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Abstract: We have explored the electronic natures of representative expanded porphyrins, [26]- and [28]-
hexaphyrins, to investigate the interplay between the aromaticity and antiaromaticity that is brought by two
electron oxidation/reduction processes. The excited singlet and triplet states of [26]hexaphyrin in solution
exhibit lifetimes of 125 ps and 1.8 us, respectively, as revealed by various time-resolved spectroscopic
measurements. On the other hand, [28]hexaphyrin shows faster singlet and triplet lifetimes than those of
[26]hexaphyrin, which is largely in accordance with the perturbation of aromaticity due to the & electron
formulation of [4n] in [28]hexaphyrins. The two-photon absorption cross-section values at 1200 nm for
[26]hexaphyrins show ca. 9890 GM which is >102 larger than those of porphyrins. The reduced TPA values
of 2600 and 810 GM of [28]hexaphyrin and perfluorinated [28]hexaphyrin, respectively, match well with
their relatively short excited-state lifetimes. Overall, the enhanced excited-state lifetimes for various
hexaphyrins go in line with the increased TPA cross-section values and the ring planarity.

Introduction of expanded porphyrins give rise to considerably red-shifted
HOMO-LUMO transitions relative to those of porphyrins.
Numerous kinds of expanded porphyrins have so far been

prepared by taking advantage of the flexibilities in connecting

optical, electrochemical, and coordination propertiéBecause pyrrole rings, overall structures, and heteroatom substitution on

of an increased conjugation pathway, the electronic structures PYTrole nitrogens. Despite the synthetic diversity of expanded
porphyrins, their characterizations are mainly limited to the

structural analyses such #$ NMR and X-ray, along with some
| absorption spectr@aln this regard, it is relevant to investigate
the photophysical properties of representative expanded por-
phyrins [26] and [28]hexaphyrins(1.1.1.1.1.1) to provide a
platform for further investigations on the electronic structures
of a series of expanded porphyrins.
[26]Hexaphyrins(1.1.1.1.1.1) and [28]hexaphyrins(1.1.1.1.1.1)
are attractive molecules in view of aromaticity/antiaromaticity
with a 26/28r-electronic circuit, intense UV-absorption, a small

Recently, expanded porphyrins with more than four pyrrole
subunits in the porphyrin macrocycle have emerged as a
promising class of molecules in light of versatilities in their
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Chart 1. Structures of Hexaphyrins(1.1.1.1.1.1) 2.0
Ar! AP i =
s 3
1a Ar' = Ar? = pentafluorophenyl 15 z s
1b Ar' = pentafluorophenyl 7 £ 2
Ar? = 2,4,6-trimethoxyphenyl 3 8 @
1c Ar' = pentafluorophenyl £ 3 8
Ar? = 9-anthryl L o] — § £
1d Ar' = Ar? = 2,4,6-trimethyphenyl o ] i P
[72] y [X]
Q2 2 q:’
Al H Ar < 8
r
N 051 X15 £
o
— —_ | 2
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Ar A
0.0 T T PNy
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3 H A Wavelength (nm)
r r
3 Ar=CgFs Figure 1. Absorption and fluorescence spectrdlafin toluene. Inset shows
2 Ar= CgFs5 a time-resolved fluorescence decay with= ~125 ps.
HOMO-LUMO gap, and rectangular molecular shape, hence 0 )
possessing an imp_ortant position bridging porphyrin and larger ] ‘ot
expanded porphyring. Another useful character for the ex- :
pandeds conjugated molecular system is optical nonlinear s 21
properties such as two-photon absorption (TPA). % 3
In this paper, we report comparative photophysical properties 2 4
including excited singlet and triplet state dynamics and TPA i
cross-section values oghesearyl substituted [26]- and [28]- 5+
hexaphyrins(1.1.1.1.1.1) using fluorescence lifetime, femtosec- "
ond transient absorption, nanosecond flash photolysis, and |
apertureless Z-scan measuremén@verall, aromatic [26]- ""‘]

hexaphyrin gives a longer excited-state lifetime and larger TPA ) . .
Figure 2. Energy levels of frontier orbitals of [26]hexaphyrin from the

value than [28]hexaphyrin with antiaromaticity. geometry optimization process based on the ab initio calculation on B3LYP/

Results and Discussion 6-31G level.

