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One- and Two-Photon Fluorescence Anisotropy
of Selected Fluorene Derivatives
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The steady-state excitation anisotropy spectra of fluorene derivatives were measured in viscous
solvents, under the one- and two-photon excitation, over a broad spectral range (UV-Visible). The
orientation of their absorption transition moments for the first, So — S;, and second, Sy — S,,
excited states were determined. It was shown experimentally that a decrease in the angle between
So — Sjand Sy — S, transitions corresponded to an increased value of two-photon absorption
(2PA) cross section for these molecules. Two-photon excitation anisotropy was nearly constant over
the spectral region investigated (in contrast to one-photon excitation anisotropy spectra) and can be
roughly explained by a simple model of 2PA based on the single intermediate state approximation. For
comparison, the same trend in two-photon excitation anisotropy was observed for Rhodamine B in
glycerol.

KEY WORDS: Two-photon excitation anisotropy; steady-state fluorescence; transition dipole moments; fluorene

derivatives.

INTRODUCTION

Fluorescence anisotropy measurements represent a
powerful tool for the investigation of spectroscopic prop-
erties of organic molecules and are a subject of a great
interest, particularly in the design of materials for pho-
tonic and nonlinear optical applications. Steady-state flu-
orescence anisotropy can be used for determination of
the molecular symmetry [1], spectral position of various
absorption electronic transitions in complex absorption
bands [2], microviscosity of biological membranes [3,4],
and directions of the molecular transition moments [5,6].
Additional important information can be obtained from
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time-dependent anisotropy decays. These types of exper-
imental techniques have been employed for the investiga-
tions of certain fast relaxation processes in the molecules
[7,8], intramolecular energy transfer [9], photoinduced
proton transfer reactions [10], interaction of a molecule
with surrounding solvent [11], and segmental mobility of
a biopolymer-bound fluorophore [12].

Fluorescence anisotropy measurements under two-
photon excitation are intrinsically more sensitive than one-
photon excitation due to its higher anisotropy values [2,13]
that, in some cases (especially for biomolecules), can lead
to significant advantages when compared to traditional
one-photon methods [14]. The comparison of one- and
two-photon anisotropy can afford a deeper understanding
of the mechanism of two-photon absorption (2PA), provid-
ing information not available by conventional fluorescence
anisotropy, 71pa [11]. In spite of the merits of two-photon
anisotropy (rpa), these investigations are still very lim-
ited. Most of them have been performed over a limited
spectral region (typically one electronic band), and their
analysis is mostly directed to the comparison rps and rpa .

1053-0509/05/0100-0003/0 © 2005 Springer Science-+Business Media, Inc.



It was shown that only in some cases rpp exceeds 71pa (€.8.
[15]), whereas much more often (e.g. the case of tyrosine,
phenol [16], indole, and tryptophan [17]) the values of
ropa < ripa. This unusual behavior of r,pa is connected
with the peculiarities in molecular electronic structures,
which determine their 2PA mechanism [18]. However, in
many cases, two-photon anisotropy behavior remains un-
clear and unpredictable [19]. Thus, a detailed investigation
of two-photon anisotropy and its comprehensive analysis
is very important in developing an understanding of the
mechanisms of 2PA.

In this paper, we present the results of a detailed in-
vestigation of the steady-state fluorescence anisotropy of
four fluorene derivatives, under one- and two-photon ex-
citation over a broad spectral region (UV-Visible) along
with the quantitative analysis of their spectral parame-
ters and orientation of the molecular transition moments.
The comparison of one- and two-photon fluorescence
anisotropy revealed some general peculiarities in 2PA pro-
cesses that can be attributed not only to the specific fluo-
rene derivatives studied but, perhaps, more generally for
other two-photon absorbing fluorophores.
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EXPERIMENTAL

