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We have theoretically investigated a series of multiply N-confused porphyrins and their Zn or Cu complexes
for the first time by using DFT(B3LYP/6-31G*) and ZINDO/SOS methods. The electronic structure, one-
photon absorption (OPA), and two-photon absorption (TPA) properties have been studied in detail. The
calculated results indicate that the OPA spectra of multiply N-confused porphyrins are red-shifted and the
OPA intensities decrease compared to normal porphyrin. The maximum two photon absorption wavelengths
Amax are blue-shifted and the TPA cross sectiopg. are increased 22-7112.1 GM when the N atoms one

by one are inverted from core fbposition to form multiply N-confused porphyrins. Especially.x of NsCP

get to 164.7 GM. The electron donotsFss at meso-position can make the TPA cross se@igrincrease.

After forming metal complexes with Cu or Zn, the TPA properties of multiply N-confused porphyrins are
further increased except fors8P, Nt\CP. Our theoretical findings demonstrate that the multiply N-confused
prophyrins as well as their metal complexes and derivatives are promising molecules that can be assembled
series of materials with large TPA cross section, and are sure to be the subject of further investigation.

Introduction

Porphyrin is a well-known tetrapyrrolic macrocycle that has
four nitrogen atoms arranged inside the core that are able to
coordinate a variety of metal ions. Normally, the porphyrin core
is considered to be planar because of the resonance stabilizatior
resulting from the 18z electron aromatic systeh?.By contrast,
its N-confused analogues display versatile structures. Maeda et
al 34first synthesized a novel porphyrin isomenr@¥P) in which

Fully N-confused porphyrin
Porphyrin Single N-confused porphyrin Triply N-confused porphyrin

one of the four pyrrole rings is connectedoatind positions NoCP N CP N= NsCP N,CP
to meso carbons. These N-confused porphyrins can chelate metal Doubly N_m:;':dmhym

cations in the core to give square-planar complexes like normal N,CP

prophyrin. Later they synthesized further “evolved” confused u s

isomers: multiply N-confused porphyrins with two or more
confused pyrrole rings as showed in Figuré€1.Since the
casual discovery of N-confused porphyrin a number of unusual

M=Cu or Zn
properties that are different from normal porphyrins have been
disclosed in a variety of confused porphyrinofd® However, .
few theoretical studies focus on the photochemical properties s
of these multiply N-confused porphyrins, especially for the TPA Figyre 1. The investigated molecules and corresponding names and

property. labels.
The study of TPA properties of porphyrins has been the focus

of many recent works because they are suitable candidates fofisef is small (a few tens GMY*15 but we can design and
a number of possible applications, such as building optical
limiting devices, requiring a high TPA absorption cross sec-
tion.1112 Furthermore, they can be of interest for the pharma-
ceutical industry, since their pronounced TPA in the infrared
region can be exploited in the field of photodynamic ther&jpy.

It is well-known that the TPA cross section value of porphyrin

synthesize all kinds of its derivatives to increase the conjugation
property. Now many porphyrin derivatives and analogues have
been designed and synthesized, at the same time they were found
possessing a large TPA cross secfidrd? On second thought,
the N-confused porphyrins analogues should have similar or
better photochemical properties compared to normal porphyrin.
* Corresponding author. E-mail: Jikangf@yahoo.com. Fax8§)431- Thus in this work, in order to provide some useful information
8945942, on designing and synthesizing new materials with large TPA
Unzvsetf‘stinyey Laboratory of Theoretical and Computational Chemistry, Jilin - cross section values, the equilibrium geometries, the electronic
* Harbin University of Science and Technology. structures, and OPA and TPA properties of multiply N-confused
8 The College of Chemistry, Jilin University. porphyrins and their corresponding metal complexes have been
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investigated compared to normal porphyrin. The structure
property relationship has been revealed.

Computational Methods

J. Phys. Chem. A, Vol. 110, No. 51, 20063957

ath(= X, y, 2) component of the dipole operatdk |u,|L0=
K|ty LO— [O]u,|00,, ; the primes on the summation over the
electronic states indicate exclusion of the ground stiteis

the damping factor of excited state K, and in the present work,

The TPA process corresponds to simultaneous absorption ofll damping factor are set to 0.14 eV; this choice of damping

two photons. The TPA efficiency of an organic molecule, a
optical frequencyw/27, can be characterized by the TPA cross
sectiond(w). It can be directly related to the imaginary part of
the third-order polarizability (—w;w,w,—w)?>?1as showed in
eq 1,

3hw?

2.2
2n"C’e,

d(w) = 1)

L* Im y(—w;0,0,—)

wherey(—w;0,w,—w) is the third-order polarizabilityhw is
the energy of incoming photons,is the speed of lightgg is
the vacuum electric permittivityy denotes the refractive index
of the medium, and. corresponds to the local-field factor. In
the calculations presented heneandL are set to 1 because of
isolated molecule in vacuum.

