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1. INTRODUCTION

Two-photon absorption (2PA) is an instantaneous nonlinear
process, in which a chromophore absorbs two photons simultane-
ously.1 A distinctive feature of the 2PA is that the rate of the
absorption increases as the square of the incident photon flux. This
property finds practical uses in fluorescencemicroscopy,2 optical data
storage,3 intensity-dependent control of light transmission,4 micro-
fabrication,5 and photodynamic therapy.6

Because the peak values of the 2PA cross sections of most off-
the-shelf organic molecules in the visible- and near-IR range of
wavelengths are rather small, σ2 ∼ 1�102 GM (1 GM =
10�50 cm4 s photon�1), it is important to design new chromo-
phores with increased efficiency of the 2PA. Furthermore, as
described in recent reviews,7�10 such chromophores need to be
optimized for particular applications and for particular ranges of
wavelengths. Elementary quantum-mechanical perturbation the-
ory considerations imply that the enhancement of the σ2 may be

achieved in two alternative, even though complementary, man-
ners. The first would be to increase the value of the electronic
transition dipole moments between the ground state (g) and
intermediate excited states (i), as well as between the states (i)
and the final excited state (f).11 This property has been
found, for example, in symmetrical ED�π�EW�π�ED or
EW�π�ED�π�EW structural motifs, where �π� is a π-
conjugated bridge or linker group.12 In addition, when the
excitation wavelength approaches the resonance wavelength of
the intermediate g f i transition, then the resonance enhance-
ment effect may further boost the σ2 value, albeit in a limited
range of wavelengths.13 The second approach is based on the
notion that larger 2PA efficiency may be expected if the system
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ABSTRACT: We investigate two-photon absorption (2PA)
in a series of fluorenyl-based 9,9-diethyl-2-ethynyl-7-((4-R-
phenyl)ethynyl)-9,9a-dihydro-4aH-fluorene chromophores
with R being various electron donating (ED) and electron
withdrawing (EW) groups. We use wavelength-tunable femto-
second laser pulses to measure the 2PA cross sections in the
lowest dipole-allowed transition and show that the substituents
with stronger ED or EW character enhance the peak 2PA cross
section (up to σ2∼ 60�80 GM) while the neutral substituents
lead to smaller cross sections, σ2 < 10 GM. We apply two-level
approximation to establish a quantitative relation between the 2PA in the pure electronic transition (0�0) and the corresponding
change of the permanent electric dipole moment upon the excitation (Δμ). This relation is elucidated by comparing Δμ values
obtained from the 2PA measurements with quantum-chemical calculations and with measurements of solvatochromic shifts in a
series of solvents.We show that the calculatedΔμ correlate well with the values obtained from the 2PA spectroscopy. TheΔμ values
obtained from the solvatochromic shifts agree well with the above two methods for the chromophores with neutral or weak EW or
ED substituents. On the other hand, stronger EW or ED end groups give much larger Stokes shifts, which lead to an overestimation
of theΔμ values. We tentatively attribute this effect to the excitation-induced electronic density change occurring predominantly at
the substituent side of themolecule, which causes the effective point dipole associated with theΔμ to interact more strongly with the
surrounding solvent.
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possesses large transition dipole moment g f f as well as large
difference between the permanent electric dipole moments in
the g and f states.14 Our recent studies of different organic dye
molecules including substituted (diphenylamino)stilbenes,
push�pull porphyrins, and carbazol-substituted stilbenes have
shown that the 2PA cross section in the lowest-energy dipole-
allowed purely electronic transition can indeed be quantita-
tively described by this so-called two-level model.15 This
method accounts for the change of the permanent dipole
moment, Δμ, in the same transition and has been instrumental
for quantitative description of the 2PA with an appreciable
absolute accuracy.16 Moreover, this approach has facilitated
determining the value of Δμ in a series of fluorescent proteins,
and on this basis explaining the variation of the color hues in
certain mutants.17 The focus of this paper is to further inves-
tigate the quantitative relation between the dipolar properties
of the chromophores and the 2PA.

