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Two chromophoric congeners derived from indenoquinoxaline and oxadiazole are designed, synthesized
and characterized for their multi-photon properties in the femtosecond time domain. These two model
structures are experimentally found to exhibit strong and widely distributed two- and three-photon
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1. Introduction

The last two decades have seen tremendous efforts in the
development of materials that manifest strong two-photon
absorption (2PA) properties due to many useful applications
based on this nonlinear optical phenomenon including optical
power-limiting, up-converted lasing, 3D data storage, noninva-
sive bio-imaging and photodynamic therapy."® As scientists
have realized the general guidelines for the molecular design
toward efficient 2PA materials, the attention has gradually
shifted to explore the structural parameters that link to the
molecular three-photon absorption (3PA) efficiencies. Theoret-
ically, it is comparatively much more difficult to trigger a 3PA
process than a 2PA process for a given molecule due to the huge
difference in cross-section values between these two nonlinear
phenomena. As a fifth-order nonlinear optical phenomenon,
the cubic power-dependence on the local intensity of a 3PA
process can achieve a superior spatial confinement compared to
that offered by a 2PA process. Therefore, a corollary that follows
from this intrinsic characteristic is the potentiality to accom-
plish a higher spatial resolution and contrast in imaging-related
applications. Moreover, a 3PA process also renders a greater
optical-limiting and stabilization effect that covers a broader
spectral range at equal nonlinear transmission level.” For the
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respectively. Both two-
performance of a representative model compound are also evaluated and demonstrated.

and three-photon absorption-based optical power-limiting

past few years, we have been focused on searching new and
useful heterocyclic -units for the development of efficient 2PA-
chromophores and have found that functionalized quinox-
alinoids are beneficial moieties for the enhancement of
molecular 2PA.*** Among these investigations, some of the
quinoxalinoid systems were even found to manifest strong 3PA
in both nanosecond and femtosecond time domain'** and
such experience has lead us to consider that it may be worthy to
explore the potentiality of using quinoxalinoids as the building
units for 3PA materials. Following this line of concept, herein
we would like to present our combined studies of degenerate
2PA and 3PA, up-converted emission and order of the absorp-
tion process (OAP) across a spectral range of 680-1500 nm
based on a set of new multi-branched chromophores derived
from 2,3,8-trifunctionalized indenoquinoxalines and oxadia-
zoles in the femtosecond time domain. Through the analysis of
the relationship between molecular structures and 2PA/3PA
properties, some molecular parameters that are useful for
designing highly active 2PA/3PA materials may be retrieved.

2. Results and discussion
2.1 Design and synthesis of model molecules

Fig. 1 illustrates the molecular structures of the investigated
model chromophores and the syntheses toward these target
structures are presented in Schemes 1 and 2. Compound 1
manifests an asymmetric skeleton, which is constructed by
attaching two identical electron-donating units (i.e. diphenyla-
minofluorene) and one electron-pulling group (i.e. oxadiazole)
at C2, C3, and C8 positions of an indenoquinoxaline moiety.
Therefore, compound 1 possesses a generic donor-m-acceptor
(i.e. D-m-A) backbone. In contrast, compound 2 represents

RSC Adv, 2021, 11, 525-536 | 525


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra08945a&domain=pdf&date_stamp=2020-12-23
http://orcid.org/0000-0001-8620-3527
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08945a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011001

Open Access Article. Published on 24 December 2020. Downloaded on 6/14/2026 8:42:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

CeHi3

CgHi3

Fig. 1 Molecular structures of the studied model chromophores.
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a conceptually “dimerized” version of compound 1 with
a structural motif of donor-m-acceptor-w-donor (i.e. D-1-A-1-D).

For the syntheses of designed model chromophores, the
previously reported compounds 3 and 10 were utilized as the
starting materials®® and consecutive transformation of func-
tional groups were performed to prepare the essential diamine
synthons (i.e. compounds 9 and 16) for the final coupling. In
brief, the aforementioned functional group transformation
starts from converting bromo groups to primary amino groups
through an Ullmann-type amination followed by a reduction
(.e.3 - 4 — 5and 10 — 11 — 12). The obtained primary
amino groups of compounds 5 and 12 were then acetylized
followed by regioselective nitration processes (i.e. 5 — 6 — 7
and 12 — 13 — 14). Deacetylization were performed on
compounds 7 and 14 to recover the primary amino groups (i.e.
compounds 8 and 15) and the essential 1,2-diamines (i.e. 9 and
16) were obtained through simple reduction processes. Once
these two diamines are in our hands, the same final coupling
protocol can be conducted to prepare the targeted model
chromophores 1 and 2 under an acid-catalyzed condition using
a previously reported diketone (i.e. compound 17) as the

526 | RSC Adv, 2021, N, 525-536

compounds were carefully purified and their structures were
confirmed by "H NMR, *C NMR and high resolution mass
spectrometry.

2.2 Optical properties

2.2.1 Linear optical properties. In solution phase, these
two model chromophores exhibit intensive linear absorption in
the UV-visible region with their lowest-energy absorption
maxima located at 428 nm (¢ ~ 6.08 x 10" cm™' M) and
439 nm (e ~ 1.38 x 10° cm™' MY, respectively. In addition,
very intensive bluish-green color of fluorescence from both
compound solutions was readily observable when irradiated by
a common UV lamp, agreeing to their fluorescence spectra as
exhibited in the inset of Fig. 2. All the measured photophysical
data are summarized in Table 1.

It is noted that both the studied model compounds manifest
multi-maximum linear absorption bands that virtually cover
identical spectral region in the UV-visible and the expansion of
the m-framework from compound 1 to compound 2 has led to
an overall promotion of the linear absorptivity. Furthermore,

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08945a

Open Access Article. Published on 24 December 2020. Downloaded on 6/14/2026 8:42:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

o

@f:\m( Cul, DMAC
A

o

CeHiz

0 CeHiz M
“ 0)\©\6
4

NHZNHZ H,0
MeOH

A

CgHyz CoH1s N-N
WS G
2 5

Ac,0, Et;N
CH,Cl, rt

Cs“ﬂ N-N

HNO;
HOAc
Acetone
rt

5H13 cs”n
AcHN 0)\©\€
¢ z

H,S0,
MeOH

A

csH13

sHm
0

snCl, 2H0 | A
EA

CeH1z

CeHiz
HZN# )\©\‘4

View Article Online

RSC Advances

CeHiz N-N Cs“n cs“n

CeHiz
Br
Wasepav
@f\:m( Cul, DMAC
A

o
Y

OCSH13 CeH1z N-N C6H13 CgHi3 Q,
o
NH,NH; " H,0 n
MeOH
A
\
GH" CeH13 C6H13 CeHis
‘o NH,
HoN
Ac;0, Et;N
CH,Cl,, rt
6H13 CeHn NN Cs“n CeH13
O O NHAC
AcHN
HNO,
HOAc
Acetone
rt
5H13 CGH13 N-N cs”n CeH13
NHAc
AcHN
H,S0,
MeOH

CeH1s

sH13 CSH13 CsH13
" NHz

snCl,"2H,0 | A
EA

CeH13

GH13 CGH“ CGH13
. NHZ

Scheme 1 Synthetic routes for the preparation of the key intermediates.

when analyzing the detailed spectral structures of their linear
absorption bands, one can see that these two chromophores
exhibit different tendency for the magnitude change of their
local absorption maxima. That is, the molar absorption coeffi-
cients corresponding to the three local absorption maxima of
compound 1 manifests a bathochromically descending manner
whereas compound 2 shows a “fluctuating” trend of it. Since
compounds 1 and 2 possess different symmetries in their
molecular scaffolds, it should be reasonable that such intrinsic

© 2021 The Author(s). Published by the Royal Society of Chemistry

structural difference can lead to dissimilar linear absorption
behaviors.