The sum-over-states (SOS) expression to evaluate the com

ponents of the second hyperpolarizabilitys,s can be educed
out using perturbation theory. By considering a Taylor expansion
of energy with respect to the applied field, thg;,s Cartesian
components are given by refs 22 and 23.
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In the formulaa, 3, y, andd refer to the molecular axes;,
w2, andws are optical frequencies, ang, = w1 + w2 + w3 is
the polarization response frequengyP; 2 sindicates a sum over
the terms obtained by the six permutations of the pair&ds),
(w2lu,), and @slus); K, L, and M denote excited states and 0
denotes the ground stat&[is an electronic wavefunction with
energyhwy relative to the ground electronic stage; is the

t factor is found to be reasonable on the basis of the comparison

between the theoretically calculated and experimental TPA
spectr&2*?> To compare the calculated value with the
experimental value measured in solution, the orientationally
averaged (isotropic) value of is evaluated, which is defined
as

1 .
QU= 1_5;(%]] + Vi T Vi) Li=xy,z (3)

When the imaginary part of theyOvalue is substituted into
expression 1¢9(w) that can be compared with the experimental
value is obtained.

In this paper, all the geometries of molecules are optimized
by the B3LYP/6-31G(d) method. Then the properties of

electronic excited states were obtained by single electron

excitations and double electron excitation configuration interac-
tion (SDCI) using the ZINDO program. Futhermore, the
transition energies and transition dipole moment needed to
predict the TPA cross section were also provided. Then, we
compiled a program to calculate the second hyperpolarizability
y and the TPA cross section according to egs 1 and 2.

Results and Discussions

1. Geometry Optimization and Electronic Structure. The
investigated molecules are shown in Figure 1, including normal
porphyrin (N\CP), singly N-confused porphyrin ¢&P), doubly
N-confused porphyrin gfs-N,CP or transN,CP), triply N-
confused porphyrin (BCP), fully N-confused porphyrin (N
CP), and their Cu or Zn complexes: (@PzZn(ll) (ZnP),
N1CPZn(Il), NuCPCu(lll) NsCPZn(1V), Ns«CPZn(1V). In these
five kinds of N-confused porphyrins, each kind of N-confused
porphyrin has many tautomei®We choose the lowest potential
energy tautomer here, and the optimized results are identical
with those in ref 26 by Furuta et al. using B3LYP/6-31G**.
The geometry parameters are shown in Table 1. The optimized
results show that there 3,, symmetry for NCP,C, symmetry
for cis-N,CP, Ci symmetry fortransN,CP, D4, symmetry for
NoCPZn (ZnP), andCs symmetry for NCPZn(ll), N.CPCu-
(1), N3CPZn(1V), and NCPZn(IV). N\CP, NsCP, and NCP
have no symmetry constraints. As shown in Table 1, the bond
lengths of confused pyrrole rings in the multiply N-confused
porphyrins change much (shown in boldface in Table 1) but
the bond lengths of nonconfused pyrrole rings change little
compared with normal prophyrin, and the planar structure was
distorted owing to space potential block as a result of center N
turning to center C after inverting N atom in pyrrole ring2o
position. Consequently, the distances of center C or N change
a little, about 0.00020.3 A, and the dihedral angles have a
large change. In thigeans-N,CP, the two confused pyrrole rings
bent to the same side at 22.8nd 20.7, and these values are
close to the X-ray diffraction results 22.4nd 21.2.5 However,
the relative position of four meso-C has little distortion and the
dihedral angle only deviates 0.22.2° as shown in Table 1.

All the metal complexes are rather planar, which is very much
in accord with experimerft and the bond lengths of metal
complexes of multiply N-confused porphyrins are generally
smaller than those of corresponding multiply N-confused
porphyrins. The bond lengths of €€ and Cu-N in cis-N,-
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TABLE 1: Geometry Parameters of Studied Molecules (A3
N()CP (Dzh) N]_CP (C]_) CIS—N2CP (Cz) tranS—Nch (C|) N3CP (Cl) N4CP (C]_)
selected bonds
r(1,3) 4.0600 4.0058 4.2376 3.9847 4.1990 4.2648
r(2,4) 4.2340 4.3800 4.2375 4.5341 4.4218 4.1630
r(5,24) 1.3565 1.3026 1.3055 1.3021 1.3031 1.3045
r(5,6) 1.4601 1.4223 1.4193 1.4221 1.4190 1.4186
r(6,7) 1.4001 1.3973 1.4033 1.4027 1.3823 1.3724
r(7,8) 1.3940 1.3992 1.4033 1.4011 1.4317 1.4488
r(8,9) 1.4349 1.4320 1.4193 1.4334 1.4757 1.4036
r(9,10) 1.3722 1.3769 1.3055 1.3782 1.3046 1.3602
r(10,11) 1.4349 1.4315 1.4713 1.4338 1.4229 1.3971
r(11,12) 1.3940 1.3983 1.4083 1.4000 1.3765 1.4407
r(12,13) 1.4001 1.4006 1.3935 1.4052 1.4375 1.3729
r(13,14) 1.4601 1.4599 1.4278 1.4716 1.4017 1.4185
r(14,15) 1.3565 1.3545 1.3765 1.3021 1.3584 1.3044
r(15,16,) 1.4601 1.4602 1.4318 1.4221 1.4003 1.4823
r(16,17) 1.4001 1.4033 1.4002 1.4027 1.4333 1.4457
r(17,18) 1.3940 1.3958 1.4002 1.4011 1.3798 1.3670
r(18,19) 1.4349 1.4342 1.4318 1.4334 1.4494 1.3975
r(19,20) 1.3722 1.3745 1.3765 1.3782 1.3644 1.3143
r(20,21) 1.4349 1.4347 1.4278 1.4338 1.4476 1.4518
r(21,22) 1.3940 1.3952 1.3935 1.4000 1.3804 1.3671
r(22,23) 1.4001 1.4030 1.4083 1.4052 1.4285 1.4461
r(23,24) 1.4601 14711 1.4713 1.4716 1.4771 1.4796
r(1,6) 1.3633 1.4093 1.4099 1.4036 1.4354 1.4395
r(1,23) 1.3633 1.4046 1.4023 1.4106 1.3854 1.3796
r(2,11) 1.3725 1.3799 1.4099 1.3758 1.3824 1.4244
r(2,8) 1.3725 1.3697 1.4023 1.3762 1.4289 1.3878
r(3,13) 1.3633 1.3720 1.3988 1.4106 1.4324 1.4403
r(3,16) 1.3633 1.3692 1.3849 1.4136 1.3887 1.3790
r(4,18) 1.3725 1.3698 1.3849 1.3758 1.3852 1.5024
r(4,21) 1.3725 1.3812 1.3988 1.3762 1.3887 1.4979
selected dihedral angles
d(H,1,6,7) 0 17.8 14.5 20.7(21.2)
d(H,3,16,17) 0 24.9 22.0(21.9)
d(7,12,17,22) 0 0.60 0 0 —2.2 —0.24