Recently there has been an interest in the 2PA properties
of bis(phenylethynyl)bis(tributylphosphine)platinum(II) complexes

featuring fluorenyl-based ligands that are bound on both sides
of the central platinum atom.18 Attaching ligands with different
ED groups and EW groups such as benzothiazolylfluorene,
(diphenylamino)fluorene, and (dihexylamino)phenyl maintains
the property of the heavy metal to channel the energy into a
long-lived triplet state, while at the same time may also enhance
the 2PA cross section.18 It was reported that 2PA cross section of
Pt-complexes may exceed that of the sum of the attached
chromophores.18 This so-called cooperative enhancement effect
has been observed earlier in dendrimers,19 but its role in the Pt
complexes is still poorly understood. The current paper aims at
elucidating how different ED- and EW groups influence the 2PA
properties of the chromophores because this information may
allow us to optimize the 2PA in the corresponding Pt-com-
plexes.20 We study a series of 11 fluorenyl-based chromophores
end-capped with varying ED and EW groups. The structures are
shown in Figure 1. The compounds are named in boldface by
their substituent. Linear absorption- and emission properties
within both the singlet- and triplet manifolds of the Pt complexes
incorporating these ligands were reported in ref 20. Here we use
wavelength-tunable femtosecond laser pulses to measure the
2PA spectra and cross section of the metal-free analogs of these
chromophores with the goal of finding out how the different end
groups change the 2PA properties especially in the lowest-energy
dipole-allowed transition.We then use the 2PA cross section data
to determine the change of the permanent electric dipole
moment in the 0�0 component of the S0 f S1 transition and
show that these values correlate well with the calculations by
quantum-chemical methods. To afford an independent check on
these results, we use the solvatochromic shift technique to
determine theΔμ and find that the solvatochromic data generally
agrees with the other two methods. However, we also observe
that chromophores with the strongest EW or ED end groups
tend to give larger than expected solvatochromic shifts, which
may be explained if we assume that the effective molecular point
dipole is shifted off the center toward the substituted end of the
molecule.

2. EXPERIMENTAL METHODS

Synthesis of the ligand series was described previously in ref 20.
The UV�vis absorption spectra were measured in a 1 cm
quartz cuvette using a Lambda 900 (Perkin-Elmer) spectro-
photometer. Corrected steady state emission spectra were mea-
sured using a LS 50B (Perkin-Elmer) spectrofluorometer. The
fluorescence anisotropy measurements were performed with
the same instrument according to the standard procedure in
L-configuration.21 The viscosity was varied between the value of
castor oil (10.17 cm2 s�1) and that of chloroform (0.58 � 10�2

cm2 s�1) by mixing the two solvents in the volume proportions:
1:0, 2:1, 3:2, 2:3, 1:4, and 0:1.22 Fluorescence quantum yield
(Φfl) was determined using relative actinometry as previously
described.23 Quinine sulfate was used as an actinometer with a
known fluorescence quantum yield of 0.55 in 1.0 N H2SO4.
Solvatochromic measurements were performed following the
methodology described in ref 15. Briefly, fluorescence Stokes
shifts were measured in solvents with different dielectric constant:
octane (ε = 1.95), benzene (ε = 2.28), toluene (ε = 2.38), dibutyl
ether (ε = 3.08), isobutyl isobutyrate (ε = 4.39), chloroform (ε =
4.81), isobutyl acetate (ε = 5.07), tetrahydrofuran (ε = 7.52),
dichloromethane (ε = 8.93), and 4-methyl-2-pentanone (ε =
13.116). In these measurements the samples were placed in

Figure 1. Chemical structures of the chromophores studied. The
substituents X are listed in the order from neutral toward stronger ED
or EW property.
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1 cm cuvettes, and the dye concentration was adjusted such that
the optical density at the excitation wavelength did not exceed OD
< 0.1. The 2PA measurements described below were performed
with higher concentrations and correspondingly higher peak
optical densities, OD ∼ 1.0.

