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Three new dyes (1–3) with a triarylamine electron donor, a
cyanoacrylic acid moiety as both electron acceptor and an-
choring group, and a fluorene-9-ylidene moiety as an an-
tenna were synthesized, and their electrochemical, photo-
physical, and photovoltaic properties were evaluated. De-
spite minor differences in absorption properties, as the star-

Introduction
The generation of clean and renewable energy is one of

the most important scientific and technological challenges
of the 21st century. As sunlight is the most abundant source
of readily available energy,[1] organic solar cells, particularly
dye-sensitized solar cells (DSSCs), appear to be a highly
promising and cost-effective alternative for photovoltaic
technologies.[2]

DSSCs are electrochemical devices that use light-absorb-
ing dye molecules attached to semiconductor nanoparticles
that convert sunlight into electrical energy.[3] In this type of
photovoltaic device, the sensitizer absorbs the light and in-
jects electrons into the conduction band of the semiconduc-
tor.[4] Presently, the most efficient photosensitizers are ruth-
enium-[5] and porphyrin-based dyes.[6] However, these chro-
mophores are expensive and difficult to prepare in high
yields. Thus, the design of metal-free compounds for
DSSCs is an active field in materials science,[7] and numer-
ous reports concerning the photophysical, photochemical,
and electrochemical properties of the dyes have appeared.
The donor–π-bridge–acceptor (D–π-B–A) model is the
most common strategy utilized.[8] Much progress has been
made in recent years by using different chromophores with
D–π-B–A architectures containing coumarin,[9] indoline,[10]

rhodanine,[11] and triarylamine groups.[12]
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burst shape of the dyes increases and highly hindered hydro-
phobic groups are introduced, the measured open-cell volt-
age (Voc) increased noticeably from 0.79 to 0.83 V, and the
power-conversion efficiency (PCE) value increased from 3.98
to 4.73%.

To achieve high conversion efficiencies, one of the most
important requirements is that the sensitizer absorbs as
much incoming sunlight as possible. One strategy towards
this end is the introduction of more π-conjugated segments
between the donor and the acceptor. However, the elong-
ation with rod- or disk-shaped molecules can lead to the
recombination of the photoinduced electrons with the tri-
iodide electrolyte and to the formation of aggregates be-
tween dye molecules.[13]

The effective suppression of recombination processes [be-
tween the injected electrons and triiodide (I3

–) ions in the
electrolyte], dark current, and the aggregation processes of
dye molecules leads to increased open-circuit voltage (Voc)
values and consequently to better overall solar-cell perform-
ances. To achieve these goals, coadsorbents such as tert-
butylpyridine (TBP)[14] and deoxycholic acid (DCA)[15]

have been used. However, the use of additives decreases the
amount of adsorbed dye on the TiO2 surface and, thus,
lowers the photoconversion.[16] Other strategies to inhibit
these processes and to improve the Voc values involve the
incorporation of starburst molecules,[16] long alkyl
chains,[17] fluorinated alkyl chains,[18] and dendritic mo-
lecules.[19] Fluoren-9-ylidene-based compounds have been
used in high-efficiency polymer solar cells[20] and, more re-
cently, in DSSCs.[16,21]

On the basis of these considerations, we designed and
synthesized three new dyes, 1–3, by extending the starburst
shape of triarylamine–cyanoacrylic chromophores with flu-
orene-9-ylidene moieties as antennas (Figure 1). We antici-
pated that the introduction of a highly hindered alkyl group
such as (triisopropylsilyl)acetylene would improve the over-
all DSSC device performance. Furthermore, as the conjuga-
tion with a fluorene moiety would increase electron delocal-
ization and the electron-donating ability of the triarylamine
group, we decided to increase the distance between the
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fluorene moiety and the triarylamine group by introducing
an additional vinyl group to avoid steric repulsion.

Figure 1. Structure of dyes 1–3.