Photophysics of [26]Hexaphyrin(1.1.1.1.1.1)The crystal Ab initio calculations on the B3LYP/6-31G level were
structure ofmesehexakis(pentafluorophenyl) [26]nexaphyrin- Performed to examine the frontier orbitals as well as the
(1.1.1.1.1.1)a (Chart 1§ has a flat rectangular conformation ~OPtimized geometry (Figure 2). Itis noteworthy that the overall
with two inverted pyrrole rings, leading to the expected fgat.ures of the HOMO and LUMO ota are, respectwe*ly,
aromaticity of [41+2] 7 electrons. The absorption spectrum of Similar to the a, and a, HOMOs and two degeneratey*e
1a shows a strong band at 568 nm, which presumably corre- LUMOs of porphyrins, whlch explains the spectral resemblance
sponds to the formally allowed Soret (B) band of porphyrins, Petweenlaand porphyrirf. ,

Several low-energy bands at 712, 898, and 1026 nm may The femtoseconq transient absorption sp.ectraLa)ﬁNere'
correspond to the weaker Q-bands of porphyrins (Figure 1). An reC,Ofded g]othe r'egloln of 4901%00]:”"] foIIovr\:lngf photolexm- q
increased conjugation of hexaphyrins is responsible for the Iargetatlon a}t 400 nm in to uene. Aside from a rather feature essan
bathochromic shift and decreased HOMOUMO gap relative broa_d mduped absorption, strong _ground-state_ bleachmg was
to porphyrins. The fluorescence dfa was measured with obtained (Figure 3). The decay profiles of bleaching and induced

photoexcitation at 442 nm, whose spectrum shows the fluores-igli:{s::fgfvagss? .?]ggt(sép r:r;s resﬁicht'.vsely’.ti'ifgd ae:attljrge
cence maximum at 1036 nm with a weak vibronic band at 1205 ps (i , Figure 3), which is qui P

nm (Figure 1). As compared to the absorption edge of 1026 to the quorgscence I|f§t|me_for the, State Ilfe_tlme. .

. Lo To examine the excited triplet state dynamics, we carried out
nm, the Stokes shift is rather small (94 thy indicating a . .
minimal structural change in the State relative to the ground nanosecond flash photolysis fbaat 532 nm in toluene under
tate. The fluor n 9 nteim ield was rouahl 9 timat dan anaerobic condition (Figure 4). The T absorption spectrum
tsabe.l ethuo eIs(;:eT'::e fcllua um yie li t‘?‘s oughly es a(;a recorded after photoexcitation is characterized by the TR
0 b€ fess than 10. The fiuorescence liietime was measure absorption centered at 630 nm to the red side of the main
by the time-correlated single-photon counting (TCSPC) tech-

’ . . e bleaching band at 568 nm. The triplet state lifetime was
hique, which yielded a lifetime o125 ps at 1030 nm upon measured at 530 and 640 nm, both of which yielded a lifetime

photoexcitation at 405 nm (inset, Figure 1). It should be noted ¢ 1 g 5 at room temperature. Just as in fluorescence lifetime,
that this is much shorter than those of analogous molecules such,, triplet state lifetime is significantly reduced fda as

as free-base porphyrin-{L1.3 ns) and sapphyrin-@.7 ns) compared to porphyrins. The quantum yield of triplet state
formation was estimated to b®;sc = 0.01 for 1a using the

(7) Sheik-Bahae, M.; Said, A. A.; Wei, T.-H.; Hagan, D. G.; van Stryland, E.
W. IEEE J. Quantum Electrornl99Q 26, 760.

