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Large Two-Photon Absorption (TPA) Cross-Section of Directly Linked Fused Diporphyrins
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The excited state dynamics and two-photon absorption properties of four novel triply linked porphyrin dimers
in toluene have been investigated. The fused porphyrin dimers exhibit extremely increased two-photon
absorption cross-section values (12 6% 000 GM) compared with porphyrin monomers owing to much
enhancedr-electron delocalization throughout the porphyrin dimer ring.
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Recently, organic molecules with large nonlinear optical
susceptibilities have attracted much attention due to the flex-
ibilities in molecular design and the ease of fabricafidhhas
been known that ther-electron delocalization throughout the
molecular framework gives rise to large optical nonlinearities
such as intensity-dependent refractive index and nonlinear
absorption. In this regard, the rigid flat structure of porphyrins
and phthalocyanines and their derivatives makes them ideally
suited as components for optical nonlinear matefiéiBhe other
well-known organic nonlinear optical material is one-dimen-
sional r-conjugated polymer chain, of whicth-electron con- NI
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jugation along the chain gives rise to large optical nonlinedrity. 400 600 800 1000 1200
From this, it can be inferred that by linking porphyrin and Wavelength (nm)

phthalocyanine molecules into oligomers the extended delocal-Figure 1. Absorption spectra oT2Zn, T2Cu, T2FB, and T2Ni in
ization of electrons into the neighboring molecules can further toluene at room temperature. The inset shows the molecular structures
enhance their optical nonlinearitie&Previously, it was reported ~ ©f various fused porphyrin dimers.

that the real and imaginary parts g# are strongly amplified o ] ) ) )
for ladder-type conjugated Zn(ll)porphyrin trimer linked by @pplication as molecular nonlinear optical and electronic materi-

alkyne groups, which results in $ 10* GM per macrocyle at als8 In this study, we have explored the excited-state dynamics
1064 nm’ of fused porphyrin dimers with various central metals by

In this context, the connection of as many molecules as [€mtosecond transient absorption measuremiezii, T2Cu,

possible with a completely flat structure (as long as its synthetic 12FB, andT2Ni; inset of Figure 1). The central metalsTdZn,

strategy is not so outrageous) is highly desirable, which would 12CU: T2FB, and T2Ni are Zn, Cu, metal-free, and Ni,
lead to the maximization of-electron conjugation. In line with respectively. Furthermore, we have examined their two-photon

this strategy, the triply linked fused porphyrin arrays, which absorption (TPA) properties to find the relationship between
have been synthesized by connecting two additigrassitions the central metals and theirelectron delocalization extended
from the adjacent porphyrin moieties in the directly linked throughout the porphyrin dimer ring.

porphyrin arrays, can be a good candidate for possible future

II. Experimental Section
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the oxidative double-ring closure (ODRC) reaction of meso 1.0
meso linked porphyrin dimers yields the corresponding fused
porphyrin dimers. The ODRC reaction was conducted by
refluxing a solution ofneso mesediphenyl-capped mesaneso
linked porphyrin array in toluene in the presence of 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone and scandium trifluoromethane-:
sulfonate. This type of ODRC reaction was nicely applied to
longer fused porphyrin arrays.

Measurement of TPA Cross-Section ValuesThe TPA
cross-section values were measured by an open-aperture Z-sca
method with wavelength tunable 130 fs pulses at 5 kHz
repetition rate generated from a Ti:sapphire regenerative ampli-
fier system (Spectra-Physics, Hurricane) (Supporting Informa-
tion). Sufficiently high power pulses easily afford the power
density enough for TPA process without tight focusing, which
eliminates unwanted nonlinear effects such as self-focusingand 0.8
white-light continuum generation. All of the samples were

mittance
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measured with 10" M in toluene except an AF-50 (3.3 mM in Z (mm) Z (mm)

benzene). Figure 2. Open-aperture Z-scan traces (circlesy2Zn, T2Cu, T2FB,
andT2Ni in toluene measured under the same experimental conditions.

