds have a weak
dermatological diseasé8In material sciences, phthalocyanines Q-band around 566700 nm (1.8-2.5 eV) and a strong B-band
are valuable as components of organic materials and chro-around 356-400 nm (3-3.5 eV). Porphycene and hemipor-
mophores. These interdisciplinary interests have led to the phycene have a much stronger Q-band than porphin and
synthesis of porphyrin isomers. Porphycene was the first isomercorrphycene. For porphycene, the so-called X- and Y-bands
to be synthesizetl Theoretical studies by Waluk and Michl  appear in the proximity of the B-bar¥however, there are no
suggested that other porphyrin isomers also have a porphyrin-such peaks in the spectrum of porphin.

like electronic structuré8 This prediction was confirmed by Here, we briefly introduce Gouterman’s four-orbital mcdel
the synthesis of corrphyceffeand hemiporphycen@!® Por- and its relation to the absorption spectra of free-base porphin
phycene has been shown to be a promising compound for(P). Figure 3 shows HartreeFock orbital energies of Gouter-
photodynamic therap¥t1? man’s four orbitals (next-HOMO, HOMO, LUMO, and next-

There are many theoretical studies on the ground-state| UMO) and several other important orbitals. Arrays and
structure of the porphyrin isomers. Geometrical isomerism ((E/ coefficients in the figure show the main configurations and the
Z)-configurations)® and NH tautomerism of porphycef#;® SAC-CI coefficients of the B3, (Qx) and B, (Q,) states of
corrphycené;'® and hemiporphycer@!® were theoretically  p, These two excited states are composed of two near-degenerate
investigated using the density-functional theory (DF¥}*°and excitations within the four-orbitals. This is mainly due to near-
the MP2 method® These studies clarified that the trans isomers degenerate orbital levels. It is also known that the main
with a (Z)-configuration (shown in Figure 1) are more stable configuration of the B-band includes an excitation from the fifth
than other isomers, although some of the NH tautomers are grpital (Figure 3P12b.22The intensity of the Q-band is generally
nearly as stable as the equilibrium structu®es® The relative ek, since the transition moments of the two near-degenerate
stability of these four isomers was also investigated by BFT. configurations cancel each otHaf.Therefore, a change in the

*To whom correspondence should be addressed. E-mail: hiroshi@ Orbital energies relaxes the near-degeneracy, which increases

sbgrhem.kyoto-u.ac.jp. the Q-band intensity. As seen in Figure 3, LUMO and next-
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I Gaussian Inc. more intense Q-band absorption. In addition, the molecular
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tetrazaporphycenelAPc-1), (f) free-base 2,7,12,17-tetrazaporphycehdRc-2), (g) free-base 3,6-,13,16-dibenzoporphycesdP-), (h) free-

\ H
Figure 1. Molecular structure of free-base porphyrin isomers, free-base tetrazaporphycenes, and free-base ring-extended porphycenes. (a) Free-
base 9,10-,19,20-dibenzoporphyceagRc-2.

structures ofCor and hPc are reduced t&s symmetry. This structures were similar to those reported in a previous afficle.
means that the optically forbidden state®iandPc can interact These studies clarified that the trans-NH tautomers shown in
with the allowed states. Thus, there are interesting possibilities Figure 1 are the most stable. FexPc-1 (3,6-,13,16-diben-
that structural isomers can direct the molecular design of the zoporphycene), a planar geometry was assumed. Previously, the
excited states. Therefore, quantitative analysis of the excitedabsorption spectrum was reported for taga-butyl-3,6-,13,16-
states by a reliable method is essential. dibenzoporphyceigwhich is known to be a planar molecife.

We have studied the excited states of porphyrin-related The basis sets for geometry optimizations by DFT and for
compounds} free-base porphifi Mg-porphin?© free-base  SAC-CI calculation of the excited states were of valence

tetrazaporphifi®and phthalocyanin€°hemes;*o."chlorir?" double¢ plus polarization quality. In our previous studés,
and bacteriochlorif! bacteriochlorophylk?! and bacteriopheo-  these basis sets provided relatively accurate SAC-CI results for
phytinh,?!' and special pair (bacteriochlorophjldimer)?*! studying the excitation spectrum of porphyrins and related

using the SAC (Symmetry-Adapted Clust&$AC-CI (Con-  compounds. For®, Pc, Cor, hPc, TAPc-1, and TAPc-2,
f|gurat|0n |nteraCt|On’a4 method?®> The SAC/SAC-CI method Huzinaga’s (63/5)/[352p] seswere used for C and N atoms,
takes into account the electron correlations of the ground and gng Huzinaga’s (4)/[2s] sBtwas used for H atoms. These
excited states, and its reliability and applicability have been yalence sets were augmented by single polarization functions.
established through a number of applications. This method hasHereafter, we refer to these basis sets as “DZ(d,p)” sets. To
precisely reproduced the experimental spectra and clarified theoptimize the geometry oéxPc-1andexPc-2 6-31g* sets (6-
details of the excited statés. _ . 31G set® plus single polarization d-functidh on carbon,
The objectives of this study include proposing a reliable nitrogen, and oxygen) were used for all the atoms.
theoretical assignment for the absorption spectrum of the .. sac.c) calculations oP Pc, Cor, hP¢, TAPc-1, and
porphyrin isomers, a_lnalyzing the wave fun_c_tions of the excited TAPc-2, the 57 highest occupied and the 144 lowest unoccupied
states, gnd c.ontr.olllng the Q-bqnd transition moment of the 105 were included in the active space. This active space was
porphyrm derlvat[\{es by de5|gn|.ng the wave function of the examined by preliminary SAC-CI calculations ferForexPc-1
excnﬁd state. In't'bgly’ (t:he eXC(I:}er(]jP states of hthe fr_eel-lbase andexPc-2 the active space consisted of all the valence orbitals.
por;l) y”cT |§omer]rs, Z olr, ar;] g _IFh_W_eri tf_eoretlca yh In the SAC/SAC-CI calculations, all the single and selected
analyzed using t es. C-Cl method. This Is the firstreport that y, p|e excitation operators were included in the wave functions
assigns the_ a_bsorptlon spectra of porphyrin ISOmers using a(SAC-CI SDR method). To reduce the computational effort,
reliable ab_ Initio methoq. Basgd on our analysis O_f the e_xcned double excitation operators which gave negligible contributions
states of isomers, we |n_vest|gated pigment design using thebyaperturbation selection criterirwere discarded. Hartree
tetraza- TAPC-1,2) and dibenzo-subsitutiorexPc-1,3 of Pc. Fock and single-excitation Cl states were used as the reference

o ; ; 26 . o ;
S;]r:\r:lz?rly su_bz'igggeg po:jphyr_ms, tetrgz?ﬁo_rpﬁ’rfg, o?r']dt states of the selections. The double excitation operators which
phthalocyaniné;=*’showed an increase in their Q-band inten- were included had an energy contribution larger than 105

sity. The substituted porphycenes studied are shown in Figure(ijd 1x 10-5au for the ground and excited states, respectively.
1.To the best of our knowledge, three of the'Eéchl, TA.PC' This threshold set is termed as a “Level One” keyword for the
2, an_d_ exPc-2 are newly designed molecules, in which the SAC-CI method in a suit of new Gaussian programs. The
transition moments of the Q-band were successfully controlled. resulting dimensions for the SAC-CI calculations are given in
Table 1. As shown in the table, the computational cost can be
greatly reduced by the perturbation selection method, which

The molecular geometry of all the molecules in the present allows for the SAC-CI calculation of relatively large molecules
study was optimized by DFPF (B3LYP?9). The resultant  such as the porphyrin compourds.

2. Computational Details
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Figure 2. Excitation spectra oP, Pc, Cor, andhPc. (a) Experimental spectra in dichloromethane taken from ref 44 and SAC-CI theoretical
spectra for (b)P, (c) Pc, (d) Cor, and (e)hPc.