(8) Preparation and compound data are given in refs 3b, 3d, and the Supporting (9) Chirvony, V. S.; Hoek, A.; Galievsky, V. A.; Sazanovich, I. V.; Schaafsma,
Information. T. J.; Holten, D.J. Phys. Chem. B00Q 104, 9909.
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Figure 3. Femtosecond transient absorption spectrbaait zero time delay.
Inset shows temporal decay curves at 570 and 640 nm for ground-state
bleaching and induced absorption signals.
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Figure 4. Nanosecond flash photolysis spectralafin toluene under
unaerobic conditions with photoexcitation at 532 nm. The triplet state
lifetimes were measured at 530 and 640 nm for ground-state bleaching and
induced absorption, respectively, which all give the lifetime of As8at

room temperature.

known value of®;sc = 0.89 for free-base porphyrin. Overall,
the reduced HOMGLUMO transition energy inla dramati-
cally enhances the internal conversion from thet@the 9
state with a very low quantum yield for triplet state formatién.
Excited-State Dynamics of [28]Hexaphyrin(1.1.1.1.1.1)t
is known thatla undergoes reduction with NaBHo produce
mesehexakis(pentafluorophenyl) [28]hexaphyrin(1.1.1.1.2.1)
with a vivid color change from violet to blue. The latter is easily
converted to the former by oxidation with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DD®)Although the solid-state
crystal structure of2 is unavailable, its conformation is
conjectured to be a largely planar rectangular shape similar to
la as judged from the crystal structure of a related [28]-
hexaphyrin molecul@.The 'H NMR spectra of2 revealed no
signal reflecting the anticipated antiaromatic ring current effect,
which is presumably due to the slightly nonplanar geometry of
2 as compared tda. The absorption spectrum f@rexhibits a
relatively broad Soret-like band with smeared Q-band-like
transitions (Figure 5). Dual fluorescence bands with vibronic
structures were observed at 1046 and 1210 nm with a relatively
large Stokes shift of 290 cm (Figure 5). The ab initio
calculation for2 on the B3LYP/3-21G* level yielded a slightly

(10) Cho, H. S.; Ahn, T. K.; Yang, S. I.; Jin, S. M.; Kim, D.; Kim, S. K.; Kim,
H. D. Chem. Phys. LetR003 375 292.
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Wavelength (nm)

Figure 5. Absorption and fluorescence spectrain toluene at room
temperature. The inset shows time-resolved fluorescence decay profile at
1030 nm with photoexcitation at 405 nm. The decay profile was fitted by
a deconvolution procedure with an IRF function, which give®805 ps
lifetime.
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Figure 6. Femtosecond transient absorption spectraiaftoluene at zero
time delay with photoexcitation at 400 nm at 296 K. The inset shows
temporal decay curves at 580 and 660 nm for induced absorption and
ground-state bleaching, respectively, after photoexcitation at 400 nm. The
dual decay times were estimated as 115 ps and 1.25t 0.1 ns.

distorted nonplanar geometry, in contrast to the relatively flat
structure for 1 (Supporting Information, Figure S1). The
fluorescence lifetime oR revealed a lifetime of~205 ps at
1030 nm with excitation at 405 nm that is considerably longer
than that ofla (inset, Figure 5).

The transient absorption decay profile g@f at 570 nm
exhibited a double exponential decay with time constants of
~115 ps (85%) and 1.25 ns (15%) at 296 K (Figure 6). Because
no signal was observed in nanosecond flash photolysis, the
long decay component with the time constant of 1.2 ns may
be assigned as an intersystem crossing. Considering these
spectroscopic features & we suggest that the conforma-
tional dynamics may play an important role in the energy
relaxation pathways as illustrated in the previous work by
Chirvony et al. on the photophysical properties of free-base
diacid porphyring. To check the possibility of conformational
change in the excited state, we examined transient absorption
decay kinetics o by lowering the temperature to 273 K, which
yielded the decreased time constants-@6 ps (72%) and 1.25
ns (28%).
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Figure 7. The transient absorption decay profileslafand2 at 570 nm
at 296 and 273 K. Those of [28]hexaphyrin show exponential decays with
time constants of~115 ps (85%) and 1.25 ns (15%) at 296 K an@6 ps
(72%) and 1.25 ns (28%) at 273 K, which supports the conformational
change in the excited state &f

