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Abstract

Photochemical decomposition of the fluorene derivatives, 4,4'-[[9,9-bis(ethyl)-9H-fluorene-2,7-diyl]di-2,1-ethenediyl]bis(V,N-diphenyl)
benzeneamine (1) and 4,4’,4”-[[9,9-bis(ethyl)-9H-fluorene-2,4,7-triyl]tri-2,1-ethenediyl]tris(N,N-diphenyl)benzeneamine (2), were investigated
in pTHF under one- (UV-lamp) and two-photon (femtosecond laser) excitation. The quantum yields of the photoreactions were determined by
absorption and fluorescence methods in air-saturated and deoxygenated solutions. The values of quantum yields were in the range (1.5-2.1) x 1076
for both types of irradiation, indicating that similar photobleaching processes occur under both one- and two-photon excitation. Deoxygenation
of pTHF increased photostability of 1 and 2 by over an order of magnitude relative to air-saturated solutions. A cursory examination of some of
the photochemical products (analyzed by HPLC and APCI-MS spectroscopy techniques) revealed an important role of ground state oxygen in the
photoreactions, since no oxidation products were observed upon irradiation in the presence of the well know singlet oxygen sensitizer methylene

blue.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Fluorene derivatives with large two-photon absorption (2PA)
cross-sections [1-3] exhibit desirable properties for the devel-
opment of new non-linear optical technologies, particularly in
the field of 3D microfabrication [4], optical power limiting
[5], and two-photon fluorescence imaging [6]. Photodecompo-
sition (the irreversible light-induced destruction of a material)
is one of the main limitations of many organic dyes for their
application in non-linear optics and photonics. Hence, the photo-
chemical stability of organic dyes, such as fluorene derivatives,
under one- and two-photon excitation is critical for a number
of emerging non-linear optical applications. Photodecomposi-
tion of simple fluorene derivatives was investigated early on
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with regards to problems of environmental contamination [7,8].
Photolytic degradation of certain fluorene derivatives under UV
irradiation and the dependence of photolysis kinetics on molec-
ular weight and type of substituents were shown [9]. The effects
of solvent and substituents on the photooxidation of a few fluo-
rene derivatives and the photochemical behavior of fluorene at a
silica gel/air interface have been investigated [10,11]. A theoret-
ical study of the photo-oxidation of the 2PA chromophore AF50
[12] and formation of its possible photoproducts was reported
[13].

Photochemical decomposition under two-photon excitation
may well be different from the reactions induced by low intensity
irradiation [14]. Even in the case when the same excited state of
the molecule is populated under one- and two-photon excitation,
additional photochemical processes, such as photoionization and
bond fission [15], are possible for the latter type of excitation
due to high irradiation intensities. There is evidence that in many
dye systems, the photobleaching rates by two-photon excitation
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Fig. 1. Molecular structures of linear and branched fluorene derivatives 1 and 2.

are significantly enhanced with respect to one-photon excitation
at comparable photon-emission yields [16]. Until now, rela-
tively little is known about two-photon photodecomposition of
fluorene derivatives possessing high non-linear absorptivity. Pre-
liminary investigation of photochemical processes of selected
fluorene derivatives under two-photon excitation were investi-
gated in our laboratory [17], and an increase in the photodecom-
position quantum yield was observed for (7-benzothiazol-2-yl-
9,9-didecylfluoren-2-yl)diphenylamine in CH,Cl, under fem-
tosecond two-photon excitation. The primary goal of this paper
is the investigation of the photochemical stability of new lin-
ear and branched fluorene derivatives (Fig. 1) that possess large
2PA cross-sections (maximum values ~2000—-4000 GM [18]).
In addition, a cursory examination of several photoproducts of
1 and 2 was undertaken to provide some speculative, but infor-
mative, insight into the photodecomposition processes.
Potential photobleaching pathways were investigated by
working at different dye concentration (to determine the depen-
dence of photobleaching on concentration) and oxygen con-
centration. Oxygen, a strong triplet quencher, can minimize
photobleaching via the triplet state, but on the other hand, reac-
tive singlet oxygen (O (' A ¢)) can be generated by triplet—triplet
annihilation between O, (3 %,7) and the dye molecule, both in
their triplet states. Since some fluorene derivatives synthesized
in our laboratory have the ability to generate singlet oxygen O,

da ¢) under single and two-photon excitation with high quantum
yields (@A =0.35-0.75) [19,20], there is great interest in deter-
mining the effect of oxygen concentration on the photostability
of these fluorenes derivatives. Photostability, or lack thereof, is
often considered the Achilles Heel of organic photonic materi-
als, and the studies reported herein are critical to determine the
robustness and limitations of these potentially useful non-linear
absorbing dyes.

