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The electronic ground state and the singlet vertical excited states of tetraoxaporphyrin dication (TOPDC) and
porphycene have been investigated by using time-dependent density functional theory (TDDFT) for the
first time. The solvation effects on the excitation energies for TOPDC in 96%0Hand porphycene

in 2-methyltetrahydrofuran are taken into account by using the polarized continuum model (PCM). The
TDDFT-PCM computed results show an obvious red shift of the excitation energies of the B (Soret) bands,
leading to a much better agreement with the UV/vis absorption spectra in solutions than the previous
semiempirical calculations in vacuo.

I. Introduction different subgroups within the new porphyrinoids. To compare
with the experimental UV/vis absorption spectra for TOPDC
in 96% HSO*5 and porphycene in 2-methyltetrahydrofuran
(2-MTHF) solutions? the solvation effects on the excitation

energies are investigated by combining the TDDFT with the

The chemistry of porphyrinoids (porphyrin structural variants)
has developed with breathtaking speed over the past decade
Recent progress in synthetic chemisfifas led to the appear-

ance of a large number of new porphyrinoids with changes of polarized continuum model (PG method. The present

structures, sizes, an_d heteroatditis. Some of the recent TDDFT-PCM calculation results show a red shift of excitation
important representatives are, for example, the O-, S-, and Se-

analogues of porphyrirfsthe inverted porphyring8 the con- energy for the B_(Soret) band for both_TOPDC and_ porphycene
tracted porphyring,and the N-confused porphyrir’%%.ll upon solvation, in good agreement with the experimental data.

It is not surprising that such huge porphyrinoid families have In section ”’ we o_utline the computatiqnal de_tails. Calculation

been synthesized because typical electron donors in natural phoires?\lltsnainnd d|S(t:iusr;]sl|§)/ns are presented in section I1l. A summary
tosynthetic reaction centers are free base and metalated por-s give sectio )
phyrine systems. In addition to their possible application to anti-

cancer drugs in photodynamic thera@ytheir unique photo-

chemical properties make them potential candidates for lumi- Al quantum mechanical calculations were carried out using
nescent materials. For example, the diacids of sulfonatophenyl-the B3LYP flavor of density functional theory (DF¥)which
substituted porphyrins were found recently to form aggregatesincjudes Becke’s nonlocal gradient correctitn® the Slater
in proper conditions, accompanying dramatic changes in |gcal exchange function&land some exact Hartre&ock (HF)
UV/vis absorption and luminescence spe¢#d® These por-  exchange, as well as the Voskw/ilk —Nusair local correlation
phyrin aggregates have regular high-order structures and showtynctionaf and the Lee Yang—Parr correlation functionaf
close resemblance in structures and photochemical properties Tpe polarizable solvation model (PCM) was employed to
with the chlorophyll aggregates in natural light-harvesting describe the effect of solveit;30 whose reliability for both
systems. _ _ o ground and excited states is well documented. In this ap-
~ The theoretical study of the electronic excitations of porphy- proximation, the solvent is represented as a structureless infinite
rinoids can provide a sophisticated understanding and the continuum, characterized by its macroscopic dielectric constant
assignments of UV/vis absorption and luminescence spectra of(¢) numeral density), and so forth. The cavity for the solute
porphyrinoids. The gas-phase electronic absorption spectrumis pyilt as the envelopes of spheres centered on the solute atoms
of fr(_ae base porphyrin has been the subject of many theoreticalg, atomic group, and then a sphere of radRs{) of the solvent
studies.> 2 On the other hand, the O-, S-, and Se-analogues is rolled over this surface to obtain a smooth surface. At each
of porphyrins and other types of porphyrinoids have received set-consistent field (SCF) step, we calculate the reaction field
little theoretical attentiof?>* generated by the solvent due to the electrostatic field of the
In this study, we present the first time-dependent density func- so|ute wave function. This reaction field is then included in the
tional theory (TDDFT}> ?®investigation of the singlet vertical  Fock operator (KohrSham Hamiltonian) to calculate the
excited states of tetraoxaporphyrin dication (TOPDC) and orpitals of the DFT wave function of the solute. This process
porphycene. These are selected as examples to represent tW@ continued until self-consistent. When time-dependent DFT
is used to study the vertical electronic excitation processes,
* To whom correspondence should be addressed. E-mail: jianwan@ \hich have a characteristic time smaller than the solvent
mar"bcgﬂtﬁ;dghcigéﬂgﬁgxﬂﬁéﬁiﬁ?' relaxation time, a delay is observed in the solvent response such
* Xiamen University. that nonequilibrium solvation in terms of a “fast” dielectric
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II. Computational Details
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constant &) has to be use¢f For the TOPDC system, we use

€ = 100.0,¢; = 2.009,p = 0.01124 A3, andRsoy = 2.198 A

to describe the concentrated sulfuric acid solvent; while for the
porphycene solution, we uge= 6.97,¢ = 1.978,p0 = 0.006013
A3 andRso = 2.71 A to represent the 2-MTHF solvent. These
numbers are derived from the related experimental ¥ata.
Experiments showed that there is no excitation transfer from
solute to solvent for both TOPDC and porphycene systems,
which justifies the employment of the PCM.