NoCPZn(Il) D)

N:CPZn(ll) (Cs)

cis-NCPCu(lll) (Co)

trans-NoCPCu(lll) (Cy)

NsCPZn(IV) (Cy)

N4CPZn(IV) (Co)

selected bonds
r(1,Cu(zn))
r(2,Cu(zn))
r(3,Cu(zn))
r(4,Cu(zn))
r(5,24)
r(5,6)
r(6,7)
r(7,8)
r(8,9)
r(9,10)
r(10,11)
r(11,12)
r(12,13)
r(13,14)
r(14,15)
r(15,16,)
r(16,17)
r(17,18)
r(18,19)
r(19,20)
r(20,21)
r(21,22)
r(22,23)
r(23,24)
r(1,6)
r(1,23)
r(2,11)
r(2,8)
r(3,13)
r(3,16)
r(4,18)
r(4,21)

1.9523
2.1346
1.9886
2.1310
1.3450
1.4192
1.4115
1.3915
1.4519
1.3639
1.4536
1.4090
1.3920
1.4539
1.3566
1.4539
1.3912
1.4105
1.4565
1.3613
1.4548
1.3840
1.4260
14171
1.3948
1.4251
1.3788
1.3530
1.3808
1.3814
1.3496
1.3861

1.9272(1.9393)
1.9264(1.9344)
1.9902(1.9693)
1.9825(1.9544)

1.2984
1.4148
1.3652
1.4026
1.3946
1.3418
1.4086
1.4080
1.3659
1.4436
1.3549
1.4471
1.3868
1.3827
1.4451
1.3567
1.4414
1.3749
1.3939
1.4658
1.4347
1.4043
1.3994
1.4333
1.3949
1.3712
1.3777
1.3857

1.9228(1.9407)
1.9751(1.9676)
1.9369(1.9447)
1.9745(1.9656)

1.2948

1.4311

1.3709

1.3957

1.4375

1.3569

1.4380

1.3695

1.4037

1.4084

1.3422

1.4056

1.3923

1.3754

1.4369

1.3576

1.4365

1.3870

1.3804

1.4728

1.4163

1.4041

1.3786

1.4067

1.4252

1.3950

1.3993

1.3878

aThe values in parentheses are the experimental observation of X-ray diffraction.

1.9669
2.0304
1.9719
1.9889
1.3477
1.4029
1.4120
1.3674
1.4096
1.3060
1.4537
1.4634
1.3713
1.4195
1.2995
1.4709
1.3914
1.3848
1.4418
1.3591
1.4425
1.3776
1.4007
1.4042
1.4251
1.3987
1.4378
1.3998
1.4182
1.4061
1.3830
1.3912

1.9885
1.9894
2.0009
1.9984
1.3015
1.4267
1.4325
1.3641
1.4657
1.3013
1.4287
1.4377
1.3614
1.4134
1.3020
1.4741
1.4364
1.3634
1.4144
1.3022
1.4717
1.4319
1.3656
1.4655
1.3788
1.4409
1.3763
1.4413
1.4473
1.3770
1.4444
1.3805
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TABLE 2: The Calculated Frontier Orbital Energy Data (eV)