To verify the basis sets effects, additional SAC-CI calculations dielectric constant of tetrahydrofuran (THE,= 7.58) was
were performed foPc. The valence basis sets were extended applied to the calculation. The “TZ(d,p)” sets were used as the
to triple-¢3® both for C, N atoms and H atoms. The TZ(2d,p) basis sets.
sets consist of double polarization d functions for the C and N All calculations were performed using a development version
atoms and a single polarization p function for the H atdins. of Gaussiarfé in which the SAC-CI program had been in-
The TZ(d,p}Ryd. sets include single polarization d and p corporated. Molecular orbitals were drawn using a MOLDEN
functions for the C, N atoms and H atoms, respectively. In Visualization softwaré?
addition, Rydberg 3s and 3p functions were augmented to the
C, N atoms, and 3d functions were augmented to the charge3. Results and Discussion

center of the four pyrrole rings. A frozen core approximation q ¢ 4 hPeTh level
was adopted for the SAC-CI calculations, and 612 orbitals were f:;—l.tGrom::n kStatbe_ts (I) Pc, Chor, an F'.DCT e3efrée|r§jy gve S
correlated in the largest case. We also improved the thresholgg?! Nariree-Fock orbitals are shown in |g}Jre reg Lor,
, : 6 7 andhPc. The diagram shows Gouterman’s four orbitals (next-

for the perturbation selection to & 107° and 5x 107 au 0 . ;
Level T for th d and ited stat tivel HOMO, HOMO, LUMO, next-LUMO¥° and other high-lying
(Leve WO_) or _ € ground an e_xm ed states, respéc IVely. occupied orbitals that are important in the excited states. The

We also investigated the solvation effect on the excited statesorbital energy levels of porphyrin isomers have been previously
of Pc. The solvation model used was a PCM model using the analyzed by perimeter modefsand by the semiempirical INDO
integral equation formalism models (IEFPCK),and the method!® Therefore, we have highlighted some important
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Figure 3. Hartree-Fock orbital energy levels Bf Pc, Cor, andhPc. Gouterman’s four-orbitals and other orbitals that are important in the excited
states are shown. F&; the main configurations (indicated by arrays) of the wave function 8g,1(Q band) and 1B, (Q, band) states are also
shown. The values shown beside the arrays are coefficients of the main configuration obtained by the SAC-CI calculation.

TABLE 1: Dimensions of the Linked Operator in the SAC/SAC-CI Calculations

P Pc Cor hPc
state N befor¢ aftet state N before after state N before® after state N beforé after
SAC SAC SAC SAC
1Ag 1 4447273 25243 lAg 1 8889805 18 705A’ 1 17836080 16 137A’ 1 17836080 15441
SAC-CI SAC-CI SAC-CI SAC-CI
1By, 7 4442938 94 304A, 2 7961219 607981A’ 15 17836080 98 240A’ 12 17836080 98120
1B,, 7 4442763 888311B, 12 8885701 165067*A" 15 15861864 166 371'A" 12 15861864 125759
B;,y, 1 3980928 29121
TAPc-1 TAPc-2 exPc-1 exPc-2
state N before® after state N Dbefore aftee state @/  beforé after state N before after
SAC SAC SAC SAC
lAg 1 8778267 22 5111Ag 1 8804710 22 2361Ag 1 48983544 22 3431Ag 1 86889101 22049
SAC-CI SAC-CI SAC-CI SAC-CI
1A, 5 8072757 127 977*A. 4 8046314 941961B, 12 48973826 190 123'B, 12 86876164 179578
1By 9 8774163 112502'B, 11 8800606 163129

aNumber of solution® Number of linked operator before selectiStNumber of linked operator after selection.

aspects that are necessary for discussing the excited states. Thappear in the vicinity of the B-bands. In the next subsection,

energy levels were briefly compared in the Introduction. these spectral changes are explained based on the SAC-CI wave
The energy gap between LUMO and next-LUMO R is functions. . _
more remarkable than that of the other isomers. Aifeisomer 3-2. Excited States of Pc, Cor, and hPcFigure 2 shows

also shows a relatively large energy gap betweeen these MOsthe SAC-CI theoretical spectra &, Pc, Cor, andhPcin a

This characteristic is related to the position of the N atoms in Vacuum and the experimental absorption spectra of the octaethyl
thezz-conjugation. The degeneracies of the LUMO and the next- derivatives in dichlorometharié.The SAC-CI spectra repro-
LUMO of P are perturbed by the displacement of N atoms in duced the trends observed in the experimental spectra of the
Pc5 Figure 4 shows the molecular orbitals of the four porphyrin isomers. The average error in tI’_ne excitation energy is 0.17 eV.
isomers. Both LUMO and next-LUMO dP have amplitudes The error was relatively large iRc (0.22 eV). Tables 26

. mmarize the SAC-CI results of th minan nfiguration
on two N atoms, and these orbitals are almost degenerate. orpummarize the SAC-CI results of the dominant configuration,

the other hand, LUMO oPc has no amplitude on the N atoms, g;((;taélgncirrle;gga ﬁgg oscillator strength for the excited states
while next-LUMO has its amplitude on all of the N atoms. A E’ ited St’t fF. B Porphin (PEirst briefl
similar situation is seen ihPc where LUMO is less populated xeite ates of Free-Base Porphin (PYirst, we briefly

) summarize the excited states Bf the reference compound
on_the N atom_s and next-LUMO is pppulated on three N atpms. among the porphyrin isomers. The dipole-allowed transitions
This explanation can also be applied to the energy splitting

are summarized in Table 2. The detailed assignments and
between the HOMO and next-HOMO levels. discussions can be found in previous rep@tg.4041ab42ahe
The large energy splitting between LUMO and next-LUMO Q- and Q-bands are assigned to théB3, and 1By, states,
results in several significant changes in the absorption spectrumrespectively. The electronic structure of the Q-bands can be
of Pc. The Q-bands have high intensity, and the X- and Y-bands described by two degenerate excitations within Gouterman’s
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(a)P (b)Pc was identified in N-protonated porphycene dicati®fisis band
75(b1a) 78(bra) 75(au) 78(a) is a characteristic feature of tie spectrum, sinc® does not
'.. A Q) 5'4...;’ S A have an optically allowed excited state in the energy region.
£e & e s @ o\ Our result confirmed the existence of the X-band. TRB,3
&y <9 @, o o 4 state was calculated at 3.20 eV, and the intensity was 10 times
~ ’ 9 & ‘e ‘Y @ smaller than that of the Q-band.
ROIIOMO0  SlagHOMO  BagedlUMO  l(aHOMO The B- (Soret) bands d®c were observed at 3.35 (Band
.._;-‘- _ ‘ ' - ‘ . '-‘1‘ 3.46 (B) eV. These states could be assigned to fi&, 43.68
&l g 9 g% R °% eV) and the 3B, state (3.77 eV), respectively. On the higher
0_0' ‘ -9 'ﬁt ) Qq ‘("_}7' energy side of the B-band, a broad peak, the Y-band, was
e = ik @ observed. The 6B, state calculated at 4.07 eV could be
82(52) LUMO 83(bs) n-LUMO  82(by) LUMO 83(by) n-LUMO assigned to this peak. The calculated B- and Y-bands reproduced
‘\Q " /' ‘f',_'_\__l_f-:, "v._ the relative energy among these thr(_ae states, although the
* ol g™ 5 2 ; K g © o \ absolute values were uniformly overestimated by about 0.3 eV.
2.9 @225 Brel 90 p0P Another problem is that the calculated intensity of thB Gstate
Lo) dov A Y =\ e (1.05) is as large as that of the B-bands. We describe the basis-
(¢)Cor (d)hPe sets effects later in this subsection. In the energy region higher
80(a”)n-HOMO  81(a")HOMO  80(”)n-HOMO  81(a”) HOMO than 4.5 eV, three peaks were observed at 4.84, 5.23, and 6.19
- : ’ y -4 ¢ eV .5 The 7B, state (4.82 eV) can be assigned to the peatX
3. J ‘ ‘ ® & 4.84 eV. The 83, (5.53 eV) and 8B, (5.80 eV) states are
) 4 o | Sg of ‘ candidates for the peak ™t 5.23 eV. In this case, the'B,
6’ _-_-,-5 SV Re A 4 iy state would be the tail on the higher energy side of the peak.
' For the peak at 6.19 eV, we can assign thtB}, ktate calculated
Reolivg  geialive  BEDLuMD B nlUMO at 6.15 eV. The 1B, state at 5.97 eV would lie on the lower
L '“ bl A4 \,PI =’y side of the shoulder of the peak. We also calculated the& n-
Q 9 € ©% 9 N - ‘e transitions as 1A, (4.07 eV) and 2A, (5.53 eV) states. The
<% % &2 9 P % bacs Py, Y oscillator strength of these states was too weak to be observed
VO’ "B doe ey

in the experiment.