Geometry optimizations were performed with the 6-31&(d)
basis set both in vacuo and in solution. For each gas-phase
geometry, vibrational frequencies are calculated analytically to
ensure it to be a true local minimum (containing only positive
frequencies). To investigate the possible counterion effect in
the TOPDC system, two CIO or two HSQ,~ were explicitly
included and the full geometry optimization was performed on
the perchlorate TOPDC or the hydrogen sulfate TOPDC. The
optimized geometry parameters were compared with those from
the bare TOPDC ion and those from the X-ray structure
analysis*?23

TDDFT calculations were carried out at the optimized struc-
tures both in vacuo and in solution. In the TDDFT calculations,
Dunning’s augmented correlation consistent basis set aug-cc- (®)
pVDZ? was used for all non-hydrogen atoms (one augmented Figure 1. (a) [18]- and (b) [20]annulene structures for TOPDC
d-type diffuse function was removed for all the calculations), 9 ' '
and cc-pVDZ2° was used for all H atoms. To investigate the TABLE 1: Experimental and Optimized Bond Lengths (A)
basis set effects, comparison was also performed at the TDDFT-for TOPDC under D4, Symmetry
(B3LYP)/6-31G(d) and TDDFT(B3LYP)/6-311G(d) levels for
the excited states of TOPDC in the gas phase.

All calculations were performed using the Gaussian 03 pro-
gram suité® on a SGI/Origin-300 server.

Ill. Results and Discussion

A. Ground-State Properties. There has been a long-lasting
interest in the theoretical prediction of the geometric and the
electronic structures of porphyrinoid’s.*6 Following Gouter-
man’s pioneering work! the porphyrinoid’s structures have
been frequently interpreted as an internal [18]annulene-like

conjugation path embedded in the macrocyéfdsater, Michl X-ray

and co-workers argued that an even better model is provided (refs4 B3LYP/ B3LYP-PCM/ B3LYP/ B3LYP/
by a [20]annulene-dication conjugation patWe depict both bond and23) 6-31G(d} 6-31G(d} 6-31G(d} 6-31G(dY
[18]- and [20]annu|ene structures for TOPDC in Figure 1.1t 1 1.341 1.3741 1.3737 1.3701 1.3700
was concluded that the electronic structures of porphyrinoids 2 1.405 1.4192 1.4175 1.4209 1.4209
are ruled by the competition between local cyclic interactions 3 1.406 14192 1.4175 1.4219 1.4219
in the subunits and the delocalization over the whole macro- 4 1.369  1.3663 1.3661 13517 1.3505
cycle®® The electron correlation effects were found to play an 13?3 i'gggg 1'22% i'ggég iggg?
important role to stabilize the delocalized structure with high 5 1373 13893 1.3876 1.3850 1.3845
symmetry*23 distance 6.3579  6.0395

The key data from the X-ray structure analysis on perchlorate 2 TOPDC." Perchlorate TOPDC. Hydrogen sulfate TOPDC. The

TOPDC crystal are summarized in Table 1. Along with the istance between two ClOions. © The distance between two H$O
NMR results and IR results, it was concluded that TOPDC jgns.

adopts D4, symmetry*23 These results may be interpreted as

lending support to the [20]annulene-dication model, as such the deviation between type 1 and type 2C bonds is only
C—C bond lengths for type 1 and type 9 are the same. We 0.045 A in the optimized TOPDC structure, while it is 0.065 A
performed the geometry optimizations with no symmetry in the X-ray structuré.

constraint at the B3LYP/6-31G(d) level. The key parameters  Figure 2 shows the optimized geometry for the perchlorate
of the optimized ground-state geometry of TOPDC are presentedTOPDC molecule. Two CIgy ions lie above and under the
in Table 1. As can be seen from the data in Table 1, the TOPDC plane, respectively, with a Cl...Cl distance~d.4 A.
optimized geometry practically converges t®a symmetry, The counterions Clgr hardly disturb the geometry of the
in agreement with the experimental finding®. Typically the TOPDC plane. Thus the loc@®,, symmetry of the TOPDC
optimized C-C bond length is slightly longer<0.03 A) than plane is well preserved as is the case in the perchlorate TOPDC
the corresponding bond length of the X-ray structdrdhe crystal. In general, the optimized structure is very close to that
maximum elongation is observed at the type-1Cbond. We of the bare TOPDC. The maximum difference (0.015 A) occurs
find that BSLYP may exaggerate the delocalization effect. Hence at the type 5 €O bond. The optimized geometry with CJO
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TABLE 2: Experimental and Optimized Bond Lengths (A)
for Porphycene under C,, Symmetry

(a) (b)
Figure 2. The optimized structures for the perchlorate tetraoxapor-
phyrin and hydrogen sulfate tetraoxaporphyrin.