The fluorene derivatives (7-benzothiasol-2-yI-9,9-
didecylfluoren-2-yl)diphenylamine (1), 9,9-didecyl-2,
7-bis-(N,N -diphenylamino)filuorene (2), {4-[2-(7-dip-
henylamino-9,9-diethylfluoren-2-yl)vinyl]phenyl} phos-
phoric acid diethyl ester (3), and 2,7-bis-[4-(9,9-
didecyl-fluoren-2-yl)vinyl] phenylbenzothiazole (4), were
synthesized previously [20-22] and characterized photo-
physically [23,24]. Molecular structures of these com-
pounds are presented in Fig. 1. Excitation anisotropy
spectra of 1-4 were measured in viscous silicon oil and
poly(tetrahydrofuran) (pTHF, m.w. ~250) obtained from
Aldrich. In the viscous solvents, correlation rotational
time, 6, for the organic molecules essentially exceeds their
fluorescence lifetime, 7, and therefore, anisotropy reaches
the maximum value, determined by the molecular struc-
ture, and is independent of the rotational movement of the
molecule [2].

Absorption spectra of 1-4 were recorded with
Cary-3 UV-Visible spectrophotometer. Steady-state flu-
orescence and one-photon excitation anisotropy spectra
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Fig. 1. Structures of compounds 1-4.
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were measured in 10 mm quartz cuvettes with a Photon
Technologies, Inc. (PTI). Quantamaster spectrofluorime-
ter in the photon-counting regime of the photomultiplier
tube (PMT) using an L-format method for anisotropy
measurements [2]. Concentrations (C) of 1-4 in silicon
oil and pTHF were ~10~® M for one-photon excitation
measurements.

Two-photon linear polarized excitation of 1-4 were
performed using a Clark-MXR 2001 Ti:Sapphire ampli-
fied, second harmonic of an erbium-doped fiber ring os-
cillator system (output 775 nm) pumped an optical para-
metric generator/amplifiers (TOPAS, Light Conversion),
with pulse duration, 2120 fs, (FWHM), 1 kHz, repetition
rate, tuning range 560-2100 nm, and maximum average
power ~25 mW. Upconverted fluorescence and excita-
tion anisotropy spectra of 1-4 under two-photon excitation
were measured in 10 mm quartz cuvettes (C ~ 1075 M)
with a PTT Quantamaster spectrofluorimeter in the analog
regime of PMT using an L-format method for anisotropy
studies. Fluorescence lifetimes of 1-4 in silicon oil and
pTHF were obtained with a PTI Timemaster spectrofluo-
rimeter. Experimental details of these measurements were
previously reported [24]. All spectra were background
subtracted using the corresponding solvent in 10 mm
quartz cuvettes. Measurements of the upconverted fluo-
rescence intensity on the incident laser power confirmed
the quadratic dependence for all excitation wavelengths,
characteristic of 2PA.

RESULTS AND DISCUSSION

The fluorescence lifetimes, 7, and rotational correla-
tion times, 6 [2], for fluorenes 1-4 in silicon oil and pTHF
were obtained in order to demonstrate that the fluores-
cence anisotropy was independent of rotational diffusion,
and mainly determined by the electronic structure of the
molecules (see Table I). It was found that T < 6 for all
investigated compounds. In this case, the anisotropy, 7pa,
reached the maximum value, r1py™**, and can be expressed
as [2]:

r= 0 = 1)/dy +210) = ripa™ /(1 + 7/60) = ripa™
ey

where /| and /, are the fluorescence intensities polarized
parallel and perpendicular to the excitation light, respec-
tively; & = nV/(RT); n is the solvent viscosity (n > 200 cP
for both silicon oil and pTHF); V is the volume of the
molecule; R is the gas constant; T is the temperature in
Kelvin.

It is known that rjps™* depends on the angle be-
tween the absorption and emission transition moments, 3,
and range from —0.2 < ripA™* < 0.4 for one-photon ex-
citation and —0.29 < rppA™** < 0.57 for two-photon ex-
citation (parallel absorbing oscillators), according to the
Eqgs. 2a and 2b, respectively [2]:

ripa™ = (3cos? B — 1)/5 (2a)

and

rapa™ = (6¢cos> B —2)/7 (2b)

