TETRAHEDRON
LETTERS

80I!NO!@DIR!OT°

Tetrahedron Letters 44 (2003) 8121-8125

Pergamon

Synthesis and two-photon absorption of highly soluble
three-branched fluorenylene-vinylene derivatives

Olivier Mongin,** Laurent Porrés,* Claudine Katan,* Thomas Pons,” Jerome Mertz® and
Mireille Blanchard-Desce**

aSynthése et ElectroSynthése Organiques (CNRS, UMR 6510), Université de Rennes 1, Institut de Chimie, Campus Scientifique
de Beaulieu, Bdt 104, F-35042 Rennes Cedex, France
®Neurophysiologie et Nouvelles Microscopies INSERM EPI 00-02, CNRS FRE 2500), Ecole Supérieure de Physique et Chimie
Industrielles, 10 rue Vauquelin, F-75231 Paris Cedex 05, France

Received 25 July 2003; revised 27 August 2003; accepted 4 September 2003

Abstract—Two new three-branched fluorenylene-vinylene derivatives were synthesized by triple Heck-type or Horner—
Wadsworth—-Emmons reactions. Their one-photon absorption and fluorescence as well as their two-photon absorption properties
are reported. These compounds, which combine very high solubility in organic solvents, high fluorescence quantum yield and giant
two-photon absorption cross-sections in the red-NIR region (up to 3660 GM, in the femtosecond regime) are promising

candidates for both optical power limiting applications and two-photon laser scanning microscopy.

© 2003 Elsevier Ltd. All rights reserved.

The numerous applications offered by molecular two-
photon absorption (TPA), such as optical power limit-
ing,'? two-photon laser scanning fluorescence imaging,?
microfabrication,* 3D optical data storage,’ and photo-
dynamic therapy.,® require new, specifically engineered
compounds. For instance, in the case of optical power
limiting, candidate molecules should exhibit high solu-
bility, high linear transmission at low intensities
together with very large multiphoton absorptivities at
the intensities delivered by high-power pulsed lasers. In
the case of two-photon laser scanning microscopy,
novel fluorophores combining high fluorescence quan-
tum yields and TPA cross-sections orders of magnitude
larger than endogenous chromophores in the red-NIR
range (700-1200 nm) are required for biological
imaging.”

The search for molecules endowed with large two-pho-
ton absorption cross-sections has mainly focussed on
push—pull (D-n-A) molecules®>®° as well as pull-pull
(A-n-A), push-push (D-n-D) or quadrupolar
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molecules,>*"!2 where D is an electron-donating group,

A an electron-accepting group and m a conjugating
moiety. It has more recently been shown that branched
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Scheme 1. Reagents and conditions: (a) Br, (2 equiv.), CH,Cl,,
20°C, 15 h (97%); (b) n-BuLi (5 equiv.), benzene, 60°C, 4 h,
then N-formylpiperidine, 20°C, 14 h (48%); (c) 4 (1.1 equiv.),
NaH, THF, 20°C, 15 h (50%); (d) 6 (1 equiv), z-BuOK,
CH,Cl,, 20°C, 16 h, then I, cat, hv, Et,O, 16 h (59%).
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structures'>!'* and dendrimers'* could also lead to com-

pounds of interest for multiphoton absorption and
optical limitation.

Within this context, we herein describe the synthesis as
well as the one- and two-photon photophysical proper-
ties of two new three-branched fluorophores of D(-nt-
A); and D(-n-D); structural design. These molecules are
based on the assembly of a triphenylamine ramification
node acting also as donor group, fluorenylene-vinylene
conjugated connectors and acceptor or donor periph-
eral groups. Long alkyl chains (n-nonyl) were added to
the fluorene moieties to impart high solubility for such
nanometric systems.