2.2.2 Two- and three-photon properties. For both funda-
mental research and application, it is important to grasp the
combined information about the dispersion and band struc-
tures of two- and three-photon absorptivities across a wide
spectral range for a novel material so that the molecular
structure-2PA/3PA property relationship can be studied and the
applicable wavelength range based on such a material can be

RSC Adv, 2021, 1, 525-536 | 527
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Fig. 2 Linear absorption and fluorescence spectra (inset) of
compounds 1 and 2 (experimental conditions: sample concentration =
1 x 107® M in toluene; both compound 1 and compound 2 are excited
at 410 nm to record their fluorescence spectra).

determined. In general, mapping out the entire multi-photon
absorption (MPA) spectrum for a given studied subject is not
an easy task. Based on the accumulated knowledge and expe-

rience, one may select appropriate light sources with
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wavelengths located within the following spectral range for MPA
studies:"

A K Aexe = 24 (for 2PA) (1)

241 < dexe = 32 (for 3PA) 2)

where A; represents the peak wavelength for one-photon
absorption band of the studied nonlinear material.

With this consideration of the wavelength range for multi-
photon property studies in mind, we attempt to continuously
probe OAP so that the entire dispersion pattern of 2PA and 3PA
for the studied model chromophores can be realized. To do so,
the detailed power-dependence of the up-converted emission
intensity on the excitation intensity of the studied model
chromophores in the range of 680-1500 nm should be investi-
gated via a multi-photon-excited fluorescence (MPEF)
technique.

It is worthy to note that for MPEF experiments, linear
attenuation caused by the solvent used for the preparation of
tested samples should be seriously taken into consideration
particularly for higher-photon excitations as many organic
solvents possess linear absorption in near-IR region due to the
characteristic vibrational overtones and such phenomenon
could suppress the incident photon flux and lead to a substan-
tial decrease of the MPEF signal. It has been suggested that this

Table 1 Photophysical properties of the studied model compounds in solution phase”

Compound ALPAD (nm) eM tem ™) AEM ¢ (nm) o 02,max. (GM) 228 (nm) 63,maxf (1078 cm® s?) A3 (nm)
1 312 7.9 x 10* 498 0.51 970 750 50 1280

351 7.7 x 10*

428 6.1 x 10*
2 308 1.3 x 10° 499 0.57 2120 750 85 1280

359 1.5 x 10°

439 1.4 x 10°

“ Sample solutions for linear and two-photon-related measurements

were prepared in toluene whereas those for three-photon-related

measurements were prepared in toluene-ds. ” Linear (one-photon) absorption maxima. ¢ One-photon-induced fluorescence emission maxima.
4 Fluorescence quantum efficiency. ° Maxima of two-photon absorption at A2%A; 1 GM = 1 x 10~°° em” s/photon-molecule. / Maxima of three-

photon absorption at .
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detrimental effect can be alleviated if deuterated solvents are
utilized.”® Among the commercially available deuterated
solvents, we have selected toluene-dg for this purpose since we
have frequently used its non-deuterated analogue (i.e. the
common toluene) as the solvent to prepare sample solutions for
two-photon-related experiments in our other chromophore
systems.

For the excitation light source, an integrated wavelength-
tunable femtosecond laser system (Ti:sapphire oscillator +
OPO, Coherent) was utilized to probe the detailed power-
dependence of the multi-photon-induced emission intensity
on the incident laser intensity of chromophores 1 and 2 in the
range of 680-1500 nm and map out their OAP-spectra as illus-
trated in Fig. 3 (for compound 2) and Fig. S27 (for compound 1).

Using compound 2 as a representative, three distinct regions
representing different orders of the nonlinear absorption
processes can be readily observed from Fig. 3 and can be
interpreted as follows:

The observed second-order dependence in the region from
680 to 1000 nm indicates that all the transitions in this spectral
range are caused by pure 2PA. When the excitation wavelengths
moves bathochromically toward 1100 nm, intermediate values
of OAP (i.e. =2.2-2.7) were obtained, implying the coexistence
of 2PA and 3PA within this spectral section. Accordingly, 2PA
processes would be more dominant when the excitation wave-
lengths are closer to 1000 nm because a comparatively lower
threshold of excitation intensity is required to trigger a 2PA and
the observed order of power-dependence is closer to 2. In
contrast, when those excitation wavelengths near 1100 nm are
utilized, the ascending 3PA may become competitive and
observed OAP values are closer to 3. And lastly, when the exci-
tation wavelengths were further tuned into the range of 1100~
1500 nm, a cubic power-dependence was constantly held, veri-
fying that pure 3PA is the major nonlinear process within this
spectral region. Overall, this measured OAP-spectrum provides
a very informative picture about the spectral coverage of pure
2PA and 3PA as well as the transition course from 2PA to 3PA.

With such investigation results as a guide, we have used the
same laser system and MPEF technique to delineate the
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Fig. 3 Measured OAP spectrum of compound 2.
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nonlinear absorption spectra of compounds 1 and 2 within their
pure 2PA and 3PA region (i.e. 680-1000 nm for 2PA and 1100-
1500 nm for 3PA). Both the 2PA-/3PA-induced fluorescence and
corresponding logarithmic power-dependence for the specific
nonlinear absorption process in this model chromophore system
were also demonstrated at two representative excitation wave-
lengths. All these aforementioned experimental data are inte-
grated and illustrated in Fig. 4 and 5. It is notable from Fig. 4 that
these two chromophores possess nearly identical spectral
dispersion of their two-photon activities with compound 2
manifests an overall ascending magnitude of 2PA. These features
suggest that the expansion of m-domain size from a D-m-A
framework (as for compound 1) to a D-rt-A-1t-D scaffold (as for
compound 2) has led to the enhancement of molecular 2PA
without changing the band position of major 2PA in this model
system. Although the same structural expansion also leads to an
intensified 3PA as one can see in Fig. 5, it should be noted that
the extent of enhancement on maximal 2PA is larger than that on
the maximal 3PA (ie. 03pa(2)/03pa(1l) = 2.2 whereas O3pa(2)/

Spa(l) = 1.7). Although this discrepancy in the amplitude of
enhancement is not too large in the current case, it may indicate
the existence of some fundamental differences between the
molecular designs for 2PA- and 3PA-active chromophores. In
other words, those structural parameters that are beneficial for
the promotion of molecular 2PA may or may not be necessary
useful for the enhancement of 3PA for a given chromophore
system. Nevertheless, the current observation is in agreement
with previously reported studies based on different molecular
systems, in which the structural expansion was also found to
correlate with 2PA and 3PA cross-sections.'®"”

It is also noted that the maximal 2PA and 3PA of these two
dye molecules are located at wavelengths shorter than twice and
three-times their lowest-energy linear absorption maxima (i.e.
2orA <20k and A3ra < 3Atea for both studied compounds). This
suggests that the most probable excited-states accessed by two-
and three-photon processes are energetically higher than the
lowest one-photon allowed excited-states of these compounds.
In addition, the presently investigated compounds manifest
significant multi-photon brightness (6, X @ or 63 X ®g), which
is another essential concern for the molecular design specifi-
cally for those applications relied on the strength of multi-
photon-induced fluorescence signals.