The UV-Visible absorption and corrected fluores-
cence spectra of 1-4 in silicon oil and pTHF are presented
in Figs. 2a—d. The absorption spectra (curves 1, 1") are
nearly independent of solvent polarity, Af, while their
fluorescence spectra (curves 2, 2') exhibit a strong de-
pendence on Af. The Stokes’ shifts of the compounds
were shown to be proportional to Af in accordance to
the Lippert equation [2]. The nature of the absorption
spectra over the spectral range 250-450 nm was revealed
from the one-photon excitation anisotropy measurements
(curves 3, 3'). The constant anisotropy values within the
long wavelength absorption bands (350—450 nm) for all
compounds 1-4 correspond to the first electronic transi-
tion, So — S;. For Aexe &#310 nm (Figs. 2a—c, curves 3,
3") and Aexe ~330 nm (Fig. 2d, curves 3, 3') the exci-
tation anisotropy decreased and reached a minimum, in-
dicating the position of the second electronic transition,
So — S,. For compound 4, the intensity of the transition
at Aexe 2330 nm (Fig. 2d, curve 3, 3') was relatively small
(Fig. 1), compared to other fluorene derivatives.

As mentioned above, the absorption spectra of 1-4
were nearly solvent-independent. This trend was observed
for 1-4 in silicon oil, pTHF, and other solvents [23]. There-
fore, we can assume that the orientation of the absorption
transition moments Sy — S; and Sy — S, are also nearly
solvent-independent, and are primarily determined by the

Table 1. Fluorescence Lifetimes, 7, and Rotational Correlation Times, 6, for 1-4 in Silicon Oil and pTHF

Silicon oil pTHF
Solvent
compound 1 2 3 4 1 2 3 4
7 (ns) 1.7+0.15 1.07+£0.15 15+£015 04+£01 20+£02 08+£01 1.8+£02 0.85+£0.15
6 (ns) > 35 > 38 > 40 > 42 > 35 > 38 > 40 > 42
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Fig. 2. (a) Absorption (1, 1"), fluorescence (2, 2'), and one-photon excitation anisotropy (3, 3")
spectra of 1 in silicon oil (1, 2, 3) and pTHF (1, 2/, 3'). (b) Absorption (1, 1), fluorescence (2,
2'), and one-photon excitation anisotropy (3, 3') spectra of 2 in silicon oil (1, 2, 3) and pTHF
(1/,2/,3"). (c) Absorption (1, 1), fluorescence (2, 2'), and one-photon excitation anisotropy (3,
3’) spectra of 3 in silicon oil (1, 2, 3) and pTHF (1’, 2, 3'). (d) Absorption (1, 1), fluorescence
(2, 2/), and one-photon excitation anisotropy (3, 3') spectra of 4 in silicon oil (1, 2, 3) and
pTHF (1,2, 3).
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Fig. 2. Continued

electronic structure of the molecules. This orientation may
affect the efficiency of one- and two-photon absorption
processes and is a subject of great interest [2,25].

In general, one is unable to determine the relative
orientation between different ground state transition mo-
ments from the excitation anisotropy spectra if rjps™* #
0.4 in the So — S; transition. Only the angles between
So — S; absorption and S| — Sy emission (B;), as well
as between So — S, and S; — Sg (), can be calculated
from Eq. (2a) at known values of one-photon excitation
anisotropy 71pa™** and r}p, ™, respectively (see Table II).
From this data, it was found that the value of §; strongly
depended on the solvent properties and can be altered more
than 5-fold, for example, see the data for fluorene 4. In con-
trast, the value of , was nearly solvent-independent for
1-4. This behavior facilitated the determination of the an-
gles, o, between the orientations of Sy — S;and So — S,
transitions.

As follows from the above discussion and illustrated
in Fig. 3, the angles §; and B, are placed in perpendicular
planes and, therefore, 8, & «. Thus, in this case angle «,
for all compounds 1-4, can be estimated from the excita-

tion anisotropy data. These data are presented in Table IIT
along with the corresponding 2PA cross sections, oopa,
obtained by the upconverted fluorescence method [26].
Table III also contains the values of another important
parameter, A, i.e. the change in the permanent dipole
moments obtained from the Lippert equation [2].
Analysis of the data presented in Table IIl made it rea-
sonable to assume that the angle o (between Sp — S; and
So — S, transition moments) can play an important role
in 2PA processes. For example, the symmetrical fluorenes
2 and 4 have nearly the same values of |Au| &~ 5-10 D
but exhibit a considerable difference in opa. It follows
from the data in Table III that a decrease in the angle «
(from 59-60 to 25-29°) leads to an increase in o,pa. This
trend was found for o,pa relating to both absorption bands
with the peak positions at 390 nm (S; is a final state) and
310 nm (S, is a final state). A systematical increase in o,pa
at 310 nm, corresponding to the absorption into S;-state,
is known to be associated with the quantum mechanical
symmetry rules governing one- and two-photon absorp-
tion processes [27]. Thus, our experimental data show
that a more parallel orientation of So — S; and So — S,