IIl. Results and Discussion The sample concentration is 0.10 mM. The peak irradiance at the focal

point is 80 GW/criat 800 nm. The solid lines are the best fitted curves
Figure 1 shows the UV/is/IR absorption spectra of fused of experimental data.
diporphyrins in toluene normalized at the 23 8@0% 600 cn?!

region. The absorption bands of fused porphyrin dimers are %25 — s T27n
roughly categorized into three distinct well-separated subgroups % 201 —e—T2Cu

in near UV, visible, and NIR regions. The near UV absorption = —o—T2FB
bands remain nearly at the same position as that of porphyrin § 154 TN
monomer with significant broadening. The fused porphyrin 3

dimers exhibit much stronger exciton coupling in the Soret bands @ 104

along with a red-shift of the Q-bands to the IR region of 900 8

1200 nm due to much enhancedelectron delocalization 2 *]

(Figure 1)1 As a consequence, the Q-bands can be utilized as e

a ladder state for TPA transition to reach the density of states 720 740 760 780 800 820 840 860
at near UV to the blue region, providing effective two-photon Wavelength (nm)

allowed excited states. Figure 3. Two-photon absorption spectra in 72850 nm region of

An interesting observation is nonlinear transmittance at NIR T2Zn, T2Cu, T2FB, andT2Ni in toluene. The solid lines are just a

excitation around 1100 nm, which corresponds to absorption Igmde for the e)ée._ll_r;}re case 2FB (OFI’e” C'm'ﬁs)’ there might be
L ' ; . arge errors in the cross-section values in the-7280 nm region

satu_ratlon_ instead of two-photon absorption (SUPPO“'”Q Infor- due to a contribution of relatively strong linear absorption near the
mation, Figure S1). Furthermore, the saturable absorption wasjow-energy Soret band edge.
found at wavelengths longer than 1200 nm. Typically saturable .
absorption is observed when ground state depletion and/or final TABLE 1: TPA Cross-Section o® (GM) of T2Zn, T2Cu,
state filling occur. In our case, saturable absorption is observed 12FB, T2Ni, and Some Other Porphyrin Systems Measured

when the number of two-photon allowed higher-lying excited by Femtosecond and Picosecond Laser Pulses

states is not sufficient in comparison with the number of o®  wavelength pulse
intermediate one-photon allowed states though we cannot sample (GM)  (m)  width solvent ref
observe two-photon allowed state directly by conventional T2Zn 14000 800 130fs toluene this work
absorption measurements. T2Cu 12000 800 130fs toluene this work

The TPA crosssecton® valles oT2zn, T20u, 2R, Ta® 13000 200 130 ouene s wor
andT2Ni exhibit approximately 12 00815 000 GM at 800 nm  af-50 50 800 130fs benzene this work
where linear absorption is not so significant (Figure 2). We also self-assembled 7600 887 120fs CHCI13b
measured the TPA cross-section value of AF-50 as a referenceporphyrin tetramer
compound which exhibits 50 GM at 800 nm. This value is ZNOEP 4.4 780 150fs toluene 16
roughly consistent with 30 GM measured by Prasad’s gfdup. E'ZTPP 15 780 150fs toluene 16

. . . W TAP 70 780 150fs toluene 17

Thus, fused diporphyrins show at least 2 orders of magnitude (yo,phyTAP 1600 770 150 fs benzene 17

larger TPA cross-section values than AF33M®verall, fused ethyne-bridged 3000~ 820-890 100fs CHCl, 14

diporphyrins have much larger TPA cross-section values in porphyrin dimer 10000

comparison with the previously reported ones for directly linked :S;rPeF;ies 900 812 160fs water 15

orthogonal porphyrin oligomefs,self-assembled porphyrin )

tetran?erl,3 po?ph?/riz dimerslg,],4 and porphyrin diacid aggrega%/és (ZM3)z-Bipyn 50000 1064 S0ps CHel 7

(Table 1). of diporphyrins (Figures 1 and 3). This feature is regarded as
The TPA spectra ofi2Zn, T2Cu, T2FB, andT2Ni in the an analogous result observed in other porphyrin systems such

720—-850 nm region indicate that two-photon allowed states as the self-assembled porphyrin tetraffggorphyrin dimers;

should exist in 376410 nm which corresponds to the high- and porphyrin diacid aggregat&sin general, the TPA state is

energy Soret band region in the two exciton-split Soret bands often found in the Soret band or higher energy band regions
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T T : Figure 5. Transient absorption spectra ©2Zn, T2Cu, T2FB, and
5 10 15 20 T2Ni in toluene at zero time delay between pump and probe pulses.