Next, we discuss the electronic structures of the excited states
of Pc and compare them with those Bf As in the Q-band of
P, the B, (Q;) and 2B, (Q.) states are composed of two near-
four orbitals2® These two configurations have a similar amount degenerate excitations within the four orbitals. However, the
of transition moments but different signs. The oscillator strength weight of the two configurations d?ciis rather different from
of the Q-bands is diminished due to mutual cancellatiéin that of P. The ratio of the two main configurations is around
contrast, these two configurations reciprocally strengthen the 4:1, as shown in Table 3. The leading configurations are 80
transition moments in the B- and N-bands. Therefdhe (next-HOMO)— 82 (LUMO) and 81 (HOMO)— 82 (next-
oscillator strength of the Q- and B-bands depends on the LUMO) in the !B, and 2B, states, respectively. As seen in
balance of the weight of the two dominant configurations in Figure 3, this difference arises from the relatively large energy
the excited states splitting between LUMO and next-LUMOThe imbalanced
The B- and N-bands are assigned to tH&s2and 2B, states, weight of the two main configurations causes an increase in
respectively.For the B-bands, the four-orbital model is not the oscillator strength for the Q-bandsince the cancellation
necessarilyalid, since an excitation from orbital 78 (4b “fifth of the transition moment between the two configurations is
MO") to 83 (n-LUMO) becomes one of the main configurations, incomplete. The relative red shift of the Q-band is also attributed
and thus this should be more appropriately referred to as a to the stabilization of the LUMO level.
“fi ve-orbital model”212.b.2240T his excitation 78— 83 becomes For the 4B, (B;-band) and 3B, (B,-band) states, the weight
the main configuration of the!Bg, state, L-band. of the two main configurations is also imbalanced as seen in
Excited States of Free-Base Porphycene (P&ur theoreti- the Q-bands. Consequently, the oscillator strength of the B-bands
cal assignment for the excitation spectrumRafis shown in becomes smaller than that Bf This decrease in the oscillator
Table 3. Figure 5 compares the SAC-CI theoretical spectrum strength is directly related to the increase in the intensity of the
to the experimental spectrum observed inzCN.> The figure Q-band as a result of configuration interactions. Another feature
also includes the excitation spectra of free-base porghjinn( is that excitation from non four-orbitals (75-th MO with, a
the gas-phas® SAC-CI calculations reproduced the spectral Symmetry) strongly mixes with the four-orbital excitatiofifie
differences betweeR andPc: the intensity of the Q-bands is  four-orbital model is also novalid for the B-band ofPc: a
much stronger than that &, and the peak position shows a five-orbital model would be more suitable for the B-baAd
red shift, as seen in Figure 2. The first and second absorptiondiscussed later with regard to the other compounds, this tendency
peaks at 1.98 (@band) and 2.10 eV (gband) were calculated  is generally seen in the porphyrin isomers in this study.
at 1.62 (1B, state) and 1.86 {B, state) eV, respectively. The The X-band (3B, state) at 3.10 eV is mainly characterized
calculation underestimated the excitation energies of the Q-bandas the excitation from the 78-th MO Jato LUMO (z-7*
by about 0.3 eV. The third peak at 2.24 eV was attributed to a excitation). Based on the similarity in the orbital shape (Figure
vibrational band of the @band, and there are no electronic 4), this excited state corresponds to tH833 state ofP (L-
states in this regioh. band, a broad band on the higher energy side of the B-band).
The X-band was indicated at the onset of the Soret band, This red shift of the L-band is due to the splitting of the LUMO
around 3 e\f although this peak was not clearly seen in the and next-LUMO levels. On the other hand, excitation from the
experimental spectra shown in Figures 2 and 5. This X-band 78-th MO to next-LUMO (X-band) shows a blue shift. These

Figure 4. Several important molecular orbitals of ) (b) Pc, (c)
Cor, and (d)hPc.
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TABLE 2: Excited States of Free-Base Porphin (P) Calculated by the SAC-CI Method

SAC-CI exptl
excitation oscillator excitation
state main configuration$| > 0.25) nature energy (eV) strength energy (eV)
1'Bg, 0.68(80-83)+0.68(81-82) TT-7T* 1.96 8.4x 1073 X 1.98¢ 2.02 Q«
1'By, —0.69(80-82)+0.67(81-83) 7% 2.30 2.8x 1078 y 242 2.39 Q
2'Bay 0.62(81-82)—0.55(80-83)—0.45(78-83) TT-7T* 3.69 1.3 X 3.33 3.17 B
2By, 0.67(81-83)+0.63(80-82) T-7T* 3.83 1.9 y 3.65 N
3'Bay —0.81(78-83)+0.37(80-83)—0.25(81-82) TT-7T* 4.41 0.82 X 4.25 L
3By 0.88(78-82)+0.33(75-82) TT-7T* 4.55 0.16 y 4.67 L
1By, 0.95(72-82) nr* 491 3.2x 1078 z
4By, 0.87(75-82)—0.30(78-82) TT-7T* 5.10 0.34 y M
41B3, —0.92(75-83) TT-7T* 5.31 0.34 X 5.58 M
5'B3y —0.89(71-82) TT-7T* 6.82 4.8x 103 X
5'Byy 0.93(71-83) 7% 6.96 0.2x 1078 y
6'B2y 0.94(80-87) TT-7T* 7.07 0.11 y
6'Bay 0.75(81-87)—0.53(80-86) TT-7T* 7.23 0.03 X
7'Boy —0.93(81-86) TT-7T* 7.29 3.9x 1072 y
7'Bsy —0.62(80-86)+0.57(79-84)—0.32(81-87) TT-7T% 7.34 1.6x 1072 X
a|n vapor phase. Reference 4#3n ethanol. Reference 43.
TABLE 3: Excited States of Free-Base Porphycene (Pc) Calculated by the SAC-CI Method
SAC-CI CNDO/S exptl
excitation  oscillator  excitation excitation energy (eV)
state main configurations| > 0.25) nature energy (eV) strength energy (eV) in2-MTHE in CH;CN? in benzenk
1'B,(Q:1) 0.81(80-82)+0.43(8183) -t 1.62 0.141 1.84 1.96(0.12)Q 1.98Q 1.97
2'B,(Q;) 0.84(81-82)—0.37(80-83) 7% 1.86 0.241 2.17 2.07(0.16)Q 2.10Q 2.08
3'By(X) 0.87(78-82)—0.32(81-83) TT-77* 3.20 1.75x 102 3.39 3.10(0.05)X 291X
4'B,(B;) 0.81(80-83)+0.35(81-82) T-77* 3.68 1.16 3.98 3.35(1.32)B 3.36 B 3.35
5'By(B;) 0.63(81-83)+0.57(75-82)-0.33(80-82) m-* 3.77 0.984 4.33 3.47(1.32)B 3.48B 3.46
1*A, 0.94(72-82) nsr* 4.07 0.00
6'By(Y) —0.73(75-82)+0.39(81-83)—0.30(80-82) m-7* 4.07 1.05 4.95 3.72Y
7Bu(X') 0.91(78-83) T-7T* 4.82 0.173 4.84
2'A, 0.94(72-83) nsr* 5.53 3.90x 1073
8By(Y') —0.87(75-83)+0.32(80-86) TT-77* 5.53 5.41x 1072 }5 23
9'B, 0.73(71-82)+0.57(81-86) T-7r* 5.80 0.117 :
10'B,  0.74(81-86)—0.57(71-82) T-r* 5.97 2.55x 1072
11'B,  0.87(80-86)+0.32(75-83) T-7r* 6.15 0.317 6.19
12'B, —0.81(79-84)—0.29(79-85) T-7r* 7.28 0.273
2Value in parentheses is oscillator strength. Referenéeé-ee-base octaethylporphycene. ReferenceRéference 5.
TABLE 4: Basis Sets Dependency on the Excited States of Free-Base Porphycene Calculated by the SAC-CI Method
DZ(d,p) TZ(2d,p) TZ(d,p¥Ryd. TZ(d,p) with PCM ZINDO exptl
state B Osc. E& Osc. B Osc. B Osc. B& Osc. B2
1'B, 1.62 0.141 141 0.1174 1.44 0.1209 141 0.1103 1.69 0.0814 196 Q
2'B, 1.86 0.241 1.63 0.1838 1.68 0.1949 1.63 0.1783 1.83 0.2221 520p Q.
3By 3.20 0.018 2.84 0.0035 2.94 0.0044 2.98 0.0156 not obtained b, 2.9 X
4B, 3.68 1.160 341 0.9174 351 0.9749 3.43 1.0089 3.33 15858 336 B:
5B, 3.77 0.984 351 0.6032 3.59 0.7315 351 0.6942 3.18 1.3516 ° 348 B,
6'By 4.07 1.050 3.76 1.3437 3.85 1.2782 3.78 1.1911 3.66 1.2768 b 3.72 Y