To achieve the synthesis of these fluorophores, two
different strategies have been explored, involving triple
Heck-type or Wittig-type condensations in the last step.
The non-symmetrical fluorene-based connectors 5 and 7
were both obtained from 9,9-dinonylfluorene!? 1
(Scheme 1). Bromination of 1 afforded the 2,7-dibromo
derivative 2 in 97% yield. Treatment of 2 with n-BuLi
in Et,0 or THF at various temperatures (between
—60°C and room temperature), followed by addition of
N-formylpiperidine, gave in our hands a complex mix-
ture from which the expected bisaldehyde 3 could not
be isolated in more than 27% yield. However the same

OHC
Non

Non

halogen-metal exchange reaction conducted in benzene
at 60°C for 4 h, followed by quenching of the precipi-
tated dilithio intermediate with N-formylpiperidine,
yielded 48% of 3.!° Wittig condensations between
bisaldehyde 3 and a single equivalent of phosphonium
salts 4 and 6'¢ afforded conjugated functionalized arms
5 and 7, respectively. Compound 7 was obtained as a
pure E stereoisomer, after treatment of the Z/E mixture
resulting from the Wittig condensation with a catalytic
amount of iodine under illumination with a 75 W
tungsten lamp (Scheme 1).

The three-branch fluorophore 9 was prepared by means
of a triple Heck-type coupling of tris(4-
iodophenyl)amine'” 8 with vinyl compound 5 under
Jeffery’s'® conditions (Scheme 2). On the other hand,
the synthesis of fluorophore 14 started from tris(4-
formylphenyl)amine'® 10, which was converted to the
trisphosphonate 13 in a three-step sequence (reduction,
bromination and Michaelis-Arbuzov reaction). The
triple Horner—-Wadsworth—-Emmons condensation of 13
with aldehyde 7 in the presence of sodium hydride
finally afforded 14 (Scheme 2). All these derivatives
have been fully characterized by NMR, HRMS and/or
elemental analysis.?® Nanometric fluorophores 9 and 14
(34 nm and 4.5 nm diameters, respectively) are
extremely soluble in chlorinated solvents (typically
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Scheme 2. Reagents and conditions: (a) 5 (5 equiv.), Pd(OAc),, PPh;, n-Bu,NCl, K,CO;, DMF, 90°C, 12 h (73%); (b) KBH,,
EtOH/CH,Cl,, 20°C, 5 h (92%); (c) conc. HBr, reflux, 5 h (85%); (d) P(OEt);, reflux, 72 h (59%); (e) 7 (4 equiv.), NaH, THF,

reflux, 15 h (36%).
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higher than 500 g L!) as well as in THF and toluene,
which is of interest for optical limiting applications.

The one-photon absorption and fluorescence spectra of
9 and 14 in toluene and in chloroform are shown in
Figure 1 and their comprehensive photophysical char-
acteristics can be found in Table 1. Both compounds
exhibit an intense absorption in the near UV/visible
blue region (with very high extinction coefficient values)
but maintain high transparency in the remaining range
of the visible region. We observed that compound 14
showed an extinction coefficient more than twice that
of compound 9, whereas it showed a slightly lower
fluorescence quantum yield and shorter fluorescence
lifetime.

A slight bathochromic shift was observed for com-
pound 9 in the absorption with increasing polarity of
the solvent, while a significant positive solvatochromic
shift was observed in the emission (Fig. 1). We noted a
concomitant increase of the Stokes shifts and of the
halfbandwiths of the emission bands with the solvent
polarity. This distinct positive solvatochromic behavior
suggests that significant charge redistribution takes
place upon excitation leading to a highly polar excited
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state. This was corroborated by AM1 HOMO-LUMO
calculations, which revealed a multidimensional
intramolecular charge transfer from the triphenylamino
donating core to the acceptor arms. In comparison,
compound 14 showed less pronounced solvatochromic
behavior: no noticeable absorption solvatochromic shift
was observed and the emission red shift with increasing
solvent polarity was smaller than for compound 9 (see
Fig. 1). In addition compound 14 exhibited lower
Stokes shifts than 9 (the difference increasing with
increasing solvent polarity). These features are indica-
tive of less pronounced charge redistributions occurring
upon excitation. Indeed HOMO-LUMO calculations
indicated that for compound 14, intramolecular charge
transfers take place from the central triphenylamino
core and from the peripheral phenylamino donating
groups to the fluorenylene-vinylene moieties upon exci-
tation. The weaker solvatochromic behavior could thus
possibly be related to the smaller extent of the charge
transfer phenomenon and the larger size (and thus
larger solvent cavity radius) of molecule 14 as com-
pared to 9.