Table II. The Values of One-Photon Excitation Anisotropy, r1pa™", riPA'““X, and Corresponding Angles, 81 and S, for 1-4 in Silicon Oil and pTHF

Silicon oil pTHF
Solvent
compound 1 2 3 1 2 3 4
ripa™>* 0.23+£0.002  0.255+0.005 0.283 £0.003 0.34 +0.003 0.363 +0.003  0.377 £ 0.003 0.38 £0.004 0.398 & 0.003
B1.,° 322+£0.5 294 +£0.5 26.2£0.5 184+ 0.5 144405 11.3+05 11.5+05 33+£05
7 ipa™ 0.062 £+ 0.005 —0.042 4 0.004 0.125 £ 0.003 0.254 £0.003 0.096 &+ 0.005 —0.047 4+ 0.005 0.15+0.006 0.29 £ 0.02
B2.° 48.6 £ 0.5 59.1£0.5 428 +£0.5 29.6 £0.5 454+ 0.5 59.2£0.5 40205 254 +£0.5
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Fig. 3. The directions of the absorption So — S, So — S» and emis-
sion S; — S transition moments of fluorene derivatives in pTHF (cor-
responding angles 1, B2) and silicon oil (corresponding angles B, 85).

absorption transition moments can lead to an increase in
oopa (discussed further below).

The second important point of this work is associated
with the comparison of the two- and one-photon excitation
anisotropy spectra. The two-photon excitation anisotropy
spectra of 1-4 in silicon oil and pTHF are shown in
Figs. 4aandb. As can be seen, the anisotropy values of 1-3
and 4 (in pTHF) under the two-photon excitation remain
nearly constant over the entire spectral region (Figs. 4a
and b, curves 1, 1, 2") and slightly increase for 4 in silicon
oil at Aexe < 330 nm (Fig. 4b, curve 2). In contrast, the
one-photon excitation anisotropy exhibited considerable
changes upon excitation into the second excited state S;.

This somewhat unusual behavior of two-photon
anisotropy can be explained by a simplistic mechanism of
2PA process based on the single intermediate state (SIS)
approach [28]. In this case, the molecule can be mod-
eled by the two arbitrary oriented linear oscillators, which
simultaneously absorb two-photons and transfer their en-
ergy to the emission oscillator. Mutual orientation of these
three oscillators (two in absorption and one in emission)
determines the value of two-photon anisotropy, ropa™*
The parallel orientation of all oscillators corresponds to

Table III. The Angles o, Two-Photon Absorption Cross Sections,
o2pa, and Changes in the Stationary Dipole moments, A, for 1-4.

o2pa (GM)
Compound a,’ Aexe =390 nm  Aexe =310nm Ap(D)
2 59-60 ~10 ~140 6-10
1 45-48 ~100 ~350 20-26
3 40-43 ~300 ~600 20-30
4 25-29 ~1400 ~6000 4-10
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the theoretical limit of ropA™* & 0.57. In general case,
for estimation of ropa™®*, its necessary to find out what
real molecular oscillators are involved into 2PA process.
In SIS approach, the absorption cross sections, ospa, into
S: and S, electronic states can be written as [29,30]:

oapa(So = S1) ~ (Jpor P1ALP)/I(E;

