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Abstract: Developing organic chromo-
phores with large two-photon absorp-
tion (TPA) in both organic solvents
and aqueous media is crucial owing to
their applications in solid-state photon-
ic devices and biological imaging.
Herein, a series of novel terpyridine-
based quadrupolar derivatives have
been synthesized. The influences of
electron-donating group, type of conju-
gated bridge, as well as solvent polarity
on the molecular TPA properties have

optics -

Introduction

Organic molecules with large two-photon absorption (TPA)
cross-sections (8, expressed in GM=1x10""cm*s photo-
n~' molecule ™), that can be excited in the range of 700-
1000 nm, are of intense interest because of their applications
in 3D microfabrication, multiphoton microscopy, upconvert-
ed lasing, photodynamic therapy, optical limiting (OL), and
bioimaging.!! These important applications stimulate the
design and characterization of organic molecules with large
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been investigated in detail. In contrast
to the case in organic solvents, bis-
(thienyl)-benzothiadiazole as a rigid
conjugated bridge
quench molecular two-photon emission
in aqueous media. However, the com-
bination of alkylcarbazole as the donor
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and bis(styryl)benzene as a conjugation
bridge can enlarge molecular TPA
cross-sections in both organic solvent
and aqueous media. The reasonable
two-photon emission brightness for the
organic nanoparticles of chromophores
3-5 in the aqueous media, prepared by
the reprecipitation method, enables
them to be used as probes for in vivo
biological imaging.

will completely

TPA cross-sections or large TPA cross-section per molecular
weight values (6 My ). The strategies for the design of mol-
ecules with large TPA cross-section have been investigated
both theoretically and experimentally.”) The designs include
symmetric and asymmetric arrangements, such as the gener-
al D-n-D, A-n—-A, D-n-A, D-n-A-n-D, and A-n-D-n—
A, where D and A denote electron donor and acceptor
groups, respectively, and m is a conjugated bridge. The re-
sults reveal that the TPA cross-section increases with the
electron donating and/or accepting strength, conjugation
length, and the planarity of the m-center, whilst the mole-
cules can retain high optical transparency over wide spectral
ranges. This is beneficial for applications such as optical lim-
iting, or imaging in absorbing or scattering media such as
biological tissues.!"

It is noteworthy that the aforementioned synthesis strat-
egies are usually effective in organic solvents, but not in
aqueous media or the aggregation state. Although many
molecules exhibit large TPA cross-sections in organic sol-
vents, most of them are hydrophobic and their photolumi-
nescence (PL) emission suffers from quenching upon aggre-
gation, which seriously limits their applications in solid-state
devices and biological imaging. Therefore, there is a need to
develop novel materials, which may circumvent the trade-
offs and concomitantly provide large TPA in both organic
solvents and aqueous media. In the past years, there have
been several papers reporting that the aggregation-induced
enhancement of TPA behavior is due to the hindering of
molecular internal rotation.”! However, the molecules pres-
ent negligible TPA properties in organic solvents. Heterocy-
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clic moieties, terpyridines, have
been widely used in optoelec-
tronic materials owing to their
electron-withdrawing and trans-
porting abilities as well as their
special propeller starburst mo-
lecular structure.!” Moreover,
due to the starburst moieties of
terpyridines that can suppress
molecular internal rotation to
some extent, large TPA might
be expected even in the nano-
aggregates. On the other hand,
when thiophene, carbazole, and
fluorene groups are attached to
the central phenylene ring as
donors or serve as a rigid m-
conjugated center, the mole-
cules can exhibit both strong
PL emission and large TPA
cross-section.’) Based on the
above considerations, in this
study, a series of quadrupolar
derivatives 1-5 with terpyri-
dines as electron-accepting
edge substituents have been synthesized, with the aim to
obtain some organic molecules with large TPA in both or-
ganic solvents and aqueous media that have promising appli-
cations in photonic devices and biological images. Chromo-
phores 1 and 2 are designed to explore the role of the -
bridge, while chromophores 3-5 are designed to study the
influence of the electron-donating strength on the TPA
properties. As a potential application of rationally designed
molecules, the optical limiting (OL) behavior for the chro-
mophores has been demonstrated in tetrahydrofuran (THF)
solutions. Moreover, the fluorescent organic nanoparticles
of the chromophores 3-5 prepared by a reprecipitation
method® show enlarged TPA cross-sections and reasonable
two-photon emission brightness, thus strongly indicating
their potential application in biological imaging.

