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During the past decade, porphyrin assemblies linked in a

conjugative manner have emerged as a new class of molecules to

exhibit extremely large two-photon absorption (TPA) cross-section
values! In the highly conjugated porphyrin arrays, molecular
planarity and types of linkages to contreldelocalization length
have been recognized as important factors to determine TPA
values? More specifically, butadiyne-bridged porphyrin arrays
ensure the coplanarity and-conjugation between neighboring
porphyrin rings exhibiting an increase in TPA cross-section vaues.
Another extreme case is to prepare completely fused porphyrin
structures to enhance the-conjugation length and molecular
planarity throughout the molecular framework of porphyrin arfays.
In our previous work, we observed that the lowest HOMQMO
transitions are continuously red-shifted up to the mid-IR region as
the number of porphyrin pigments increases in these-meso,
B—p, f—p triply linked Zn(ll) porphyrin array$.The TPA cross-
section values become very largel(® GM for triply linked Zn-

(I) porphyrin pentamer), which is also consistent with the
elongation of thes-conjugation pathway throughout the entire
porphyrin array$2However, the resonance one-photon contribution
to TPA values cannot be totally eliminated because one-photon
absorption occurs in the whole spectral region. In this regard, the
determination of the authentic TPA cross-section values is still in
guestion and practical applications are somewhat hampered.

As continuous efforts to explore new molecules for large TPA
properties, we have synthesized another type of fused porphyrin
arrays,mesop doubly linked Ni(ll) porphyrin arraysLNin, n
= 2-5), which can be good candidates for useful nonlinear optical
materials (Figure 1&).

Similar to triply linked arrays, bands Il and Il were red-shifted
in the steady-state absorption spectraDifNin as the overall

molecular length increases (Figure 1b and Table 1). Bands Il possess sample

excitonic-like characteristics similar to low-energy Soret bands in
mesoe-mesadirectly linked porphyrin arrays (Supporting Informa-
tion). On the contrary, the positions of bands IIl were red-shifted
due to the elongation aofi-conjugation pathways through entire
porphyrin macrocycles which was well described by a particle-in-
a-box model (Figure 2a) and intensified by symmetry lowering
effect on the basis of Gouterman'’s four-orbital mot€l.The
absorption spectra of doubly linked porphyrins are similar to each
other regardless of central metal ions (Ni, Zn, Cu, and Pd), which
indicates the overall features of absorption bands arise not from
substituted Ni(ll) ion but from doubly linked porphyrin macrocy®le.
TPA cross-section values for band IIl BLNin in CHCIl; were
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Figure 1. (a) Molecular structure of 5,15-bisaryl-substituted Ni(ll) por-

phyrin monomer anenesog doubly linked Ni(ll) porphyrin arrays (A

3,5-ditert-butylphenyl) and (b) steady-state absorption spectra in GHCI

Small peaks at 1400 and 1900 nm are artifacts from the stabilizer in the
solvents.

Table 1. Absorption Maxima, TPA Cross-Section Values, and
Transient Absorption Decay Parameters

absorption (nm)
Soret (high) ~ Soret (low) Q(1,0) Q(0,0) 0@ (GM)? 7 (ps)?
NiP 404 517 547 <100
DLNi2 411 538 676 741  800& 200 3.2+0.1
DLNiI3 408 567 797 892 16908500 5.1+0.1
DLNi4 408 583 879 996 2990& 600 5.8+0.2
DLNi5 408 590 936 1075 41408800 8.8+0.3

aTPA cross-section values were measured at 800, 1400, 1700, 1900,
and 2100 nm foNiP, DLNi2, DLNi3, DLNi4, andDLNi5, respectively.
b Pump and probe wavelengths used in TA experiments were 550 and 530
nm, respectively, foDLNi2. TA decay signals were probed at 540 nm
with photoexcitation at 580 nm for other arrays.

excitation (Table 1). In the case NiP, we measured a very small
TPA cross-section value of less than 100 GM, which agrees with

the fact that various porphyrin monomers have TPA cross-section

measured by an open-aperture Z-scan method using NIR femto-,es of less than 200 GM for Q-baridéiowever, the TPA cross-

second optical pulses. Two-photon excitation wavelengths were
carefully chosen to be free from any contribution of one-photon

TYonsei University.
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section values for doubly linked porphyrin arrays increased from
~8000 to~41 400 GM as the molecular length of arrays increases

from DLNi2 to DLNi5 (Figure 2b). This feature reflects that the

TPA values are strongly associated with the effectiveonjugation

10.1021/ja0735655 CCC: $37.00 © 2007 American Chemical Society
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12000] () <10 (b) !arge energy gap petw_een the Iow%.(;m*) and (d,d) states result;
16000 g in an excess of vibrational energy in (d,d) states. On the basis of
= Ea"“" theoretical predictions and experiments for Ni(ll) porphyrins, we
§ 1000 2 2x10" can conclude that CT and (d,d) states do not affect the TPA
{E 12000 gmon_ efficiency, reinforcing that the TPA is the instantaneous and
10000 < simultaneous two-photon absorption process through a virtual ladder
8000 F9 state to reach the higher excited two-photon allowed states.
02 04 06 08 10 oz 4s Nevertheless, under our TPA measurement conditions, the CT and
1IN N (d,d) states oDLNi n are energetically lower than the virtual ladder