a Excitation energy in eV unit? In 2-MTHF. ¢In CHsCN.

corresponding features are indicated by the dotted line in FigureThe results are shown in Table 4. First, the basis sets were
5. The same feature can be seen for the Y-band, which isextended from DZ(d,p) to TZ(2d,p) sets. The calculated excita-
characterized as an excitation from the 75-th M@) (@ LUMO. tion energy uniformly decreases by approximately-023 eV.

This excitation corresponds to théB4, state (M-band) oP. Although the disagreements in the Q-bands worsened, the
The counterpart of the Y-band is thé-and (8B, state), which excitation energies of the;BB,, and Y bands closely agreed
shows a blue shift from the M-band position in the spectrum of with the experimental values. Inclusion of the Rydberg functions

P. (TZ(d,p)}+Ryd.) yielded results which were very close to the
Briefly, stabilization of the LUMO leel (large energy- TZ(2d,p) result. Therefore, the improvement in the valence basis

splitting between LUMO and next-LUMOuels) is responsible  sets caused a uniform red shift, and the Rydberg functions have

for most of the spectral features in the spectruniPof little effect on the excitation energy of the six states. The

The present SAC-CI result d?c shows a relatively large ~ improvement in the basis sets does not improve the intensity
disagreement with the experimental peak positions: an under-of the SAC-CI spectrum. In other words, the DZ(d,p) results
estimation of 0.34 eV in the!B, state and an overestimation ~ are still useful for assigning the experimental spectrum.
of 0.33 and 0.30 eV in the'B, and 3B, states, respectively. The solvation effect also provided only minor corrections,
We investigated the basis sets effects and the solvation effectsas seen in Table 4. Compared with the TZ(2d,p) results, only
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TABLE 5: Excited States of Free-Base Corrphycene (Cor) Calculated by the SAC-CI Method

SAC-CI expth
excitation oscillator excitation
state main configuration$| > 0.25) nature energy (eV) strength energy (eV)
1'A" (Qu) —0.56(81-83)+0.55(80-82)—0.38(81-82)—0.34(80-83) TT-77* 1.95 4.0x 1073 1.96
2'A" (Qy) —0.59(81-82)—0.54(80-83)+0.38(81-83)—0.36(80-82) - 2.23 4.6x 1073 2.30
3'A" (By) 0.60(80-82)+0.56(81-83)—0.32(79-83)—0.26(78-82) -7r* 3.25 0.787 2.98
4A" (Bo) 0.68(80-83)—0.62(81-82) T-77* 3.35 1.595
5tA’ 0.80(79-83)+0.33(79-82)+0.27(81-83) T-77* 3.69 0.209
6A 0.76(78-82)—0.41(78-83)+0.26(80-82) T-77* 3.92 0.319
A" 0.75(73-83)+0.54(73-82) nsr* 4.13 7.0x 10
21A" —0.72(72-82)+0.55(72-83) n<r* 4.22 6.0x 104
A 0.62(79-82)+0.49(78-83)+0.27(7782) T-7r* 4.45 0.0290
8A’ —0.56(79-82)+0.50(78-83)+0.30(7783)+0.29(78-82) T-77* 4.54 0.0965
9tA’ —0.62(76-82)+0.38(76-83)—0.33(75-83)+0.29(75-82) T-7r* 4.77 0.134
10'A’ —0.55(7782)—0.53(7783)+0.40(78-83)+0.25(78-82) T-77* 4.91 0.136
11'AY —0.52(7782)+0.49(7783)—0.38(76-82)—0.27(86-84) T-7r* 5.03 0.0169
+0.27(75-83)
A" 0.73(73-82)—0.51(73-83) nsr* 5.04 7.0x 104
12'A! —0.57(75-83)}+0.40(81-84)—0.30(7782)+0.27(7783) T-7r* 5.09 0.0544
+0.26(76-83)
47" —0.71(72-83)—0.55(72-82) na* 5.13 8.0x 1074
13A’ 0.61(80-84)+0.52(75-82) T-77* 5.19 0.0656

a Etiocorrphycene in benzene. Reference 7.

TABLE 6: Excited States of Free-Base Hemiporphycene (hPc) Calculated by the SAC-CI Method

SAC-CI expth
excitation oscillator excitation
state main configurations| > 0.25) nature energy (eV) strength energy (eV)
1'A" (Qy) —0.78(80-82)+0.51(81-83) T-* 1.92 0.0308 1.96
2'A'(Qy) —0.84(81-82)—0.44(80-83) 7% 2.14 0.1688 2.25
3'A'(B4) —0.71(81-83)—0.46(78-82)—0.37(80-82) TT-7T* 3.39 0.9404 3.06
4N —0.67(79-82)—0.50(80-83)—0.25(78-82) 7% 3.40 0.2566
5'A" (By) —0.61(79-82)+0.55(80-83)—0.32(81-82) T-7T* 3.64 0.6826
6'A’(X) —0.67(78-82)+0.37(80-83)+0.31(80-82)+0.28(81-83) 7% 3.81 0.8328
A" 0.71(72-82)—0.50(73-82)+0.34(72-83) nar* 4.12 2.0x 104
2tA" —0.71(73-82)—0.49(72-82)+0.35(73-83) n<r* 4.18 3.0x 10
THA'(Y) 0.84(75-82)+0.35(76-82) JT-77* 4.46 0.0990
8A’ 0.69(76-82)+0.50(7782)—0.27(75-82) 7% 453 0.0597
QA —0.59(7782)—0.42(81-84)+0.26(76-82)+0.26(78-83) TT-7r* 4.83 0.2585
+0.25(79-83)
10'A'(X") 0.80(78-83)—0.28(79-83) TT-7T* 4.85 0.0504
11MAY —0.68(81-84)—0.35(80-84)+0.32(7782)—0.26(74-82) 7% 5.22 0.0456
—0.26(79-83)
3tA" —0.82(73-83)-0.26(73-82) nar* 5.24 9.0x 104
41A" 0.82(72-83)—0.28(72-82) nst* 5.34 1.7x 104
12'A'(Y") 0.65(75-83)—0.39(86-84)+0.31(81-84)—0.30(74-82) 7% 5.38 0.1903

a Octaethyl-hemiporphycene. Reference 10.

