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Photostability of a series of two-photon absorbing fluorene derivatives
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Abstract

The photochemical stability of a series of two-photon absorbing (TPA) fluorene derivatives was investigated in air- and N2-saturated
acetonitrile (ACN) at room temperature. The quantum yields of the photoreactions,Φ, were determined at various concentrations of
the fluorene derivatives, oxygen concentration of the solvent, and irradiation wavelength. The absorption and fluorescence spectra of the
photoproducts, corresponding to different excitation conditions, were analyzed. Photooxidation and electron transfer processes are proposed
as photobleaching mechanisms for the fluorene derivatives in ACN. The relatively low photochemical quantum yields (Φ ∼ 10−4) make
the derivatives particularly promising for linear and nonlinear optical applications.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Organic materials with strong nonlinear optical absorp-
tivities are the subject of great interest owing to a wide va-
riety of their potential applications including optical power
limiting materials[1], two-photon fluorescence imaging[2],
two-photon photodynamic cancer therapy[3] and microfab-
rication [4]. In particular, new fluorene derivatives[5–11]
that exhibit high two-photon absorption (TPA) are promis-
ing for several of the applications mentioned above. For
nearly all these applications, high stability against chemical
and photochemical decomposition is required. There have
been reports of fluorene and its derivatives as environmen-
tal pollutants[12,13]. The effect of solvent and substituent
on the photooxidation of fluorene was investigated[14].
The results indicated that the rate of photooxidation was
solvent dependent, and mainly due to the difference in
the solubility of atmospheric oxygen in the solvent. The
presence of –COOH and –CH2COOH groups at the nine
position of fluorene decreased its photochemical and ther-
mal stability. The photochemistry of fluorene at a silica
gel/air interface was reported[15] and an electron trans-
fer mechanism for the formation of fluorenone by direct
photolysis of fluorene was proposed. In general, relatively
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little is known about the photochemical reactivity of fluo-
renes, even though a number of fluorene derivatives have
potential use in nonlinear optical processes, particularly
in two-photon fluorescence imaging. Therefore, the pho-
tochemical investigation of new TPA fluorene derivatives
is important to understand their possible applications and
limitations.

Over the last several years, we have witnessed an intense
increase in the use of two-photon excitation of organic
materials for a number of processes, including two-photon
three-dimensional fluorescence imaging. Perhaps the
Achilles’ heel of organic materials in both linear and non-
linear optical applications has been their photostability, or
more aptly their photoinstability. Joint efforts of Reinhardt
(Air Force Research Laboratory), Prasad (SUNY-Buffalo),
and our laboratory have identified and demonstrated the use
of a number of fluorene derivatives that exhibit two-photon
upconverted fluorescence. Herein, we wish to report results
of a comprehensive investigation of the photochemical sta-
bility, particularly photooxidative stability, of a series of
fluorene derivatives (with different electron-donating and
electron-withdrawing substituents) that possess both high
two-photon absorptivity and high fluorescence quantum
yields, important parameters for two-photon fluorescent
dyes. This type of study is critical in forging ahead in the
design and use of similar organic compounds in linear and
nonlinear optics.
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2. Experimental

We investigated the photochemical stability of (7-benzo-
thiazol-2-yl-9,9-didecylfluoren-2-yl)-diphenylamine (1), 9,
9-didecyl-2,7-bis-(N,N-diphenylamino)fluorene (2), and{4-
[2-(7-diphenylamino-9,9-diethylfluoren-2-yl)vinyl]phenyl}
phosphoric acid diethyl ester (3), whose synthesis was
described previously[5,6]. These compounds were investi-
gated in air- and N2-saturated acetonitrile (ACN) at room
temperature under UV irradiation. Deoxygenated solutions
were obtained by bubbling nitrogen through the solutions
for 20 min. UV lamp UVGL-25 (maximum irradiation
wavelengthλirr ≈ 360 nm; full width half maximum of the
spectral distribution,�λ ≈ 15 nm; integral irradiation inten-
sity I0 ≈ 4 mW/cm2), UV lamp ENF-260C (λirr ≈ 250 nm;
�λ ≈ 2 nm; I0 ≈ 4 mW/cm2), and Xe-lamp irradiation
passed through the excitation monochromator of the PTI
QuantaMaster spectrofluorimeter (240 nm< λirr < 400 nm;
�λ ≈ 5–8 nm;I0 ≈ 0.5–1.2 mW/cm2) were used for the
photochemical decomposition of compounds1–3. Fluorene
solutions, with concentrationsC ≈ (2− 5) × 10−5 M, were
irradiated at the wavelengthsλirr ≈ 360 andλirr ≈ 250 nm
in the entire volume of a quartz cuvette 1 cm× 1 cm ×
3.5 cm.