X-ray B3LYP/ B3LYP-PCM/
counterions does show a slightly improved agreement with the  bond (ref 23) 6-31G(d)(gas)  6-31G(d)(2-MTHF)
crystallographically determined structure. 1 1.432 1.4349 1.4353
To see how the solvation will affect the geometry, we also 2 1.346 1.3778 1.3784
performed the geometry optimization of TOPDC using the PCM. 3 1.431 1.4311 1.4316
As shown by the data in Table 1, solvation only slightly 4 1.364 1.3673 1.3680
compacted the molecule. The overall solvation effect on the > 1.354 1.3638 1.3645
) - 6 1.397 1.4128 1.4131
geometry is negligible. The largest effect (0.0017 A) takes place 7 1.429 1.4497 1.4496
in the types 2 and 3 and types 6 and #C bonds. 3 1.349 1.3651 1.3660
Experimentally, it was found that perchlorate TOPDC is 9 1.439 1.4559 1.4559
virtually insoluble in common organic solvent, while good 10 1.356 1.3529 1.3543
solubility was achieved in concentrated sulfuric acid; thus the 11 1.359 1.3613 1.3625
UV/vis spectra of TOPDC were obtained in 96%,30, ié 1%3? i‘géig 1'3323
solution® We calculated the reaction free energy change in 14 1.398 1.4079 1.4080
solution as 15 1.0425 1.0419

TOPDC—(CIO,), + 2H,S0, — TABLE 3: Orbital Energies and Orbital Characters of
. _ TOPDC under D4, Symmetry at the B3LYP/aug-cc-pVDZ
TOPDC* 4 2HSQ,” + 2HCIO, Level

AG(sol, 298 K)= —6.6 kcal/mol orbital orbital
energy (au)  symmetry character

TOPDC-(CIO,), —~ TOPDC" + 2CIO,~ occupied MOs 76 —0.3640 Ay 7
77 —0.3548 By T
AG(sol, 298 K)= —26.1 kcal/mol 78 —0.3513 5 7
79  —0.3513 & @
Thus our calculations show that perchlorate TOPDC is indeed g(i *8-%322 gu 7
. ; T ; ; -0 ) T
soluble in ;ulfunc acid, in agreement with the experimental unoccupied MOs 82 —0.1744 E il
observ_atlo . _ o 83 _0.1744 E T
In Figure 2, we also depict the optimized geometry of the 84 —0.0987 By P
hydrogen sulfate TOPDC in the gas phase. Not surprisingly, 85 —0.0697 By 7
we again find that the HSQ counterions only interact with g? :8-8132 & 7
TOPDC electrostatically. Two HSQ ions lie above and under 88 0.0103 %H ;