Results and Discussion

The chemical structures of the TPA molecules studied are
shown in Figure 1. The synthesis of chromophores 1 and 2
was described in detail in our previous work,”! while the
synthetic procedures of 3-5 are described here in the Exper-
imental Section. The molecules presented here have the
general structure A—n—A, which differ in the type of conju-
gation bridge (phenyl in compound 1, bis(thienyl)-benzo-
thiadiazole in compound 2, bis(styryl)benzene in compounds
3-5). Alkoxy (1, 2), polyphenylalkoxy (3), alkylcarbazole
(4), and fluorene (5) side groups can act as additional
donors on the conjugated chain, to form five new quadrupo-
lar-type A-D-n—-D-A derivatives.
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Figure 1. Molecular structures of A-p-7-D-A chromophores studied in this work.

Linear Optical Absorption and Emission Spectra

Figure 2 shows the UV/Vis linear absorption and PL emis-
sion spectra of chromophores in the organic solvents with
different polarity: toluene, THF, and chloroform. As shown
in Figure 2, a bathochromic shift in the linear absorption
spectra was found from 1—3, 5,—4—2. This red shift was
attributed to the increasing extension of the m-conjugation
in the molecules. The order of emission wavelength for
chromophores 1, 3, 5, and 4 was consistent with the strength
of the donor groups: alkylcarbazole > polyphenylalkoxy > di-
alkylfluorene > alkoxybenzene. The long emission wave-
length of compound 2 arose from its large m-conjugation
owing to the rigid planar core structure that consisted of bis-
(thienyl)- and benzothiadiazole moieties, thereby leading to
hindered geometrical (vibrational and rotational) relaxation.
Meanwhile, from Figure 2, it can be seen that the linear ab-
sorption spectra of chromophores exhibit vibronic structures
with progression of several peaks, thus indicating that there
is a coupling with vibrational modes in chromophores that
correspond to C—C or/and C=C stretching during the excita-
tion from the ground state to the excited state, or the emis-
sion from the excited state down to the ground state.”! The
photophysical properties of the molecules in different sol-
vents, including their linear absorption and emission
maxima, molar extinction coefficient, and fluorescence
quantum yield are also summarized in Table 1. It can thus
be concluded that linear absorption maxima and the emis-
sion wavelength are red-shifted in solvents with moderate
polarity such as in THF, along with a decrease in quantum
yield; this indicates that in the excited states these com-
pounds have larger dipole moments relative to their ground
state dipole moments.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a)-c) UV/Vis absorption spectra of chromophores 1-5 in tolu-
ene, THF and CHCI,, respectively. d)-f) fluorescence emission spectra of
chromophores 1-5 in toluene, THF and CHCl,, respectively.
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Table 1. Photophysical data of chromophores 1-5 in toluene, THF, and CHCl,.
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Two-Photon Absorption Spectra

Based on the UV/Vis linear absorption spectra of the chro-
mophores, it is expected that on excitation with femtoscond
pulses in the range of 700-900 nm, all the compounds might
exhibit TPA behavior. As a matter of fact, two-photon emis-
sion could even be observed by the naked eye in chromo-
phores 2-5 under the excitation of unfocused laser pulses at
800 nm with a power intensity of several MW cm ™2, thereby
indicating large TPA action cross-section values. The linear
dependence of PL emission intensity on the square of the
excitation intensity for the chromophore 2 in THF, as shown
in the inset of Figure 3a, confirms that TPA is the main
mechanism of strong PL emission. The two-photon emission
image for chromophore 2 dissolved in THF irradiated at
800 nm is shown in the inset of Figure 3b, while power in-
tensity dependent two-photon emission spectra and the
images for the other four chromophores are given in the
Supporting Information (Figure S1-S4). For the chromo-
phores 1-5 dissolved in toluene and CHCI;, the two-photon
emission intensity versus the square of the excitation power
intensity also satisfied the requirements of TPA (see Fig-
ures S5-S14 in the Supporting Information). All the chro-
mophores were stable under the experimental conditions
and no obvious change was observed in the UV/Vis spectra
after the measurements. From the open-aperture Z-scan
data of chromophore 2. measured at a concentration of 5 x
103m, as shown in Figure 3b, the TPA cross-section can be
determined by fitting to the experimental data. The open-
aperture data for the other four chromophores in THF are
given in the Supporting Information (Figure S1-S4). To in-
vestigate whether or not there was aggregation of ground
and/or excited states at the concentrations used to measure
TPA, concentration-dependent (in the range between 1x
1075 to 1x107*m) linear absorption measurements were per-