NoCP NiCP cis-N,CP trans-N,CP NsCP N,.CP
Virtual Orbitals
2.45 2.28 1.85 2.03 1.90 1.79
2.16 1.95 1.64 1.69 1.60 141
1.84 1.64 1.25 1.31 1.55 1.24
1.77 1.48 1.08 1.23 1.32 0.53
1.30 1.08 0.48 0.91 0.57 0.17
—0.61 —0.86 —1.10 —-1.11 —1.16 —-1.39
—-2.22 —2.35 —2.43 —2.50 —2.12 —2.44
—2.23 —2.46 —2.70 —2.71 —2.57 —2.73
Occupied Orbitals
—5.15 —5.12 —5.15 —5.12 —4.83 —5.32
—5.29 —5.48 —5.50 —5.66 —5.65 —5.92
—6.34 —6.45 —6.39 —6.47 —6.26 —6.45
—6.48 —6.70 —6.91 —6.99 —6.41 —-6.71
—7.15 —7.01 —6.98 —7.17 —6.89 —7.09
—7.199 —7.33 —6.98 -7.20 —6.94 —7.16
—7.20 —7.38 —7.67 —7.52 —7.29 —7.42
-7.20 —7.48 —-7.71 —7.56 —7.48 —7.48
Energy Gaps between HOMO and LUMO
2.92 2.66 2.45 241 2.26 2.59
NoCPZn(Il) NiCPZn(ll) cis-N.CPCu(lll) transN,CPCu(lll) NsCPZn(IV) N.CPZn(IV)
Virtual Orbitals
1.87 2.08 1.69 1.87 1.72
1.87 1.84 1.66 1.52 1.33 1.23
1.36 1.64 1.39 131 0.95 1.23
1.19 1.41 1.20 1.07 0.62 0.17
0.86 1.13 —0.80 —0.82 —1.08 —-141
—0.54 -0.71 —1.85 —1.60 —-1.98 —2.52
—2.14 —1.67 —2.01 —2.46 —2.71 —2.53
—2.14 —-2.39 —2.42 —2.62 —3.67 —-3.79
Occupied Orbitals
—5.21 —4.67 —4.88 —4.70 —5.05 —5.99
—5.22 -5.19 —5.33 —5.40 —5.59 —6.62
—6.35 —5.24 —5.83 —5.84 —6.15 —6.69
—6.59 —6.10 —6.54 —6.60 —6.36 —6.94
—6.60 —6.31 —6.72 —6.65 —6.93 —7.34
—6.60 —6.40 —6.77 —6.73 —7.02 —7.38
—7.00 —6.85 -7.23 —7.18 —7.07 —7.67
—7.52 —7.39 —7.74 —7.27 —7.58 —7.81
Energy Gaps between HOMO and LUMO
3.07 2.28 2.46 2.08 1.38 1.48

CPCu(lll), 1.9272, 1.9264 A; 1.9825, 1.9902 A (expt 1.9393, eV, NoCP, —2.23 eV, thus the energy gaps of HOMO and
1.9344 A; 1.9544, 1.9693% compare to those itransN- LUMO increase to 3.07 eV. For {€P and NCP, their metal
CP, 1.9228, 1.9369 A; 1.9745, 1.9751 A (expt 1.9407, 1.9447 complexes’ HOMOs and LUMOs all increase, but LUMOs do
A; 1.9656, 1.9676 A). A little deviation in value is due to the  not increase so much, which leads to a universal reduction of
CsFs substitution at meso position in experimental studies. the energy gaps of HOMO and LUMO for;8PZn(ll), 2.28
Electronic structures are fundamental to the interpretation andeV, transN>CPCu(lll), 2.08 eV, but almost no change fis
understanding of the absorption spectra. In Table 2, the N,CPCu(lll), 2.46 eV. For the BCP and NCP, there are
calculated frontier orbital energy data (8 occupied orbitals and obvious falls in the energy levels of HOMO and LUMO,
8 unoccupied orbitals) are listed, and in Figure 2, molecular especially for NCPZn(IV), because the molecules@®P and
orbital energy levels obtained by B3LYP/6-31G* are plotted N4CP change from having no symmetry to possessihkg
for comparison. As seen clearly in Figure 2, the energy of the symmetry after coordinating to Zn. At the same time, energy
LUMO decreases when the N atom of the pyrrole ring in the gaps of HOMO and LUMO reduce from 2.26 eV, 2.59 eV for
core of the porphyrin is inverted f® position to form multiply N3CP and NCP to 1.38 eV, 1.48 eV for }CPZn(IV) and N-
N-confused porphyrins; however, the energy of the HOMO is CPZn(IV).
little affected with increasing number of confused pyrrole rings ~ The standard interpretation of the origin of the Q and B bands
except for NCP’s obvious increase. As a result, the energy gaps in the electronic absorption spectra of porphyrins is based on
of the HOMO and LUMO reduce from ¢§CP to multiply the four-orbital model of Gouterma&fwhich assumes that the
N-confused porphyrins ()CP 2.92 eV, NCP 2.66 eV cis-N,- HOMO and HOMO— 1 are almost degenerate in energy and
CP 2.45 eVtransN,CP 2.41 eV, NCP 2.26 eV, NCP 2.59 well separated from the other levels; a similar assumption is
eV shown in Table 2). Comparing the frontier orbital energies made for the LUMO and LUMO+ 1. Evidently, as can be
of a porphyrin and those of its metal complex, as shown in seen from Figure 2, the four-orbital model approximately
Table 2 and Figure 2, one can find that the HOMO energy of describes MCP, NCP, NNCP, and NCPZn(ll) because the other
NoCPZn(ll),—5.21 eV, is more stable than that oGP, —5.15 frontier orbitals are separated by a comparatively large energy
eV, but the LUMOs have an opposite trend@¥PzZn(Il),—2.14 gap between two highest HOMOs and two lowest LUMOs.
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Figure 2. Molecular orbital energy levels.
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Figure 3. The frontier orbitals of investigated molecules.