Fluorescence lifetimes were measured using a C5680-21
synchro-scan streak camera (Hamamatsu) with 2 ps resolution.
The fluorescence was excited using frequency-doubled output of
a mode-locked Ti:sapphire femtosecond oscillator (Coherent
Mira 900) pumped by a continuous wave (CW) frequency-
doubled Nd:YVO4 laser (Coherent Verdi 5).

The 2PA measurements were performed in toluene solutions
and using fluorescence technique described in detail earlier.24 A
Ti:sapphire femtosecond oscillator seeded a 1 kHz repetition
rate Ti:sapphire femtosecond regenerative amplifier (Legend
HP, Coherent). The pulses from the amplifier were frequency-
converted with a TOPAS-C femtosecond optical parametric
amplifier (Light Conversion). The OPA signal beam wavelength
was continuously tunable from λex = 1100 to 1600 nm (λex =
550�800 nm after second harmonic generation); the idler beam
wavelength was λex = 1600�2200 nm (λex = 800�1100 nm after
SHG). The OPA output pulse energy was 100�200 μJ (SHG
pulse energy was 20�30 and 5�10 μJ for signal and idler,
respectively).

The sample solution in a 1 cm spectroscopic cuvette was
placed∼15 cm behind a f = 25 cm focusing lens. A small fraction
of the excitation beam was split off by a glass plate and was
directed to a pyroelectric detector (J3-02, Molectron) used for
reference. The maximum pulse energy at the sample was about
1�10 μJ. The fluorescence was collected at right angle with
respect to the excitation beam with a spherical mirror (f = 50 cm,
diameter d = 10 cm) and focused with a unity magnification ratio
on the entrance slit of an imaging diffraction grating spectro-
meter (Triax 550, Jobin Yvon). Sample absorbance spectrumwas
checked for possible photochemical damage before and after the
2PA measurement but no such changes were observed. The raw
2PA spectrum (in relative units) was obtained by measuring the
intensity of the two-photon excited fluorescence as a function of
the OPA wavelength, where the fluorescence intensity was
normalized to the square of the reference channel intensity.
The quadratic dependence of the 2PA on the excitation intensity
was checked to exclude possible artifacts, e.g., due to linear
absorption. The measured relative spectra were then corrected
with respect to the previously characterized 2PA standards.24

Absolute 2PA cross sections were determined for each OPA
wavelength range by the relative fluorescence technique using
the 2PA reference standards.24

Calculations were done using Gaussian 09W, Version 7.0.25

The chromophores were modeled as 2-ethynyl-7-((4-X-
phenyl)ethynyl)-9,9a-dihydro-4aH-fluorene in a vacuum. We
performed DFT energy minimizations for the ground state
using B3LYP/6-31 g(d). TDDFT calculations were done using
CAM-B3LYP/6-31þG(d). The split-valence 6-31G basis set
includes the addition of polarization (d) and diffuse (þ)
functions on the heavy atoms necessary for a good description
of the excited states.26 As the excited states of these chromo-
phores have charge transfer character, we used the long-range
corrected version of B3LYP using the Coulomb-attenuating
method.27 The molecular volume was calculated with the
VOLUME=TIGHT keyword. Ground and S1 state densities
and dipole moments were calculated using the DENSITY=ALL
keyword.

3. RESULTS AND DISCUSSION

Figure 2 shows the 2PA cross section spectra of the com-
pounds studied (blue symbols). The 1PA spectra (right vertical
scale) are shown for comparison. The 2PA spectrum of F shows a
feature at λ2PA ∼ 750 nm, which most likely belongs to an
impurity and will be disregarded in what follows. The fluores-
cence of NO2 was too weak (Φfl < 0.01%), which did not allow
reliable evaluation of the σ2 cross section. In this case, the 2PA
spectrum is presented in arbitrary units. We estimate that for the
other 10 compounds the experimental uncertainty of the 2PA
cross section value is about (20%.