3. 2PA- and 3PA-based optical
power-limiting

We have selected chromophore 2 for the demonstration of
optical power-limiting properties based on 2PA and 3PA at 750
and 1280 nm in the femtosecond regime since this compound
possesses larger overall 2PA and 3PA in this model system.

According to the nonlinear absorption theory, the attenua-
tion of the incident laser intensity caused by multi-photon
absorption processes can be described by the following
phenomenological expression:'***

di(z)
dz

= —al(z) — BI*(z) —yP(z) — ... (3)

RSC Adv, 2021, 11, 525-536 | 529
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Fig. 4 (a) Normalized two-photon excited emission spectra of fluorophores 1 and 2 in toluene at 1 x 107> M. (b and c) Logarithmic plots of
power-squared dependence of the 2PA-induced fluorescence intensities of these compounds on the input intensity (in toluene). (d) Measured
degenerate 2PA-spectra of 1 and 2 in toluene solution at 1 x 10~* M (experimental error ~15%).

Here I(z) is the local intensity of the incident light propagating
along the z-axis, «, 8, and v are the one-, two-, and three-photon
absorption coefficients of the given medium, respectively.
When the appropriate wavelengths (1) are selected, there will be
no linear absorption (i.e. « = 0) and either a pure degenerate
2PA or a pure degenerate 3PA process that satisfies eqn (3) can
occur within the studied medium. The solutions to eqn (3) for
these two independent nonlinear processes should be:

1(20) = 1p(2)

= T L) (for 2PA process)

(4)

530 | RSC Adv, 2021, 11, 525-536

and
Iy(2)
1+ 2y(N) 12 (W)

I(z,2) = (for 3PA process)

(5)

where I,(2) is the incident light intensity with a top-hat pulse
shape, [ is the propagation length in the medium, and §(2) (in
units of cm GW ") and () (in units of cm® GW?) are the two-
photon and three-photon absorption coefficients which are
macroscopic parameters depending on the concentration of the
studied sample. Practically, the @ and vy values can be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) Normalized three-photon excited emission spectra of fluorophores 1 and 2 in toluene-dg at 1 x 10~> M. (b and c) Logarithmic plots of
power-squared dependence of the 3PA-induced fluorescence intensities of these compounds on the input intensity (in toluene-dg). (d)
Measured degenerate 3PA-spectra of 1 and 2 in toluene-dg solution at 1 x 1072 M (experimental error ~15%).

determined by nonlinear transmission experiments. Once § and
v values are found for a given wavelength the corresponding
values of 2PA and 3PA cross-sections (g, and o3) can be further
retrieved from the following two equations:

B() = a2(W)No = 02()Nado x 1073 (6)
and

¥(2) = 03()Ny = 03(A)Nady x 1073 (7)

© 2021 The Author(s). Published by the Royal Society of Chemistry

where N, is the molecular density, N, is the Avogadro number,
d, is the molar concentration of the absorbing molecules (in
units of M).

Fig. 6 illustrates the measured data for the dependence of
transmitted intensity on the input laser intensity at ~750 nm
(Fig. 6a) and ~1280 nm (Fig. 6b), respectively. The blue and red
solid lines in Fig. 6a and b represent the theoretical curves
predicted by eqn (4) and (5) with best fitting parameters of § =
475 x 107" em GW ' and v = 2.0 x 107* em® GW ™2, respec-
tively. These two parameters are the measured 2PA and 3PA
coefficient values of the sample at corresponding probing

RSC Adv, 2021, 11, 525-536 | 531
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Fig. 6 (a) Measured characteristic 2PA-based optical power-limiting
curve of compound 2 in toluene (0.01 M; blue solid line: theoretical
curve using a best fitting 2PA coefficient of 8 = 4.75 x 10~ cm GW™Y);
(b) measured characteristic 3PA-based optical power-limiting curve of
compound 2 in toluene-dg (0.01 M; red solid line: theoretical curve
using a best fitting 3PA coefficient of y = 2.0 x 10~% cm® GW™2).

wavelengths. It can be seen that both measured input/output
curves exhibit none deviation from the linear transmission
(gray solid lines in both figures) under very low input intensity
and when the input intensity levels up, such deviation start to
increase because the corresponding nonlinear absorption
processes were triggered so that the output intensities were
suppressed in each case accordingly. These observed nonlinear
optical power-attenuation behaviors may suggest the possibility
to develop a single-component material system which manifests
strong 2PA and 3PA for efficient and broadband optical-limiting
related applications based on appropriate molecular design. In
addition, the 2PA and 3PA cross-sections values of this model
compound can be calculated from the above experimental
results to be ~2090 GM and ~80 x 10 %° cm® s” respectively.
These values are very close to the results obtained from the
MPEF method within the experimental error, indicating that
2PA and 3PA are the essential causes for the observed up-
converted emission and optical power-limiting properties in
this multi-branched chromophore system. Besides, it is worthy

532 | RSC Adv, 2021, 11, 525-536

View Article Online

Paper

to mention here that for a designed material to be applicable in
multi-photon-based technologies, other than the desired
molecular parameters such as strong multi-photon-induced
fluorescence and nonlinear optical attenuation, photostability
is another important issue that needs to be considered for the
molecular design since this character directly relates to the
working lifetime of that material. For these two chromophores,
neither salient decrease of the 2PA-/3PA-induced fluorescence
strength nor observable decline of optical power-suppressing
ability was found even under prolonged irradiation of femto-
second laser pulses in our experimental conditions, which
suggests that the studied dye molecules in this work may
manifest fairly acceptable robustness against ultrafast laser
pulses. More sophisticated experiments should be designed to
evaluate the photostability of these compounds and are
undertaken.

4. Conclusions

In conclusion, a model compound set containing two multi-
branched analogues based on indenoquinoxaline and oxadia-
zole moieties has been synthesized and investigated for their
linear and nonlinear absorption as well as 2PA- and 3PA-based
optical power-limiting properties in the femtosecond regime.
Both model compounds were experimentally found to possess
strong and wide range of 2PA and 3PA. It is also realized that
although the structural expansion could lead to the promotion
of molecular two- and three-photon absorptivities in this model
chromophore system, the amplitude of promotion is not
necessary to be identical due to the existence of some intrinsic
differences in the requirements of molecular parameters for
highly two- and three-photon active materials.