31B, state shows a small blue shift by 0.15 eV. This could be and ZA' (2.23 eV) states, respectively. As seen in Table 5, the
ascribed to the CT character of thiB3 state. As seen in Figure  wave functions of these states are composed of all the four
4, the 78-th orbital is localized on the two pyrrole rings, while excited configurations within the four orbitals. This looks very
LUMO is delocalized over the molecule. complicated at first glance but can be easily understood as the
Finally, the results obtained from other methods are discussed.mixing of the two excited states (Qand Q-bands) ofP. We
Previous CNDO/S results, shown in Table 3, reproduced the can identify two pairs of main configurationr®; and®,, where
position of the Q-bands.However, there were significant ©j is a linear combination of two configurations, 81 (HOMO)
disagreements in the results of the X, B,, and Y bands. The  — 83 (next-LUMO) and 80 (next-HOMOj)~> 82 (LUMO),
ZINDO results are also shown in Table 4, and the excitation while ®; is a linear combination of 8&> 82 and 80— 83. The
energy values obtained are close to those obtained experimen®; and®, configurations correspond to the main configurations
tally. However, we could not obtain the X-band, even though of the Q- and Q-bands ofP, respectively. Thed; and ©,
the number of solutions was increased. The order of thendl configurations mix with different signs in the!tA’ and ZA’
B, bands are different from those obtained by the SAC-CI states. This state mixing originates from symmetry lowering in
results. The spectral intensity obtained by ZINDO was similar the molecular structures frobyy (P) to Cs (Cor). The oscillator

to that obtained by SAC-CI. strength of the 1A’ and 2A’ states is very weak, since these
Excited States of Free-Base Corrphycene (Cor)lable 5 states originate from the Q-bands fef
shows the SAC-CI results for the excited statesCof. This The main peak of the B-band (2.98 eV) is assigned to the

table also includes the experimental peak positions of etiocor- composite of the B\' and 4A’ states, calculated at 3.25 and
rphycene in benzeneThe first and second peaks observed at 3.35 eV, respectively. The main configurations of tA&'State
1.96 and 2.30 eV (Q-band) are assigned to th¥ {1.95 eV) are two four-orbital excitations and other excitations from non
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Figure 5. Electronic excitation spectra of (Bc (experimental spectrum in GBN® and theoretical spectrum by the SAC-CI method) and”(2)
(experimental spectrum in vapor ph&&sand theoretical spectrum by the SAC-CI method). The dotted lines show the corresponding states between
P andPc. The experimental spectra with relative intensity are shown.

four-orbitals: 78- and 79-th MOs. We can observe another effect 82 (LUMO). This state corresponds to the L-bandPoéind to

of symmetry lowering in the molecular structure. The excitation the X-band inPc.

from the 79-th MO to 83-rd MO (LUMO) is similar to the In the higher energy region, above thBA\6state up to 5.2
excitation 79— 83 in P. Since the configuration 79~ 83 (next- eV, our calculation predicted 11 excited states. The spectral
LUMO) of P has gerade symmetry, this transition is optically features in this region are more complex than thos® ahd
forbidden.The B-band (87 state) ofCor can be characterized  Pc, since the optically forbidden statesPrandPc are optically

as the composite of the'Bs, (B-band) and the optically  allowed inCor. The nz* transitions, A" and ZA'"" states,
forbidden 1B,q4 states ofP (see ref 21 (a)). Therefore, the were calculated at 4.13 and 4.22 eV, respectively. Two pairs of
oscillator strength of theld' state is smaller than that of the excited states, A’ (4.45 eV) and 8A' (4.54 eV) states, are
2By, state of P, as seen in Table 5. The 78-th MO is characterized as a mixture of th&83, (L-band) and 2Aq (4.25
characterized as the “fifth MO”, since it has a shape similar to eV; optically forbidden) states oP. An excited state that
the 78-th MO (4h,) of P. Therefore, thé-band ofCor should corresponds to the M-band & was calculated at 4.77 eV
be more appropriately termed as the “six-orbital” mod€n (9'A"). The 1GA’ (4.91 eV) and 13A’ (5.03 eV) states are
the other hand, the!A’ state is characterized as a pure four- related to the ¥ state ofP, which is also optically forbidden.
orbital excited state, and the intensity is much greater than that Excited States of Free-Base Hemiporphycene (hPc)able

of the 3A’ state. The excitation energies of thtA3and 4A’ 6 summarizes the excited states t?c, and the excitation
states are calculated to be lower than thosE,afhich agrees energies are compared with the experimental spectrum of free-
with the experimental observation. base octaethyl-hemiporphyceteThe first peak observed at

A shoulder observed in the range 34.0 eV is assigned to ~ 1.96 eV is assigned to théA' state calculated to be 1.92 eV.
the BA’ (3.69 eV) and BA' (3.92 eV) states. The main  This state is represented by two near-degenerate configurations
configuration of the BA' state is the excitation 79~ 83 (next- within the four-orbitals: excitations 80-th MO (next-HOMO)
LUMO), which corresponds to the optically forbiddeABly — 82-nd MO (LUMO) and 81-st MO (HOMOj)~ 83-rd MO
state ofP. Since symmetry lowering allows this state to mix (next-LUMO). The ratio of the weight of these two configura-
with the four-orbital excitations, the!&’ state gains in intensity.  tions is around 2:1. Thus, this ratio lies between that of the
The main configuration of the'8' state is the excitation 78 1!B3, state ofP (1:1) and that of the B, state ofPc (4:1).
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Therefore, the spectral intensity (0.0308) of theb@nd also
lies between that d® (8.4 x 1073) andPc (0.141), which agrees
with the experimental observatifhshown in Figure 2. This
spectral property is related to the energy-splitting of the LUMO
and next-LUMO levels, as seen in Figure 3. THé2state

calculated at 2.14 eV is attributed to the second peak observed

at 2.25 eV. The main configurations of this state are also two
near-degenerate configurations within the four-orbitals, and their
weight is imbalanced as in théA' state.

Regarding the absorption in the 30050 nm region, the
present calculation indicated four excited states that have
complex electronic structures. There are two reasons for this
complication. First, the LUMO level dfiPc is relatively low,
as inPc, which stabilizes excitation to LUMO. Second, since
the molecular symmetry dfPcis lower than that oP andPc,
optically forbidden transitions if® and Pc can interact with
allowed transitions, as explained in the excited stateSmf.

The 3A' (3.39 eV) state accounts for the main peak of the
B-band, and the less intenséAd (3.40 eV) state might be
hidden by the strong absorption. The main configuration of the
3'A’ state is excitation within the “five-orbitals”. For théAt
state, the leading configuration is 7982 (LUMO). Although
this configuration is qualitatively equivalent to the optically
forbidden configuration oP andPc, symmetry lowering allows
the interaction with four-orbital excitations.

The broad and strong shoulder on the blue side of the B-band
might be assigned to the!&' (3.64 eV) and BA' (3.81 eV)
states. The character of théA8 state is a mixture of the
excitation 79— 82 and the ordinary four-orbital excitations of
the B-band. These'A’ and BA’ states have a relatively weak
oscillator strength, since the dominant configurations correspond
to the forbidden states ¢. The 6A’ state corresponds to the
L-band of P and X-band ofPc. Due to the energy level of
LUMO, the excitation energy of the!8’ state lies between that
of the L-band P) and X-band c).
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Figure 6. Hartree-Fock molecular orbital energy levelsdRaf(center),
TAPc-1 (left), and TAPc-2 (right). The dotted lines show the
corresponding MOs among the three porphycenes.

tuning the energy gaps between the HOMO and next-HOMO
and between the LUMO and next-LUMThis can be a guiding
principle for the practical design of pigments containing
porphyrin isomers.