Reaction Coordinate Reaction Coordinate

; iaci ; + +
Free-base diacid porphyrins (FPF’Z. and H;OEF? ) @€ ure s Schematic diagrams of the excited stated@andz to explain

known to exhibit nonplanar structural distortions relative to their the temperature-dependent transient profiles. At 273 K, the excited-state

corresponding neutral porphyrins {FPP and HOEP), which conformer blocks the conformational change because of its energy barrier.

was confirmed by semiempirical PM3 Calcwat'ons_ and _X'r_ay Table 1. Absorption Band, TPA Cross Section, and S;-State and

crystallography’. As compared to neutral porphyrins, diacid T,-State Lifetimes of Hexaphyrins(1.1.1.1.1.1)

porphyrins exhibit (1) spectral broadening in absorption and

f ) | K hif 403 q . hexaphyrin Ama/NM dAIGM Ts/ps’ T1ins?
uorescence speptra, ( ).arge Stokes sl ift, and (3) reduced 1a 5675 1019 9890% 230 08 1800
exmted-_state lifetimes mainly dg_e to their enhanced internal 1b 57421038 9490+ 150 103 665
conversion ($—S) rates. In addition, ETPPT was reported 1c 57421033 7790+ 260° 100 —h
to experience a fluorescence lifetime change according to a  1d 56871038 7640+ 190' 101 52

. : : 2 5942 1009¢ 2600+ 260" 26 —h
change in temperature. They interpreted this temperature- 3 208 8104 50° 9.2 _h

dependent excited-state dynamics in terms of conformational
change occurring in the excited state, which involves the ) adscc)lgt_mije sbs&)gg}ion br?ntﬁ.Lowgst etr_\ergy Q—band—tl_ike(%bso[ption
actvation process over the energy barrer leading to diferent P/ Sread bane Tugenelor absomion crosszectond vabe
nonradiative decay ratésThese features are quite similar t0 o, state lifetime No transient was observed by nanosecond flash
our spectroscopic observations on the excited-state dynamicsphotolysis.
of 2. We also observed a slightly smaller Stokes shift in
fluorescence emission at 273 K than at 296 K, supporting our of lawas measured to be 9890 GM at 1200 nm where the linear
interpretation of the conformational dynamics in the excited state absorption is negligible (Supporting Information, Figure $%)°
of 2 (Supporting Information, Figure S2). On the contrary, the This value is much larger than those of porphyrin monomers
transient absorption decay b& remains unchanged-00 ps) by a factor of>1(?, being the largest among porphyrin-related
with a change in temperature from 296 to 273 K, which monomeric pigments. Hexaphyridd, 1c, and1d all exhibit
precludes the possibility of conformational dynamics in the largec® values, 9490, 7790, and 7640 GM, respectively. The
excited state ofla (Figure 7). Figure 8 presents a comparative 'H NMR spectral data ofb—1d all indicate a strong diatropic
schematic energy diagram based on our interpretations of thering current similar tola. Therefore, it is concluded that the
excited-state dynamics dfa and 2. hexaphyrinsla—1d take the similar molecular shape and
Two-Photon Absorption Behaviors of [26]- and [28]- aromatic 2@-electronic system (Supporting Information, Figures
Hexaphyrins(1.1.1.1.1.1)There have been numerous research S5-S7). Despite large and polarizable aromatic substituents
activities to search for new optical nonlinear materials with large such as 9-anthryl groups at tlmeesepositions {c), the o(?
two-photon absorption (TPA) cross sections@j due to values were not much influenced probably due to their tilting
potential applications in a variety of fields including photody- conformations against the hexaphyrin plane. Interestingly, the
namic therapy, three-dimensional micro-fabrication and optical Si-state lifetimes ofla—1d are nearly the same, ca. 100 ps,
data storage, and optical limitifgAmong these, porphyrins  while their Ti-state lifetimes exhibit large variations depending
with 187-electronic system are quite promising, but high TPA on themesearyl substituents (Table 1).
performance has been achieved only wheglectronic networks In contrast, we observed the TPA value of 2600 GMZa@t
are considerably enlarged either by conjugation with peripheral 1200 nm, which is consistent with the reduced aromaticity as
substituents and/or covalent and noncovalent assembling, becompared td.a. Besides aromaticity determined by the number
cause normal porphyrin monomers exhibit only sm&llvalues of 7z electrons, the planarity of the hexaphyrin ring is likely to
of less than 18GM.223 We examined the TPA properties bf play an important role in maintaining the& conjugation
and2 by an open-aperture Z-scan method (Supporting Informa- (Supporting Information, Figure S4). Furthermore, we measured
tion, Figure S3) with~130 fs pulses at 1200 nm, and the results theo® value of perfluorinatedhesehexakis(pentafluorophenyl)
are summarized in Table 1. The TPA cross-sectigfl)(value [28]hexaphyrin(1.1.1.1.1.Bthat has a totally nonplanar figure