formed. It was found that the observed absorbance

was linearly dependent on the concentration of the

Compound Solvent Ay, [nm] !

Aem [nm] @ [% ]9 6 [GM]E 6@ [GM]™

measured samples, thus indicating that no aggrega-

Toluene 328 0.40 423 13 95
1 THF 328 0.55 434 11 290
CHCI; 284 0.41 436 20 64
Toluene 483 0.15 586 14 1485
2 THF 497 0.15 596 7 4394
CHCI; 478 011 597 28 329
Toluene 386 0.18 468 19 624
3 THF 412 022 474 18 781
CHCI; 383 0.24 469 18 180
Toluene 395 0.26 474 10 2629
4 THF 402 0.11 480 8 3826
CHCl; 376 0.16 486 20 643
Toluene 388 0.15 466 20 418
5 THF 394 0.19 469 9 794
CHCl; 383 013 472 27 121

12
32
13
208
308
92
119
141
32
263
306
129
84
71
33

tion of the chromophores took place. Therefore,
there was negligible influence of aggregation on the
photophysical properties and the measured TPA.
As shown in the TPA spectra presented in
Figure 4, compounds 2-5, with the exception of
chromophore 1, display good TPA behavior in the
range of 700-800 nm, even if the chromophores are
dissolved in nonpolar or polar organic solvents.
Moreover, it could be concluded that, as the elec-
tron-donating ability increased, the maximum TPA
cross-sections (,,,,) of chromophores obviously in-
creased. This indicated that the strong TPA activity
mainly resulted from large intramolecular charge

[a] One-photon absorption maxima; [b] Molar extinction coefficient at the absorption
maxima given in units of 10°m'cm™'; [c] One-photon emission maxima; [d] Fluores-
cence quantum yield measured at the concentration of 1x10~>m. For chromophores 1,
3-5, quinine sulfate monohydrate in 0.1m H,SO, (®=0.58) was used as a standard.
For chromophore 2, rhodamine 6G in ethanol (®=0.95) was used as a standard.

[e] TPA cross-section maxima in the measurable range: 1 GM=10""
[f] TPA action cross-section.
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cm‘s photon';

566

transfer (ICT). For example, the alkylcarbazole
group has stronger electron-donating strength than
the polyphenylalkoxy group in compound 3; the di-
alkylfluorene in compound 5 and alkoxybenzene in
compound 1, therefore compound 4 showed
a higher 6,,,, owing to its stronger ICT effect from

-1.
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Figure 3. a) Two-photon emission spectra of chromophore 2 in THF
under a different power intensity at 710 nm. Inset: the emission intensity
versus the square of the excitation power intensity. The log-log plot with
a slope value of around 2 indicates the nature of TPA. b) Open aperture
Z-scan result for chromophore 2 in THF at 710 nm. Scattered dots are
the experimental data while the solid line represents the theoretical
fitted results. The inset shows the image of two-photon emission for chro-
mophore 2 at 800 nm.

the middle to the ends of the molecules. Specifically, for the
compounds in toluene, compound 4 had a much larger 0,,,,
(2629 GM) than compounds 1 (0,,,=95GM), 3 (Opmux=
624 GM), 5 (0,,,x=418 GM). Meanwhile, it was noteworthy
that compound 2 showed a large TPA cross-section value
(Omay = 1485 GM), although the m-conjugated chain was sub-
stituted by the alkoxybenzene with weak electron-donating
ability. The large d,,,, of chromophore 2 should be attributed
to the high planarity and extended overlap of the m-orbital
of bis(thienyl)-benzothiadiazole. Moreover, the Stokes shift
of compound 2 (3639 cm™') was much smaller in comparison
to the other chromophores; this further confirmed more in-
tense m-conjugation benefits from structural rigidity of the
n-center. This fact clearly showed that careful selection of
the m-center and electron-donating group can have a signifi-
cant impact on the TPA behavior of chromophores in organ-
ic solvents.