The TPA spectra of fluorophores 9 and 14 between 735
and 960 nm were determined by studying their two-
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Figure 1. Normalized absorption and fluorescence emission spectra performed at 4., =4, (abs) and A,,=0.1 for 9 (a) and 14

(b) in toluene (-) and CHCI; (--) at room temperature.

Table 1. One- and two-photon photophysical data of compounds 9 and 14

Compd A, (nm) & M~ em™) Jem (M) Av® (10° cm™) Stokes shift® ¢4 ¢ (ns)  Appa (Max)*  a,*f (GM)
(10° cm™) (nm)
Toluene CHCl, Toluene CHCl, Toluene CHCI;
9 426 430 119000 481 3.0 2.7 5.4 0.80 1.33 770 1265
14 428 428 244000 471 482 0.5 2.1 2.6 0.74 0.85 740 3660

#In toluene.
® Emission solvatochromic shift=1//,(toluene)-1/4.,,(CHCL,).
¢ Stokes shift=(1/4,1,s—1/Aem)-

d Fluorescence quantum yield determined in toluene relative to fluorescein in 0.1 N NaOH.

¢ Experimental fluorescence lifetime in toluene.

TTPA cross-section at Arps(max); 1 GM=10" cm* s photon~!; TPEF measurements were performed using a mode-locked Ti:sapphire laser

delivering 80 fs pulses at 80 MHz, calibrated with fluorescein.?!
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photon-excited fluorescence (TPEF) spectra, using fem-
tosecond pulse excitation.> The TPA cross-sections (o)
are derived from the TPEF cross-sections (o,¢). As
shown in Figure 2 and Table 1, both compounds are
efficient two-photon-absorbing molecules, with ¢,(max)
values of 1265 and 3660 GM for 9 and 14, respectively,
which correspond to more than 30 and 100 times that
of the standard fluorescein. Fluorophore 14 indeed
shows one of the highest TPEF cross-sections!®1!e:11i.14¢
measured in the femtosecond regime in the 700-1000
nm wavelength range, a spectral window of interest for
biological applications.
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Figure 2. Two-photon excitation spectra of molecules 9 and
14 in 10* M toluene solutions, calibrated from that of
fluorescein.

Interestingly, fluorophore 14 shows a o¢,(max) value
about three times larger than that of 9. Further com-
parison reveals that in the case of 14, the TPA spectrum
shows a sharp decline above its maximum at 740 nm,
whereas 9 exhibits a red-shifted and broader TPA band,
maintaining high values in the NIR (400 GM at 915
nm). Moreover, 9 is endowed with larger cross-sections
than 14 above 850 nm. In summary, compounds 9 and
14, which combine very high solubility in organic sol-
vents, high fluorescent quantum yields, and exception-
ally high TPA cross-sections in the red-NIR region are
promising candidates for both optical power limiting
applications in the red-NIR region and TPEF
microscopy.

Acknowledgements

This work was supported in part by CNRS, MENRT
and Rennes Métropole. L.P. received a fellowship from
MENRT. Mass spectra were performed at the Centre
Régional de Mesures Physiques de I’Ouest (Rennes).
We thank Dr. B. K. G. Bhatthula, K. Rousseau and D.
Béret for assistance in the synthesis.

References

1. He, G. S.; Xu, G. C.; Prasad, P. N.; Reinhardt, B. A_;
Bhatt, J. C.; Dillard, A. G. Opt. Lett. 1995, 20, 435-437.

2.

10.

11.

12.

Ehrlich, J. E.; Wu, X. L.; Lee, 1.-Y. S.; Hu, Z.-Y;
Rockel, H.; Marder, S. R.; Perry, J. W. Opt. Lett. 1997,
22, 1843-1845.

Denk, W.; Strickler, J. H.; Webb, W. W. Science 1990,
248, 73-76.

(a) Kawata, S.; Sun, H.-B.; Tanaka, T.; Takada, K.
Nature 2001, 412, 697-698; (b) Cumpston, B. H.; Anan-
thavel, S. P.; Barlow, S.; Dyer, D. L.; Ehrlich, J. E;
Erskine, L. L.; Heikal, A. A.; Kuebler, S. M.; Lee, 1.-Y.
S.; McCord-Maughon, D.; Qin, J.; Rockel, H.; Rumi,
M.; Wu, X. L.; Marder, S. R.; Perry, J. W. Nature 1999,
398, 51-54.