2. Experimental

Photochemical properties of the fluorene derivatives 4,4'-
[[9,9-bis(ethyl)-9H-fluorene-2,7-diyl]di-2,1-ethenediyl]bis(V,
N-diphenyl)benzeneamine (1) and 4,4’,4”-[[9,9-bis(ethyl)-9H-
fluorene-2,4,7-triyl]tri-2, 1-ethenediyl]tris(N,N-diphenyl)benze-
neamine (2) were studied in air-saturated and deoxygenated
spectroscopic grade poly(tetrahydrofuran) (pTHF) (MW 250)
at room temperature. The syntheses of 1 and 2 were described
previously [21]. Deoxygenated solutions were obtained by
bubbling Ar through the solutions for 30min or repeated
freeze—pump—thaw cycles (both procedures yielded identical
results). The absorption spectra were recorded using an Agilent
8453 UV-visible spectrophotometer in 10mm path length
quartz cuvettes for concentrations, C <2 x 10~ M. The fluo-
rescence, excitation, and excitation anisotropy spectra of 1 and



C.C. Corredor et al. / Journal of Photochemistry and Photobiology A: Chemistry 184 (2006) 105112 107

2 were obtained using a PTI Quantamaster spectrofluorimeter
in 10mm fluorometric quartz cuvettes for dilute solutions
(C<10°M). Two-photon absorption cross-sections, o2pa,
of 1 and 2 in pTHF were determined by an open aperture
Z-scan method [22] and an up-converted fluorescence technique
(relative to fluorescein in water) [23], using a femtosecond laser
system (Clark-MXR, CPA2010, Ti:sapphire amplified system
followed by an optical parametric generator/amplifier (TOPAS
4/800, Light Conversion) with pulse duration, 7p~ 140fs
(FWHM), repetition rate, f= 1 kHz, tuning range 560-2100 nm
and maximum average power, Py ~ 25 mW).

The quantum yields of the photochemical reactions of 1 and
2 in pTHF under one-photon and two-photon excitation were
determined by absorption and fluorescence methods, described
in detail in Refs. [17,20,24,25]. These methods are based
on measurements of the temporal changes in the steady-state
absorption and fluorescence spectra during irradiation, respec-
tively. In the case of the absorption method, the quantum yields
of the photochemical reactions under one-photon excitation,
@1pa, were determined by the equation [25]:

_ [D(%,0) — D(A, £;r)INA
S 10%) [, [T IoI1 — 107P*D]ddr’

Dipa ey
where D(A, 0), D(A, ti), (1), t and X are the initial and final opti-
cal density of the solution, extinction coefficient (M’1 cm’l),
irradiation time (s) and excitation wavelength (cm), respectively;
Na the Avogadro’s number; #; the total irradiation time; Ip(A) is
the spectral distribution of the excitation irradiance.

The values of @ps were obtained also by employing a fluo-
rescence method with corresponding equation [25]:

Bion — I — F(tir)/ F(0)
S [ Jor IoGIa(WIF(t)/F(0)] dadt’

(@)

where F(0) and F(t;) are the initial and final fluorescence inten-
sity expressed in relative arbitrary units (typically, in counts/s)
and o()) is the one-photon absorption cross-section (cm?). The
experimental setup for one-photon excitation is shown in Fig. 2a.
The entire volume of the fluorene solutions were irradiated
simultaneously with the UV-lamp, LOCTITE 97034 (average
irradiance, Iy ~ 130 mW/cm?), in the spectral range 400440 nm
(using glass UV-visible filters). In the case of the absorption
method, 2 mL pTHF solutions of 1 and 2 were placed into quartz
cuvettes (10mm x 10 mm x 35 mm) and temporal changes in
the absorption spectra were measured spectrophotometrically.
Whereas a microcuvette (1 mm x 1 mm x 10 mm) was used in
the fluorescence method, and the changes in the fluorescence
spectra during irradiation were measured with spectrofluorime-
ter.