—Eo —ho)lp ], (3a)
o2ea(So = S2) ~ (lnor [’ 12 )/ [(Ey

—Eo —ho)lp ], (3b)

where the subscripts 0, 1, and 2 refer to Sy, S;, and S,
electronic states, respectively; Eg, E;, E, are the ener-
gies of the corresponding electronic states; hw = (E; —
E)/2(i =1 for Eq. (3a), and i = 2 for Eq. (3b)); oy,
Iz and po;, (o are the damping factors and transition
dipole moments for Sy — S; and Sy — S», respectively;
Ap is the change in the permanent molecular dipole mo-
ment under the excitation Sy — S;. In this approach, the
dipoles o) and Ap (for two-photon excitation into Sy),
and o1, 12 (for excitation into S;) can be considered as
real molecular oscillators involved in 2PA process, and can
determine the behavior of two-photon anisotropy. There-
fore, relatively low values of rops™** for 2 in silicon oil
and pTHF can be explained by the large angle between
o1 and Ap. In contrast, a large value of r,py™* > 0.5
for 4 in silicon oil at Ay < 330 nm (Fig. 4b, curve 2) cor-
responds to the small angle between po; and pt1,. Con-
stant values of ropa™** over the region of 280—450 nm
(Figs. 4a and b, curves 1, 1’, 2') reveal a nearly parallel
orientation of w1, and Au, and S; as a dominant inter-
mediate electronic state for both Sy — S; and Sy — S,
two-photon transitions. Additional quantum-chemical cal-
culations and pump-probe polarization experiments [25]
are needed to prove this hypothesis.

In order to find out whether this explanation may be
related to other classes of organic molecules, analogous
excitation anisotropy measurements were performed for
Rhodamine B, under one- and two-photon excitation over
a broad spectral region (Fig. 5). As can be seen, the one-
photon excitation anisotropy spectrum revealed the nature
of absorption bands. Different maxima and minima in this
spectrum (curve 2) correspond to the position of the short
wavelength absorption bands attributed to the higher ex-
cited electronic transitions (Sg — S;, S — S3, ...). In
contrast, the value of two-photon excitation anisotropy
(curve 3) remains nearly constant over the entire spec-
tral region (three electronic transitions) in the same way
as for the fluorene molecules 1-4. Currently, there is not
enough information to explain this behavior of 7ppp™** for
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Fig. 4. (a) Two-photon excitation anisotropy spectra of 1 (1, 1’) and 3 (2, 2') in silicon oil (1,
2) and pTHF (1’, 2'). (b) Two-photon excitation anisotropy spectra of 2 (1, 1’) and 4 (2, 2') in
silicon oil (1, 2) and pTHF (1’, 2').

to the situation in which both transitions Sy — S; and
S; — S, are parallel. Unfortunately, from our measure-
ments, the angles between Sy — S; and S; — S, transi-
tions could not be determined. However, for fluorenes 1-4,

Rhodamine, especially taking into account nearly parallel

orientation of g, and i, [31].
From the theory of 2PA, the largest value of o,ps into

S, state (all other parameters being equal) corresponds
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Fig. 5. Absorption (1), one- (2) and two-photon (3) excitation anisotropy spectra of
Rhodamine B in glycerol.

the calculated angles o (shown in Table III) may reflect
the relative orientation between Sy — S; and S; — S,
transitions. Compound 4 can be considered as the ana-
logue of a linear polyene, for which it is known that al-
most all of the low-lying one-photon absorption bands
are aligned along the long molecular axis. Therefore, a
relatively small angle o (<30°) indicates that not only
So — Sy and So — S, transitions are close to parallel but
So — Sj and S; — S, transitions are close to parallel as
well, leading to an increased value of o,ps. Certainly, a
large increase of oyps from 2 to 4 cannot be completely
explained by the orientation of their transition dipole mo-
ments. Even though the changes in permanent dipole mo-
ments (i.e. Ap) for both molecules are similar, the magni-
tudes of their transition dipole moments (i.e. o and 1£12)
may be quite different. Nonetheless, the effect of the ori-
entation of these transition moments plays an important
role in the enhancement of oypa.

CONCLUSIONS

The specific electronic structure of the fluorene
derivatives 1-4 afforded the determination of the ori-
entation of absorption transition moments So — S; and
So — S, from one-photon excitation anisotropy spectra
in viscous solutions. The molecules with a more paral-
lel orientation of these transitions exhibited an increased
value of 2PA cross sections. This result can be use-

ful for the design of new fluorophores exhibiting strong
2PA.

The values of two-photon excitation anisotropy for
1-4 in pTHF and 1-3 in silicon oil remained nearly con-
stant over the entire spectral region (290-390 nm), and can
be roughly explained by a simple model of 2PA process
based on a SIS approximation. The same spectral behavior
of two-photon excitation anisotropy was found for a repre-
sentative of another class of organic dyes, Rhodamine B.
Additional investigations and quantum-chemical calcula-
tions are needed for a deeper understanding of two-photon
anisotropy phenomenon.