J. AM. CHEM. SOC. = VOL. 127, NO. 37, 2005 12859
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eight structure due to a lack of ring electron density, and its dumped Ti:Sapphire oscillator, which provided a high repetition rate
absorption spectrum exhibits a broad absorption band centered200-400 kHz) of ultrashort pulses (100 fs at full width half-maximum-
at 498 nm without any Q-band like low-energy absorption bands, (fwvhm)) pumped by a CW Ne'YVO. laser (Spectra-Physics, Millen-
and no fluorescence was detectdence featuring typical nia). The output pulses of the oscillator were frequency-doubled with

nonaromatic nature. The excited-state lifetime has been revealed® second harmonic crystal. The TCSPC detection system consisted of
’ near-IR photomultiplier (Hamamatsu, H9170-75), a TAC (EG&G Ortec,

quite Short (9.2 ps) on the basis ‘?f the femtogeconq transient457)' two discriminators (EG&G Ortec, 584 (signal) and Canberra, 2126
absorption spectroscopy (Supporting Information, Figure S8). (trigger)), and two wideband amplifiers (Philip Scientific (signal) and
Interestingly, thex® value of3 was determined to be 810 GM  Mini Circuit (trigger)). A personal computer with a multichannel

at 800 nm, again reinforcing the dependence of the TPA analyzer (Canberra, PCA3) was used for data storage and processing.
absorption cross section on the aromaticity. Yet these resultsThe overall instrumental response function by an IR dye (Aldrich,
indicate that the extension of cyclic electronic network from R1100) was about 410 ps (fwhm). For the deconvolution procedure,
porphyrin to hexaphyrin(1.1.1.1.1.1) leads to enhancement ofthe IRF funcno_n was obtalne_d by detectm_g emission from a IR dye
0@ value even for the nonaromatic one. Thus, as the overall M0/€cule (Aldrich, IR1100) with a known lifetime 0f6 ps.