4. Controlling the Transition Moment of the Q-Band in
Free-Base Porphycene

In the previous section, we discussed the excited states of
Pc, Cor, andhPc and provided theoretical assignments for the
experimental spectra. Based on this understanding of the excited
states of porphyrin isomers, we attempted to design pigments
with a stronger Q-band. Among the isomePg, has the most
intense Q-band, and it was expected to be a suitable basic
compound for pigment design. Here, we investigate the four

The present results show 10 states in the energy region ofporphycene derivatives namely two tetraza-substitutiA®E)

4.0-5.5 eV. The ¥A' state corresponds to the M-band Pf
and the Y-band oPc. Due to the stabilization of the LUMO
level, the excited state is shifted by0.6 eV compared to the
41B,, state ofP. The counterparts of the!A' and 2A’ states
that correspond to the'Xand Y'-bands ofPc, respectively, are
the 1GA’ and 12A’ states calculated at 4.85 and 5.38 eV. For
the nzr* transition, the present calculation gave4A" states
calculated at 4.12, 4.18, 5.24, and 5.34 eV. Their intensity should
be very low according to the SAC-CI result. ThéA8 9'A’

and 11A’ states correspond to the optically forbidden states of
P.

The Transition Moment of the Q-Band of the Four
Isomers. We summarize the transition moment of the Q-band
of the four isomers. The relative intensity of the Q-bandPof
andhPc is stronger than that d? and Cor. In the case oP

and two dibenzo-substitutioneXPq of Pc.

Tetraza-Substitution in Free-Base PorphyceneFirst, we
briefly explain the tetraza-substitution effect observed in the
free-base tetrazaporphyrimAP), in which four carbon atoms
at meso-positions are substituted by nitrogen atoms. Since the
next-HOMO of P has amplitude on the four N atoms as seen
in Figure 4, N-substitution particularly stabilizes the next-
HOMO levels and relaxes the near-degeneracy between the
HOMO and next-HOMO levels. This strategy uses the fact that
the p-electron leel of the nitrogen atoms is lower than that of
the carbon atomsThe resultant weight of the two configurations
is approximately 2:1, and the intensity of the Q-bandréi
is approximately 100 times greater than that Pfin the
theoretical spectrurfa.d

This tetraza-substitution is applied to the free-bReseFirst,

and Cor, the Q-bands are composed of the near-degeneratethe carbon atoms at 9-, 10-, 19-, and 20-positionPofare

excitations within the four orbitals, since the energy gaps
between the LUMO and next-LUMO and between the HOMO
and next-HOMO are very small. However, the weight of the
two configurations changes to approximately 4:1Ho and
approximately 2:1 irhPc, since the energy difference between
LUMO and next-LUMO ofPc and hPc is much larger than
that of P and Cor. The imbalanced weight of the two

replaced by nitrogen atoms resulting in the compodic-1
(Figure 1). This compound corresponds to an isomer of free-
base tetrazaporphin. Considering the MQPoishown in Figure

4, this substitution would stabilize both the HOMO and next-
HOMO levels, since these MOs have a similar amount of
amplitude on the 9-, 10-, 19-, and 20-carbons. On the other
hand, the stabilization of the next-LUMO level would be greater

configurations causes an increase in the oscillator strength ofthan that of LUMO, since next-LUMO has a relatively larger

the Q-band, due to the incomplete cancellation of the transition
moment between the two configurations. This analysis leads to
a simple and useful principle focontrolling the Q-band
transition moment of porphyrin isomers and its detives:

amplitude on the four carbons than LUMO. This preliminary
consideration is confirmed by the orbital energy shown in Figure
6. The energy gap between LUMO and next-LUMO is much
smaller than that ifPc, and this smaller gap would reduce the
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Figure 7. Excitation spectra of (yAPc-1 and (2)TAPc-2 calculated
by the SAC-CI method. The excitation spectrum of8)s also shown
for reference. Oscillator strength of the Q-band is shown in parentheses.

intensity of the Q-band 6fAPc-1. As described in the previous
section, the strong Q-band BE originates from the imbalanced
weight of the two excited configurations. Therefore, if the
LUMO and next-LUMO levels become closer, the weight of
the two main configurations would become closer. This would

enhance the cancellation of the transition moment between the

two configurations in th&fAPc-1.

Figure 7 compares the calculated excitation spectrum of
TAPc-1 and that ofPc. The oscillator strengths of the'B,
and 2B, states offAPc-1 are calculated to be 0.048 and 0.107
respectively, which are smaller than thosd”of Table 6 shows
the excited states afAPc-1. As in Pc, the main configurations
of the 1B, and 2B, states are composed of two excited
configurations within the four orbitals. However, the weight of
the two configurations is approximately 2:1, which is more
balanced than that &fc (4:1). This leads to a large cancellation
of the transition moment of the Q-band BAPc-1.

Other features found in the theoretical spectrunTAPc-1
are (1) the oscillator strength for théB3, state (X-band) is 10-
fold greater than that dPc, (2) the intensity of the ¥, state
(B-band) is relatively weak, and (3) théB, state has a large
oscillator strength. For the!'B, state, the relative weight of the
four-orbital excitation, 81 (HOMO)— 83 (next-LUMO), is
larger than that oPc, which contributes to the X-band intensity.
For the 4B, state, the main configuration is the excitation from
the fifth orbital and the relative weight of the four-orbital
excitation, 80 (next-HOMO)~ 83 (next-LUMO), is small. On
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the other hand, thelB, state (X-band, a counterpart of the
41B,, state) has a major contribution by the excitation-8@3.
Therefore, this configuration interaction transfers the transition
intensity from B-band to Xband.

The second tetrazaporphycene examined is 2,7,12,17-tetra-
azaporphycenelAPc-2 (Figure 1 (f)). With this substitution,
we tried to increase the energy-gap between HOMO (81) and
next-HOMO (80) and that between LUMO (82) and next-
LUMO (83). This design is based on the fact that LUMO and
next-HOMO ofPc have a relatively larger amplitude on the 2-,
7-, 12-, and 17-th carbons compared to next-LUMO and HOMO,
respectively.

As seen in Figure 6, LUMO and next-HOMO are stabilized
more than next-LUMO and HOMO. The theoretical spectrum
for TAPc-2 is shown in Figure 7, and the excited states are
summarized in Table 8. As expected from the orbital energy of
the four-orbitals, the intensity of the Q-band'8} and 2B,
states) slightly increased to 0.160 and 0.307, respectively. As
in Pc, the 1B, state of TAPc-2 is described by four-orbital
excitations, 80(next-HOMO)> 82(LUMO) and 81(HOMO)—
83(next-LUMO). The ratio of the weight of these configurations
is slightly more imbalanced than that BE. A similar result is
obtained for the 3B, state. The rest of the spectrumTiPc-2
is similar to that ofPc, except that new m* transitions, 2A,
and 3A, states, are calculated at 4.32 and 4.71 eV, respectively.

Ring-Extensions in Free-Base PorphyceneThe second
strategy is to extend the-conjugation, i.e., to add an ethylene
or cis-butadiene unit to the basic building block &ft. A
successful example of this strategy is the well-known pigment,
phthalocyanine (PhCy)PhCy has four dibenzo-group<ié
butadiene units) in four pyrrolic groups, in addition to tetra-
aza substitutionThis strategy uses orbital interaction between
the basic block and the substituents to control the orbital energy
levels. Since HOMO ofP matches that of butadiene in terms
of symmetry (see Figure 4), the interaction destabilizes HOMO
of PhCy.?*¢The energy gap between HOMO and next-HOMO
increases further, which enhances the Q-band intensity by 1000-
fold larger than that oP. The ratio of the weight of the two
configurations is approximately 621¢ This intensity enhance-
ment originates not only from an imbalance in the weight but
also from the transition moment of the configuration itself.
However, the latter accounts for only a small portion of the
increase in intensity.