However, for other molecules investigated here the four-orbital — 1 coefficients are localized on.E Cj of all porphrin rings.
model is not applicable. So we anticipate that OPA spectra of HOMO — 1 coefficients are not changed so much except for
NoCPZn(l1) will be blue-shifted compared withg8P and OPA increasing some coefficients on meso position when the center
spectra ofcis-N,CP andtransN,CP are to be red-shifted in N atom is inverted t@ position. For the HOMO orbital of i
comparison with normal porphyrin. CP, the main coefficients are localized on meso and center N
For more intuitional analysis, the shapes of some correlative atom, in contrast, the basically similar distribution fofQw,
occupied molecular orbitals and unoccupied molecular orbitals N.CP other than some increase coefficients gniiit NsCP,
are shown in Figure 3. For normal porphyrig@P, the HOMO N4CP change larger than;8P, NCP so that result in energy
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TABLE 3: One-Photon Absorption Properties of All the Molecules

AW ax (NM) A' Do (M)
molecule TDDFT ZINDO f transition with CgFs exptl data
NoCP (porphyrin) 618.0 0.01995 0SS 614—6260¢
522.2 0.02431 &5 S 5125320
353.0 358.0 0.83596 oSS 352.9
320.7 345.0 1.11556 S 342.0 3400
NoCPZn(ll) (ZnP) 552.7 0.04540 0SS, S 530.9 55857629
349.1 335.0 1.37584 0SS5 S 326.3 399,3262°
N.CP 662.1 0.00090 S-S 675.5 7247
563.0 0.01191 &S 563.8
402.2 413.1 0.45971 0SS 413.0 43874
365.0 364.0 1.05363 S 372.6
N1CPZn(ll) 629.0 0.04428 S S
547.4 0.12489 &S
386.5 398.5 0.19762 0SS
369.9 357.7 0.85518 oSS 366.8
cis-N,CP 707.6 0.00904 S S
584.9 0.03206 &S 600.4
460.9 448.6 0.27995 0SS 458.0
405.7 417.9 0.36464 —S 432.9 424¢
342.2 328.2 0.33862 oS> Sio 333.9 336-34C¢°
cis-N,CPCu(lll) 593.8 595.0 0.04281 oS 604.7 600-61C°
418.0 415.9 0.17038 oSS
393.7 405.7 0.38501 0SS 400.0 446
367.7 363.5 0.09880 0SS 370.6 366-37¢°
trans-N,CP 722.3 0.00893 S-S 743.9
558.0 588.9 0.00968 oSS 585.0
402.8 397.2 0.66730 0SS 398.0 449
385.0 376.5 1.07340 S 382.7 350-360C°
trans-N,CPCu(lIl) 735.9 744.0 0.09722 0SS 764.0
541.2 0.06660 &S 555.3 586
508.2 490.6 0.01423 0SS 490-49%
438.4 417.3 0.31673 oSS 421.3 446
343.7 366.8 0.28865 oS> S 372.0 337
N3CP 548.0 562.0 0.04423 0SS 580.0
424.0 435.9 0.03115 0SS 430.4
375.0 370.2 0.52848 oSS 388.2
368.8 360.7 0.53035 — S 374.7
N3CPZn(IV) 600.8 0.06027 S S 618.8
526.3 0.03038 &S 528.2
513.3 517.0 0.03203 oSS
410.1 407.0 0.17135 0S> Si3 411.8
385.6 388.8 0.20409 oS> Si4 392.6
N4,CP 523.0 531.6 0.01808 0SS 548.3
399.9 378.8 0.64115 — S 390.7
338.1 352.2 0.50108 oSS 363.1
N4CPZn(IV) 561.8 558.3 0.02448 0SS 541.3
531.3 0.02341 &S 520.0
400.3 401.3 0.07102 oS> S 388.3
329.5 0.07627 & S0 319.6

a Experimental value of the ZnP with fours&— substituents in ref 29 Calculated value of ZnP with four¢€s— substituents in ref 29. The
experimental value in ref 6 is the absorption spectra value of corresponding N-confused porphyrins witfrfeusustituents at meso position.
dThe experimental value in ref 27 is the absorption spectra value of single N-confused tetraphenyl potjxgatimental value of normal
porphyrin without any substituent in ref 30.

change vitally. For LUMO and LUMOF 1 of NoCP, the main 2. One-Photon Absorption.One-photon absorption proper-
coefficients are both localized on meso and twe-C; in spite ties of all the investigated molecules are calculated by using
of different orientation of G—Cgs. And the multiply N-confused the ZINDO program on the basis of optimized geometric
porphyrins have similar distribution except that LUMO and structures. The active Q and Soret bands with large OPA
LUMO + 1 of N;CP, NCP, and NCP have opposite orientation  intensities and the corresponding oscillator strength and transi-
of C,—Cs compared with NCP. There is intermolecular charge tion nature are listed in Table 3, and some experimental data
transfer to some extent for multiply N-confused porphyrins, are given. At the same time for proving the veracity of the
which is deemed to be effective in enhancing the two-photon ZINDO method for calculating spectra, the TDDFT method is
absorptivity irrespective of the direction of the transfer. As seen also adopted to calculate the one-photon absorption spectra.
in Figure 3, when metals coordinate to multiply N-confused Comparing these two results by TDDFT and ZINDO as shown
porphyrins, the coefficients on HOMOs of metal complexes are in Table 3, we can find that the differences beween them are
almost similar, and are enhanced on the metal center comparedery little (averagel5 nm). Therefore, a semiempirical ZINDO
with corresponding multiply N-confused porphyrins. But the method is appropriate for these selected molecules in this work,
N4CP is an exception. So its energy of HOMO occur large and sometimes the results by the ZINDO method are closer to
decrease, the same result for LUMO. the experimental data. Table 3 indicates that the value;GFN
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calculated by ZINDO is in better agreement with the experi- transition nature, configurations and weights, and maximum
mental observations because the experimental observationsTPA cross sectiofdmay0f all molecules are summarized in Table
achieved for the gas-phase absorption spectrum are the samé.