To assess the potential applications of TPA absorbing
molecules, the effect of the molecular environment and sol-
vent polarity should be addressed, as they would affect the
intramolecular charge transfer and thus the TPA proper-
ties.’) Hence, we have also investigated the effect of the sol-
vent polarity on TPA cross-sections. Figure 4a—c shows PA
spectra of compounds 1-5 in toluene, THF, and CHCl;, re-
spectively. From the data shown in Figure 4, all the chromo-

Chem. Asian J. 2013, 8, 564 -571
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Figure 4. a)—c) TPA spectra of compounds 1-5 in toluene, THF, and
CHCI,, respectively. The solid lines are provided as a guide.

phores have a much larger 6 value in THF, which is of inter-
mediate polarity. It is well known that the solvent polarity
can influence the magnitude of intramolecular charge trans-
fer.'” Compared to toluene and CHCl;, THF can more
strongly affect the electronic structure and increase the
charge transfer separation in both ground state and excited
states; this is expected to be the main reason behind the
Omax €Nhancement.

From the three-state model based on the sum-over-states
(SOS) expression, larger M, (transition dipole moments
from ground state to the one-photon-allowed excited state),
M, (transition dipole moments from the one-photon-al-
lowed excited state to the two-photon-allowed excited
state), and smaller detuning energy will result in larger TPA
cross-sections.'! Owing to the limitations of our laser appa-
ratus, we could not obtain the whole TPA spectra to accu-
rately determine M, and M.. values. However, M, can be
calculated from the linear absorption spectrum according to
the following Equation (1):

1500(fc)? lnlo/ 1)

ge = aN,E

where N, is Avogadro’s number (6.002x10%), ¢,(v) is the

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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extinction coefficient in cm 'm~! as a function of the wave-
number, in cm™', and the integration is over the main ab-
sorption band (all the parameters are in CGS units).""! For
chromophores 1-5, M, was calculated to be 11.7, 15.9, 13.8,
16.2, and 12.7 D in toluene; 18.3, 21.1, 18.6, 21.1, and 19.2 D
in THF; 16.2, 15.8, 17.2, 18.4, 13.7 D in CHCl;, respectively.
Apparently, the chromophores 2 and 4 exhibited relatively
larger transition dipole moments M,., which would contrib-

ute to the enhancement in their TPA cross-sections.

Two-Photon Absorption Induced Optical Limiting

As the compounds displayed good solubility and large TPA
in organic solvents at 710 nm, it allowed us to investigate
their OL properties by measuring the relationship between
the output intensity and the input intensity, which is one of
main applications for two-photon absorbing dyes. For the
measurements, the chromophores were dissolved in THF
and the concentration was set as 5x107°m. Due to the rela-
tively poor solubility of chromophore 4 in THF (<1x
10-3m), its OL performance was not included here. The sol-
utions were filled in 1 cm quartz cells. The measured input
and output data for these chromophores are plotted in Fig-
ure Sa. As shown in the figure, all the compounds showed
obvious OL behaviors, especially for compound 2. When the
input fluence increased from 1x107° to 0.00443 Jcm™?
(443 times increase), the output fluence changed from 1x
107 to 247x10°Jem™ (247 times increase) for compound
1, from 1x107° to 64x10Jcm™ (64 times increase) for
compound 2, from 1x107° to 183x 103 Jem™2 (183 times in-
crease) for compound 3, and from 1x107° to 177x
10Jem ™2 (177 times increase) for compound 5. Therefore,
if we use the compounds as TPA materials to stabilize the
input laser pulse, we would expect that 1.8, 6.9, 2.4, and 2.5
reductions in the laser fluctuation could be achieved for
compounds 1, 2, 3, and §, respectively. From Figure 5b, the
OL thresholds for choromophores 1, 2, 3, and 5, defined as
the input power density at which the transmittance falls to
50% of the linear transmittance, were determined to be
>0.00443, 0.00054, 0.00298, and 0.00276 Jcm ™, respectively.
The OL performance was superior to many other organic
molecules, such as multi-branched styryl derivatives based
on 1,3,5-triazine."!