. . . Femtosecond Transient Absorption MeasurementsThe dual-

ring structure becomes planar in [26]hexaphyrins, a large TPA

ion is ob d It i hv that the ch . beam femtosecond time-resolved transient absorption spectrometer
cross section is observed. It is noteworthy that the changes iNcnsisted of a self-mode-locked femtosecond Ti:sapphire laser (Coher-

the excited-state lifetimes for various [26]hexaphyrins are ent, MIRA), a Ti:sapphire regenerative amplifier (Clark MXR, CPA-
parallel with the increase of TPA cross-section values and the 1000) pumped by a Q-switched Nd:YAG laser (ORC-1000), a pulse
enhancement of ring planarity revealed by X-ray crystal- stretcher/compressor, OPG-OPA system, and an optical detection

lography. systemt® The pump beam was focusemlda 1 mmdiameter spot, and
. laser fluence was adjusted less thah.0 mJ cm? by using a variable
Conclusion neutral-density filter. The fundamental beam remaining in the OPG-

In this work we have revealed the overall dvnamics of the OPA system was focused onto a flowing water cell to generate white
! y light continuum, which was again split into two parts. One part of the

S and Ti-excited states of hexaphyriris 2, and 3, which white light continuum was overlapped with the pump beam at the

constitute a useful platform for further investigations of the sample to probe the transient, while the other part of the beam was
excited states of expanded porphyrins. Especially, we provedpassed through the sample without overlapping the pump beam. The
the conformational dynamics involved in the excited-state time delay between pump and probe beams was controlled by making
relaxation of2 by temperature-dependent transient absorption the pump beam travel along a variable optical delay. The white

decay measurements. In addition, large TPA cross sections (cacontinuum beams after sample were sent to a 15 cm focal length
10* GM) of the aromatic hexaphyririshave been demonstrated, spectrograph (Acton Research) through each optical fiber ar_ld then
and their dependence on the aromaticity has been establishe etected by the dual 512 channel photodiode arrays (Princeton

. . . nstruments). The intensity of the white light of each 512 channel
These large TPA cross sections biare quite attractive and photodiode array was processed to calculate the absorption difference

will be further enhanced by the extension of theielectronic spectrum at the desired time delay between pump and probe pulses.
systems through suitable peripheral modification with conjugated  Nanosecond Flash Photolysis Measurement&he nanosecond
substituents or covalent and/or noncovalent assembling. transient absorption spectra were obtained by nanosecond flash pho-

tolysis techniqué® An excitation pulse of 532 nm was generated from

Experimental Section the second harmonic output of a Q-switched Nd:YAG laser (Continuum,

Sample Preparation.The details of the synthesis d&—1d, 2, and Surelite). The time duration of the excitation pulse was ca. 6 ns, and
3 are described elsewhé?é and in the Supporting Information. For ~ the pulse energy was ca. 2 mJ/pulse. A CW Xe lamp (150 W) was
example, in case dfa, a solution of methanesulfonic acid in @El, used as a probe light source for transient absorption measurement. The

(2.5 M, 12.5 mL) was added to a solution of pentafluorobenzaldehyde Probe light was collimated on the sample cell and then spectrally
(0.5 mmol) andmesepentafluorophenyl dipyrromethane (0.5 mmol) ~ resolved by using a 15 cm monochromator (Acton Research, SP150)
in dry CH,Cl, (15 mL). The resulting solution was stirredrf2 h at 0 equipped with a 600 grooves/mm grating after passing the sample. The
°C under nitrogen. After addition of 2,3-dichloro-5,6-dicyano-1,4- Spectral resolution was about 3 nm for transient absorption experiment.
benzoquinone (DDQ, 500 mg), the solution was stirredJdc and The light signal was detected via a photomultiplier tube (Hamamatsu,
passed through a short alumina column for neutralization and removal R928). The output signal from the PMT was recorded with a 500 MHz
of tar with 10% methanol in CKCl,. After removal of the solvent by ~ digital storage oscilloscope (Tektronix, TDS3052) for the temporal
a rotary evaporator, the reaction mixture was separated by silica gel Profile measurement. Because the triplet state dynamics of molecules
column chromatography with a mixture of @&, and hexane (30:70) N solution is strongly dependent on the concentration of oxygen
as an eluent. molecules dissolved in solution, we have tried to remove oxygen