as the conditions of our calculation. However, calculated OPA  a. Effects of SubstituentSor examing the effects of substit-
spectra values of other molecules with experimental data areuents, TPA cross sections of tetraphenyl-porphyrinetc-
generally smaller than the experimental observation values. ThisNoCP) and all corresponding molecules witfCeFss at meso-

is because experimental measurement was done with thePosition were also calculated with ZINDO/SOS as shown in
corresponding molecules with substituents at meso position in Table 4. The calculated result of tetraphenyl-porphyrin (TPA
CH.Cl, solvent, and the substituents at meso position usually Maximum absorption wavelengtina, 647 nm; TPA cross
make the spectra shift. For seeing about the influence of the SECiONOmax 99.4 GM) is on the whole consistent with the

substituents at meso position, one-photon absorption spectra Ofsxper!men:all relsult (6;4,;] nr_pp?d 15 GM)The calculated T]n?
corresponding molecules withes substituents are also cal- S Permentaivauies ortne COSS secibga are somewha

culated. As shown in Table 3, the results show a good coherenced"cferent owing to the different experimental conditions (such

with experiment results, and differences—@1 nm) between as solvent effect) and excited wavelength used by the experi-

lecul ithout bstituent and th . bstit mental study, but two results have the same magnitude. For
molecules without any substituent and those wighdSubstit- ease of comparison, two-photon absorption spectra (afF\

uents are not large. It is believed that there is no effect to 4CsHs—NoCP, and 4GFs—NoCP are plotted in Figure 5. We
comparison study of normal porphyrin and multiply N-confused o clearly find in Figure 5 that the order of the TPA cross

porphyrins. Thgrefore later disqussion is based on the reSU|tSsection6max is NoCP < 4CsHs—NoCP < 4CsFs—NoCP (52.58
of molecules without any substituent by the ZINDO method. < 994 < 134.6 GM) and the order of TPAmax iS Opposite

As shown in Table 3, the Soret peak with the largest oscillator (658.8> 647 > 559.2 nm). Therefore, the electron donors at
strength is red-shifted when the N atom in the normal porphyrin meso-position make the TPA cross sectipnx increase, and
core is inverted tg3 position (N\CP 345 nm; NCP 364 nm; the stronger the electron donors are, the more the TPA cross
cis-NoCP 417.9 nmtrans-No.CP 376.5 nm; NCP 360.7 nm; section dmax increases. It is also the same with multiply
N4CP 378.8 nm shown in boldface in Table 3), and the same N-confused porphyrins and their Cu or Zn complexes and the
rule for Q-band absorption of 4P, cis-N,CP, trans-N,CP. corresponding TPA cross secti@ax of those with —CgFs
Q_band absorption is genera"y contributed by HOMO and substituents are shown in Table 4 in Comparison with those
LUMO orbitals according to the four-orbital model; therefore, Without any substituent. _
as shown in Figure 2 and Table 2, decreasing the energy gap P- Comparison of Multiply N-Confused Porphyrins and
between HOMO and LUMO result in the red-shift. Examining 'Normal Porphyrin. For ease to lengthwise comparison of
the influence of metal coordination, one can find that the Soret m“'t'P'y N-confused . porphyrl_ns and r_10rmal_ porphyrin, the_
peak of normal porphyrin Zn complex is a little blue-shifted substituents are not involved in later discussion. As shown in
10 nm, relative to porphyrin because the energy gap betweenTable 4, the TPA maximum felbsorptlon wavelength 9f
HOMO and LUMO increased from 2.92 eV to 3.07 eV, and normal porphyrin is 658.8 nm; the TPA cross sectiy is

- . 52.58 GM. It is observed that the maximum absorption
the same blue-shifted trend is observed fa€CR, N.CP, and . .
! ’. wavelengthsimax are blue-shifted and the TPA cross sections
N4CP’s metal complexes, and onlysBPZn(1V) is red-shifted 9tStmax

: Omax are increased 22-7112.1 GM when N atoms one by one
about_ 28 nm. The results n Table 3 also demon_strate that the e inverted from core 6 position to form multiply N-confused
OPA intensities of the myltlply N-confused porphyrin molecules porphyrins (shown in boldface in Table 4). From the surface
are decr_e_ased with the inverted N atoms one by one from Corepoint of view, the decrease in symmetry and aromaticity (or
to 5 position. The structural change on the macrocycle leads to ¢onjugation) for multiply N-confused porphyrins as compared
a decrease in symmetry and a reduction in aromaticity (conjuga-to normal porphyrin would make them more weak on the
tion) as compared to normal porphyrin, as well as photophysical photophysical properties. However, the interpretation for two-
properties. photon absorption by using the conjugation theory is not