Time Delay (ps)
Figure 4. Ground-state bleaching recovery dynamic3®Zn, T2Cu,

porphyrin ring (r, 7*) state or metal (d, d) state is the lowest
T2FB, and T2Ni after photoexcitation at 400 nm. The fast recovery ?XC?tEd state? Neverthe!ess, the rglatively short excited 5“'?“6
dynamics within 10 ps were observed excepffa€u, which indicates lifetimes for the fgsed d|.mers studlled here lead us to consider
ultrafast internal conversion process to the ground state. only three levels in the interpretation of our TPA phenomena

) o ) ) especially measured by the femtosecond Z-scan method. For
for porphyrin monomers and porphyrin oligomers including self- ogonant two-photon state, the following simple equation can
assembled porphyrin tetram®rporphyrin dimers;* and por- explain the enhanced optical nonlinear properties of fused
phyrin diacid aggregatés.In those cases, the excitation energy diporphyrins
should be below the Q-band energy to reach the two-photon
allowed state located near the Soret band, because the Q-bands 2 2 2
exist in visible region which is higher than intermediate states. 0() U [Moy Neoy = @) ]IMy, 1T (1)
In our case, however, porphyrin monomers are triply linked to
form fused dimers so that-electron delocalization is very
efficient throughout the porphyrin dimer ring as compared to .
other porphyrin molecules, resulting in the red-shift of Q-bands resonant two-photon state, antbo{f — ) is the energy
to the near-IR region. The excitation energy should be higher difference between the one-photon state and the measurement

than the Q-band to reach the two-photon allowed states locatedTdUency. The spectral features in 7850 nm in the TPA

near the high-energy Soret band, because the two-photonSpeCtra of various fused dimers indicate the possibility of
' tepwise two-photon absorption ag f8anifolds as a ladder,

intermediate states lie between the low-energy Soret band an ; .
ecause there exists a broad and featureles$&Sabsorption

Q-band. Accordingly, upon absorption of a photon an electron . : . M
is promoted to intermediate states, which then a second photonP@Nd in the same region (Figure'SHowever, the contribution
to the large TPA values at 800 nm by the-S, transition is

is absorbed either directly by;SS;, transition or following 9= .
intersystem crossing the photon is absorbed ByTF, transition. not so significant as revealed by the femtosecond transient
absorption spectra df2Zn, T2Cu, T2FB, andT2Ni (Figure

In the other case, the two-photon absorption occurs simulta- e ] -
neously to reach the higher Bvels without stepwise excited-  2)- 1hus, the contribution by the excited state absorption can
be avoided effectively as often superimposed in the case of

state absorption. o X o
We have also investigated the excited-state dynamics by nanosecond pulse excitatiéhln this study, considering the
relatively weak excited-state absorption and shortsgte

transient absorption measurement to explore the relationship ot for fused di he ob d | b
between the two-photon absorption processes and excited-statdfeimes for fused dimers, the observed TPA values can be

dynamics. The time-resolved spectroscopic investigations reveaIaSSign_Ed to the contri_bution by true TPA phenomena corre-
that the photoexcited states 52Zn, T2Cu, T2FB, andT2Ni sponding not to stepwise two-photon absorption but to simul-

are short-lived with average lifetimes of 4.0, 290, 2.7, and 5.4 2n€ous two-photon absorption in three-level energy diagram
ps, respectively, and thus the population of excited triplet state (Scheéme 1). Consequently, the enhanced optical nonlinear
is very inefficient (Figure 4}° The relatively long lifetime for properties of fused diporphyrins indicate the effectivelectron
the fused Cu(ll)porphyrin dimer compared with other fused delocalization in both one- and two-photon near-resonant states.
dimers is presumably due to the decay of the tripmultiplet states From the TPA cross-section valueskdZn, T2Cu, T2FB, and

formed efficiently from the photoexcited doublet states. The TZN,i',it is notewqrthy that the central meta! dependence is
spin-multiplet states seem to be produced in fused the Cu(ll)- negligible, suggesting that onhyelectron delocalization through

porphyrin dimer through electronic mixing between the odd (he diporphyrin skeleton and the completely flat structure are
electron in ¢ orbital of the Cu(ll) @ system and the normal the determining factors in optical nonlinear properfes.

singlet and triplet porphyrin ringa, 7*) states, which can be
inferred from the photophysics of Cu(ll)porphyrin monor#eér.
Although the porphyrin rings, 7*) states are likely to be the This work demonstrates that the dimerization of transition
lowest excited states for Zn(Il) and free-base fused porphyrin metal porphyrins in a completely flat manner leads to a large
dimers, it is unclear for Ni(ll) porphyrin dimer whether the enhancement1(® of TPA cross-section values compared with

where Mo; and Mj, represent the ground- and excited-state
transition moments, respectivelljp; is the line width of the

IV. Conclusions
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SCHEME 1: Three-Level Energy Diagram of Various ments (PDF). This material is available free of charge via the
Porphyrin Derivatives; (a) Other Porphyrins Internet at http://pubs.acs.org.
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