Moreover, by wusing multi-photon-excited fluorescence
(MPEF) technique, we have been able to record and analyze the
power-dependence relationship between the incident laser and
up-converted fluorescence and map out the spectral dispersion
of the order of absorption process so that the entire progression
from pure 2PA to pure 3PA through a section of the coexistence
of both processes can be clearly delineated (i.e. the OAP-
spectrum) based on the studied model compounds. With the
aid of the measured 2PA and 3PA-spectra, one may retrieve
useful information for the future material design especially for
those applications that requires highly active 2PA/3PA in
a specific spectral region.

In addition, we have selected the larger congener (ie.
compound 2) to demonstrate 2PA- and 3PA-based optical power-
limiting at the wavelength positions of its maximal 2PA and 3PA
and the experimental results confirm that 2PA and 3PA are the
major causes for the observed up-converted fluorescence and
optical power-suppressing characteristics in this multi-
branched chromophore system.

5. Experimental section
5.1 General

All the reagents utilized for the preparation of the intermediates
and final structures were purchased from various commercial

© 2021 The Author(s). Published by the Royal Society of Chemistry
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sources and were used as received. A 500 MHz NMR spec-
trometer was employed to measure the "H NMR and *C NMR
spectra for all the intermediates and final structures using TMS
or residual CHCI; signals as the internal standards. The
numbering of carbon and hydrogen atoms used for NMR signal
assignment for the intermediates and the final chromophores
are summarized in the ESIL.f High-resolution mass spectra
(HRMS) were measured by using an ESI-TOF mass spectrometer
(Waters LCT) and MALDI-TOF MS spectra were measured by
using a Voyager DE-PRO mass spectrometer (Applied Bio-
system, USA).

5.2 Photophysical methods

The measurements of linear optical properties of the studied
model chromophores were performed by utilizing the corre-
sponding UV-VIS-NIR absorption and fluorescence spectrome-
ters. For two- and three-photon-excited fluorescence properties,
a Ti:sapphire oscillator was utilized as the major working tool
for the measurements. On the other hand, a femtosecond
regenerative amplifier system was employed to probe two- and
three-photon-based nonlinear transmission properties of the
studied compounds. The experimental conditions and the
configuration of optical set-ups for the measurements of
nonlinear optical properties are described in detail in the ESL{

5.3 Synthesis

Compounds 3, 10 and 17 in Schemes 1 and 2 were employed as
the starting compounds for the synthesis of intermediates and
final chromophores. These compounds were prepared by
following the reported procedures.®* The details for the
synthesis of other key intermediates (i.e. compounds 4-9 and
11-16) and targeted model compounds are presented below:
5.3.1 2+(7-(5-(4-(tert-Butyl)phenyl)-1,3,4-oxadiazol-2-yl)-9,9-
dihexyl-9H-fluoren-2-yl)isoindoline-1,3-dione (4). To a solution
of compound 3 (1.3 g; 2.12 mmol) in DMAc (15 mL) was added
potassium phthalimide (0.39 g; 2.12 mmol) and Cul (0.40 g; 2.12
mmol) and the whole system was heated to reflux for 24 h. After
cooling to the room temperature, NH;(,q) (50 mL) was added to
the reaction mixture and the resulting solution was extracted
with ethyl acetate. The organic layer was collected and dried
over MgSOy). After filtration, the filtrate was concentrated in
vacuo to afford crude product, which was further purified
through column chromatography on silica gel using ethyl
acetate/hexane (1 : 5) as the eluent to give target product (0.79 g,
55%). 'H NMR (300 MHz, CDCl;) 6 = 8.16 (d, J = 1.2 Hz, 1H,
Hy), 8.15 (dd, J; = 1.2 Hz, J, = 5.7 Hz, 1H, H;), 8.12 (dd, J; =
3.0 Hz, J, = 6.6 Hz, 2H, Hyp), 7.98 (dd, J; = 3 Hz, ], = 5.7 Hz, H;.),
7.90 (d,J= 5.4 Hz, 1H, Hg), 7.88 (d,J = 5.4 Hz, 1H, Hp), 7.81 (dd,
J1=23Hz,J, = 5.4 Hz, Hy4), 7.57-7.51 (m, 4H, Hg, Hy, Ho), 2.15-
2.10 (m, 4H, Hy), 1.37 (s, 9H, Hy), 1.14-1.10 (m, 12H, Hy, Hy,
H), 0.78-0.74 (m, 10H, H,, Hy); "*C NMR (75 MHz, CDCl;) 6 =
166.93 (Cy4), 164.67 (Cyy), 164.31 (Cy), 155.00 (Cg), 151.86 (Ca),
143.55 (Cy), 139.06 (Cy), 134.20 (Cyc), 133.55 (Cg), 131.50 (Co),
131.41 (Cyp), 126.54 (Cp), 125.90 (C), 125.79 (Cq), 125.01 (Cy),
123.40 (Cyq), 122.82 (Cg), 122.45 (Cyy), 121.10 (Cy), 120.92 (Cy),
120.55 (Cp), 120.28 (Cg), 55.53 (Cg), 39.91 (Cy), 34.79 (Cs), 31.22
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(Ce), 30.85 (Cy), 29.41 (Cq/), 23.63 (Ce), 22.31 (Cy), 13.74 (Cy);
HRMS (MALDI-TOF): m/z: calcd for C4sH,oN;305: 680.3852 [M]%;
found: 680.3870.

5.3.2 7-(5-(4-(tert-Butyl)phenyl)-1,3,4-oxadiazol-2-yl)-9,9-di
hexyl-9H-fluoren-2-amine (5). To a mixture of compound 4
(0.8 g; 1.17 mmol) in methanol (25 mL) was added hydrazine
monohydrate (0.5 g; 2.34 mmol) and the mixture was heated to
reflux for 7 h. After cooling to the room temperature and
removal of methanol by rotary evaporator, the residue was
extracted with ethyl acetate. The organic layer was collected and
dried over MgSOy). After filtration, the filtrate was concen-
trated in vacuo to afford crude product, which was purified by
column chromatography on silica gel using ethyl acetate/
hexane (1:3) to afford the title compound (0.6 g, 93%). 'H
NMR (300 MHz, CDCl,) 6 = 8.10 (dd, J; = 1.8 Hz,J, = 6.9 Hz, 1H,
H;), 8.07-8.03 (m, 3H, Hp, Hp), 7.65 (d, /= 7.8 Hz, 1H, Hg), 7.56-
7.51 (m, 3H, Hy, Hy), 6.69 (s, 1H, Hg), 6.67 (d, J = 1.8 Hz, 1H,
Hy), 3.97 (s, 2H, Hyp,), 2.09-1.87 (m, 4H, Hy), 1.36 (s, 9H, Hy),
1.23-1.04 (m, 12H, Hy, Hg, He), 0.77-0.63 (m, 10H, Hy, Hy);
13C NMR (75 MHz, CDCl;) § = 165.23 (Cy), 164.17 (Cy), 154.98
(Cr), 153.43 (C,), 150.48 (Cy), 147.29 (Cg), 145.36 (Cg), 130.72
(Cc Co), 126.60 (Cp), 125.88 (Cq), 121.31 (Cj), 121.17 (Cg), 120.80
(Cn), 120.25 (Cy), 118.47 (Cg), 114.04 (Cp), 109.26 (Cg), 54.99
(Cy), 40.45 (Cr), 34.92 (Cs), 31.42 (Ce), 30.99 (Cy), 29.59 (Ca),
23.60 (Ce), 22.46 (Cy), 13.87 (Cy); HRMS (MALDI-FAB): m/z:
caled for C3,H,;N;0: 549.3719 [M]"; found: 549.3725.