Both 2PA and 1PA spectra of all 11 compounds display a
distinct band that corresponds to the S0f S1 transition. To find
the frequency of the pure electronic (0�0) transition, we fit the
two longest wavelength components of the 1PA spectrum with
Gaussian curves. The determined in this way peak 0�0 transition
frequencies vary from 29 590 cm�1 in OCH3 to 25 510 cm

�1 in
NPh2 and show good correlation with the calculated 0�0
transition frequencies according to the regression formula:

E0 � 0ðexpt;cm�1Þ ¼ � 2883þ 1:006E0 � 0ðcalc;cm�1Þ;
r ¼ 0:9863 ð1Þ

As the next step, we obtain the peak 2PA cross sections
corresponding to the 0�0 transition. This is achieved by applying
the same fitting procedure to the 2PA spectrum, where the position
and width of the Gaussian functions are fixed from the 1PA
spectrum. The resulting 0�0 peak cross sections vary in magnitude
from σ2 = 3.3 GM for tert-butyl to σ2 = 63.0 GM for NPh2.

In the short wavelength region most compounds show a steep
increase of 2PA, starting from about λ2PA∼ 640�660 nm, which
may be attributed to the resonance enhancement effect.13 In
addition, the spectra of NPh2, BT, and NO2 show a broad band
centered at about λ2PA ∼ 600 nm. Table 1 summarizes the key
1PA and 2PA properties of the chromophores.

If the 2PA transition between the ground state and an excited
electronic state occurs without involving any intermediate states
(so-called two-level model), then the maximum 2PA cross section
(in GM) may be evaluated from the following relation:15,16

σ2 ¼ 2ð2πÞ4fopt4
15ðnchÞ2 jμj2jΔμj2ð2 cos2 θþ 1Þgð2νLÞ ð2Þ

where μ and Δμ are, respectively, the transition dipole moment
and the difference of permanent electric dipole moments between
the ground state and the excited state, θ is the angle between the
two vectors, νL is the laser frequency (Hz), fopt is the optical
local field factor, n is the refractive index, c is the velocity of light
in vacuum, and g(2νL) is the line shape function (Hz

�1), normalized
according to Z

gðxÞ dx ¼ 1 ð3Þ

This relation may be also rewritten to express the absolute value of
the permanent dipole moment change as a function of the peak 2PA
cross section in the same transition:

jΔμj ¼ 5
4ð1þ 2 cos2 θÞ

hcNA

π103 ln 10
n

fopt
2

νmax
εmax

σ2ð0� 0Þ
 !1=2

ð4Þ
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where σ2(0�0) is the 2PA cross section corresponding to the peak
frequency, νmax, of the 0�0 transition, εmax is the corresponding
extinction coefficient and NA is the Avogadro number. In obtaining
(4) we take advantage of the relation between |μ|2 and εmax:

28

jμj2gðνmaxÞ ¼ 3� 103 ln 10hc

ð2πÞ3NA

n

fopt
2

εmax
νmax

ð5Þ

In elongated or nearly linear-shaped molecules such as those
studied here the transition dipole moment vector and the
permanent dipole moment vector both tend to align parallel to
the long axis of themolecules. Therefore, wemay assume that θ=
0. We also assume that the local field factor is, fopt = (2þ n2)/3,
with n = 1.49 for toluene. Table 1 lists the absolute value of the
permanent dipole moment change upon the 0�0 transition
found from eq 4. The |Δμ2PA|value obtained in this manner
turns out to be the largest for NPh2 (6.8 D) and the smallest for
tert-butyl (1.4 D).

Next we compare the above experimental results with the
quantum chemical calculations. As before, we assume that the

transition and permanent dipole moment difference vectors are
parallel or nearly parallel, θ ≈ 0. Figure 3 shows the correlation
between |Δμcalc| and |Δμ2PA|. The fact that the calculated and
the experimental values agree within (20% corroborates our
above assumptions about the validity of the two-state model as
well as the parallel orientation of the dipole moment vectors.
Only in the cases of H and F are the experimental values about
twice as large as those predicted by the theory. One possible
explanation for this deviation is that the two-state model may be
less accurate if the cross section is small because the contribution
of other excited states acting as intermediate states may have then
a comparable value. This deviation may be also caused by an
additional dipole moment induced due to the field created in the
chromophore by the surrounding solvent molecules, which is not
accounted for in the present calculations. Earlier persistent
spectral hole-burning Stark effect studies indicate that typical
values for the induced dipole moment difference of a molecules
in condensed phase could be as large as 0.1�1.0 D.29 Even larger
induced dipole moments have been recently observed in fluor-
escent protein chromophores.17