Spectroscopic Characteristics of the Nanoparticle
Suspensions

Inspired by the high TPA cross-section values of the com-
pounds, we were motivated to examine the PL emission be-
haviors of their nanoaggregates for application in solid-state
devices and biological imaging. The organic nanoparticles
were prepared by using a solvent-exchange process, as de-
scribed in Ref. [13]. For the nanoparticle solutions, the pro-
portion of THF in water was 10% (v/v) and the final dye
concentration was 2x 107> m. After mixing, the solution for
chromophore 2 remained clear, while for the other four
chromophores the solution color changed and the suspen-

Chem. Asian J. 2013, 8, 564 -571
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Figure 5. a) Measured output intensity versus input fluence of the 710 nm
laser pulse for chromophores 1, 2, 3, and 5 in THF with a concentration
of 5x107>M. b) Transmittance of compounds in THF versus the input flu-
ence. The solid lines represent the best curves with TPA coefficient
values of $=0.32x10""cmW~' (compound 1), f=4.91x10""cmW"!
(compound 2), f=0.87x10""cmW" (compound 3), and B=0.89x
107" cm W' (compound 5).

sion became cloudy. The UV/Vis absorption spectra of chro-
mophores are presented in Figure 6a. As compared to the
dyes in THF, except for chromophore 1, the maximum ex-
tinction coefficients for the other four chromophores did
not undergo an obvious change. The chromophores 1 and 3
exhibited residual absorption in the longer wavelength, due
to the scattering effect of the organic nanoparticles. In addi-
tion, the mixture showed stable photophysical properties.
No obvious changes in absorption and emission properties
were observed after these solutions were stored at room
temperature for more than two weeks. With respect to the
fluorescence properties, the emission intensity of chromo-
phores 1-5 suffered from quenching to different extents
(Figure 6b-f). Moreover, the emission peak shifted by 8-
32 nm to longer wavelength. The quantum yield of the dye
suspensions are listed in Table 2. The dramatic decrease in
quantum yield could be ascribed to the increased nonradia-
tive decay of the excited state in the solid state.

It was found that, under the pulse excitation in the range
of 700900 nm, where there was almost no PL emission
from chromophores 1 and 2 suspensions, chromophores 3-5
exhibited bright PL emission, as shown in the inset of
Figure 7. The linear dependence of PL emission versus the
square of excitation power intensity indicated the nature of
the TPA mechanism (see Figure S15-S17 in the Supporting
Information). Although the use of bis(thienyl)-benzothiadia-
zole as a rigid conjugation bridge could enhance TPA be-
havior of chromophore 2 in organic solvents, it could not be
used in biological imaging because in the suspension the PL
emission was completely quenched. The negligible two-
photon emission for chromophore 1 should result from its
very small intrinsic TPA cross-sections in organic solvents.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. photophysical data of chromophores 1-5 in aqueous media.
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Figure 7. TPA spectra of chromophores 3-5 in aqueous media (water/
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10°™. Inset: the images of two-photon emission images for chromo-
phores 3-5 in aqueous media at 800 nm.

2.7 times, respectively. Especially, chromophore 4 showed
a 0., value of 10376 GM at a concentration of 2x107°m.
This value was extremely high and only a few molecules
have shown such high TPA cross-sections, such as porphyrin
and squaraine dyes.'"¥! Owing to intermolecular - interac-
tions as well as dipole—dipole interactions between the chro-
mophores in the nanoaggregates, the TPA cross-sections of
the molecules could be greatly modified. Moreover, the
values could be strongly tuned by the number of molecules

