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Uphill energy conversion through the use of two-photon absorb-

ing chromophores and subsequent energy transfer is an attractive

scientific frontier. Among many possible targets, compounds
capable of generating singlet oxygen following efficient two-photon
absorption (TPAY™® could broaden the applicability of singlet

oxygen generation. Porphyrin sensitizers have low TPA cross

sections limiting their usefulness in two-photon absorption ap-
plications. This limitation has stimulated interest in the discovery

of porphyrins with enhanced TPA cross sections through chemical

modification of the porphyrin chromophofé.

Presented here is a new approach, in which donor chromophores

capable of efficient TPA are covalently attached to a central
porphyrin acceptor. After TPA, the donors transfer their excited-

state energy to the porphyrin via fluorescence resonance energy

transfer (FRETYP, 11 where intersystem crossing (ISC) and singlet

oxygen generation occur. Because the donor chromophores are

chosen for their high TPA cross section (8100 GM, 1 M0 0
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cnt* )22 this approach has the potential to enhance the effective Figure 1. Molecular structure of the target systef), (the component AF-

TPA cross section of the porphyrin well beyond what is available
by direct modification. Another advantage of this approach is its
versatility; other donor chromophores or functional groups (such
as peripheral solubilizing hydrophilic moieties) can be incorporated
into future designs without interfering with the desirable properties
of the central porphyrin acceptor.

The target porphyrinl( Figure 1), containing eight AF-343 two-
photon absorbing donor chromophdfga a multivalent dendritic
configurationt3 was synthesized from tetrakis(3-dihydroxyphe-
nyl)porphyrin# and AF-343 derivative2)?in the presence of K
CO; in DMF. The presence of all eight donor chromophores in
compoundl was confirmed by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF MS) as
well as by NMR. Compound is soluble in most organic solvents

but can be purified by precipitation from an ethyl acetate/hexanes

mixture and is well-behaved in silica gel chromatography.
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Figure 2. Absorption spectra ofl, 2, and 3 in chloroform at room
temperature. The spectrum ®fis normalized to the spectrum &fat 385
nm, while the height of the Soret band at 420 nm in the spectrudisf

Prior to performing photophysical measurements, preparative normalized to the height of the Soret bandlof

TLC purifications were performed oh, 2, and porphyrin model
compound tetrakis(F-dimethoxyphenyl)porphyrif (3) to ensure

The emission o shows spectral overlap with the absorptior8of

their purity. Figure 2 shows the steady-state absorption spectra of(Figure 2), which is necessary for efficient FRET. WHieis excited

1, 2, and3. The absorption spectrum @fshows the characteristic
peaks at 308 and 390 nm of compouhid addition to the porphyrin

at the same wavelength, the AF-343 emission is almost completely
quenched, and emission is seen predominantly from the porphyrin,

Soret band at 421 nm and less intense Q-bands, the first of whichcorresponding to a calculated energy transfer efficiency of &7%.

appear at 513 nm.

The emission spectra df 2, and3 shown in Figure 3 confirm
that the AF-343 donor transfers energy with high efficiency to the
porphyrin acceptor. Excitation @at 385 nm results in the expected
emission from the AF-343 chromophore withlg.x at 492 nm.
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Compoundl shows an enhanced emission when the porphyrin is
excited directly at 424 nm, but this is due to the higher molar
absorptivity ofl at 424 nm than at 385 nm and is not evidence of
inefficient energy transfer.

With the knowledge that the AF-343 chromophore is capable of
efficient energy transfer to the porphyrin, the emission spectra of
compoundd and3 were measured using a 780 nm fs mode locked
Ti:Sapphire laser (Spectra-Physics Tsunami) as the excitation source

10.1021/ja031647x CCC: $27.50 © 2004 American Chemical Society
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Figure 3. Fluorescence spectra df 2, and 3 in chloroform at room
temperature under single photon excitation conditions normalized to the
absorption spectra (Figure 2). A near complete quenching of the donor
emission is observed upon excitationladt 385 nm, resulting in a significant
increase in porphyrin emission frofirelative to the porphyrin chromophore
alone @) excited at the same wavelength. Inset: Normalized emissidn of
and3 upon laser excitation (780 nm) of both compounds in benzizrag-

room temperature.
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Figure 4. Oxygen luminescence spectra obtained from oxygen-saturated
solutions ofl and3 in benzeneds irradiated with a 780 nm laser. Oxygen
luminescence is observed from the solution contaidinigut the detection

tems) (Figure 4). Oxygen-saturated solutions lofshowed a
measurable luminescence signal upon excitation with the 780 nm
laser. No detectable oxygen luminescence was observed from
solutions of3 under the same conditions. The signal observed from
compoundl is direct evidence that the presence of the AF-343
chromophores dramatically enhances the ability of the porphyrin
to generate singlet oxygen when irradiated with 780 nm light.
Compoundl demonstrates that the incorporation of a dendritic
array of suitable donor chromophores can enhance the effective
TPA cross section of a porphyrin acceptor, allowing more efficient
generation of singlet oxygen using 780 nm light. This could increase
the generality of photodynamic therapy to tumors below the skin
surface. Further enhancement of this effect and the synthesis of
more biologically relevant sensitizers are currently underway.
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