Figure 2. 2PA spectra (blue symbols and left vertical axis) and linear extinction spectra (black solid line and right vertical axis) of the chromophores.
Bottom horizontal axis is the 2PA laser wavelength, and the top horizontal axis is the transition (1PA) wavelength.
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To further elucidate the quantitative relation between the 2PA
and the dipolar properties, we determine the effective molecular
dipole moment difference, |ΔμSS|, using the solvatochromic shift
method. For this purpose we measure the dependence of the
Stokes shift between the absorption and fluorescence 0�0
transition on the solvent polarity function,22

Fðε;nÞ ¼ 2ðε� 1Þ
2εþ 1

� 2ðn2 � 1Þ
2n2 þ 1

ð6Þ

where ε is the dielectric constant and n is the index of refraction
of the solvent. Figure 4 shows the measured Stokes shifts plotted
as a function of F. As expected, the chromophores with larger

electron donating-or withdrawing capacity of the end group
show large variation of the solvatochromic shifts with varying
polarity of the solvent, whereas in H and F this variation is much
smaller. The linear slopes and corresponding standard deviations
are determined from linear regression and are listed in Table 1.

The fact that all 10 chromophores show a nearly linear
increase of the Stokes shift with the increasing value of F confirms
that specific interactions between the solute and the solvent are
negligible. Under such conditions, the Stokes shift is related to
the molecular permanent dipole moment difference by the
equation:30

jΔμssj2 ¼ hca3
Δvss
ΔF

ð7Þ

where ΔvhSS/ΔF is the linear slope of the Stokes shift (in cm�1)
and a is the radius corresponding to some effective spherical
cavity that the molecule occupies inside the dielectric. One way
to obtain the radius is from the calculatedmolecular volume, with the
assumption that the effective space occupied by the molecule may be
approximated by a sphere (Vmol = 4πa3/3). As expected, the
difference between the largest and the smallest radius values is only
about 10%. The radius may be also estimated by measuring the
anisotropy of the fluorescence emission.15 We measured the anisot-
ropy of the S1f S0 transition for each of the 10 chromophores in a
series of solvents with varying viscosity and then estimated the
effective molecular radius from the Perrin equation:22

r0
r
¼ 1þ τflkBT

ηVmol
ð8Þ

where r is the static anisotropy, r0 is the limiting anisotropy,η is the
viscosity of the solvent, τfl is the fluorescence decay time, T is the
temperature, kB is the Boltzmann constant, and Vmol is the volume
of the spherical cavity. The fluorescence decay curves and the
Perrin plots are presented in the Supporting Information. Table 1
lists the molecular radius values acalc and ar obtained by the two
alternative methods.

Table 1. Summary of One- and Two-Photon Properties of the Compounds Studieda

λabs (nm) S0 f S1

R σp calc exp

εmax (0�0)

(cm�1 M�1) τfl (ns) Φfl

ΔνSS/

Δf (cm�1)

acalc
(Å)

ar
(Å)

σ2
(GM)

Δμcalc
(D)

Δμ2PA
(D)

ΔμSS
(D)