and range of relative orientation/distances between

interacting chromophores within the organic nano-

particles.™ Meanwhile, in the aggregates of mole-

Compound A, * [nm] &P [10° A [nm] @ [% ] o [GM] 02! [GM] R
M-em™] cules, bound biexciton states would be formed as
1 376 021 a1 31 — — a consequence of attractive exciton—exciton interac-
2 490 0.14 _ _ _ _ tions, which could result in TPA enhancement. The
3 447 0.18 518 1.3 1302 17 maximum TPA action cross-sections of chromo-
‘5‘ gég 8-3 igg 2-3 ;26376 2(1) phores 3-5 were calculated to be 17, 31, and
i i 30 GM, respectively. The decrease of TPA action
[a] One-photon absorption maxima; [b] Molar extinction coefficient at the absorption

maxima; [c] One-photon emission maxima; [d] Fluorescence quantum yield. The qui-
nine sulfate monohydrate in 0.1m H,SO, (©=0.58) was used as a standard; [e] TPA
cross-section maxima in the measurable range: 1 GM=10""" cm*s photon'; [f] TPA

action cross-section.

An important conclusion can be made here that the appro-
priate donor donating group and conjugated bridge should
be carefully chosen to obtain large TPA properties for appli-
cation in biological imaging. The introduction of alkylcarba-
zole as the donor group and bis(styryl)benzene as a conjugat-
ed bridge not only enhance molecular TPA behaviors in or-
ganic solvents, but also in aqueous media. The TPA spectra
of organic nanoparticles for chromophores 3-5, which were
measured by using Z-scan technique, are presented in
Figure 7. However, there are large error bars (ca. 30%) in
the TPA cross-sections, arising from the uncertainties due to
scattering influence of nanoparticles. Although their quan-
tum yields decreased, the maximum TPA cross-sections for
chromophores 3 and 4 were enhanced by a factor of 1.7 and
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cross-sections was due to significant reduction in
fluorescence quantum yield. Compared to chromo-
phores 3 and 5, chromophore 4 had a much larger
decrease in the maximum TPA action cross-section
because of the lower quantum yield. Therefore, the
TPA properties of designed molecular structures can be ef-
fectively modified. Importantly, although the maximum TPA
action cross-sections of organic nanoparticles decreased
greatly compared to those in organic solvents, the values
were still larger compared to many biocompatible molecules
reported previously,'® strongly suggesting the potential ap-
plications of our organic nanoparticles in biological imaging.

Conclusions
The photophysical properties of a series of specifically

chosen terpyridine-based TPA molecules have been studied.
We have investigated the substantial effects of solvent polar-
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ity, electron-donating ability, and the conjugated bridge on
their TPA properties. Experimental results clearly indicate
that the chromophores exhibit considerably large TPA prop-
erties in a moderately polar organic solvent, due to en-
hanced intramolecular charge transfer. Meanwhile, our ex-
perimental results indicate that the magnitude of the molec-
ular TPA cross-section in organic solvents can be effectively
enhanced by using strong electron-donating groups or/and
rigid m-centers. However, the use of a rigid m-center will
result in the complete PL emission quenching of molecules
in aqueous media, thereby preventing them from being used
in biological imaging. In contrast, the introduction of alkyl-
carbazole as the donor and bis(styryl)benzene as the conju-
gation bridge can enhance TPA behavior of chromophores
in both organic solvents and aqueous media, thus enabling
them to be very promising in solid-state photonic devices
and biological imaging.

Experimental Section

Synthesis of compounds 3-5

The NMR spectra were collected on a Bruker DPX 400 spectrometer
using CDCl; and [Dg]THF as solvents and tetramethylsilane (TMS) as an
internal standard. Elemental analysis was obtained on a Thermo Scientif-
ic Flash 2000 Series CHNS Analyzer.