Near-IR Fluorescence Spectrum and Lifetime Measurements, ~ igorously by repeated freeze pump thaw cycles. To ensure our data,
The fluorescence emission was detected using a near-IR photomultipliere first examined the triplet state dynamics of Zn(Il)TPP in toluene
(Hamamatsu, H9170-75), a lock-in amplifier (EG&G, 5210), combined Under unaerobic conditions, which gives about 1 ms lifetime at room
with a chopper after laser excitation at 442 nm from a CW-Bel temperature. Because the concentration of molecules also affects
laser (Melles Griot, Omnichrome 74). Time-resolved fluorescence was Significantly the excited triplet state lifetime due to tripiétiplet
detected using a time-correlated single-photon-counting (TCSPC) annihilation processes, we have kept the concentration downto 10
technique* As an excitation light source, we used a homemade cavity M with relatively low photoexcitation density at 532 nm produced by
the second harmonic output of a Q-switched Nd:YAG laser.
(11) Suzuki, M.; Shimizu, S.; Shin, J.-Y.; Osuka, Retrahedron Lett2003 Measurement of Two-Photon Absorption Cross Sectiond ?).

44, 4597, The TPA spectra were measured at 1200 nm by using the open-aperture

(12) Kim, D. Y.; Ahn, T. K.; Kwon, J. H.; Kim, D.; lkeue, T.; Aratani, N.;
Osuka, A.; Shigeiwa, M.; Maeda, 8. Phys. Chem. 2005 109, 2996.

(13) Shimizu, S.; Shin, J.-Y.; Furuta, H.; Ismael, R.; OsukaAAgew. Chem., (15) Cho, H. S.; Song, N. W.; Kim, Y. H.; Jeoung, S. C.; Hahn, S.; Kim, D;
Int. Ed. 2003 42, 78. Kim, S. K.; Yoshida, N.; Osuka, AJ. Phys. Chem. £00Q 104, 3287.

(14) Hwang, I.-W.; Cho, H. S.; Jeong, D. H.; Kim, D.; Tsuda, A.; Nakamura, (16) Song, N. W.; Cho, H. S.; Yoon, M. C.; Aratani, N.; Osuka, A.; Kim, D.
T.; Osuka, A.J. Phys. Chem. B003 107, 9977. Bull. Korean Chem. So@002 23, 271.
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Z-scan methotl with ~130 fs pulses from an optical parametric molecule) can be determined by using the following relationship:
amplifier (Light Conversion, TOPAS) operating at 5 kHz repetition ? 5
rate ‘- ; ; s 0“N,d x 10

generated from a Ti:sapphire regenerative amplifier system B= A @
(Spectra-Physics, Hurricane) (Figure S5). The laser beam was divided hy
into two parts. One was monitored by a Ge/PN photodiode (New Focus) whereN, is the Avogadro constand, is the concentration of the TPA

as intensity reference, gnd the other was used for transmlttancecompound in solutiorh is the Planck constant, ands the frequency
measurement. After passing throughfan 10 cm lens, the laser beam of the incident laser beam.

was focused and passed through a quartz cell. The position of the sample  \yo ghtained the TPA cross-sectiof® values of hexaphyrins at
cell could b(_a var_le(_j along the laser-beam directina(s), so the local 1200 nm, where linear absorption is negligible, to satisfy the condition
power density within the sample cell could be changed under a constant ¢ ad < 1 in retrieving the pure TPAY® values in the simulation

laser power level. The thickness of the cell is 1 mm. The transmitted procedure. We also measured the TPA cross-section value of AF-50
laser b_eam from the sample cell V\{as_then detecte_d by the SaME5s 3 reference compound, which exhibits 50 GM at 800-hm.
photodiode as used for reference monitoring. The on-axis peak intensity

of the incident pulses at the focal poitg, ranged from 40 to 60 GW Acknowledgment. The work at Yonsei University was
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whereqy is the linear absorption coefficient,is the sample length,

andz is the diffraction length of the incident beam. JA050895L
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