NPh2 �0.22 352 392 40 129 1.28( 0.02 0.62 4342 5.36 7.8 63.0 6.8 6.8 11.5

NH2 �0.66 335 371 26 893 0.98( 0.02 0.72 5375 4.99 6.5 18.4 6.0 5.9 11.5

OCH3 �0.27 328 361 45 021 0.84( 0.02 0.86 494 4.91 6.7 16.0 3.4 3.4 3.4

tert-butyl �0.2 326 357 50 708 0.70( 0.02 0.91 237 5.14 7.4 3.3 1.8 1.4 2.5

CH3 �0.17 325 356 71 971 0.78( 0.03 0.95 143 4.90 6.8 7.5 1.7 1.9 1.8

H 0 323 355 71 459 0.77( 0.03 1.00 59 4.70 4.9 5.2 0.7 1.8 1.1

F 0.06 323 353 46 514 0.79( 0.03 1.00 121 4.74 4.2 5.9 0.8 2.0 1.6

CF3 0.54 327 357 48 060 1.77( 0.02 0.90 599 4.80 7.4 6.4 2.4 2.2 3.6

CN 0.66 335 366 38 972 0.90( 0.02 0.75 2010 4.91 6.6 28.9 4.3 4.8 8.8

BT 0.26 354 386 37 343 0.80( 0.02 0.69 1014 5.15 8.4 8.1 3.0 2.6 5.2

NO2 0.78 351 391 20 402 <0.001 4.85 10.0
a σp, Hammett constant; λabs, the calculated (calc) wavelength of the lowest-energy 1PA transition and the measured (exp) wavelength of the 0�0
transition; εmax, the peak extinction coefficient of the 0�0 transition determined by the fitting procedure as described above; τfl, the fluorescence
lifetime;Φfl, the fluorescence emission quantum yield;ΔνSS/Δf, the linear slope of the relation between the Stokes shift and the dielectric function of the
solvent; acalc, the molecular radius estimated from molecular structure; ar, the molecular radius estimated from fluorescence anisotropy measurements;
σ2, the peak 2PA cross sections corresponding to the 0�0 transition; Δμcalc, the absolute value of the permanent electric dipole moment change in the
0�0 transition determined from quantummechanical calculations;Δμ2PA, the dipole moment determined from the measured 2PA cross section;ΔμSS,
the dipole moment determined from solvatochromic shift measurements.

Figure 3. Comparison of the theoretically calculated permanent electric
dipole moment difference (horizontal axes) and the values determined from
the 2PA cross sections (vertical axes). Estimated experimental error is(20%.
The diagonal line represents exact coincidence between the two values.
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Comparing ar to acalc reveals that the two values coincide
within the error margin for the neutral chromophores such as H
and F, while for the chromophores with the strongest electron
withdrawing or electron donation end group the value of ar is up
to 80% larger. This discrepancy can be attributed in part to the
dependence of the depolarization rate on the nonspherical shape
of the molecules, which is neglected in the current simple
model.22 It has been reported that in some cases the depolariza-
tion rate may change even when the differences in the shape
factors are small.31 However, the fact that the difference between
the two values increases with increasingΔμ suggests that proper-
ties other than the nonspherical shape may play a role. For this
reason we use acalc to find the corresponding values of |ΔμSS|
listed in Table 1.

Figure 5 shows the permanent dipole moments differences
obtained from the 2PA cross section with respect to the values
obtained from the solvatochromic shift measurements. For the
chromophores with small permanent dipole moment difference,
such as H, F, CH3, and OCH3, the agreement is within the
experimental error margins. On the other hand, for the

chromophores with larger dipole moments, such as NH2 and
NPh2, the value obtained from the solvatochromic experiment
exceed considerably those determined from 2PA spectra as well as
the calculated values. Since the dielectric cavity volume assumed
here is already close to the smallest possible, this could mean that
for those chromophores with the strongest ED or EW end groups
the actual discrepancy may be even larger, up to a factor of 5.

To rationalize these results, we notice that in all the com-
pounds studied here the substitution occurs only at one end of
the molecule, while the center and the other end remain un-
changed. In the case of strong ED or EW end groups, of those
parts that remain constant only those atoms that are closest to the
variable end group have an appreciable contribution to the
charge transfer, while the rest of the molecule remains essentially
neutral. This means that upon the transition from the ground
state to the excited state the variation of the charge distribution
responsible for the largest Δμ is mostly localized on the
substituted end of the molecule. At this point we may recall that
2PA is well described in the point dipole approximation. In other
words, the dipole moment difference that is determined from the
measurement of the 2PA (e.g., according to eq 4) does not
depend on the exact location of the charges within the molecule
simply because the optical wavelength is so much larger than the
size of the molecule. Solvatochromic shifts, on the other hand,
occur as a result of interaction with immediate surroundings of
the molecule and thus depend on the location and the distances
between the charges. Standard Onsager theory32 describes
solvatochromic shift in terms of a change of the electrostatic
energy of a point dipole located at the center of an effective cavity
inside a continuous dielectric. If, however, the point dipole is
displaced from the center, then the interaction energy increases
as the distance from the dipole and the closest cavity wall
decreases.33 If the chromophores with stronger ED and EW
property indeed displace the effective point dipole toward one
end of the molecule, then this may explain why the |Δμ| values
obtained from the solvatochromic shifts are overestimated for
the chromophores having the large 2PA cross sections.