Figure 8 shows the molecular structures of chromophores 6-9 that were
used for the synthesis of chromophores 3-5. The compounds 6, 7, and 8
were synthesized according to Ref. [17]. Compound 9 was synthesized by
a similar method in Ref. [18]. "H NMR ([Dg]THF, 400 MHz): 6 =8.80 (s,
2H), 8.67-8.75 (m, 4H), 8.01-8.09 (m, 4H), 7.90 (dd, /=84 Hz, 6H),
7.57 (s, 2H), 7.40 (t, J=7.2 Hz, 2H), 6.96 (d, /J=15.2 Hz, 2H), 6.78 ppm
(d, J=152Hz, 2H). "CNMR ([Dg]THF, 101 MHz): 6=156.7, 156.4,
149.6, 147.9, 138.1, 137.9, 137.2, 136.0, 134.1, 131.0, 130.8, 128.7, 124.8,
122.2, 119.8 ppm. Elemental analysis calcd for Cs,H;,Br,Ng: C: 69.19, H:
3.80, N: 9.31; found: C: 68.94, H: 3.91, N: 9.55.

Synthesis of compound 3

Compound 3 was synthesized through coupling compounds 9 and 6.
Compound 9 (0.32 g, 0.36 mmol), 6 (0.26 g, 0.80 mmol), and [Pd(PPh;),]

(HO),B

.
E

(HO),B

X
9

n-CgHy7n-CgHq7

(HO),B

.
&

Figure 8. Molecular structures of chromophores 6-9 used for the synthe-
sis of chromophores 3-5.
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(21 mg, 1.80x 10> mmol) were put into a round-bottomed flask and de-
gassed using N,. Aqueous K,COj; (2.00m, 10.0 mL) and THF (30.0 mL)
were degassed using N, and then injected into the flask. The reaction
mixture was then stirred in the dark at 80°C overnight. The reaction mix-
ture was cooled to RT and THF was removed using a rotary evaporator.
The reaction mixture was then extracted with CH,Cl, and water. The
CH,(l, layer was dried over MgSO,, concentrated, and the residue mix-
ture was purified by column chromatography on alumina eluting with
EtOAc/n-hexane (1:9) to afford the product as a yellow solid (0.3 mg,
65.0%). '"HNMR (CDCl;, 400 MHz): 6=38.77 (s, 4H), 8.73 (d, J=5.6 Hz,
4H), 8.69 (d, /J=8.0 Hz, 4H), 7.86-7.91 (m, 4H), 7.64-7.72 (m, 6H), 7.57
(d, J=6.8 Hz, 4H), 7.52 (d, J=8.4 Hz, 4H), 7.49 (d, /=4 Hz, 4H), 7.46
(d, J=4.0 Hz, 4H), 7.43 (d, J=8.4 Hz, 4H), 7.35 (d, J=15 Hz, 4H), 7.21
(d, J=15Hz, 2H), 391 (d, J=5.6 Hz, 4H), 1.78 (m, 2H), 1.23-1.47 (m,
16H), 0.89-0.94 ppm (m, 12H). *C NMR (CDCl;, 101 MHz): 6=156.6,
155.5, 149.6, 148.8, 139.9, 138.4, 137.1, 134.6, 132.8, 132.4, 132.0, 131.9,
130.7, 130.2, 128.7, 128.35, 128.3, 127.5, 127.1, 126.5, 123.8, 121.4, 118.6,
114.8, 68.0, 38.6, 30.3, 28.8, 23.7, 22.8, 14.0, 10.9 ppm. Elemental analysis
caled for Cy,HgyuNgO,: C: 84.63, H: 6.48, N: 6.44; found: C: 84.44, H:
6.56, N: 6.71.

Synthesis of compound 4

Compound 4 was synthesized through coupling compounds 9 and 7 by
the same method mentioned above. "H NMR (CDCl,, 400 MHz): 6 =8.74
(s, 4H), 8.71 (d, J=5.6 Hz, 4H), 8.66 (d, J=8.0Hz, 4H), 8.18 (d, /=
7.6 Hz, 4H), 7.83-7.91 (m, 8H), 7.65-7.72 (m, 6H), 7.57 (d, J=6.8 Hz,
4H), 7.53 (dd, J=8.4 Hz, 4H), 7.49 (d, J=4 Hz, 4H), 7.47 (d, J=7.2 Hz,
2H), 7.41 (d, J=15 Hz, 2H), 7.33-7.37 (m, 4H), 7.29 (d, J=15 Hz, 2H),
7.27 (d, J=7.6 Hz, 2H), 4.22 (d, J=5.6 Hz, 4H), 1.70 (m, 2H), 1.25-1.47
(m, 16H), 0.88-0.95 ppm (m, 12H). "CNMR (CDCl,;, 101 MHz): 6=
155.5, 154.5, 148.5, 141.3, 1404, 138.1, 135.2, 133.0, 132.3, 132.0, 130.6,
130.4, 129.3, 129.2, 128.5, 128.3, 128.0, 127.6, 126.5, 123.5, 122.2, 121.2,
119.6, 109.5, 109.0, 47.6, 38.7, 30.3, 28.8, 23.6, 22.8, 13.9. 10.9 ppm. Ele-
mental analysis calcd for Cy,Hg,Ng: C: 85.02, H: 6.36, N: 8.62; found: C:
84.71, H: 6.49, N: 8.84.