Parthenopoulos, D. A.; Rentzepis, P. M. Science 1989,
245, 843-845.

Bhawalkar, J. D.; Kumar, N. D.; Zhao, C. F.; Prasad, P.
N. J. Clin. Laser Med. Surg. 1997, 15, 201-204.

(a) Albota, M. A.; Xu, C.; Webb, W. W. Appl. Opt. 1998,
37, 7352-7356; (b) Larson, D. R.; Zipfel, W. R
Williams, R. M.; Clark, S. W.; Bruchez, M. P.; Wise, F.
W.; Webb, W. W. Science 2003, 300, 1434-1436.

(a) He, G. S.; Yuan, L.; Cheng, N.; Bhalwalkar, J. D.;
Prasad, P. N.; Brott, L. L.; Clarson, S. J.; Reinhardt, B.
A. J. Opt. Soc. Am. B 1997, 14, 1079; (b) Belfield, K. D.;
Hagan, D. J.; Van Stryland, E. W.; Schafer, K. J,;
Negres, R. A. Org. Lett. 1999, 1, 1575-1578; (c) Abbotto,
A.; Beverina, L.; Bozio, R.; Bradamante, S.; Ferrante, C.;
Pagani, G. A.; Signorini, R. Adv. Mater. 2000, 12, 1963—
1967.

Reinhardt, B. A.; Brott, L. L.; Clarson, S. J.; Dillard, A.
G.; Bhatt, J. C.; Kannan, R.; Yuan, L.; He, G. S;
Prasad, P. N. Chem. Mater. 1998, 10, 1863-1874.
Albota, M.; Beljonne, D.; Brédas, J.-L.; Ehrlich, J. E.;
Fu, J.-Y.; Heikal, A. A.; Hess, S. E.; Kogej, T.; Levin, M.
D.; Marder, S. R.; McCord-Maughon, D.; Perry, J. W.;
Rockel, H.; Rumi, M.; Subramaniam, G.; Webb, W. W_;
Wu, X.-L.; Xu, C. Science 1998, 281, 1653-1656.

(a) Ventelon, L.; Blanchard-Desce, M.; Moreaux, L.;
Mertz, J. Chem. Commun. 1999, 2055-2056; (b) Rumi,
M.; Ehrlich, J. E.; Heikal, A. A.; Perry, J. W.; Barlow, S.;
Hu, Z.-Y.; McCord-Maughon, D.; Parker, T. C.; Rockel,
H.; Thayumanavan, S.; Marder, S. R.; Beljonne, D.;
Brédas, J.-L. J. Am. Chem. Soc. 2000, 122, 9500-9510; (c)
Kim, O.-K.; Lee, K.-S.; Woo, H. Y.; Kim, K.-S.; He, G.
S.; Guang, S. H.; Swiatkiewicz, J.; Prasad, P. N. Chem.
Mater. 2000, 12, 284-286; (d) Frederiksen, P. K.;
Jorgensen, M.; Ogilby, P. R. J. Am. Chem. Soc. 2001,
123, 1215-1221; (e) Ventelon, L.; Charier, S.; Moreaux,
L.; Mertz, J.; Blanchard-Desce, M. Angew. Chem. 2001,
113, 2156-2159; (f) Ventelon, L.; Charier, S.; Moreaux,
L.; Mertz, J.; Blanchard-Desce, M. Angew. Chem., Int.
Ed. 2001, 40, 2098-2101; (g) Ventelon, L.; Morel, Y.;
Baldeck, P.; Moreaux, L.; Mertz, J.; Blanchard-Desce,
M. MCLC S&T, Section B: Nonlinear Opt. 2001, 27,
249-258; (h) Abbotto, A.; Beverina, L.; Bozio, R.; Fac-
chetti, A.; Ferrante, C.; Pagani, G. A.; Pedron, D,
Signorini, R. Org. Lett. 2002, 9, 1495-1498; (i) Strehmel,
B.; Sarker, A. M.; Detert, H. ChemPhysChem. 2003, 4,
249-259; (j) Moonen, N. N. P.; Gist, R.; Boudon, C.;
Gisselbrecht, J.-P.; Seiler, P.; Kawai, T.; Kishioka, A.;
Gross, M.; Irie, M.; Diederich, F. Org. Biomol. Chem.
2003, 1, 2032-2034.