5.3.3 N-(7-(5-(4-(tert-Butyl)phenyl)-1,3,4-oxadiazol-2-yl)-9,9-
dihexyl-9H-fluoren-2-yl)acetamide (6). To a mixture of
compound 5 (0.6 g; 1.09 mmol) in CH,Cl, (20 mL) was added
triethylamine (0.30 mL; 2.18 mmol) and acetic anhydride (0.20
mL; 2.18 mmol) and the whole system was stirred at room
temperature for 20 min. After removal of the solvent by rotatory
evaporator, the mixture was poured into water, and the
precipitate was filtered and dried in vacuum oven to afford title
compound (0.97 g, 90%). "H NMR (300 MHz, CDCl;) 6 = 8.22 (s,
1H, Hypac), 8.11-8.08 (m, 4H, Hg, Hp, Hy), 7.76 (d, J = 8.1 Hz,
1H, Hg), 7.73 (s, 1H, H), 7.69 (d, J = 8.1 Hz, 1H, Hp), 7.58-7.55
(m, 3H, Hy, Hg), 2.25 (s, 3H, Hy), 2.08-1.98 (m, 4H, Hy), 1.38 (s,
9H, Hy), 1.12-0.97 (m, 12H, He, Hy, He), 0.77-0.63 (m, 10H,
Hy, Hy); C NMR (75 MHz, CDCl;) 6 = 168.59 (Cy), 165.11 (Cyy),
164.50 (Cy), 155.30 (Cg), 152.57 (Ca), 151.47 (Cy), 144.45 (Cy),
138.66 (Cg), 135.77 (Co), 126.72 (Cp), 126.02 (Cg), 121.58 (Co),
121.05 (Cy), 120.81 (Cg), 119.68 (Cy, Cy), 118.61 (Cy), 114.23 (Cg,
Cp), 55.55 (Cg), 40.28 (Cr), 35.03 (Cs), 31.45 (Cy), 31.06 (Cr),
29.58 (Cq'), 24.66 (Cy), 23.71 (C¢), 22.49 (Cy), 13.90 (Cy); HRMS
(MALDI-TOF): m/z: caled for C3oH,9N30,: 592.3903 [M]'; found:
592.3924.

5.3.4 N-(7-(5-(4-(tert-Butyl)phenyl)-1,3,4-oxadiazol-2-yl)-9,9-
dihexyl-3-nitro-9H-fluoren-2-yl)acetamide (7). To a mixture of
compound 6 (1 g; 1.68 mmol) in AcOH (15 mL) and acetone (5
mL) was added nitric acid (1.4 mL; 33.79 mmol) and the whole
system was stirred at room temperature. After the reaction was
completed, the reaction mixture was poured into NaOH(,q) and
the resulting solution was extracted with ethyl acetate. The
organic layer was collected and dried over MgSOy). After
filtration, the filtrate was concentrated in vacuo to afford crude
product, which was purified by column chromatography on
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silica gel using ethyl acetate/hexane (1 : 5) to give title product
as a yellow powder (0.86 g, 80%). 'H NMR (300 MHz, CDCl;) 6 =
10.66 (s, 1H, Hygac), 8.91 (s, 1H, Hg), 8.60 (s, 1H, Hy), 8.19-8.10
(m, 4H, Hy, Hy, Hp), 7.89 (d, J = 8.7 Hz, 1H, Hy), 7.58 (d, ] =
6.9 Hz, 2H, Hy), 2.36 (s, 3H, Hy), 2.15-2.10 (m, 4H, Hy), 1.38 (s,
9H, Hy), 1.12-1.01 (m, 12H, Hy, Hy, He), 0.77-0.67 (m, 10H,
H., Hy); *C NMR (75 MHz, CDCl;) 6 = 169.03 (Cy), 164.59 (Cyy),
164.46 (Cy), 160.36 (Cg), 155.32 (C,), 151.39 (Cy), 141.82 (Cy),
135.74 (Cg), 135.25 (Co), 135.05 (Cp), 126.69 (Cp), 126.29 (Cx),
125.93 (Cq), 123.32 (Cg), 121.32 (Cy), 120.81 (Cy), 120.51 (Cy),
117.26 (Cg), 116.14 (Cg), 56.53 (Cy), 40.05 (Cy), 34.93 (Cs), 31.27
(Ce), 30.95 (Cy), 29.33 (Cq), 25.64 (Cy), 23.72 (Ce), 22.34 (Cp),
13.78 (Cy); HRMS (MALDI-TOF): m/z: caled for CzoH,gN,O4:
637.3753 [M]"; found: 637.3769.

5.3.5 7-(5-(4-(tert-Butyl)phenyl)-1,3,4-oxadiazol-2-yl)-9,9-dihex
yl-3-nitro-9H-fluoren-2-amine (8). To a mixture of compound 7
(0.7 g; 0.74 mmol) in methanol (10 mL) was added sulfuric acid (2
mL) and the whole system was heated to reflux for 30 min. After
cooled down to room temperature, the reaction mixture was
poured into NaOHg,q) and the resulting solution was extracted with
ethyl acetate. The organic layer was collected and dried over
MgSOy). After filtration, the filtrate was concentrated in vacuo to
afford crude product, which was purified by column chromatog-
raphy on silica gel using ethyl acetate/hexane (1 : 5) to afford a red
powder as the title product (0.56 g, 60%). 'H NMR (300 MHz,
CDCl;) 6 = 8.50 (s, 1H, Hg), 8.11-8.08 (m, 4H, Hg, Hy, Hp), 7.78 (d, ]
= 8.7 Hz, 1H, Hy), 7.58 (d, ] = 8.7 Hz, 2H, Hy), 6.78 (s, 1H, H),
6.33 (s, 2H, Hyp ), 2.11-1.87 (m, 4H, Hy), 1.38 (s, 9H, Hy), 1.15-1.05
(m, 12H, Hy, Hy, He), 0.78-0.65 (m, 10H, Hy, Hy); °C NMR (75
MHz, CDCl;) 6 = 164.82 (Cyy), 164.59 (Cy), 160.27 (Cg), 155.35 (Ca),
150.18 (Cy), 145.45 (Cy), 142.90 (Cg), 131.91 (Co), 130.57 (Cc),
126.78 (Cp), 125.39 (Cx), 126.06 (Cq), 122.41 (Gy), 121.23 (Cy), 121.10
(Cp), 119.86 (Cy), 117.75 (Cg), 112.75 (Cg), 55.73 (Cy), 40.85 (Cy),
35.09 (Cg), 31.45 (Cy), 31.11 (Cy), 29.55 (Cq), 23.82 (Ce), 22.50 (Cy),
13.92 (Cy); HRMS (MALDI-TOF): mj/z: caled for Cj;H;sN,Os:
595.3648 [M]'; found: 595.3666.