4. SUMMARY AND CONCLUSIONS

We use wavelength-tunable femtosecond laser pulses to
investigate the 2PA spectra and cross sections in a series of
fluorenyl-based chromophores end-capped with 10 different
groups with systematically varying electron donating or electron

Figure 4. Stokes shift measured in 10 different solvents. Dashed lines represent best linear fits for each chromophore. The inset shows the slope values
and the corresponding standard deviation.

Figure 5. Correlation between the permanent dipole moment differ-
ence obtained from solvatochromic shift (horizontal axis) and the values
obtained from the 2PA cross section (vertical axis). The diagonal line
represents exact coincidence between the two values.
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withdrawing strengths and show that the character of the end
group influences the 2PA cross section in a systematic manner.
By measuring the 2PA in the lowest electronic transition, we
show that substituents with the strongest EW or ED character
give rise to larger 2PA, up to σ2 ∼ 60 GM, while neutral
substituents provide only a small 2PA cross section, σ2 < 10
GM. Following the two-level model, we use the peak value of the
2PA cross section in the 0�0 transition to determine the change
of the permanent electric dipole moment in the same transition
and achieve good quantitative correlation to the values obtained
by quantum chemistry calculations.We then further elucidate the
quantitative relation between the 2PA and the change of the
permanent dipole moment by carrying out solvatochromic
measurements. We show that the permanent dipole moment
difference obtained by all three methods correlate well for the
chromophores with less strong EW or ED substitutents. How-
ever, molecules with stronger ED/EW substituents tend to give
larger Stokes shifts, which causes an overestimation of the dipole
moment difference. This discrepancy may be attributed to the
nonsymmetrical structure of the molecules, where the effective
point dipole is shifted off the center toward the substituted end of
the molecule. Of course, the above very simple picture may not
be fully adequate, especially if we consider that the Lippert
formula is based on several approximations not discussed here,
not to mention that the accuracy of our solvatochromic shift
measurements is low especially when the frequency shifts are
accompanied by considerable broadening of the bands. Never-
theless, we believe that this work has shown that 2PA spectros-
copy is a valuable tool for determining permanent molecular
dipoles, especially under conditions when traditional methods
such as solvatochromic shift are not sufficiently accurate or even
not applicable. We also believe that these results improve the
understanding of the molecular origin of the 2PA properties and
may eventually lead to functionalized 2PA chromophores that
can be designed for particular applications by means of combin-
ing modular groups with known properties.
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cence decay curves measured in chloroform solution using a
C5680-21 synchro-scan streak camera (Hamamatsu). The fluores-
cence was excited with frequency-doubled output of a mode-
locked Ti:sapphire femtosecond oscillator (Coherent Mira 900).
The excitation wavelength was tuned to coincide with the linear
absorption of the sample. Lifetime values were obtained by fitting
the data with a single exponential function. Figure S2 shows the
Perrin plots used to determine the effective radius of the
chromophores. The fluorescence anisotropy was measured at
room temperature in six mixtures of chloroform and castor oil in
the following volume proportions: 1:0, 2:1, 3:2, 2:3, 1:4, and 0:1. The
viscosity varied between minimum value η = 0.58 � 10�2 cm2 s�1

(pure chloroform) and maximum value η = 10.17 cm2 s�1 (pure
castor oil). This material is available free of charge via the Internet at
http://pubs.acs.org.
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