Quantum yields of the photoreactions,Φ, were deter-
mined by a previously described absorption method[16] and
based on the temporal dependencies of the optical density,
D(λ, t), of the irradiated fluorene solutions. The valueΦ was
calculated by the following equation[16]:

Φ = D0 − DT

ε × ∫
λ

∫ T

0 I0(λ) × [1 − 10−D(λ,t)]dλ dt
, (1)

whereD0, DT and ε are the initial and final optical den-
sity of the solution and extinction coefficient, respectively;
I0(λ) is the spectral distribution of the UV lamp intensity;T
is the total irradiation time. The absorption spectra of com-
pounds1–3 and their photoproducts were measured with a
Cary-3 UV-Vis spectrophotometer. The fluorescence spectra
of compounds1–3 in ACN, the fluorescence and excitation
spectra of their photochemical products (diluted solutions
C ≤ 3×10−6 M) and spectral distribution of the UV lamps,
I0(λ), were recorded on the PTI QuantaMaster spectrofluo-
rimeter. The integrated intensity of the UV lamp irradiation,
I0 = ∫

λ
I0(λ)dλ, was measured with a Laserstar powerme-

ter (Ophir Optronics Inc.) with sensitivity in the nanowatt
range.

Quantum yields of the photoreactions of compounds1–3,
at low concentrations (C ≤ 3 × 10−6 M), were obtained by
the fluorescence method previously described[16], which
was based on the temporal measurements of the fluorescence
intensity. The fluorene solution was placed in a microcuvette
(0.1 cm× 0.1 cm× 1 cm) and the entire volume was irra-
diated with a Xe-lamp, after passing through the excitation
monochromator of the PTI QuantaMaster spectrofluorime-
ter. In this case the quantum yield of the photoreaction can

be calculated as[16]:

Φ = 1 − (FT /F0)

I0 × σ(λirr ) × ∫ T

0 (F(t)/F0)dt
, (2)

whereF0 andFT are the initial and final fluorescence inten-
sity from the microcuvette, respectively;I0 the irradiation
intensity; σ(λirr ) is the molecular absorption cross-section
at λirr . In Eq. (2) it is assumed that optical density and
fluorescence of the photochemical products of1–3 were
negligible in the spectral region of the observed fluore-
scence.

3. Results and discussion

The detailed photophysical characterization of fluorene
derivatives1–3 (Fig. 1) in ACN and other aprotic solvents
was described previously[7]. The absorption and fluores-
cence spectra of compounds1–3 in ACN are shown inFig. 2.
These compounds are characterized by high fluorescence
quantum yields in ACN (0.9 ± 0.08 (1), 0.7 ± 0.1 (2), and
0.9± 0.08 (3)), which were nearly independent of the oxy-
gen concentration in the solvent. The fluorescence spectra
of unsymmetrical derivatives1 and3 exhibited a strong de-
pendence on solvent polarity in contrast to the symmetrical
fluorene derivative2 [7].

In order to understand the major factors that contribute to
the photodegradation of fluorene derivatives1–3, the quan-
tum yields of the photoreactions were measured at different
concentrations, irradiation wavelength, and oxygen concen-
tration. These data are presented inTable 1. For the concen-
trationsC ∼ (2−5)×10−5 M, the values ofΦ were obtained
from the time-dependent absorption spectra of1–3 presented
in Figs. 3–5for λirr ≈ 360 nm. The same spectra were
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Fig. 1. Structures of compounds1–3.
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Fig. 2. Normalized absorption and fluorescence spectra of compounds1 (1, 1′), 2 (2, 2′), and3 (3, 3′) in ACN.

obtained forλirr ≈ 250 nm and correspondingΦ are pre-
sented inTable 1. For low concentrations,(1−3)×10−6 M,
quantum yields of the photoreactions were measured by the
fluorescence method mentioned above[16] for differentλirr
in the spectral region 240 nm< λirr < 400 nm. Thus, the
wavelength dependence quantum yields,Φ(λirr ) were ob-
tained at low concentrations for1–3 in ACN (Figs. 6–8).
These experimental results facilitated a detailed photochem-
ical analysis of1–3.