the TOPDC plane, respectively, with a S...S distance-6f0
A. And we infer that the S...S distance will be further expanded concluded as the globe minimiuthEven though no symmetry
when the effects of solvent of high dielectric constant and the constraint was imposed on the initial structure, the optimization
hydrogen network of solvent molecules are explicitly taken into converged to a structure &%, symmetry. The optimized geom-
account. As seen in Figure 2, the lodal, symmetry of the etry coincides with the classic [18]annulene model where the
TOPDC plane is well preserved, and the optimized structure is main conjugation path excludes the nitrogen atoms in the two
very similar to that of the bare TOPDC such that bond distances pyrrol rings and the outer bonds in the two rings with the pyri-
differ by 0.0010 A for types 2 and 3 and types 4 and 5 and by dine-like nitrogené43Thus the type 2 €C bond length differs
0.0002 A for types 6 and 7 (see Table 1). Thus we conclude from the type 8 G-C bond length by 0.0127 A. In general, the
that the geometry of TOPDC in solution is close to that in the optimized geometry of porphycene is in reasonable agreement
crystal and the TOPDC bare ion plus the PCM for the solvation with the experimental geomet#§2although there is a tendency
effect provides a reasonably good model for TOPDC in solution. to overestimate the bond lengths. The average error for the 14
The key X-ray data for porphycene are summarized in Table bond lengths is around 0.011 A with a maximum of 0.032 A
2. The experimental structure possesses a M&arsym- occurring for the type 2 €C bond. We have also optimized
metry2342Experimentally it was found that the inner hydrogen the geometry of porphycene in the 2-MTHF solvent. As por-
atoms are not localize®. This shows that the crystallographi- phycene is a neutral molecule and 2-MTHF is a solvent of low
cally determined structure is at least the average of the two dielectric constante(= 6.979), it is not surprising to see from
tautomeric trans-structures or even includes some contributionsTable 2 that the solvent has hardly any effect on the geometry
from the cis-structuré®#2Based on the experimental informa-  of the porphycene solute. As compared to the gas-phase geom-
tion as well as the previous theoretical results, we performed etry, the mean deviation is only 0.0006 A with the maximum
the geometry optimization on thensporphycene, whichwas  deviation of 0.0013 A occurring for the type 10-Gl bond.
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TABLE 4. Orbital Energies and Characters of Porphycene 7 . . :
with Cp, Symmetry at the B3LYP/aug-cc-pVDZ Level 6_- UV/Vis spectrum of TOPD c]
orbital orbital | ]
energy (au)  symmetry character 54 in the 96% H,SO, solution .
occupied MOs 71 —0.3248 A T 4' 1
72 -0.2918 B 7 ] ]
73 —0.2763 B o 5] ]
74 —0.2729 A o ] ")
75  —0.2702 B 7 20 , ,
76 —0.2627 A 7 ] ' ]
77 —0.2598 B T 15+ 1 TD-DFT-PCM/aug-cc-pVDZ
78 —0.2405 A 4 ] 3/4'Eu geep
79 -0.2392 B 7 10- i
80 —0.1963 A T ] 1 |
81  —0.1945 A w 0 o5 1/2°Ey»1000 ]
unoccupied MOs 82  —0.1045 B T |
83  —0.0562 B 7 00 ,
84  —0.0092 A 7 ] 1 ' ]
85 0.0146 A Rydberg 15] 34 Eu TD-DFT/aug-cc-pVDZ .
86 0.0372 B 4 ]
87 0.0762 A Rydberg 104 4
88 0.085 B Rydberg |
89 0.0937 A Rydberg 054 1/2'E, x1000
The frontier orbital energies and the corresponding orbital o.o. . . . I
characters for the ground-state TOPDC are listed in Table 3. A 4 3 @)
few key orbitals around the HOMOs (highest occupied molec- Excited energy

ular orbitals) and LUMOs (lowest unoccupied molecular orbit-  rigyre 3. Experimental and calculated electronic excitation spectra
als) are also presented in Table 3. Key frontier orbitals of the for TOPDC Ouy).
ground-state porphycene undes symmetry are summarized
in Table 4. 0.06 eV. In the present study, the aug-cc-pVDZ basis set was
B. Singlet Vertical Excited States for TOPDC. The adopted. With this basis set for TOPDC, the total number of
UV/vis spectrum of TOPDC in solutidf is shown in the top basis functions is 512. The active space of TDDFT calculation
panel of Figure 3, in which we observe the typical porphyrinoid consists of the complete molecular orbital space (488 MOs)
type of spectrum with a weak band (Q band) in the low-energy except that the innermost 1s core orbitals for C and O atoms
region (2.34 eV) and a strong band (B band or Soret band) at(24 MOs) were frozen.
around 3.35 eV. As shown by Table 5, the lowest excitation energy part
To investigate the basis set effects on the excitation cal- of the TOPDC spectrum consists of foursz* excitations,
culations, the singlet vertical excitation energies of TOPDC two degenerate excitations (2.34 e¥,= 0.0003) for Q
have been calculated at various levels. The TDDFT/6-31G(d), bands, and two degenerate excitations (3.72fe¥ 1.536) for
TDDFT/6-311G(d), and TDDFT/aug-cc-pVDZ results are shown B (Soret) bands. This is similar to that of the free base por-
in Table 5. As is well-documented, TDDFT results do not phin (FBP)3® Gouterman explained the excitations of FBP
depend so much on the size of basis sets for the prediction ofaccording to his four-orbital modét. The four orbitals are
low-lying states. From Table 5, we see that these three basisHOMOs, h; and hy, and LUMOSs,|; andl,. In his model, the
sets virtually give identical results with differences of less than four bands, Q Qy, By, and B, involve a “plus” or “minus”

TABLE 5: Main Configurations, Excitation Energies (E), and Oscillator Strengths §) of TOPDC (D4,) Calculated at Various
Levels in the Gas Phase