5.3.6 7-(5-(4-(tert-Butyl)phenyl)-1,3,4-oxadiazol-2-y1)-9,9-dihex
yl-9H-fluorene-2,3-diamine (9). To a mixture of compound 8
(0.56 g; 0.94 mmol) in ethyl acetate (20 mL) was added tin(n)
chloride dihydrate (2.12 g; 9.4 mmol) and the whole system was
heated to reflux for 3 h. After cooled down to room temperature,
the reaction mixture was poured into NaHCOj(,q) and the resulting
solution was filtered. The filtrate was extracted with ethyl acetate.
The organic layer was collected and dried over MgSOy). After
filtration, the filtrate was concentrated in vacuo to afford crude
product, which was directly used for the next step without further
purification. "H NMR (300 MHz, CDCl;) 6 = 8.10 (d,J = 8.4 Hz, 2H,
Hyp), 8.03-8.01 (m, 2H, Hy, Hy), 7.60 (d, ] = 8.4 Hz, 1H, Hyy), 7.56 (d,
J = 8.4 Hz, 2H, Hy), 7.10 (s, 1H, Hg), 6.69 (s, 1H, Hg), 3.66 (s, 4H,
Hyp,), 2.10-1.84 (m, 4H, Hy), 1.37 (s, 9H, Hy), 1.14-1.05 (m, 12H,
Hy, Hy, Hy), 0.78-0.72 (m, 10H, H,, Hy); *C NMR (75 MHz,
CDCl;) 6 = 165.34 (Cy), 164.25 (Cy), 155.07 (Cg), 151.24 (C,),
145.58 (Cy), 144.66 (Cg), 136.43 (Cg), 133.53 (C), 132.01 (Cp),
126.69 (Cp), 125.97 (Cq), 125.87 (Co), 121.25 (Cy), 120.76 (Cp),
120.31 (Cy), 118.51 (Cy), 110.65 (Cg), 108.82 (Cg), 54.73 (Cy), 40.48
(Ce), 35.02 (Cs), 31.52 (Cy), 31.08 (Cy), 29.68 (Cq), 23.69 (Ce), 22.55
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(Cy), 13.95 (Cy); HRMS (MALDI-TOF): m/z: caled for Cs;H,gN,O:
564.3828 [M]"; found: 564.3836.

5.3.7 2,2'{((1,3,4-Oxadiazole-2,5-diyl)bis(9,9-dihexyl-9H-fluor
ene-7,2-diyl))bis(isoindoline-1,3-dione) (11). To a solution of
compound 10 (1 g; 1.12 mmol) in DMAc (15 mL) was added
potassium phthalimide (0.72 g; 3.92 mmol) and Cul (0.66 g; 3.46
mmol) and the whole system was heated to reflux for 24 h. After
cooled down to room temperature, NHz(,q) (50 mL) was added to
the reaction mixture and the resulting solution was extracted
with ethyl acetate. The organic layer was collected and dried over
MgSO,). After filtration, the filtrate was concentrated in vacuo to
afford crude product, which was purified through column chro-
matography on silica gel using ethyl acetate/hexane (1 : 5) as the
eluent to give title product (0.59 g, 52%)."H NMR (300 MHz,
CDCl;) 6 = 8.20-8.17 (m, 4H, Hy, Hg), 7.99 (dd, J; = 3 Hz, J, =
5.4 Hz, 4H, H,,), 7.92 (d, ] = 2.4 Hz, 2H, Hy), 7.89 (d, ] = 2.4 Hz,
2H, Hg), 7.82 (dd, J; = 3 Hz, J, = 5.4 Hz, 4H, H,4), 7.53-7.50 (m,
4H, Hy, Hp), 2.12-2.07 (m, 8H, Hy), 1.16-1.08 (m, 24H, Hy, Hy,
H.), 0.78-0.74 (m, 20H, Hy, Hy); ">°C NMR (75 MHz, CDCl;) 6 =
166.95 (C1q), 164.83 (Cyy), 151.86 (Cy), 143.61 (Cy), 139.04 (Cy),
134.22 (Cy.), 133.78 (Cg), 131.44 (Cyp), 128.02 (Cc), 126.76 (Cy),
126.01 (Cg), 125.02 (C;), 123.40 (C1q), 122.36 (Cy), 121.04 (Cg),
120.55 (Cp), 120.31 (Cg), 55.53 (Cy), 39.87 (Cy), 31.19 (C), 29.36
(Ca), 23.61 (Ce), 22.27 (Cyy), 13.72 (Cy); HRMS (MALDI-TOF): m/z:
caled for CegH;,N4Os: 1025.5620 [M]'; found: 1025.5581.

5.3.8 7,7'{(1,3,4-Oxadiazole-2,5-diyl)bis(9,9-dihexyl-9H-fluor
en-2-amine) (12). To a mixture of compound 11 (1.2 g; 1.17 mmol)
in methanol (25 mL) was added hydrazine monohydrate (0.5 g;
2.34 mmol) and the mixture was heated to reflux for 7 h. After
cooled down to the room temperature and removal of methanol
by rotary evaporator, the mixed residue was extracted with ethyl
acetate and the organic layer was collected and dried over
MgSO,). After filtration, the filtrate was concentrated in vacuo to
afford crude product, which was purified by column chroma-
tography on silica gel using ethyl acetate/hexane (1 : 3) to afford
the title compound (0.8 g, 90%)."H NMR (300 MHz, CDCl;) 6 =
8.11-8.09 (m, 4H, Hy, Hy), 7.67 (d,J = 8.4 Hz, 2H, Hy), 7.54 (d,] =
8.4 Hz, 2H, Hg), 6.69-6.67 (m, 4H, Hg, Hp), 3.97 (s, 4H, Hyy),
1.99-1.88 (m, 8H, Hy), 1.14-1.05 (m, 24H, H,, Hy, H'), 0.77-0.66
(m, 20H, Hy, Hy); "*C NMR (75 MHz, CDCl;) 6 = 165.04 (Cyy),
153.38 (Ca), 150.44 (Cy), 147.25 (Cg), 145.24 (Cg) 130.69 (Cc),
125.85 (C)), 121.25 (Cy), 120.74 (Cg), 120.34 (Cy), 118.43 (Cy),
113.97 (Cp), 109.19 (Cg), 54.96 (Cy), 40.42 (Cr), 31.39 (C.), 29.54
(Ca), 23.57 (Ce), 22.42 (Cry), 13.82 (Cy); HRMS (MALDI-TOF): m/z:
caled for Cs,HggN4O: 764.5393 [M]'; found: 764.5388.