We examined two ring-extended free-base porphycenes. The
first is 3,6-,13,16-dibenzoporphycenexPc-1 (Figure 1 (g)),
in which 3- and 6- carbons and 13- and 16- carbons are bridged
by the ethylene units. This strategy is explained by a schematic
diagram shown in Figure 8. There is a node at the-C8 and
C13—-C16 bonds in the LUMO ofc, as is also observed in
the LUMO of ethylene. Since these two LUMOs interact with
each other, LUMO oExPc-1becomes lower than that &fc.

On the other hand, the next-LUMO &fc and the LUMO of
ethylene do not interact with each other due to the symmetry.
Figure 9 shows that the LUMO level @xPc-1lis slightly
stabilized, and the energy gap between LUMO and next-LUMO
becomes larger than that &fc. Consequently, the HOM©
LUMO gap becomes smaller than thatR¢.

Figure 10 shows the theoretical spectrumesxfc-1 The
spectrum is also compared to a recently reported experimental
spectrum of 2,7,12,17-tetta+t-butyl- 3,6-,13,16-dibenzopor-
phycenel® Table 9 summarizes the excited statesemPc-1
calculated by the SAC-CI method. First, we discuss the oscillator
strength of the Q-bands. ThéR, state (Q) has the 93-94
excitation as the main configuration, as shown in Table 9.
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TABLE 7: Excited States of TAPc-1 Calculated by the SAC-CI Method

SAC-CI
excitation oscillator
state main configurationsq| > 0.25) nature energy (eV) strength
1'B,(Qy) 0.64(80-82)—0.48(81-83) - 2.16 0.0479
2'By(Qy) 0.68(81-82)+0.46(80-83) TT-7* 2.38 0.1067
11A, 0.94(74-82) nar* 2.72 0.0003
2'A, 0.90(74-83)+0.30(73-84) ner* 3.04 5.4x 102
3B(X) 0.81(79-82)—0.45(81-83) o 3.46 0.1226
41B(By) 0.44(79-83)-0.43(80-83) =% 3.91 0.7275
5!B,(By) —0.47(81-83)—0.46(80-82)+0.45(75-82) i 4.03 1.0258
—0.36(79-82)—0.26(80-83)
3A, 0.93(71-82) n-t* 4.18 1.0x 107
6'By(Y) —0.68(75-82)+0.56(79-83) - 4.32 0.1737
7'By(X") —0.58(79-83)—0.58(80-83)+0.43(81-82) TT-70* 4.55 1.8168
4A, —0.92(71-83) na* 4.81 2.3x 1073
8B (Y') 0.92(75-83) i 4.96 0.1476
5lA, 0.89(69-83)—0.28(68-84) ne* 5.75 2.0x 104
9'B, 0.94(81-86) TT-7* 6.49 0.0807
TABLE 8: Excited States of TAPc-2 Calculated by the SAC-CI Method
SAC-CI
excitation oscillator
state main configuration$| > 0.25) nature energy (eV) strength
1!B(Qy) 0.80(80-82)—0.40(8183)+0.29(81-82) TT-70* 1.59 0.1603
21By(Q2) 0.83(81-82)+0.32(80-83)—0.29(80-82) TT-7* 1.81 0.3074
3By(X) 0.85(78-82)+0.35(81-83) TT-7* 3.48 0.0941
1A, 0.93(72-82) nat* 3.52 3.0x 104
41B(By) 0.77(80-83)—0.35(81-82)—0.26(81-83) i 3.80 1.1539
+0.26(78-82)
5'By(By) 0.67(81-83)+0.39(80-83)+0.35(75-82) TT-7* 3.87 1.2448
+0.33(80-82)
2'A, 0.94(70-82) ner* 4.32 0.0010
6'By(Y) 0.84(75-82)—0.26(81-83) TT-7* 4.55 0.6298
3'A, 0.94(67-82) ner* 4.71 0.0000
41A, 0.91(72-83) n-t* 5.54 6.0x 10
7'B, 0.85(71-82)+0.26(81-86)+0.26(78-83) TT-7* 5.58 0.0201
8IB,(X') —0.83(78-83)+0.30(71-82)—0.26(81-86) TT-7* 5.71 0.0455
9'B, 0.82(81-86)—0.30(78-83)—0.30(80-86) - 6.10 0.1100
10'B, —0.78(80-86)+0.43(75-83)—0.28(81-86) TT-70* 6.11 0.0491
Compared with the B, state ofPc, the weight of the two main ~ from non four-orbital excitations. Theg33.66 eV) state is
configurations is slightly more imbalancedeérPc-1.Therefore, assigned to theB, (4.04 eV) state. The!B, state has the
the cancellation of the transition moment is more incomplete same character as théB(, state (X-band) ofPc.
in exPc-1 In fact, the computed transition moments of tAB;2 We noted several significant differences between the SAC-

states ofexPc-landPc are 2.697 and 2.297 au, respectively, CIl and CNDO/S results as seen in Table 9. First, the order of
as shown in Table 11. However, the oscillator strength computed the excited states is reversed between g And 2B, states
for exPc-1was smaller than that oPc. This is due to the and between the'B, and 6B, states. Second, the INDO result
underestimation of the excitation energy in the calculation, since lacks the 4B, state. Third, there are few corresponding features
the oscillator strength is proportional to the excitation energy. in the character of the excited states higher than tBg §tates.
Using the experimental excitation energy, the oscillator strength  The second substituted porphycene, 9,10-,19,20-dibenzopor-
is computed to be larger than that BE. phycene €xPc-2 Figure 1 (h)), has two butadiene units that
Next, we briefly discuss other excited stateerPc-1 There bridge the 9- and 10-carbons and 19- and 20-carbons. Figure 4
are some important differences between the absorption spectrashows that LUMO ofPc does not have a node at €210 and
of exPc-landPc: (1) the assignment and appearance of the C19-C20 bonds, while HOMO has a node at these two bonds.
S1—Ss band, (2) the character of théB}, state, and (3) the  Considering the symmetry of MOs, LUMO and HOMO B¢
character of the B-band. Regarding the first point, we noted interact with the butadiene MOs as schematically shown in
that the $ and $ bands have Q-band character, even though Figure 8. Figure 9 confirms that HOMO axPc-2 shifted
the intensity of the $band is relatively large. Actually, thesS  significantly to a higher energy region, whereas LUMO moved
band has the X-band character, and the previous semiempiricako a lower energy region.
INDO/S calculation provided the same resudftaVith regard The SAC-CI theoretical spectrum @xPc-2is shown in
to the second point, the'B, state corresponds to the Y-band Figure 10, and the details of the excited states are summarized
of Pc, i.e., the M-band oP. All of the 1'B,—4'B,, states are  in Table 10. The 1B, state calculated at 0.77 eV is HOMO
excitations to LUMO, and the stabilization of LUMO causes a LUMO excitation. As seen in Table 10, the transition moment
red-shift of these four states. In relation to the third point, the of the 1!B, state is 2.812 au, which is much larger than that of
experimental absorption spectrum shows a broad B-band ranginghe 2B, state of Pc (2.297 au). However, the calculated
from 3to 4.5 eV. For $(3.10 eV) and §(3.35 eV), we assign  oscillator strength is 0.149 au, which is smaller than that of the
the 5B, and 6B, states calculated at 3.22 and 3.36 eV, 2B, state ofPc. This is again due to the spectral red shift caused
respectively. The 8, and 6B, states have a large contribution by the small HOMG-LUMO gap, which reduces the calculated
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(1)Interaction between Pc and ethylene
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Figure 8. Schematic diagrams showing (1) the interaction between
Pc and the ethylene unit iexPc-1and (2) the interaction betwedit
and the butadiene unit iexPc-2
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Figure 9. Hartree-Fock molecular orbital energy leveldRaf(center),
exPc-1 (left), and exPc-2 (right). The dotted lines show the corre-
sponding MOs among the three porphycenes.

oscillator strength. The following points should be noted (1)
the X-band, 3B, state, is much less intense than thaerPc-

1, (2) the 4B, and 6B, states are characterized as B-bands,
and (3) the 3B, state corresponds to the Y-bandRd, even
though the oscillator strength is rather strong.