ACKNOWLEDGMENTS

The National Science Foundation (ECS-9970078,
ECS-0217932, DMR-9975773), National Research
Council (COBASE), Research Corporation, and the
donors of The Petroleum Research Fund of the American
Chemical Society are gratefully acknowledged for
support of this work.

REFERENCES

1. R. D. Hall, B. Valeur, and G. Weber (1985). Polarization of the
fluorescence of triphenylene: A planar molecule with three-fold
symmetry. Chem. Phys. Lett. 116, 202-205.



One- and Two-Photon Fluorescence Anisotropy

2.

3.

11.

12.

13.

14.

15.

16.

J. R. Lakowicz (1999). Principles of Fluorescence Spectroscopy,
2nd ed., Kluwer Academic/Plenum Press, New York.

M. Shinitzky, A. C. Dianoux, C. Gitler, and G. Weber (1971).
Microviscosity and order in the hydrocarbon region of micelles
and membranes determined with fluorescent probes. 1. Synthetic
micelles. Biochemistry 10, 2106-2113.

. U. Cogan, M. Shinitzky, G. Weber, and T. Nishida (1973). Micro-

viscosity and order in the hydrocarbon region of phospholipid and
phospholipid-cholesterol dispersions determined with fluorescent
probes. Biochemistry 12, 521-528.

. J. Michl and E. W. Thulstrup (1987). Ultraviolet and infrared linear

dichroism: Polarized light as a probe of molecular and electronic
structure. Acc. Chem. Res. 20, 192—-199.

. M. Van Gurp and Y. K. Levine (1989). Determination of transition

moment directions in molecules of low symmetry using polarized
fluorescence. I. Theory. J. Chem. Phys. 90, 4095-4102.

. N. Sarkar, S. Takeuchi, and T. Tahara (1999). Vibronic relax-

ation of polyatomic molecule in nonpolar solvent: Femtosecond
anisotropy/intensity measurements of the S,, and S; fluorescence of
tetracene. J. Phys. Chem. 103, 4808-4814.

. N. Ito, O. Kajimoto, and K. Hara (2002). High-pressure studies of

rotational dynamics for coumarin 153 in alcohols and alkanes. J.
Phys. Chem. A 106, 6024—6029.

. M. I. Ranasinghe, O. P. Varnavski, J. Pawlas, S. I. Hauck, J. Louie,

J. F. Hartwig, and T. Goodson (2002). Femtosecond excitation
energy transport in triarylamine dendrimers. J. Am. Chem. Soc. 124,
6520-6521.

. P. Toele, H. Zhang, and M. Glasbeek (2002). Femtosecond

fluorescence anisotropy studies of excited-state intramolecular
double-proton transfer in [2,2'-bipyridyl]-3,3’-diol in solution. J.
Phys. Chem. A 106, 3651-3658.

S. W. Pauls, J. F. Hedstrom, and C. K. Johnson (1998). Rotational
relaxation of perylene in n-alcohols and n-alkanes studied by
two-photon-induced anisotropy decay. Chem. Phys. 237, 205-222.
G. Lipari and A. Szabo (1980). Effect of librational motion on fluo-
rescence depolarization and nuclear magnetic resonance relaxation
in macromolecules and membranes. Biophys. J. 30, 489-506.

A. Volkmer, V. Subramaniam, D. J. S. Birch, and T. M. Jovin (2000).
One- and two-photon excited fluorescence lifetimes and anisotropy
decays of green fluorescent proteins. Biophys. J. 78, 1589-1598.
G. A. Baker, S. Pandey, and F. V. Bright (2000). Extending the reach
of immunoassays to optically dense specimens by using two-photon
excited fluorescence polarization. Anal. Chem. 72, 5748-5752.

B. Kierdaszuk, H. Malak, I. Gryczynski, P. Callis, and J. R.
Lakowicz (1996). Fluorescence of reduced nicotinamides using
one- and two-photon excitation. Biophys. Chem. 62, 1-13.