Mongin, O.; Porres, L.; Moreaux, L.; Mertz, J.; Blan-
chard-Desce, M. Org. Lett. 2002, 4, 719-722.



13.

14.

15.

16.

17.

18.

O. Mongin et al. / Tetrahedron Letters 44 (2003) 8121-8125

(a) Joshi, M. P.; Swiatkiewicz, J.; Xu, F.; Prasad, P. N;
Reinhardt, B. A.; Kannan, R. Opt. Lett. 1998, 23, 1742
1744; (b) Chung, S.-J.; Kim, K.-S.; Lin, T.-C.; He, G. S.;
Swiatkiewicz, J.; Prasad, P. N. J. Phys. Chem. B 1999,
103, 10741-10745; (c) He, G. S.; Swiatkiewicz, J.; Jiang,
Y.; Prasad, P. N.; Reinhardt, B. A.; Tan, L.-S.; Kannan,
R. J. Phys. Chem. A 2000, 104, 4805-4810; (d) Macak, P.;
Luo, Y.; Norman, P.; Agren, H. J. Chem. Phys. 2000,
113, 7055-7061; (e) Chung, S.-J.; Lin, T.-C.; Kim, K.-S;
He, G. S.; Swiatkiewicz, J.; Prasad, P. N.; Baker, G. A_;
Bright, F. V. Chem. Mater. 2001, 13, 4071-4076; (f) Cho,
B. R.; Son, K. H.; Sang, H. L.; Song, Y.-S.; Lee, Y.-K_;
Jeon, S.-J.; Choi, J. H.; Lee, H.; Cho, M. J. Am. Chem.
Soc. 2001, 123, 10039-10045; (g) Lee, W.-H.; Lee, H.;
Kim, J.-A.; Choi, J.-H.; Cho, M.; Jeon, S.-J.; Cho, B. R.
J. Am. Chem. Soc. 2001, 123, 10658-10667; (h) Fuks-
Janczarek, 1.; Nunzi, J.-M.; Sahraoui, B.; Kityk, I. V;
Berdowski, J.; Caminade, A. M.; Majoral, J.-P.; Mar-
tineau, A. C.; Frere, P.; Roncali, J. Opt. Commun. 2002,
209, 461-466; (i) Abbotto, A.; Beverina, L.; Bozio, R.;
Facchetti, A.; Ferrante, C.; Pagani, G. A.; Pedron, D.;
Signorini, R. Chem. Commun. 2003, 2144-2145; (j)
Zhang, B. J.; Jeon, S.-J. Chem. Phys. Lett. 2003, 377,
210-216.

(a) McDonagh, A. M.; Humphrey, M. G.; Samoc, M.;
Barry, L.-D. Organometallics 1999, 18, 5195-5197; (b)
Adronov, A.; Fréchet, J. M. J.; He, G. S.; Kim, K.-S;
Chung, S.-J.; Swiatkiewicz, J.; Prasad, P. N. Chem.
Mater. 2000, 12, 2838-2841; (c) Drobizhev, M.; Karotki,
A.; Rebane, A.; Spangler, C. W. Opt. Lett. 2001, 26,
1081-1083; (d) Drobizhev, M.; Karotki, A.; Dzenis, Y.;
Rebane, A.; Suo, Z.; Spangler, C. W. J. Phys. Chem. B
2003, 107, 7540-7543; (e) Mongin, O.; Brunel, J.; Porres,
L.; Blanchard-Desce, M. Tetrahedron Lett. 2003, 44,
2813-2816.

Similar conditions were previously used to obtain 1,3,5-
tris-(4-formylphenyl)benzene from 1,3,5-tris(4-bromo-
phenyl)benzene: Weber, E.; Hecker, M.; Koepp, E.;
Orlia, W.; Czugler, M.; Csoregh, 1. J. Chem. Soc., Perkin
Trans. 2 1988, 1251-1257.

Porrés, L.; Bhatthula, B. K. G.; Blanchard-Desce, M.
Synthesis 2003, 1541-1544.