The quantum yields of the photodecomposition processes
under two-photon excitation, @,pas, were determined with the
experimental setup presented in Fig. 2b. The values of @;pa
were obtained by the fluorescence method [17,20], using the
PTI spectrofluorimeter and femtosecond laser system described
above. Calculations of @;py were performed from the initial
slope of the dependencies F(¢) [17,20] using a Gaussian spatial
and temporal beam profile approximation.
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Fig. 2. Schematic diagrams of the experimental setup. (a) One-photon excita-
tion: 1, UV-lamp (LOCTITE 97034); 2, liquid waveguide; 3, lens (5cm); 4,
glass UV-visible filters; 5, 10 mm x 10 mm x 35 mm quartz cuvette. (b) Two-
photon excitation: 1, femtosecond laser system (CPA2010); 2, lens (30 cm); 3,
I mm x 1 mm x 10 mm quartz microcuvette.

Photochemical products of 1 and 2, formed in pTHF (after
one-photon excitation), were analyzed by HPLC and mass spec-
trometry (MS). A Waters HPLC instrument equipped with a
binary pump (1525), an in-line degasser, a PDA detector (2996)
and a manual injector (7725I) was used for HPLC analysis. The
best chromatographic separation was achieved by using a silica
gel analytical column (4.6 mm x 150 mm, particle size 5 pm,
pore size 100 A), with a mobile phase of 97:3 hexane:ethyl
acetate in isocratic flow mode. The flow rate was 1.0 mL/min,
the injection volume was 50 wL, the column temperature was
30°C and the run time was 16 min.

Atmospheric pressure chemical ionization mass spectrom-
etry (APCI-MS) was performed with a Thermo-Finnigan LCQ
Duo LC-MS instrument equipped with an UV detector (UV6000
PDA), an APCI source (Thermo-Finnigan), and an ion-trap.
Samples were analyzed using APCI ionization and monitored
in the positive ionization mode (nitrogen was used as both neb-
ulizer and dryer gas). The vaporizer and capillary temperatures
were 450 and 200 °C, respectively. The corona discharge volt-
age (4.5kV), sheath gas flow (48 a.u.), auxiliary gas flow (3 a.u.),
discharge current (10 wA), capillary voltage (38 V), and the SID
fragmentor voltage (6 V) were determined by tuning the mass
analyzer by infusing a solution of 1 and 2 at 10 wL/min and moni-
toring the mass-to-charge ratios in the region of 100-1500 u. The
injection volume was 100 p.L. Data was acquired and processed
with the software Xcaliber v1.2.
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3. Results and discussion
3.1. Spectral properties

The absorption, fluorescence, and excitation anisotropy spec-
tra of 1 and 2 in pTHF are shown in Fig. 3. The shapes of the
fluorescence spectra were independent of the excitation wave-
length over the entire spectral range of the measurements. The
changes in the excitation anisotropy spectra (curves 3) revealed
the spectral position of different electronic transitions in the
absorption spectrum. Linear fluorene 1 (Fig. 1) exhibited a fairly
constant value of anisotropy in the long wavelength absorption
band, corresponding to one electronic transition in this spectral
range (370470 nm). In contrast, a decrease in the anisotropy
of branched compound 2 revealed at least two different elec-
tronic transitions in the main absorption band (360-480 nm).
We recently reported a comprehensive analysis of the electronic
structure of 1 and 2, including quantum-chemical calculations
[26]. Extinction coefficients of 1 and 2 for the determination of
one-photon photodecomposition quantum yields were obtained
in THF, and nearly equal to each other e(Apax) ~ 10°M~!em™!
(Amax is the wavelength of the corresponding maximum).

Two-photon absorption cross-sections, oppa, were deter-
mined in pTHF at the excitation wavelength, Aexe =840nm,
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Fig. 3. Absorption (1), corrected fluorescence (2), and excitation anisotropy
(3) spectra of (a) 1 and (b) 2 in pTHF. Excitation anisotropy spectra (3) were
observed at the emission wavelengths (a) 500 nm and (b) 510 nm, respectively.

by two different methods (open aperture z-scan [22] and up-
converted fluorescence techniques [23] with femtosecond exci-
tation). The values of o,pa for 1 and 2 were 270 &= 50 GM and
460 £ 80 GM, respectively. Both methods gave similar results
for the o,pa. High fluorescence quantum yields of 1 and 2
(~0.9-1.0) [21], in combination with relatively large o2pas , make
these compounds quite promising for application in 3D fluores-
cence imaging and optical data storage.