J.R. Lakowicz, B. Kierdaszuk, P. Callis, H. Malak, and I. Gryczynski
(1995). Fluorescence anisotropy of tyrosine using one-and two-
photon excitation. Biophys. Chem. 56, 263-271.

. J. R. Lakowicz, I. Gryczynski, E. Danielsen, and J. Frisoli (1992).

Anisotropy spectra of indole and N -acetyl-l-tryptophanamide

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

11

observed for two-photon excitation of fluorescence. Chem. Phys.
Lett. 194, 282-286.

. J. R. Lakowicz and I. Gryczynski (1997). In J. R. Lakowicz (Ed.),

Topics in Fluorescence Spectroscopy, Nonlinear and Two-Photon
Induced Fluorescence, Vol. 5, Plenum Press, New York, pp. 87-144.

. I. Gryczynski, H. Malak, and J. R. Lakowicz (1999). Three-photon

excitation of N-acetyl-L-tyrosinamide. Biophys. Chem. 79, 25-32.
K. D. Belfield, D. J. Hagan, E. W. Van Stryland, K. J. Schafer,
and R. A. Negres (1999). New two-photon absorbing fluorene
derivatives: Synthesis and nonlinear optical characterization. Org.
Lett. 1, 1575-1578.

K. D. Belfield, K. J. Schafer, W. Mourad, and B. A. Reinhardt
(2000). Synthesis of new two-photon absorbing fluorene derivatives
via Cu-mediated Ullmann condensations. J. Org. Chem. 65, 4475—
4481.

K. D. Belfield, A. R. Morales, B. -S. Kang, J. M. Hales, D. J. Hagan,
E. W. Van Stryland, V. M. Chapela, and J. Percino (2004). Synthesis,
characterization and optical properties of new two-photon absorbing
fluorene derivatives. Chem. Mater. 16, 4634—4641.

K. D. Belfield, M. V. Bondar, O. V. Przhonska, K. J. Schafer, and
'W. Mourad (2002). Spectral properties of several fluorene derivatives
with potential as two-photon fluorescent dyes. J. Lumin. 97, 141-146.
K. D. Belfield, M. V. Bondar, O. V. Przhonska, and K. J. Schafer
(2002). Steady-state spectroscopic and fluorescence lifetime
measurements of new two-photon absorbing fluorene derivatives.
J. Fluorescence 12, 449-454.

R. S. Lepkowicz, O. V. Przhonska, J. M. Hales, D. J. Hagan, E. W.
Van Stryland, M. V. Bondar, Yu. L. Slominsky, and A. D. Kachkovski
(2003). Excited-state absorption dynamics in polymethine dyes
detected by polarization-resolved pump-probe measurements.
Chem. Phys. 286, 277-291.

C. Xu and W. W. Webb (1996). Measurement of two-photon
excitation cross sections of molecular fluorophores with data from
690 to 1050 nm. J. Opt. Soc. Am. B 13, 481-491.

P. R. Calli (1997). in J. R. Lakowicz (Ed.), Topics in Fluorescence
Spectroscopy, Nonlinear and Two-photon Induced Fluorescence,
Vol. 5, Plenum Press, New York, pp. 1-42.

R. R. Birge (1986). Two-photon spectroscopy of protein-bound
chromophores. Acc. Chem. Res. 19, 138—146.

M. Albota, D. Beljonne, J. L. Bredas, J. E. Ehrlich, J.-Y. Fu, A. A.
Heikal, S. Hess, T. Kogej, M. D. Levin, S. R. Marder, D. McCord-
Maughon, J. W. Perry, H. Rockel, M. Rumi, G. Subramaniam, W. W.
Webb, X.-L. Wu, and C. Xu (1998). Design of organic molecules with
large two-photon absorption cross sections. Science 281, 1653-1656.
T. Kogej, D. Beljonne, F. Meyers, J. W. Perry, S. R. Marder, and
J. L. Bredas (1998). Mechanisms for enhancement of two-photon
absorption in donor-acceptor conjugated chromophores. Chem.
Phys. Lett. 298, 1-6.

V. A. Gaisenok and A. M. Sarzhevskii (1986). Anizotropiya
Pogloshcheniya i Luminescencii Mnogoatomnux Molekul, Univer-
sitetskoe, Minsk.