TDDFT(B3LYP)/6-31G(d) TDDFT(B3LYP)/6-311G(d) TDDFT(B3LYP)/aug-cc-pVDZ
state main configurations E (eV) f main configurations E (eV) f main configurations E (eV) f
1'Ey  —0.43(80-82)+0.27(80-83) 2.36 0.0006 0.42(8682)—0.30(80-83) 2.34 0.0006 —0.49(80-82)+0.15(80-83) 2.34 0.0003
—0.27(81+82)—0.43 (81-83) —0.299(81-82)—0.42(81-83) 0.16(8%82)+0.49(81-83)
2'Ey  0.27(80-82)+0.43(80-83) 2.36 0.0006 0.30(8682)+0.42(80-83) 2.34 0.0006 0.15(8682)+0.49(80-83) 2.34 0.0003
—0.43(81-82)+0.27(81-83) 0.42(8%-82)—0.30(8%-83) 0.49(8%-82)—0.16(8%-83)

3E, —0.37(80-82)}+0.37(81-83) 3.78 1.555 0.38(8082)+0.38(81-83) 3.75 1561 0.37(8082)+0.36(81-83) 3.72 1.536
4'E, 0.37(80-83}+0.37(81-82)  3.78 1.555 —0.38(80-83)}+0.38(81--82) 3.75 1.561 0.37(8083)-0.36(81:-82) 3.72 1.536
51E, 0.11(76-82)-0.14(76-83)  4.30 0.032 —0.17(76-83)+0.66(77-83) 4.29 0.029 0.16(7682)+0.11(77-82)  4.29 0.027

0.40(77-82)+0.53(77-83) 0.66(77-83)

6Ey, 0.14(76-821+0.11(76-83)  4.30 0.032 0.17(7682)+0.66(77-82) 429 0.029 0.16(7683)+0.66(77-82)  4.29 0.027
0.53(77-82)—0.40(77-83) ~0.11(77-83)

7UE, —0.19(76-82)+0.63(76-83) 4.59 0.0004 0.28(7682)+0.60(76-83) 457 0.0002 0.35(7682)+0.57(76-83)  4.58 0.0001
0.17(77-83) 0.15 (77-83) —0.14 (77-82)

8IE, 0.63(76-82)-0.19(76-83)  4.59 0.0004 0.60(7632)—0.28(76-83) 457 0.0002 0.57(7682)-0.35(76-83)  4.58 0.0001
—0.17(77-82) ~0.15 (77-82) —0.14(77-83)

9E, 0.16(73-82)}+0.64 (73—-83) 5.84 0.0002 0.66(7383)+0.11(81-86) 5.81 0.0002 0.16(7382)+0.64(73-83)  5.80 0.0001
0.11 (81-87) 0.11(80-86)

10'Ey 0.65(73-82)-0.16(73-83)  5.84 0.0002 0.66 (7382)+0.11(81-87)  5.81 0.0002 0.65(7382)-0.16(73-83)  5.80 0.0001
0.11(81-86) 0.11(80-87)

11E, 0.62(78-84)-0.17(79-84)  6.33 0.015 0.54(7884)+0.33(79-84) 6.32 0.016 0.59(7834)-0.16(79-84) 6.31 0.017
—0.25(81-87) 0.23(81-86)+0.14(81-87) 0.31(80-86)

12'E, 0.17(78-84)+0.62(79-84)  6.33 0.015 —0.33(78-84)+0.54(79-84) 6.32 0.016 0.16(7884)+0.59(79-84)  6.31 0.017
—0.25(81-86) —0.14(81-86)+0.23(81-87) —0.31(80-87)
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ground-state TOPDC. Thus MO 80hg, MO 81 ish,, MO 82
is I3, and MO 83 isl,. Contour maps of these four MOs are
illustrated in Figure 4. As is expected from Gouterman'’s four-
orbital model, LUMOs 82 and 83 are degenerate orbitals,of e
symmetry, while HOMOs 80 @ and 81 (a,) are quasi-
degenerate with an energy difference of only 0.02 eV.
TDDFT calculations for TOPDC in the gas phase have cap-
tured the essence of the experimental-uis spectrum in solu-
tion, that is, a weak Q band accompanied by a strong B band.
Even though the calculated Q band position (2.34 eV) is in
remarkable agreement with the experimental excitation energies
(2.34 eV*>23, the calculated B band position (3.72 eV) is 0.37
eV higher than the experimental excitation energies (3.35
eV4529, This indicates that the solvent effect has to be taken
into consideration.