Synthesis of compound 5

Compound 5 was synthesized through coupling compounds 9 and 8 by
the same method mentioned above. '"H NMR (CDCl,, 400 MHz): 6 =8.79
(s, 4H), 8.76 (d, J=52Hz, 4H), 8.69 (d, J=8.0 Hz, 4H), 7.90-7.96 (m,
8H), 7.88 (d, J=7.6 Hz, 4H), 7.77 (d, J=7.6 Hz, 4H), 7.75 (s, 2H), 7.63
(d, J=8.4Hz, 4H), 7.46 (d, J=7.2Hz, 4H), 7.37-7.44 (m, 8H), 7.19 (d,
J=15Hz, 2H), 2.03 (t, J=8.4 Hz, 8H), 1.09-1.20 (m, 48H), 0.82 ppm (t,
J=72Hz, 12H). "CNMR (CDCl,;, 101 MHz): 6=156.2, 155.8, 151.7,
151.3, 149.0, 141.5, 141.4, 141.0, 139.9, 137.9, 136.6, 135.1, 133.6, 131.8,
130.9, 130.8, 130.1, 129.2, 129.0, 128.2, 128.0, 127.8, 127.5, 127.1, 127.0,
125.4, 123.6, 120.4, 120.0, 55.9, 41.0, 32.4, 30.6, 29.88, 29.85, 24.4, 23.2,
14.7 ppm. Elemental analysis caled for C;;yH;;¢Ng: C: 86.80, H: 7.68, N:
5.52; found: C: 86.59, H: 7.73, N: 5.70.

TPA Cross-Section Measurements

TPA coefficients of molecules were measured using Z-scan technique.”!
These compounds were dissolved in organic solvents and placed in 1 mm
quartz cells. The laser source was a Ti:Sapphire system that produces
100 fs (HW1/e) pulses at a repetition of 80 MHz. Measurements were
carried out in the wavelength range of 700-900 nm for two-photon excita-
tion. In the measurements, the input laser beam was first passed though
a beam chopper with an open ratio of 1:10 and a rotating speed of 315
rounds per second. Then the Gaussian beam was tightly focused onto the
samples by a convex lens (f=10 cm). The transmitted beam was detected
by a silicon photodiode using the standard lock-in amplifier technique.
The measured curves were symmetric with respect to the focal point (z =
0), where they exhibited a minimum transmittance in the case of TPA.
The TPA coefficient 8 can be estimated from the normalized transmit-
tance given by Equation (2):

1

AT = 1+ BL Lo /(1 + (z/20)*)
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where Iy is the peak intensity, z is the sample position, z, = 7w} /A is the
diffraction length of the beam, w, is the beam waist radius at the focus
point, L.y = [1 —exp(—ayL)]/a, is the effective thickness of the sample.
As a macroscopic parameter that depends on the concentration of the
TPA molecules, 8 (in units of cm GW™') can be further expressed as
p= 6/2N0 = 6;NAd0 x 1073, where 6; is the molecular TPA cross-section
(in units of cm* GW™'), N, is the molecular density (in units of cm~), N,
is Avogadro’s number, and d, is the molar concentration of the absorbing
molecules (in units of ML™"). Moreover, one can also use another paral-
lel expression for the TPA cross-section, defined as 6 = hv - 6;, where hv
is the photon energy of the input light beam. According to this definition,
6 can be calculated in units of GM.["!
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