3. Two-Photon Absorption. It is well-known that one- and ~ complete. A three-level energy model can give a rough
two-photon absorptions adhere to different selection rules. For explanation. Generally, the position and relative strength of the
the molecule that has central symmetry, a change in the paritytwo-photon response are to be predicted using the following
between the initial and final states (wave functions) is required Simplified form of the SOS expressidh,
for every photon involved in the transition for electric dipole M.o2M. 2 M. 2Au. 2
transitions. Thus the selection rule for TPA is different from 5 Ok kn on 2on
that of OPA. One change of parity is required for a one-photon (Eg — EOn/Z)ZF (EOn/z)zr
transition, while two-photon transitions must have initial and
final states with the same parity. For our investigated mol- whereM; is the transition dipole moment from stétéo j; E;
ecules: NCP (porphyrin), NCPZn (ZnP), andransN,CP have is the corresponding excitation energy; the subscripks and
center symmetry, others have no center symmetry. According n refer to the ground state;She intermediate statg,Snd the
to the rules above, for every molecule, we selected several TPA final state § respectively; anduon is the dipole moment
excited states that two-photon absorption allowed as the two- difference betweeng®nd S, which is zero in centrosymmetric
photon absorption final states and calculated the two-photon Molecules. So for centrosymmetric molecules, eq 4 becomes
absorption cross sectiodsand then we obtained the maximum ~ the following formula:

Omax and correspondingmax for every molecule. In order to o0 2

provide more clear comparison for studied molecules in this 50 Mo My (5)
work, two-photon absorption spectra in the incident wavelength (Eg — Eo n/2)21“

range of 506-1200 nm are shown in Figure 4 and Figure 5.

The calculated TPA maximum absorption wavelengths For molecules RHCP, N\.CP, cis-N,CP, tranaN,CP, NsCP, and

(4)
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Omax When comparing N-confused porphyrins and normal
porphyrin. As shown in Table 5, forCP,transN,CP, and N-

CP, the visible increase of the transition dipole momigigt
takes main responsibility for increasing the maximum TPA cross
sectiondmax compared to BNCP. However, forcis-N,CP and
N3CP, the difference betweedsy, the transition energy from
S to S, andEgy/2, half of the transition energy fromp$o S,

is the main reason.

c. Effects of Metal CoordinatiorNow we pay attention to
the effect of Zn or Cu coordination. One can observed from
Figure 4 that the TPA cross sectiopax values are enhanced
when metals are coordinated to porphyrin and singly and doubly
N-confused porphyrins probably due to the enhanced planar
conjugation. However, the observation fog@¥P and NCP is
the reverse. As seen in Table 5, the transition dipole moment
of N3CP is not very large but the difference between transition

N4CP, data and parameters needed in three-level energy equatiognergiesEox — Eon/2 is very small. Furthermore, the main
4 and calculated results of eq 4 are listed in Table 5. It is clear configuration of NCP, as seen in Table 4, is HOM©2, 0—
that results of eq 4 have the same increasing trend with the LUMO, 0. It is worth noting that a more obvious intermolecular
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TABLE 4: TPA Properties of All the Selected Molecules in This Paper

l(z)max Omax 0’ max
molecules (nm) transition configurations and weights (GMm)2 with 4CGsFs
NoCP (porphyrin) 658.8 S— S (HOMO, 0)— (LUMO + 3, 0) 14% 52.58 134.6
4CsHs—NoCP 647(647) (HOMO, HOMO)~ (LUMO, LUMO + 1) 31% 99.4(15%°
NoCPZn(ll) (ZnP) 627.2 5 S (HOMO, 0)— (LUMO + 3, 0) 22% 87.44 92.4

(HOMO, HOMO)— (LUMO, LUMO) 26%
(HOMO, HOMO)— (LUMO + 1, LUMO + 1) 26%

N,CP 605.2 S—S2  (HOMO, 0)— (LUMO + 3, 0) 16% 75.28 165
(HOMO, HOMO)— (LUMO + 1, LUMO + 1) 19%

N;CPZn(ll) 652 $—S (HOMO — 2, 0)— (LUMO + 1, 0) 90% 87.71 207

cis-N,CP 616.8 $%—S»  (HOMO -1, HOMO— 1) — (LUMO, LUMO + 1) 14%  81.44 125

(HOMO — 1, HOMO)— (LUMO + 1, LUMO + 1) 24%
(HOMO, HOMO)— (LUMO, LUMO + 1) 30%

cisN,CPCu(lll) 631.4 $—Ss  (HOMO — 1, HOMO)— (LUMO, LUMO + 2) 21% 86.78 120
(HOMO, HOMO)— (LUMO, LUMO + 2) 53%
transN,CP 752.6 $—~S»  (HOMO — 1, 0)— (LUMO, 0) 46% 39.05 121
(HOMO, 0)— (LUMO + 1, 0) 31%
604.6 S5— S (HOMO — 1, HOMO — 1) — (LUMO, LUMO) 19% 75.5 223

(HOMO — 1, HOMO)— (LUMO, LUMO + 1) 32%

(HOMO, HOMO)— (LUMO + 1, LUMO + 1) 15%
transN,CPCu(lll) ~ 834.6 S (HOMO — 2, 0)— (LUMO + 1, 0) 51% 47.98