Figure 2. (a) Plot of absorption maximaiay) of bands Ill as a function states for TPA measuremefit3? Accordingly, the enhancement

of reciprocal numbers of porphyrin subunitsNLbased on particle-in-a- } . L
box model and (b) TPA cross-section values of doubly linked Niiiy ©f TPA cross-section values as the number of porphyrin pigments

porphyrin arrays as a function of the number of porphyrin moietigsir( increas?s inDLNir‘ is _mainly determined by the degr.ee of
CHCl,. elongation ofr-conjugation lengths and the relaxed selection rule

lengths. Strong enhancement of TPA properties as a function offor TPA transition due to symmetry lowering as seen in the

the number of porphyrin pigments seems to originate from large intensified bands 111 in the absorption spectra.

polarizability due to effectiver-delocalization through the two bltn_sur:m%zy, tthe Iargﬁ IPA CgOSS-?ECtIOﬂ rgtl)u?Bchl:r_:_we(rjed d
mesop direct linkages. Triply linked Zn(ll) porphyrin arrays show obtained without one-photon absorption contribution. and (d.d)

extremely large TPA cross-section values (e.g., 12 000 and 93 000states play an important role in energy deactivation processes as
GM for dimer and tetramer, respectively) Whicl”l have. however. a intermediate ladder states. These results will provide us with useful

possibility of overestimation since one-photon absorption contribu- mfprmation on future applications based on porphyrins as molecular
tion could not be eliminated in the whole wislIR absorption building blocks.

region?®We believe that the TPA value of41 400 GM ¢®@/n = Acknowledgment. This research was financially supported by
~8000 GM, TPA cross-section values per subunitDibNi5 is the Star Faculty program of the Ministry of Education and Human
the largest one among the covalently linked and supramolecular Resources Development (MEHRD) of Korea (DK). The work at
assembled conjugated porphyrin array systems ever investigatedyoto was supported by a grant-in-aid (A no. 19205006) (AO).
without any one-photon absorption contributidrin addition, the M.-C. Y. acknowledges the fellowship of the BK21 program from
effect by central metal ions on the TPA properties seems to be the MEHRD of Korea.

negligible inDLNin because it was found that butadiyne-bridged
porphyrin dimer® and triply linked porphyrin dimef8 metalated

by Zn, Cu, and Ni have similar TPA cross-section values.

To seek for a relationship between the TPA values and the energy
relaxation dynamics, we have carried out femtosecond TA experi-
ments for DLNin. Temporal profiles of femtosecond transient
absorption changes show ultrafast energy relaxation dynamicsgqferences
within a few picosecond time scale (Supporting Information). ) _ ) )
interestingly, the decay imes become slower fom BRNi2) to () &) Kadieh K 10 Smih M. Gullrd, GTne Porpryts tendoock
8.8 ps PLNiI5) as the number of porphyrin units increases (Table Stepanenko, Y.; Rebane, A.; Wilson, C. J.; Screen, T. E. O.; Anderson,
1). In other types of porphyrin arrays, the lifetimes of lowest excited ?a)Lzﬁa@T‘T.C.'é?T'zﬁé’fO?? ,]&nge:ll-bzér?é%s, I Persoons, A Clays, K.:
states become shorter as the number of porphyrin moieties increases, Therien, M. JJ. Am. Chem. So@005 127, 9710. (b) Ogawa, K.; Ohashi,
mainly due to the acceleration of nonradiative processes caused A Kobuke, Y.; Kamada, K.; Ohta, KJ. Am. Chem. So@003 125

Supporting Information Available: Experimental details on fem-
tosecond Z-scan and TA measurements, electronic natures of absorption
bands, Z-scan curves, temporal profiles of femtosecond TA and
schematic energy relaxation diagrams. This material is available free
of charge via the Internet at http:/pubs.acs.org.

. N 13356.
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i 2,8 i Anderson, H. LJ. Am. Chem. So@002 124, 9712. (b) Hisaki, I.; Hiroto,

Zn(Il) pprphyrln array$28In DLNin, on the ot_her hanq, the engrgy SeKim. K. S Noh 'S, B Kim. D.. Shinokubo. H : Osuka, Angew
relaxation processes are somewhat complicated since various CT Chem., Int. Ed2007, 46, 5125. .
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i ist bel thet + stat fth hvri @ C.; Osuka, A.; Kim, DJ. Am. _Chem. So02006 128 1700. (b) Kim, D.
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