Table 1
Quantum yields,Φ, of the photoreactions of1–3 at different concentrations,C, excitation wavelength,λexc, and oxygen content in ACN.

N/N Fluorene1 Fluorene2 Fluorene3

Φ (3.5 ± 0.6) × 10−4 (6.5 ± 1) × 10−4 (3.9 ± 0.7) × 10−4

λexc (nm) 360 360 360
air-saturatedC (M) 2.4 × 10−5 4.5 × 10−5 2.5 × 10−5

Φ (2.3 ± 0.4) × 10−4 (6.5 ± 1) × 10−4 (1.7 ± 0.3) × 10−4

λexc (nm) 250 250 250
air-saturatedC (M) 2.4 × 10−5 4.5 × 10−5 2.5 × 10−5

Φ (2.7 ± 0.4) × 10−6 (1.8 ± 0.3) × 10−4 (1.6 ± 0.3) × 10−5

λexc (nm) 360 360 360
N2-saturatedC (M) 2.4 × 10−5 4.5 × 10−5 2.5 × 10−5

Φ (6.3 ± 1) × 10−6 (5 ± 0.8) × 10−4 (5.8 ± 1) × 10−5

λexc (nm) 250 250 250
N2-saturatedC (M) 2.4 × 10−5 4.5 × 10−5 2.5 × 10−5

Φ (3 ± 1) × 10−5 (6.5 ± 1.5) × 10−5 (2.3 ± 0.6) × 10−4

λexc (nm) 360 360 360
air-saturatedC (M) 1.6 × 10−6 2.4 x 10−6 1.6 × 10−6

Φ (1.2 ± 0.5) × 10−5 (3.5 ± 1) × 10−5 (6 ± 1.5) × 10−5

λexc (nm) 250 250 250
air-saturatedC (M) 1.6 × 10−6 2.4 × 10−6 1.6 × 10−6

3.1. Analysis of 111

Fluorene1 undergoes complicated processes of photo-
chemical decomposition. The quantum yield of the pho-
toreaction of1, upon excitation in its main absorption band
(λirr ≈ 360 nm), increased with concentration essentially
from Φ ≈ 3×10−5 (C ≈ 1.6×10−6 M) to Φ ≈ 3.5×10−4

(C ≈ 2.4 × 10−5 M), indicative of a second-order photore-
action. Deoxygenation of the solution atC ≈ 2.4× 10−5 M
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Fig. 3. Time-dependent absorption spectra of1 in ACN (λirr = 360 nm;
I0 = 4 mW/cm2): (1) 0 min; (2) 15 min; (3) 30 min; (4) 45 min; (5) 60 min;
(6) 75 min; (7) 90 min; (8) 120 min; (9) 150 min; (10) 180 min; and (11)
210 min.

led to a dramatically increase in photostability of1 (Φ ≈
2.7 × 10−6). The concentration of the triplet oxygen,3O2,
in ACN is 9.1× 10−3 M [17], much larger than the concen-
tration of 1. Thus, it can be assumed that the concentration
of any generated singlet oxygen1O2 may be comparable
to the fluorene concentration and leads to the second-order
of photoreaction. Therefore, it may be assumed that the
photodegradation processes of1 in ACN (at λirr ≈ 360 nm
andC ≈ 2.4 × 10−5 M) are mainly determined by the1O2
concentration (self-oxidation process), in contrast to the
unsubstituted fluorene which exhibited low efficiency in the
reaction with1O2 [14].

Short wavelength excitation atλirr ≈ 250 nm corresponds
to the transitions into high excited electronic states of com-
pounds1–3 [7]. In this case, the quantum yield of the pho-
toreaction of1 decreased by 1.5–2 times and the influence
of oxygen on the photodegradation process was reduced.
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Fig. 4. Time-dependent absorption spectra of2 in ACN (λirr = 360 nm;
I0 = 4 mW/cm2): (1) 0 min; (2) 15 min; (3) 30 min; (4) 45 min; (5) 60 min;
(6) 90 min; (7) 120 min; (8) 150 min; (9) 180 min; and (10) 210 min.