The PCM has been successfully applied to describe the sol-
vation effect on both the ground states and the excited
states8-30 Specifically, it was found that the concentrated sul-
furic acid solvent can be described satisfactorily by the con-
tinuum model in the applications of theoretical exploration of
the reaction mechanisms of homogeneous cat&lysiFor the
TOPDC system, we find that the perchlorate ion will dissolve
into the solution and that the solvent molecules HS®ainly

LUMO (82) LUMO+1 (83) interact with TOPDC electrostatically. As experiments showed
Figure 4. Contour maps of the occupied MOs (80, 81) and the thatthere is no excitation transfer from solute to sole¥it;+2
unoccupied MOs (82, 83) for TOPDC. we expect that TDDFT combined with PCM provides a power-

ful tool to elucidate the UV+vis spectrum in solution. In the

combination of four single excitation configurations of similar  55,ssian 03 implementatih?® we notice that electrostatic

weight: interaction described with static dielectric constaftand fast
Q.= (h,— 1)+ (h,— 1) dielectric constante) makes a contribution to the solvent shifts
X ! 2 of the excitation energies, while dispersiarepulsion contribu-
Q= —1)+(h,—1) tions are included in the cavity terms described by numeral
density fp) and solvent radiusRson) Which do not contribute
By=(—1) —(h,—~1) to the solvent shifts.
B, = (hy—1) — (h,—1,) Table 6 summarizes the TDDFT-PCM results on the TOPDC

(D4n) system in solution. The results differ only marginally
We found that Gouterman’s four-orbital model works well whether the gas-phase optimized geometry is employed or the
for the Q and B bands of TOPDC. Table 3 lists the frontier solution-phase optimized geometry is used. We see that the
orbital energies and the corresponding orbital characters for thepredicted Q band (degenerate) is at 2.34 eV, in good agreement

TABLE 6: Main Configurations, Excitation Energies (E), and Oscillator Strengths ) of TOPDC (D4,) Calculated in the 96%
H,SO, Solution, Together with the Experimental Data of Excitation Energies E) and the Corresponding Molar Extinction
Coefficients

TDDFT-PCM(B3LYP)/ TDDFT-PCM(B3LYP)/
aug-cc-pVDZ//B3LYP/6-31G(d) aug-cc-pVDZ//B3LYP-PCM/6-31G(d) experiment (refs 4 and 5)
state main configurations  E (eV) f main configurations E (eV) f E (eV) €
1'Ey 0.52(80-82)+0.51(81-83) 2.33 0.0004 0.40(8682)—0.33(80-83) 2.34 0.0004
—0.33(81-82)—0.39(81-83) 2.34-2.37(Q) 1.86x 10*
2'Ey 0.52(80-83)-0.51(81-82) 2.33 0.0004 0.33(8682)+0.397(80-83) 2.34 0.0004
0.39(81-82)—0.33(81-83)
3'Ey  —0.39(80-82)+0.39(81-83) 3.48 1.785 0.30(8682)—0.25(80-83) 349 179 3.353.53(B) 1.02x 1¢°
0.25(81-82)+0.30(81-83)
4By 0.39(80-83)+0.39(8%-82) 348 1.785 —0.25(80-82)—0.299(806-83) 349 179
0.30(81-82)—0.25(81-83)
5'Ey  —0.15(76-8314+0.23(77~82) 4.31 0.015 0.11(76820.12(76-83) 432 0.015
0.63(7783) —0.45(77-82)+0.49(7783)
6'Ey  0.15(76-82)+0.63(7782) 431 0.015 —0.12(76-82)+0.11(76-83) 4.32 0.015
—0.23(7783) 0.49(7782)+0.45(7783)
Ty 0.67(76-83)+0.16(7783) 4.60 0.001 0.48(7682)—0.46(76-83) 4.61 0.001
0.11(7782}+0.11(7783)
8'Ey 0.67(76-82)—0.16(77-82) 4.60 0.001 0.46(7682)0.48(76-83) 4.61 0.001
0.11(7782)-0.11(7783)
9, —0.45(73-82)+0.50(73-83) 5.78 0.0001 —0.43(73-82)+0.51(73-83) 5.79 0.0001
10'Ey 0.50(73-82)+0.45(73-83) 5.78 0.0001 0.51(7382)+0.43(73-83) 5.79 0.0001
11'Ey 0.56(78-84)—0.11(79-85) 6.31 0.0200 —0.43(78-84)+0.36(79-84) 6.32 0.0200
—0.14(80-87)—0.38(81-88) 0.29(86-87)+0.11(81-88)+0.24(81-88)
12'Ey 0.11(78-85)+0.56(79-84) 6.31 0.0200 —0.36(78-84)+0.43(79-84) 6.32 0.0200

0.14(80-88)—0.38(81-87) 0.11(806-88)—0.29(81-87)+0.24(81-88)
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Figure 5. Experimental and calculated electronic excitation spectra
for porphycene Ca).

with the experimentally measured value (2.34 eV). The corre-
sponding calculated oscillator strengths are around 0.0004,
which are consistent with the experimentally observed very weak
peak.