3.2. One-photon photochemical stability

The quantum yields of the photochemical reactions of 1
and 2 in pTHF, @ps, were determined by the absorption and
fluorescence methods described above. Kinetic changes in the
absorption and fluorescence spectra under UV irradiation are
presented in Figs. 4 and 5. The initial slopes of the tempo-
ral dependences of the optical density, D(¢), and fluorescence
intensity, F(f), were used for the quantum yield calculations.
The values of @1py obtained by the two different methods
are listed in Table 1. Both methods afforded nearly the same
photochemical stability results, providing a high degree of self-
consistency. Taking into account the large differences in the con-
centrations for absorption (C~2 X 1073 M) and fluorescence
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Fig. 4. Kinetic changes in the absorption spectra of (a) 1 and (b) 2 in pTHF upon
irradiation at Aexc & 420 nm. The temporal interval between adjacent spectra was
10 s. Excitation irradiance, Ip ~ 130 mW/cm?.
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Fig. 5. Kinetic changes in the fluorescence spectra of (a) 1 and (b) 2 in pTHF
upon irradiation at Aexc & 420 nm. The temporal interval between adjacent spec-
tra was 360 s. Excitation irradiance, Iy ~ 130 mW/cm?.

methods (C~ 10~° M), one can assume first order photoreac-
tion of 1 and 2 in pTHF (i.e., photodecomposition is independent
of concentration). Deoxygenation of pTHF increased the photo-
stability of 1 and 2 under UV irradiation by at least an order of
magnitude (Table 1), indicating the important role of molecular
oxygen in the photobleaching (photodecomposition) processes.
To our knowledge, the values of @ps ~ 1077 (in deoxygenated
solutions) are among the highest level of UV photochemical sta-
bilities reported for large conjugated organic compounds (e.g.,
the yields of photobleaching of typical coumarin dyes in aqueous
solution are in the order of 10~3-10~4, and 7.5 x 10~° for Rho-

Table 1

1.2 e e T T

- ,F\ -

- , \ -

08 / 1 -
/ \

L P : : ]

04 / \ —

L \ =]

Normalized absorbance
—
\N.
=
<
=
\ﬂ:;:;‘
=

250 300 350 400 450
Wavelength, nm

Fig. 6. Absorption spectra of the photoproducts of 1: (1) 1Ph3 (Ayax <283 nm),
(2) 1Ph5 ((Amax ~2351 nm) and (3) 1Ph6 ((Amax ~403 nm).

damine 6G) [27]. Thus, compounds 1 and 2 possess desirably
high photostability, critical for practical applications as optical
and photonic materials.

3.3. Two-photon photochemical stability

The two-photon induced quantum yields, ®@;pa, of the pho-
todecomposition of 1 and 2 (Table 1), were determined by the
fluorescence method from the initial slopes of the temporal
dependences of the two-photon induced up-converted fluores-
cence, F(f), shown in Fig. 6. The same values of ®;ps were
obtained for two different concentrations, supporting the pre-
dominance of first-order photoreactions. The excitation wave-
length, Aexe =840 nm, energetically corresponds to the linear
UV-lamp irradiation at Aexe & 420 nm. Thus, it is reasonable to
assume excitation to the same excited electronic state of 1 and
2 during photoexcitation under UV and fs near-IR irradiation
(one- and two-photon excitation, respectively). The correspond-
ing one- and two-photon photodecomposition quantum yields,
@1pa and Popy, are shown in Table 1. From this comparison, 1
and 2 had nearly the same photodecomposition quantum yields
~(1.5-2) x 10~® under one- and two-photon excitation, sug-
gesting similar mechanisms of photodecomposition of 1 and 2.
This high level two-photon photostability of both 1 and 2 is a
promising feature of the compounds for a number of non-linear
optical and photonic applications.