Fig. 5. Time-dependent absorption spectra of3 in ACN (λirr = 360 nm;
I0 = 4 mW/cm2): (1) 0 min; (2) 15 min; (3) 30 min; (4) 45 min; (5)
60 min; (6) 90 min; (7) 120 min; (8) 150 min; (9) 180 min; (10) 240 min;
(11) 300 min; (12) 360 min; and (13) 420 min.

The absorption and fluorescence spectra of the photochem-
ical products of1 were nearly the same forλirr ≈ 360 and
λirr ≈ 250 nm (Fig. 9). This means that the same mechanism
of the photochemical decomposition of1 occurred at both
irradiation wavelengths, but different pathways resulted in
population of the “photochemically active” electronic state.
The fluorescence spectra of the photochemical products of1
exhibited a dependence on the excitation wavelength. This
can be explained by the formation of several fluorescent
photoproducts in the spectral region 300–380 nm.

3.2. Analysis of 222

Fluorene2 is a symmetrical fluorene derivative bearing
two diphenylamino substituents with strong electron-dona-
ting properties. Time-dependent absorption spectra of2 upon
irradiation atλirr ≈ 360 nm are presented inFig. 4. Values
of Φ for different concentrations, oxygen content of the sol-
vent, and its dependence on irradiation wavelength are pre-
sented inTable 1andFig. 7. As can be seen from the data
in Table 1, the quantum yield of the photoreaction of2 in-
creased with concentration and exhibited complicated pho-
tochemical decomposition, including at least two different
mechanisms. One possible mechanism involves generation
and reaction of singlet oxygen (second-order photoreaction),
while deoxygenation of the solvent led to an increase in
photostability.

The second mechanism may be associated with an elec-
tron transfer process proceeding from the amine group with
the formation of a stable cation radicals (first-order photore-
action) [18]. This mechanism is nearly independent of the
oxygen concentration and is characterized by an increase
in Φ under short wavelength excitation. Thus, the value
of Φ for N2-saturated solutions increased from 1.8 × 10−4

(λirr ≈ 360 nm) to 5× 10−4 (λirr ≈ 250 nm). Cation radical
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Fig. 6. Dependence of the photoreaction quantum yield,Φ: (1) on the irradiation wavelength for1 in ACN and absorption spectrum of1 in ACN.
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Fig. 7. Dependence of the photoreaction quantum yield,Φ: (1) on the irradiation wavelength for2 in CAN and (2) absorption spectrum of2 in ACN.
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Fig. 8. Dependence of the photoreaction quantum yield,Φ: (1) on the irradiation wavelength for3 in CAN and (2) absorption spectrum of3 in ACN.
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Fig. 9. Absorption (1, 2) and fluorescence spectra (1′, 2′, λexc = 320 nm) of the photochemical products of1 in ACN after 120 min irradiation at
λirr = 360 nm (1, 1′) and 120 min irradiation atλirr = 250 nm (2, 2′).

formation was also supported by the different absorption
and fluorescence spectra of the photoproducts of2 obtained
at different irradiation wavelengths (Fig. 10). FromFig. 10
curves 1, 2, it can be seen that the composite absorption
spectra of the photoproducts of2 consists mainly of a short
wavelength absorption, with maximum wavelengthλmax ≈
290 nm, and a broad, long wavelength absorption band, with
λmax ≈ 430–460 nm. This latter absorption can be attributed
to amine cation radicals[19].

The fluorescence spectra of the photoproducts of2
(Fig. 10 curves 1′, 2′) are complex and depend on the ex-
citation wavelength. Therefore, formation of a number of
photoproducts occurred during irradiation. The excitation
spectra of the photoproducts (Fig. 10 curves 1′′ and 2′′),
whose fluorescence emission ranged from 430–530 nm
(Fig. 10curve 1′), were very similar to the absorption spec-
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Fig. 10. Absorption (1, 2), fluorescence (1′, 2′, λexc = 290 nm), and excitation (1′ ′, 2′ ′, λobs = 500 nm) spectra of the photochemical products of2 in
ACN after 210 min irradiation atλirr = 360 nm (1, 1′, 1′ ′) and 210 min irradiation atλirr = 250 nm (2, 2′, 2′ ′).

tra of unsymmetrical fluorene derivatives1 and 3 (Fig. 2
curves 1 and 3). Since the cation radical products are es-
sentially nonfluorescent, these fluorescent photoproducts
appear to be neutral species.