Our calculated excitation energies for the B band are now
3.49 eV (degenerate). The solvation effects result in a 0.23 eV
red shift for the Soret states, which brings the theoretical number
much closer to the experimentally measured value of 3.35
eVA523\We find that the calculated oscillator strengths for the
B band are 1.536 in the gas phase and 1.786 in solution, which
are consistent with the experimentally observed very strong peak
of the B band"®23In the higher energy region, we also predict
a couple of valencer—x* singlet excited states with small
oscillator strengths (see Table 6 for details). Specifically, we
tentatively assign the peak at 4.32 eV« 0.015) to the weak
shoulder at the high-energy side of the B band of TOPDC in
solution (see Figure 3).

It is interesting to notice that solvation effects do not shift
the Q band but significantly red-shift the B band. As spectral
shift is largely influenced by the dipole change in going from

the ground state to the excited states, we conclude that there is

little change of dipole moment from the ground state to Q band
states, while substantial dipole change occurs from the ground

state to B band states. We notice that there is still a discrepancy

of 0.14 eV between theory and experiment for the B band. The
inherent limitation of the PCM may be responsible for this
disagreement.

To our knowledge, no previous ab initio study is available
for the absorption spectrum of TOPDC, although there were
several theoretical studies at the semiempirical IE47&lfie most
recent one was based on INDO/S calculations of TOPD#g)(
in vacuo?® The results are less satisfactory, leading to the Q
band at 2.17 eV and the B band at 4.40%8V.

C. Singlet Vertical Excited States for PorphyceneThe
experimental absorption spectrum of porphycene in the 2-MTHF
solution2342together with the TDDFT theoretical spectra both

TABLE 7: Main Configurations, Excitation Energies (E), and Oscillator Strengths ) of Porphycene C,n) Calculated in the Gas Phase and the 2-MTHF Solution, Together with

the Experimental Data

TDDFT-PCM(B3LYP)/
aug-cc-pVDZ//B3LYP-PCM/6-31G(d)

TDDFT-PCM(B3LYP)/

aug-cc-pVDZ//B3LYP/6-31G(d)

TDDFT(B3LYP)/
aug-cc-pVDZ//B3LYP/6-31G(d)

experiment (ref 43)

E (eV) f

f

0.20

E (eV)

main configurations

f
0.20 0.10(7882)+0.57(80-82)

E (eV)

main configurations

0.10(7882)+0.57(80-82)
—0.21(81-82)—0.29(81-83)

f

0.13

E (eV)

main configurations

0.12(78-82)+0.55(80-82)

state
1'B,

2.19

—0.21(81-82)—0.29(81-83)
0.20(8682)+0.27(80-83)

2.19

2.22

—0.21(81-82)—0.32(81-83)
0.19(80-82)+0.30(80-83)

0.12

1.942.17 (Q)

0.30

2.28

0.20(8082)+0.27(80-83) 228 0.30

0.56(81-82)—0.13(81-83)

0.20

2.33

2'B,

0.004
0.47

3.04
3.60

0.56(81-82)-0.13(81-83)
0.66(7882)+0.19(81-83)
0.48(7682)—0.10(80-82)
0.23(80-83)-0.36(81-83)

0.004
0.47

3.05
3.60

0.48(7682)—0.10(80-82)
0.21(806-83)-0.36(81-83)

0.66(7832)+0.19(81-83)

0.003
0.11

3.04
3.64

0.54(81-82)-0.14(81-83)
—0.20(81-83)

0.66(78-82)40.20(81-83)
0.61(76-82)40.20(80-83)

3'B,
4B,

1.32

3.263.41 (B)

0.93

3.62

—0.11(78-82)+0.49(80-83)
—0.11(81-82)+0.32(81-83)

362 091
0.70(7382)

—0.11(78-82)+0.50(80-83)
—0.11(81-82)+0.31(81-83)

3.75 0.80

—0.12(78-82)+0.45(80-83)
—0.12(81-82)+0.33(81-83)

0.70(73-82)

5!B,

0.0000
0.83
0.13
0.0006
0.03

3.81
3.76
4.40
4.99
4.98
5.04

—0.25(80-83)+0.29(81-83)

0.69(7883)
0.69(7383)

0.68(7683)+0.15(80-89)
0.70(8186)

0.49(7682)+0.11(80-82)
0.70(8686)

0.0000
0.84
0.12
0.0006
0.03

3.81
3.76
4.41
5.01
4.98
5.04
5.09
5.38

0.68(7683)+0.15(80-89)

0.70(8186)

0.49(7682)+0.11(80-82)
0.70(8686)

—0.26(80-83)+0.29(81-83)

0.70(7382)

0.69(7883)
0.69(7333)

0.00
0.92
0.15
0.001
0.02

3.78
3.87
4.41
4.96
4.99
4.98
5.02
5.36

0.32(76-82)+0.14(80-82)
—0.29(80-83)+0.37(81-83)
0.68(78-83)
0.67(76-83)+0.16(80-90)

0.70(81-86)

1A,
6'B,
7'B,
2tA,

Wan et al.