Shirota, Y.; Kobata, T.; Noma, N. Chem. Lett. 1989,
1145-1148.

Jeffery, T. Tetrahedron 1996, 52, 10113-10130.

19.

20.

21.

22.

8125

(a) Lai, G.; Bu, X. R.; Santos, J.; Mintz, E. A. Synlett
1997, 1275-1276; (b) Elandaloussi, E. H.; Spangler, C.
W. Polym. Prepr. (Am. Chem. Soc., Div. Polym. Chem.)
1998, 39, 1055-1056.

Selected data for:

9: mp 80-81°C; 'H NMR (200.13 MHz, CDCl;) § 10.06
(s, 3H), 7.88 (d, J=1.4, 3H), 7.86 (dd, J=8.3, 1.4, 3H),
7.81 (d, J=8.3, 3H), 7.76 (d, J=8.0, 3H), 7.54 (d, J=8.0,
3H), 7.50 (s, 3H), 7.50 and 7.16 (AA'XX', J,x=38.5,
12H), 7.22 (d, J=15.6, 3H), 7.13 (d, J=15.6, 3H), 2.10-
2.00 (m, 12H), 1.28-1.02 (m, 72H), 0.82 (t, J=6.5, 18H),
0.72-0.52 (m, 12H); '*C NMR (50.32 MHz, CDCl,;)
192.3, 152.8, 151.7, 147.2, 146.7, 139.0, 138.2, 135.1,
132.2, 130.6, 128.4, 127.6, 127.5, 125.7, 124.3, 123.0,
121.2, 120.8, 119.8, 55.2, 40.2, 31.8, 29.9, 29.4, 29.21,
29.17, 23.7, 22.6, 14.0, HRMS (ES*, CH;0H/CH,Cl:
95/5) caled for C;,0H,5;NO;Na ([M+Na]*) m/z
1679.1748, found 1679.1731. Anal. caled for
C50H,53NO; (1657.55): C, 86.95; H, 9.30; N, 0.84.
Found: C, 86.99; H, 9.32; N, 0.72.

14: mp 109-110°C; '"H NMR (200.13 MHz, CDCly) ¢
7.64 (d, J=7.8 Hz, 3H), 7.62 (d, J=7.8 Hz, 3H), 7.51-
7.34 (m, 24H), 7.14 (d, J=8.3 Hz, 6H), 7.14 (s, 6H), 7.10
(d, J=16.4 Hz, 3H), 6.96 (d, J=16.4 Hz, 3H), 6.64 (d,
J=9.1 Hz, 6H), 3.30 (t, J=7.3 Hz, 12H), 2.06-1.94 (m,
12H), 1.67-1.52 (m, 12H), 1.37 (sext, J=7.3 Hz, 12H),
1.30-1.01 (m, 72H), 0.97 (t, J=7.3 Hz, 18H), 0.82 (t,
J=6.5 Hz, 18H), 0.77-0.63 (m, 12H); '*C NMR (50.32
MHz, CDCl,) ¢ 151.4, 147.7, 146.5, 140.7, 139.6, 137.3,
136.1, 132.4, 128.2, 127.7, 127.3, 127.0, 125.4, 125.01,
124.96, 124.7, 124.3, 120.6, 120.1, 119.7, 119.6, 111.6,
54.9, 50.8, 40.5, 31.8, 30.1, 29.5, 29.4, 29.2, 23.7, 22.6,
20.4, 14.1, 14.0; ES*-MS (CH;OH/CH,Cl,: 10/90) m/z
2260.7 ((IM+H]%), 1130.9 ((M+2HJ]*"), 754.4 ((M+3H]*");
HRMS (ES*, CH;OH/CH,Cl,: 10/90) calcd for
CiesHo0u N, ([M+2HT*) m/z 1130.8826, found 1130.8835.
Anal. caled for C,¢sH,,,N, (2261.62): C, 87.63; H, 9.89;
N, 2.48. Found: C, 87.28; H, 10.13; N, 2.22.

Xu, C.; Webb, W. W. J. Opt. Soc. Am. B 1996, 13,
481-491.

This allows ruling out excited-state absorption, which can
lead to an artificially enhanced ‘effective’ TPA cross-sec-
tion when experiments are conducted using nanosecond
excitation pulses.
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