Quantum yields of the photoreactions of 1 and 2, @;pa and ®,pa, in air-saturated and deoxygenated pTHF under one- and two-photon excitation at 420 and 840 nm,

respectively

Compound, solvent Absorption method @pa x 10° [C] (M)

condition

Fluorescence method @ ps x 100 [C] M)

Fluorescence method ®,pp x 100 [C] (M)

204 02[1.8x1077]
0.12 + 0.02 [1.8 x 1077] -
2.1 £0.2[1.9x1077]
0.2 £ 0.05[1.9 x 1077]

1 Air-saturated
1 Deoxygenated
2 Air-saturated
2 Deoxygenated

1.940.2[1 x 1079]

20+02[1x 1079

1.940.5[1.8 x 1075, 1 x 107¢]

1.5404[1.9%x 107, 1x 1079]

C is the concentration of solution in M.
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Table 2

Fragment ions in the APCI mass spectra of photoproducts 1Ph2, 2Ph2, 2Ph3 and 2Ph4

Photoproduct Fragment ions Photoproduct Fragment ions Photoproduct Fragment ions
1Ph2 167.22 2Phl 223.14 2Ph3 167.24 M +H]J*
24428 IM+H]* 251.15 244.30
245.32 301.17 245.25
274.16 329.14 IM+H]* 274.24
294.27 391.19 327.13
465.70 405.24 437.23
738.81 767.43
1Ph6 166.15 2Ph2 231.23 2Ph4 231.20
256.40 298.29 27422 IM+H]*
272.24 383.14 [M+H]* 275.19
279.36 439.16 579.24
399.24 495.18 705.40
475.37 [M+H]* 789.37
476.36 790.38
505.36 791.32
719.44

[M +H]* indicates the molecular ion.
3.4. Cursory photoproduct analysis of 1

In order to understand the type of photodecomposition pro-
cesses incurred by 1 and 2, separation and characterization of
photoreaction mixtures was undertaken. Normal phase HPLC
proved useful for the separation of several photoproducts of 1
and 2. Photodecomposition of 1 in pTHF under UV irradiation
resulted in 6 main photoproducts 1Ph1-1Ph6, with retention
times of: 1Phl at 2.1 min, 1Ph2 at 2.4 min, 1Ph3 at 3.9 min,
1Ph4 at 6.9 min, 1Ph5 at 7.5 min, and 1Ph6 at 9.0 min. The reten-

tion time of unreacted 1 was 4.3 min. Peak purity test for the
peaks of 1Phl and 1Ph2 showed that they did not consist of a
single compound, and, therefore, were excluded from analysis.
The signal-to-noise ratio of 1Ph4 was less than 3 and was also
excluded from this cursory analysis. The absorption spectra of
1Ph3, 1Ph5, and 1Ph6 (extracted from the PDA detector) are
shown in Fig. 6. The spectral shapes of the absorption bands
of 1Ph5 and 1Ph6 are similar to the structurally related com-
pound 2,7-diphenylamino-9,9-didecylfluorene [24], showing a
short wavelength maximum at ~300 nm.

C33H3005
Exact Mass: 474.22

Cy7Hp605
Exact Mass: 398.19

3

D

Ci3Hyo
Exact Mass: 166.08
5

CypHp0
Exact Mass: 278.17
2

Sweh

CayoHpsN
Exact Mass: 271.14
4

Fig. 7. Possible structures of fragment ions at m/z 166.15, 272.24, 279.36, 399.24, and 475.37 in the full scan APCI mass spectrum of 1Ph6.
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In order to better understand the photodegradation process,
the APCI mass spectra of 1, and the most abundant photoprod-
ucts (1Ph5 and 1Ph6) were obtained. Mass spectra of other
photoproducts (1Ph3 and 1Ph4) could not be detected accurately,
since the amounts of these photoproducts formed was too low.
Negative ionization mode did not provide useful information.
In contrast, positive ionization mode yielded reproducible mass
spectral data. Fragment ions and the molecular ion for 1Ph5
are given in Table 2. Based on the analysis of the APCI mass
spectra and Ref. [28], some possible structures of fragment ions
of 1Ph6 are shown in Fig. 7. Since aromatic amines are gen-
erally photostable [28], photochemical reactions were expected
to involve other functional groups in the molecule, particularly
the olefinic C=C double bonds. Some of the proposed fragments
can be explained by the [1+ 2] cycloaddition reaction of oxy-
gen with an olefinic C=C double bond of 1, and by hydrogen
abstraction from the alkyl chain with radical formation, subse-
quent oxidation, and cleavage to produce fragments 1-3, quite
reasonably suggesting that oxygen is involved in the mechanism
of photodegradation. This is by no means an exhaustive analysis
but lends support to the oxygen-dependence of the photochem-
ical decomposition quantum yields described in the previous
sections.