3.3. Compound 333

Fluorene3 also exhibited complex photochemical decom-
position, dependent on concentration, oxygen content of the
solution, and irradiation wavelength. Time-dependent ab-
sorption spectra of3 for irradiation atλirr ≈ 360 nm and the
wavelength dependence of the quantum yield of the pho-
toreaction are presented inFig. 5 and Fig. 8, respectively.
A weak dependence of the quantum yield of the photore-
action of3 on its concentration (seeTable 1), indicating a
high velocity constant for the first-order photoreaction. This
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Fig. 11. Absorption (1, 2), fluorescence (1′, 2′, λexc = 290 nm), and excitation (1′ ′, 2′ ′, λobs = 490 nm) spectra of the photochemical products of3 in
ACN after 360 min irradiation atλirr = 360 nm (1, 1′, 1′ ′) and 420 min irradiation atλirr = 250 nm (2, 2′, 2′ ′).

first-order process played a dominant role and was strongly
depended on oxygen content of the solvent. Assuming that
the efficiency of the singlet oxygen formation is not efficient
for 3 (since the fluorescence quantum yield of3 in ACN
∼ 0.9 [7]), molecular3O2 oxygen is the primary reactant
in this process. The role of3O2 should be important since
its concentration in ACN is≈9×10−3 M compared to the
concentration of3 (≤5 × 10−5 M).

The quantum yield for the photoreaction for air-saturated
solutions of all three derivatives decreased in the short wave-
length region (seeTable 1and Figs. 6–8for 1–3, respec-
tively). This result is unusual and further investigation is
needed to understand the exact reason for this behavior. The
photobleaching of N2-saturated solutions of3 was more ef-
ficient for short wavelength irradiationλirr ≈ 250 nm.

The absorption and fluorescence spectra of the photo-
products of3 are shown inFig. 11, their complexity sug-
gests a number of photochemical processes occurred. The
excitation spectra (curves 1′′, 2′′) revealed the formation
of neutral fluorene species exhibiting intense fluorescence
emission from 460–500 nm. The photochemical decompo-
sition of 3 was strongly dependent on molecular oxygen
3O2. The electron transfer mechanism also occurred, re-
sulting in photoproducts that absorb in the spectral region
λ ≥ 440 nm (Fig. 5, andFig. 11, curves 1, 2).

4. Conclusions

The photochemical properties of a series of TPA fluorene
derivatives1–3 were investigated in ACN as a function of
fluorene derivative concentration, oxygen content of the sol-
vent, and irradiation wavelength. The quantum yields of the

photoreactions of1–3 in air saturated solutions decreased
under excitation into higher excited electronic states (λirr ≈
250 nm). For the N2-saturated solutions, the opposite depen-
dencies ofΦ on the irradiation wavelength were observed.
The analyses of the quantum yields of the photoreactions,
along with the absorption and fluorescence spectra of the
photoproducts, suggest the following mechanisms for the
photodegradation of compounds1–3:

• singlet oxygen formation via sensitization by excited flu-
orene molecules, followed by bimolecular reaction be-
tween1O2 and the ground state fluorene derivative;

• direct molecular oxygen3O2 reaction with the excited
fluorene derivative; and

• electron transfer processes with the formation of stable
cation radicals (or other nonfluorescent photoproducts)
with absorption atλ ≥ 440 nm.

The photochemical decomposition of1 was primarily in-
fluenced by singlet oxygen formation (second-order pho-
toreaction) and decreased by over two-orders of magnitude
when oxygen was excluded. Symmetrical fluorene deriva-
tive 2, with two electron-donating diphenylamino groups,
exhibited reactivity that can be largely attributed to photore-
action with singlet oxygen and electron transfer processes.
The photostability of3 was dependent on oxygen concen-
tration in the solvent, suggesting a dominant role of molec-
ular oxygen3O2 in the photoprocesses. The appearance of
long wavelength absorption species also suggest an elec-
tron transfer process occurred in the photodegradation of
3, resulting in formation of cation radical photoproducts.
The low photochemical quantum yield (Φ ∼ 10−4–10−6 in
oxygen-free environments) suggests relatively high photo-
stability of 1–3. The photostability of the derivatives, along
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with their high fluorescence quantum yields and two-photon
absorptivity makes them particularly promising in nonlinear
optical applications.
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