5. Conclusion

The excited states of free-base porphyrin isomers, porphin
(P), porphyceneRc), corrphyceneCor), and hemiporphycene

Hasegawa et al.
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Figure 10. Excitation spectra of (1¢xPc-1and (2)exPc-2calculated

by the SAC-CI method. The excitation spectrum of8)s also shown

for reference. The oscillator strength of the Q-band is shown in
parentheses. F@axPc-1andPc, the theoretical spectra are compared
with the experimental spectra. FexPc-] tetratert-butyldibenzopor-
phycené? is used. The oscillator strength of the experiments is shown
in arbitrary units.

(hPc), were studied by the SAC-CI method. This is the first
attempt to provide theoretical assignments to the absorption
spectra of these porphyrin isomers using a state-of-the-art
correlation method. The present results agree reasonably with
the trend of the experiments. The average error in the excitation
energy was 0.17 eV for the four compounds. e, we
examined the basis sets effects since the error was relatively
large. The results showed a uniform shift of about-023 eV

as shown in Table 4, which does not affect the assignment given
by the DZ(d,p) level calculations. We also investigated the
solvation effect, and its result was similar to that obtained by
the gas-phase calculation. An exception was that the X-band
shifted to a higher energy region, since the X-band has a partial
charge-transfer character.

The spectral features of the isomers reflect the HartFeek
orbital energies for the four-orbitals. A large energy gap between
LUMO and next-LUMO causes the imbalanced weight of the
two main configurations of the Q-band. Thi has the highest
Q-band intensity among these four compounds. The low-lying
LUMO of Pc also results in the X-band that appears on the
lower energy side of the B-band.

As reported in the previous studi#s;>22the B-band oP is
described by the “five-orbital model”. The fifth orbital also
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TABLE 9: Excited States of ExPc-1 Calculated by the SAC-CI Method

SAC-CI INDO/S exptP
excitation oscillator excitation oscillator excitation
state main configuration$| > 0.25) nature  energy (eV) strength energy (eV) strength energy (eV)
1'B,(Q1) 0.84(92-94)—0.34(96-94) T-77* 0.56 0.0275 1.79 0.30 1.30(5
21By(Q2) —0.87(93-94)+0.26(92-95) T-77* 1.10 0.1958 1.43 0.11 1.48¢5
3'B, 0.81(96-94)+0.37(93-95) T-77* 2.16 0.1296 2.35 0.06 2115
+0.27(92-94)
4B, 0.72(88-94)—0.55(92-95) -r* 3.04 0.0302
5'By(B1) 0.61(92-951+0.53(88-94) TT-77* 3.22 0.6581 3.39 0.95 3.10485
—0.32(90-95)+0.29(93-94)
6'Bu(B>) —0.76(93-95)—0.26(91-96) TT-77* 3.36 0.5331 3.23 1.16 3.35{5
7'By 0.84(96-95)+0.34(92-95) T-7r* 4.04 0.4998 3.66(§
8'B, 0.87(84-94) T-77* 452 0.0362
9'B, 0.84(91-96) T-77* 4.66 0.8410
10'B, 0.88(88-95) T-77* 5.14 0.0697
11'B, 0.91(93-97) -7r* 5.26 0.0380
12'B, 0.87(92-97) T-77* 5.48 1.4062
2 Reference 18? Excitation energy read from spectral chart in ref 18.
TABLE 10: Excited States of ExPc-2 Calculated by the SAC-CI Method
SAC-CI
excitation oscillator
state main configuration$@| > 0.25) nature energy (eV) strength
11By(Qy) 0.90(107108) -7 0.77 0.1485
2'By(Q2) —0.77(106-108)-0.47(107109) T-7T% 1.37 0.1244
3'B, 0.89(103-108) TT-7T* 2.52 0.0376
4'B,(By) —0.72(107109)+0.40(106-108) 7% 3.03 2.0031
—0.39(99-108)
5B, —0.79(99-108)-0.28(106-108) TT-7T* 3.27 0.7100
+0.27(107109)
6'Bu(B>) —0.70(106-109)-0.55(102-108) T-7T* 3.61 0.2013
7'By 0.61(102-108)-0.58(106-109) TT-7T* 3.91 0.4989
+0.30(107112)
8'B, 0.85(107112)-0.35(102-108) TT-7T% 4.03 0.0560
9B, —0.80(97108)+0.28(107114) T-7r* 4.29 0.0929
+0.27(107108,105-108)
10'B, 0.80(103-109)+0.25(107114) TT-7T* 4.71 0.0483
11'B, —0.78(106-112)+0.33(102-109) TT-7T% 4.95 0.1507
12'B, +0.81(107114)-0.32(103-109) TT-7T* 5.06 0.1159

+0.26(97-108)-0.28(107-113,107-108)

TABLE 11: Transition Moment, Excitation Energy, and Oscillator Strength of Q-bands for Pc, TAPc-1, TAPc-2, ExPc-1, and

ExPc-2
Pc TAPc-1 TAPc-2 exPc-1 exPc-2
Q: Q2 Q1 Q2 Q Q2 Q: Q1 Q2
T™?2 1.884 2.297 0.953 1.352 2.027 2.635 1.415 2.697 2.812 1.922
EE(calc.) 1.62 1.86 2.16 2.38 1.59 1.81 0.56 1.10 0.77 1.37
EE(exptl.) 1.96 2.07 1.30 1.48
OS(calcy 0.141 0.241 0.048 0.107 0.160 0.307 0.028 0.196 0.149 0.124
OS(scaled) 0.228 0.256 0.065 0.264

aTransition moment (au). Excitation energy (eV)< Oscillator strengthd Oscillator strength using the experimental excitation energy.

contributes to the B-bands of all the porphyrin isomers in this of the excited states were much larger than thogecafs shown

study. The B-bands o€or and hPc are characterized as a
mixture of the 2B3, (B-band) and the optically forbiddertB,q
states ofP. This is due to the symmetry lowering in the

in Table 11. However, the oscillator strength was calculated to
be slightly smaller than that &fc, since the calculated excitation
energy of the Q-band is much smaller than expected. Thus, to

molecular structure. Consequently, the main configurations of increase the intensity of the Q-band the effect of the excitation

the B-band are described by six orbitals (in the “six-orbital”
model). This information is useful for pigment design.

Based on the present and previous stuéfié&!we attempted
to control the Q-band transition moment BE by modifying
the four-orbital model. We proposed two kinds of tetra-aza
substitutions, TAPc-1 and TAPc-2, and two kinds of ring-
extension (dibenzo substitutiongkPc-landexPc-2 TAPc-2
has a LUMO-next-LUMO gap larger than that BE. Accord-
ingly, the theoretical spectrum OFAPc-2 shows a greater
Q-band intensity. FoexPc-landexPc-2 the transition moments

energy has to be considered.

Although the four-orbital model is a qualitative model, it can
be quantitatively applied to the Q-band. Therefore, modification
to the four-orbital model would provide a simple and promising
strategy which can serve as a guiding principle for designing
the excited states of the Q-band.
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