5.3.9 N,N'-((1,3,4-Oxadiazole-2,5-diyl)bis(9,9-dihexyl-9H-fluo
rene-7,2-diyl))diacetamide (13). To a mixture of compound 12
(0.8 g; 0.94 mmol) in CH,Cl, (20 mL) was added triethylamine
(0.32 mL; 2.3 mmol) and acetic anhydride (0.22 mL; 2.3 mmol)
and the whole system was stirred at the room temperature for
20 min. After removal of the solvent by rotatory evaporator, the
mixed residue was poured into water, and the precipitate was
filtered and dried in vacuum oven to afford title compound
(0.84 g, 95%)."H NMR (300 MHz, CDCl;) 6 = 8.14-8.12 (m, 4H, Hj,
Hy), 8.00 (s, 2H, Hypad), 7.78 (d, J = 8.4 Hz, 2H, Hy), 7.72-7.69
(m, 4H, Hg, Hg), 7.56 (d, J = 8.4 Hz, 2H, Hp), 2.18 (s, 6H, Hy),
2.11-2.03 (m, 8H, Hy), 1.10-1.04 (m, 24H, H., Hy, He'), 0.76-0.62
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(m, 20H, Hy, Hy); *C NMR (75 MHz, CDCl;) 6 = 168.50 (Cy),
165.11 (Cyy), 152.58 (C,), 151.47 (Cy), 144.40 (Cp), 138.52 (Cg),
135.85 (Cc), 126.07 (Cy), 121.65 (Cy), 121.11 (Cg), 120.82 (Cy),
119.68 (Cx), 118.57 (Cp), 114.18 (Cg), 55.57 (Cy), 40.30 (Cy), 31.46
(Ce), 29.57 (Ca), 24.68 (Co), 23.70 (Ce'), 22.48 (Cy), 13.91 (Cy);
HRMS (MALDI-TOF): m/z: caled for CsH;,N,O5: 849.5682 [M]';
found: 849.5710.

5.3.10 N,N'-((1,3,4-Oxadiazole-2,5-diyl)bis(9,9-dihexyl-3-nitro-9
H-fluorene-7,2-diyl))diacetamide (14). To a mixture of compound 13
(0.8 g; 0.94 mmol) in AcOH (15 mL) and acetone (5 mL) was added
nitric acid (0.78 mL; 18.84 mmol) and the whole system was stirred
at room temperature. After the reaction was completed, the mixture
was poured into NaOH(,q) and the resulting solution was extracted
with ethyl acetate. The organic layer was collected and dried over
MgSO,). After filtration, the filtrate was concentrated in vacuo to
afford crude product, which was purified by column chromatog-
raphy on silica gel using ethyl acetate/hexane (1 : 5) to give the target
product as a yellow powder (0.76 g, 87%). 'H NMR (300 MHz,
CDCl,) 6 = 10.67 (s, 2H, Hypao), 8.89 (s, 2H, Hy), 8.60 (s, 2H, Hy),
8.22-8.18 (m, 4H, Hy, Hy), 7.90 (d,J = 8.1 Hz, 2H, Hy), 2.36 (s, 6H,
Ho), 2.14-2.09 (m, 8H, Hy), 1.14-1.05 (m, 24H, Hy, Hy, Hy), 0.75 (t,
12H, H,), 0.62-0.60 (m, 8H, Hy); *C NMR (75 MHz, CDCl;) 6 =
169.09 (Cy), 164.90 (Cyy), 160.27 (Cy), 151.58 (Cy), 142.09 (Cy), 135.80
(Cg), 135.30 (Cp), 129.14 (C(), 126.51 (Cy), 123.37 (Cy), 121.53 (Cp),
120.64 (Cy), 117.44 (Cg), 11621 (Cg), 56.72 (Cy), 40.21 (Cy), 31.42
(Ce), 29.46 (Cg), 25.85 (Co), 23.86 (Ce'), 22.47 (Cyy), 13.92 (Cy); HRMS
(MALDI-TOF): m/z: caled for CseH7oNgO,: 939.5383 [M]'; found:
939.5404.

5.3.11 7,7'-(1,3,4-Oxadiazole-2,5-diyl)bis(9,9-dihexyl-3-nitro-9
H-fluoren-2-amine) (15). To a mixture of compound 14 (0.7 g; 0.74
mmol) in methanol (10 mL) was added sulfuric acid (2 mL) and
the whole system was heated to reflux for 30 min. After cooled
down to room temperature, the reaction mixture was poured into
NaOH(,q) and the resulting solution was extracted with ethyl
acetate. The organic layer was collected and dried over MgSOy().
After filtration, the filtrate was concentrated in vacuo to afford
crude product, which was purified by column chromatography on
silica gel using ethyl acetate/hexane (1:5) to afford the target
product as a red powder (0.51 g, 80%)."H NMR (300 MHz, CDCl;)
6 = 8.48 (s, 2H, Hg), 8.05 (d,J = 8.1 Hz, 2H, Hj), 7.95 (s, 2H, Hy),
7.68 (d, ] = 8.1 Hz, 2H, Hy), 6.78 (s, 2H, Hy), 6.38 (s, 4H, Hyy),
2.06-1.85 (m, 8H, Hy), 1.11-1.04 (m, 24H, Hy, Hy, Hy), 0.78-0.73
(t, 12H, Hy), 0.61 (m, 8H, Hy); *C NMR (75 MHz, CDCl;) 6 =
167.32 (Cyy), 160.58 (C,), 149.30 (Cy), 145.42 (Cy), 144.00 (Cc),
131.83 (Cg), 130.57 (Cp), 129.25 (Cy), 128.58 (Cg), 123.94 (C)), 119.06
(Cw), 117.93 (Cx), 112.32 (Cg), 55.49 (Cy), 40.76 (Cy), 31.41 (Cy),
29.53 (Cg), 23.75 (Ce), 22.49 (Cy), 13.92 (C); HRMS (MALDI-TOF):
mjz: caled for Cs,HgeNgOs: 854.5095 [M]'; found: 854.5098.