3.5. Cursory photoproduct analysis of 2

Photobleaching of 2 under UV irradiation resulted in four
main photoproducts (2Ph1-2Ph4). The absorption spectra of
2Ph1-2Ph4 of 2 are shown in Fig. 8. The profiles of the absorp-

CHs C,H, Cszi iC2H5
C]‘)HZZ
Ci7Hyg Exact Mass: 250.17
Exact Mass: 222.14 7
6

CyoH N
Exact Mass: 273.15
9

O o
N

O Yo

C39H33NOy
Exact Mass: 579.24
11

12

Normalized absorbance

0
250 300 350 400 450 500
Wavelength, nm

Fig. 8. Absorption spectra of the photoproducts of 2: (1) 2Ph1 (Aynax <329 nm),
(2) 2Ph2 (Amax ~336nm), (3) 2Ph3 (Amax ~351nm), and (4) 2Ph4 (Amax
~403 nm).

tion bands of 2Ph3 and 2Ph4 were similar to the structurally
related compound 2,7-diphenylamino-9,9-didecylfluorene (with
shorter conjugated length) [24] and also to the parent compounds
1 and 2 (Fig. 3b), respectively. An estimation of the possible
reaction pathways was based on the APCI mass spectra of 2,
and 2Ph1-2Ph4, presented in Table 2. Due to the high photosta-
bility of 2, the analysis of photoproducts by HPLC-MS proved
difficult, due to the low amount of material available, even after
very long irradiation times and high concentrations. Similar to
derivative 1, photochemical reactions were expected to involve

Ca3H,

4
Exact Mass: 300.19
8

CWH-IXNZOZ

10

Fig. 9. Possible structures of the fragment ions at m/z 223.14, 251.15, and 301.17 in the full scan APCI mass spectrum of 2Ph1, at m/z 274.0 in the full scan APCI
mass spectrum of 2Ph3 and 2Ph4, and at m/z 791.32 and 579.24 in the full scan APCI mass spectrum of 2Ph4.
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other functional groups in the molecule, such as olefinic C=C
double bonds.

Based on these assumptions and analysis of Ref. [28], the
structures of some possible fragment ions of 2Ph1 and 2Ph3 can
be proposed (Fig. 9). Molecular oxygen also can participate in
the photoreactions resulting in the formation of possible struc-
tures (Fig. 9).

In order to determine a possible role of singlet oxygen (!0»)
in the photodecomposition mechanism of 1 and 2, 'O, was
generated by sensitization of a well known singlet oxygen sen-
sitizer (methylene blue, singlet oxygen quantum yield (®a):
0.49) and the photodecomposition products of 2 were compared
to the previously detected ones. Primarily 2 and methylene blue
were recovered, and no evidence of the presence of previously
detected photodecomposition products was found. Results from
this experiment, along with the quantum yield data described
above, suggest that ground state oxygen, rather than 'O, is
involved in the photodecomposition of 1 and 2.

4. Conclusions

The one- and two-photon photochemical stability of two
promising, non-linear absorbing fluorene derivatives was inves-
tigated using both absorption and fluorescence methods under
excitation in air-saturated and deoxygenated pTHF. The quan-
tum yields of the photochemical reactions exhibited no concen-
tration dependence, consistent with first-order photodecomposi-
tion processes. The values of the photochemical decomposition
quantum yields were in the range @ ps 2 (1.9-2.1) x 107¢ and
Dopa ~ (1.5-1.9) x 1070 for one- and two-photon excitation,
respectively. Close values of @,pa and @opa provide strong sup-
port for similar photobleaching processes of 1 and 2 for both
types of excitation. In deoxygenated pTHF, the photostability
of 1 and 2 increased by at least an order of magnitude relative
to that in air-saturated solutions, revealing an important role of
molecular oxygen in the photoreactions. Several photochemical
products of 1 and 2 were resolved by HPLC and investigated
by APCI-MS spectroscopy. The analysis of the mass spectra
provides insight into the possible reaction pathways and con-
firmed participation of the molecular oxygen in photobleaching
processes. Results from experiments with a known 'O, pho-
tosensitizer show no additional photoproducts, suggesting that
ground state oxygen rather than 'O, was involved.

Fluorene derivatives 1 and 2, possess large two-photon
absorption cross-sections, high fluorescence quantum yields,
and high one- and two-photon photochemical stability, highly
desirable attributes for use in a number of emerging linear and
non-linear optical applications; particularly for 3D fluorescence
imaging and optical data storage, topics to be reported on sepa-
rately in the future.
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