0.0006
0.004
0.11

5.09
5.38

0.26(7282)+0.64(81-89)

0.0006
0.004
0.11

0.25(7282)+0.64(81-89)

0.000
0.003
0.10

0.68(73-83)—0.11(80-86)
0.11(73-83)+0.69(80-86)
0.24(71-82)+0.64 (81-90)

8B,
3tA,
41A,
9'B,
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MO (76) MO (77) MO (78)

MO (79)

LUMO (82) LUMO+1 (83) MO (84)
Figure 6. Contour maps of the occupied MOs (76, 77, 78, 79, 80, 81) and the unoccupied MOs (82, 83, 84) for porphycene.

in vacuo and in 2-MTHF solution, is illustrated in Figure 5. MO 82 is only 3.70 eV. On the contrary, data in Table 3 for
The theoretical details are summarized in Table 7. For TDDFT- TOPDC indicate that the energy gap between MO 76 and MO
PCM calculations, the geometries optimized both in vacuo and 82 is 5.16 eV, while that between MO 78 and MO 82 is 4.81
in solution were used. For porphycene with the aug-cc-pVDZ eV, much larger than the corresponding values of porphycene.
basis set, the total number of basis functions is 522. The active Thus we conclude that the decreased energy gap between the
space of TDDFT calculation consists of the complete molecular inner key orbitals and the frontier orbitals accounts for the
orbital space (498 MOs) with the exception of the innermost inadequacy of the four-orbital model.
1s core orbitals for C and N atoms such that 24 MOs were We calculated 1B, and 2B, states at 2.22 and 2.33 eV in
frozen. the gas phase and 2.19 and 2.28 eV in the 2-MTHF solution.
As is shown by the main configurations listed in Table 7, These numbers are close to the experimentally measured values
we find that, as compared to the cases of TOPDC and FBP,of 1.94 (Q) and 2.17 (Q) eV. The corresponding calculated
Gouterman'’s four-orbital model works less well for the Q band oscillator strengths are 0.127 and 0.197 in vacuo and 0.198 and
and breaks down for the description of the B band of por- 0.296 in solution, which are consistent with the experimental
phycene. Table 4 summarizes some key orbitals of the ground-observation that the Q band of porphycene is much stronger
state porphycene und€l,, symmetry. The contour maps of than that of TOPDC or FBP. In the experimental spectrum
some key orbitals are depicted in Figure 6. Here again MOs 80 (Figure 5), there is a third peak at 2.24 eV, which is absent in
and 81 are the HOMOs, while MOs 82 and 83 are the LUMOs. the present TDDFT calculations. As this peak also appears in
HOMOs can still be considered as degenerate, with a variationthe substituted free bases and moves with the onsey,df i@
of 0.049 eV for the orbital energies of MOs 80 and 81. LUMOs, therefore a vibrational band of,Q
however, are no longer degenerate. The splitting between MO  We calculated the B, state at 3.64 eV with an oscillator
82 and MO 83 is as large as 1.31 eV. strength of 0.106 in the gas phase and 3.60 eV with an oscillator
As shown in Table 7, we assign the first two statéB,land strength of 0.468 in 2-MTHF solution. From Table 7, we find
21B, to the Q and Q excitations, which involve mainly the that the coefficients of the main configurations change upon
excitations between HOMOs and LUMOs. Noteworthily, the solvation from 0.61*(76— 82) — 0.20*(81— 83) in the gas
(78— 82) excitation also makes a non-negligible contribution. phase to 0.48*(76— 82) — 0.36*(81 — 83) in the solution
For the B band of porphycene, however, besides the excitationsphase. The increased coefficient of valence configuration (81
from HOMOs to LUMOs, (76— 82) and (78— 82) excitations — 83) is most likely responsible for the enhanced oscillator
also play an important role. Inspection of the orbital energies strength in solution.
of porphycene in Table 4 shows that the energy gap between We predicted the M, state at 3.75 eV with an oscillator
MO 76 and MO 82 is 4.30 eV, while that between MO 78 and strength of 0.797 in the gas phase and 3.62 eV with an oscillator
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strength of 0.927 in the 2-MTHF solution. We also found that
the 6B, state was at 3.87 e\ £ 0.920) in vacuo and 3.76 eV
(f = 0.828) in solution. Based on the main configurations,

Wan et al.
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and strongest B band of porphycene. The solvation effects giv

rise to a red shift of around 0.13 eV for the Soret states'Bf, 5

and 6B, which leads to a closer agreement with the experi-

mentally measured value of 3.28.41 eV.2342
Experimentally?342there exists a very weak peak at 3.10 eV,

which is between the Q band and the B band. This peak is
unique for porphycene and is not seen in TOPDC. We located

this peak at 3.04 eV witi = 0.004. Our calculations showed
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