5.3.12 7,7'-(1,3,4-Oxadiazole-2,5-diyl)bis(9,9-dihexyl-9H-fluor
ene-2,3-diamine) (16). To a mixture of compound 15 (0.4 g; 0.46
mmol) in ethyl acetate (20 mL) was added tin(u) chloride dihydrate
(2.11 g; 9.35 mmol) and the whole system was heated to reflux for
3 h. After cooled down to room temperature, the reaction mixture
was poured into NaHCOjuq) and the resulting solution was
filtered. The filtrate was extracted with ethyl acetate. The organic
layer was collected and dried over MgSO,). After filtration, the
filtrate was concentrated in vacuo to afford crude product, which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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was directly used for the next step without further purification. 'H
NMR (300 MHz, CDCl;) 6 = 7.97 (dd, J; = 1.5 Hz, J, = 8.1 Hz, 2H,
H)), 7.91 (d,] = 1.5 Hz, 2H, Hy), 7.50 (d,J = 8.1 Hz, 2H, Hy), 7.07 (s,
2H, Hg), 6.67 (s, 2H, Hy), 3.51 (s, 8H, Hyy), 2.00-1.79 (m, 8H, Hy),
1.13-1.01 (m, 24H, Hy, Hy, He), 0.75 (t, 12H, Hy), 0.66 (m, 8H,
Hy); *C NMR (75 MHz, CDCl;) 6 = 167.83 (Cy), 150.39 (C,),
146.70 (Cy), 145.07 (Cg), 136.44 (Cg), 133.46 (Cc), 132.05 (Cp),
128.76 (Cy), 126.56 (Cy), 123.48 (Cy), 117.74 (Cy), 117.74 (Cx), 110.63
(Cy), 108.98 (Cg), 54.51 (Cy), 40.40 (Cp), 31.52 (Co), 29.69 (Ca),
23.65 (Ce), 22.56 (Cy), 13.96 (Cy); HRMS (FAB): m/z: caled for
Cs2H70NgO: 794.5611 [M]'"; found: 794.5611.

5.3.13 Compound 1. To a mixture of compound 9 (0.37 g;
0.65 mmol), AcOH (10 mL) in THF (20 mL) was added 1,2-bis(7-
(diphenylamino)-9,9-dihexyl-9H-fluoren-2-yl)ethane-1,2-dione
(17) (0.63 g, 0.59 mmol) and the whole system was heated to
reflux for 12 h. After cooled down to room temperature, the
reaction mixture was poured into NaOHg,q) and the resulting
solution was extracted with ethyl acetate. The organic layer was
collected and dried over MgSOy). After filtration, the filtrate
was concentrated in vacuo to afford crude product, which was
purified by column chromatography on silica gel using THF/
hexane (1 : 10) to afford title compound (0.7 g, 74%). '"H NMR
(300 MHz, CDCl;) 6 = 8.53 (s, 1H, Hy), 8.22-8.20 (m, 2H, Hy, Hy),
8.14-8.12 (m, 3H, Hy, Hyp), 8.07 (d,J = 8.1 Hz, 1H, Hy), 7.63-7.51
(m, 10H, Ho, Hy,, Hy3, Hys, Hg), 7.27-7.22 (m, 8H, H,), 7.13-7.08
(m, 10H, H;, Hg), 7.03-6.99 (m, 6H, Hy, Hg), 2.27-2.19 (m, 4H,
Hy¢), 1.75 (m, 8H, Hy), 1.39 (s, 9H, Hy), 1.10-1.04 (m, 36H, H,,
Hy, Hg, Hy, He, He), 0.82-0.66 (m, 30H, H,, H,, Hy, Hy); *C
NMR (75 MHz, CDCl;) 6 = 164.76 (Cy, Cy), 155.40 (Cg), 153.67
(Cmn), 153.46 (Cp), 152.61 (Cs), 152.27 (C16), 150.63 (Cy), 150.56
(Cp), 147.92 (C,), 147.46 (Cy4), 143.13 (Cg), 143.02 (Cyp), 141.66
(Cc), 141.59 (Cp), 141.14 (C;), 137.44 (Cg), 137.35 (Cy4), 135.52
(Co), 129.18 (Cy), 129.14 (C3), 129.10 (C;), 126.86 (Cp), 126.36
(Cr), 126.08 (Cq), 124.38 (Cx), 124.04 (Cy), 123.87 (C,), 123.39
(Cp), 122.55 (C4), 121.60 (Cys), 121.13 (Cyy), 120.85 (Cy3), 119.41
(Ce), 119.11 (Cg), 118.97 (Co), 55.60 (Cg), 55.08 (Cg), 41.34 (Cr),
40.12 (Cf), 35.11 (Cq), 31.55 (Cg), 31.13 (Cc, C'), 29.66 (Cq'), 29.60
(Ca), 24.00 (Ce), 23.85 (C.), 22.62 (Cy), 22.53 (Cp), 14.07 (Cy),
13.93 (C,); HRMS (MALDI-TOF): m/z: caled for C;13H;5N6O:
1585.0149 [M]"; found: 1585.0203.

5.3.14 Compound 2. To a mixture of compound 16 (0.26 g;
0.33 mmol), AcOH (10 mL) in THF (20 mL) was added 1,2-bis(7-
(diphenylamino)-9,9-dihexyl-9H-fluoren-2-yl)ethane-1,2-dione
(17) (0.62 g, 0.59 mmol) and the whole system was heated to
reflux for 12 h. After cooled down to room temperature, the
reaction mixture was poured into NaOH,q) and the resulting
solution was extracted with ethyl acetate. The organic layer was
collected and dried over MgSOy). After filtration, the filtrate
was concentrated in vacuo to afford crude product, which was
purified by column chromatography on silica gel using THF/
hexane (1:20) to afford title compound (0.54 g, 58%). 'H
NMR (300 MHz, CDCl;) 6 = 8.56 (s, 2H, Hy), 8.30-8.24 (m, 4H,
Hg, Hj), 8.17 (s, 2H, Hy), 8.12 (d, J = 8.1 Hz, 2H, Hg), 7.65-7.52
(m, 16H, Hq, Hy,, Hy3, Hys), 7.27-7.22 (m, 16H, H,), 7.13-7.07
(m, 20H, H;, H), 7.01-6.94 (m, 12H, H,, Hy), 2.27-2.23 (m, 8H,
Hy), 1.76 (m, 16H, Hy), 1.14-1.04 (m, 72H, H,, He, Hg, Hy, He,
H.), 0.82-0.68 (m, 60H, H,, Hy, Hp, Hy); *C NMR (75 MHz,
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CDCl;) 6 = 165.06 (Cp), 153.69 (Cs), 153.44 (Cy6), 152.60 (Cyy),
152.35 (C,), 150.62 (Cy), 150.55 (Cy/), 147.90 (C,), 147.47 (C44),
143.30 (Cg), 142.51 (Cg), 141.68 (Cp, Cc¢), 141.13 (C;), 137.41
(Cg), 137.33 (Cg), 135.73 (Cyp), 135.48 (C), 129.13 (C;), 128.91
(C12), 126.49 (Cyy), 125.47 (Cy5), 124.37 (C44), 123.86 (C,), 123.38
(C13), 122.55 (C4), 121.67 (Ce), 120.85 (Co), 119.46 (Cg), 119.08
(Cp), 118.98 (Cg), 55.64 (Cy), 55.07 (Cg), 41.34 (Cy), 40.12 (Cy),
31.55 (Ce, C¢), 29.59 (Cq, Cg), 24.00 (Ce), 23.85 (C.), 22.61 (Cy),
22.51 (Cp), 14.07 (Cy), 13.93 (C,); HRMS (MALDI-TOF): m/z:
caled for C,04H,30N7100: 2838.1519 [M]'; found: 2838.1650.
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