(HOMO — 1, 0)— (LUMO + 1, 0) 15%

(HOMO — 1, HOMO)— (LUMO, LUMO + 1) 16%

569.4 $—Sn (HOMO — 2, HOMO)— (LUMO, LUMO + 1) 40% 106.3 265
NsCP 596.6 S— Sio (HOMO — 2, 0)— (LUMO, 0) 25% 164.7 565
(HOMO — 1, 0)— (LUMO + 2, 0) 20%
NsCPZn(IV) 642 S— S (HOMO — 4, 0)— (LUMO, 0) 18% 74.8 445
(HOMO — 1, HOMO)— (LUMO, LUMO + 1) 20%
N4CP 704.4 S (HOMO — 1, 0)— (LUMO, 0) 50% 26.6
(HOMO, 0)— (LUMO + 1, 0) 16%
563 S— Sio (HOMO — 3, 0)— (LUMO, 0) 15% 89.6 365
(HOMO — 1, 0)— (LUMO + 2, 0) 35%
N4CPZn(IV) 641 S—Su (HOMO — 2, 0)— (LUMO + 3, 0) 20% 41.1 44.3
(HOMO — 1, 0)— (LUMO + 3, 0) 13%
588.6 9 S (HOMO — 2, 0)— (LUMO + 2, 0) 17% 52.4

a1 GM = 10% cnt* s/photon The value in the brace is the TPA experimental datum of tetraphenyl-porphyrin in toluene in ref 32.

TABLE 5: Data and Parameters of Three-Level Energy Model for Multiply N-Confused Porphyrins

MOk2 Mkn2 M0n2 A,“On2 Eox (eV) Eon (eV) T xa Omax (GM)
NoCP 2.695 2.024 0 0 2.37 3.76 0.14 162.2714 52.58
N1CP 81.44 5.08 0.34 0.0424 3.40 4.10 0.14 1621.483 75.28
cis-N,CP 3.98 1.926 0.175 13.98 2.12 4.02 0.14 4529.402 81.44
transN,CP 85.82 6.75 0 0 3.29 4.10 0.14 2691.044 75.5
N3CP 5.279 2.457 4.27 0.831 2.21 4.15 0.14 5089.368 164.7
N4CP 50.68 10.47 37.48 6.03 3.27 3.52 0.14 2183.42 89.6

aX = (MoMid)/[(Eok — Eon/2)7T] + (Mon?Apton?)/[(Eon/2)7T].

charge transfer from HOMG- 2 to LUMO of N3CP is found N, which behave as hydrogen bonding donor and acceptor. In
in Figure 3, which is very beneficial to interpret the increase of the solid state both complexes can form supramolecular
the TPA cross section. Therefore;@P exhibits the largest TPA  networks, which have been synthesized by Maeda grofifis.
cross section, 164 GM (three times that ofd¥®), in the middle is expected that this kind of supramolecular network would
of all investigated N-confused molecules in this work, and the behave excellent photophysical properties. Therefore it is
Omax Of its Zn complex does not exceed that of Q¥ although believed that our investigation on the multiply N-confused
the planar conjugation is enhanced. Similarly, the main con- porphyrins will be useful for deeper study on the photophysical
figuration of Ny\CP is HOMO— 1, 0— LUMO + 2, 0 (35%), properties of new materials made of multiply N-confused
and there is more obvious intermolecular charge transfegin N porphyrins.
CP than that in its Zn complex48PZn(IV) as seen in Figure
3. . _ Conclusions

In addition, fortrandN,CP, Nt\CP, and their metal complexes,
there is another TPA peak at a longer wavelength (752.6 nm, Systemic theoretical investigations of the electronic structure,
834.6 nm, 704.4 nm, and 641 nm) as shown in Figure 4. We one-photon absorption (OPA), and TPA properties have been
also list these TPAmaxand corresponding wavelength in Table completed, and the structur@roperty relationship has been
4 to provide some useful information for experimental applied revealed. Our studied results indicate that the OPA spectra of
studies, because the TPA responding wavelength is located inmultiply N-confused porphyrins are red-shifted and the OPA
the IR or near-IR region, which is important to exploit the field intensities are decreased compared to normal porphyrin. At the
of photodynamic therapy, in spite of lower two-photon absorp- same time, the maximum two-photon absorption wavelengths
tion cross section than normal porphyrin. In particular, Cu(lll) Amax are blue-shifted and the TPA cross sectiaghgx are
complexes otis- andtransN,CP have the peripheral NH and increased 22:7112.1 GM when N atoms one by one are
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inverted from core t¢ position to form multiply N-confused
porphyrins. Especially thémax of N3CP reaches 164.7 GM
because of the small difference between transition enekgies
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HOMO — 2 to LUMO. The electron donors at meso-position
make the TPA cross secti@maxincrease, and the stronger the
electron donors are, the more the TPA cross sectipm
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of multiply N-confused porphyrins are further increased except

for NsCP, NyCP. So we believe that this will provide some

useful information for designing and synthesizing materials with

large TPA cross sections. In addition, foansN,CP, N,CP,
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IR or near-IR wave region. Although the corresponding TPA
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cross section is smaller than that of normal porphyrin, people Photobiol. A: Chem2005 172, 126.

can exploit their application in the field of photodynamic therapy
by assembling materials such as supramolecular networks of

cis- andtrans-N>CP.
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