Results and Discussion

Synthetic Procedures

The syntheses of the sensitizers 1–3 were achieved in two
(1), three (2), and four (3) steps by the synthetic pathways
described in Scheme 1. The starting compounds 4 and 10
were prepared according to reported procedures, and the
analytical data are presented in the Supporting Infor-
mation. Aldehydes 6 and 8 were prepared by the condensa-
tion of 4 with fluorene (5) and 2,7-dibromofluorene (7),
respectively, in the presence of sodium hydroxide. The prep-
aration of 9 was achieved through the Sonogashira coupling
of 8 with (triisopropylsilyl)acetylene (TIPSA). On the other
hand, the condensation of 10 with 7 allows the preparation
of 9-fluoreneylidene 11. Compound 12 was readily synthe-
sized from 11 by Vilsmeier–Haack formylation with N,N-
dimethylformamide/POCl3 (DMF/POCl3). Subsequently,
12 was coupled with TIPSA through a Sonogashira reac-
tion to yield 13. Finally, from the corresponding aldehyde 6,
9, or 13, and cyanoacetic acid in the presence of ammonium
acetate and acetic acid as solvent, the target compounds 1–
3 were prepared in good yields (74–79%) through Knoeve-
nagel condensations.
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Photophysical and Electrochemical Properties

The absorption spectra of dyes 1–3 in tetrahydrofuran
(THF) solution are shown in Figure 2, and the data are
listed in Table 1. All of the dyes displayed two major ab-
sorption bands; that at λ ≈ 350 nm corresponds to a π–π*
transition for the fluorene and bis(ethynyl)fluorene moieties
in 1 and 2–3, respectively, and the broad absorption at λ ≈
422–460 nm is attributed to an intramolecular charge-trans-
fer (ICT) transition from the triarylamine donor to the
cyanoacrylic acid acceptor. The charge-transfer transition
should have a lower energy and higher transition prob-
ability in conjugated dipolar molecules with stronger do-
nors and acceptors. Among the dyes, compound 3, which
possesses an extra vinyl group between the fluorene and
triarylamine groups, displays a redshifted band, which
indicates that the donor capability of the triarylamine is
improved by the incorporation of the fluorene moiety.
Absorption in the longer-wavelength region favors light
harvesting by increasing the photocurrent response
region.

If dyes 1–3 are excited at their λmax absorptions in air-
equilibrated solutions at 298 K, they exhibit luminescence
maxima at λ = 518 (1), 536 (2), and 549 (3) nm, and the
fluorescence quantum yields reveal a more effective quench-
ing process in dye 3 (Figure 2 and Table 1). This fluores-
cence behavior indicates that the excited state of dye 3 is
more stabilized than those of 1 and 2.

The electrochemical properties of the dyes (Figure 3 and
Table 1) were investigated by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) in dichloromethane
(DCM) solutions containing 0.1 m tetra-n-butylammonium
hexafluorophosphate (TBAPF6) as the electrolyte. All of
the dyes displayed a quasireversible oxidation wave more
positive than the ferrocene (Fc) oxidation potential between
+0.57 and +0.69 V versus Fc/Fc+. Dyes 1 and 3 exhibit a
second oxidation wave at 0.79 V, which possibly corre-
sponds to the second oxidation of the triarylamine core.
The oxidation potential of dye 3 is the lowest in the series,
reflecting the better donor capability of the triarylamine
group, in line with the photophysical studies. Under these
electrochemical conditions, no reduction processes were ob-
served for the cathodic scans.

The energy level of the highest occupied molecular or-
bital (HOMO) was estimated from the first oxidation wave
relative to the NHE by the conversion ENHE = (EFc/Fc+ +
0.63 V),[22] as listed in Table 1. The HOMO levels of all dyes
were more positive than the reducing potential of the I–/I3

–

pair (0.4 V vs. NHE);[23] therefore, a sufficient driving force
is ensured for the oxidized dyes to recapture an electron
from the electrolyte. The lowest unoccupied molecular or-
bital (LUMO) levels were determined from the first oxid-
ation potential and the 0–0 energy transition (E0–0),
estimated from the onset of the normalized absorption
spectra. The LUMO levels of all the dyes were higher
than the TiO2 conduction band (–0.5 V vs. NHE);[23]

thus, the feasibility of electron injection is ensured (Fig-
ure 4).
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Scheme 1. Synthetic pathways for the preparation of dyes 1–3.

Theoretical Calculations
To analyze the spatial configurations and characteristic

features of the electronic structures of the synthesized dyes,
molecular geometries and frontier molecular orbitals in the
ground and excited states were obtained through DFT and
time-dependent DFT (TD-DFT) calculations. The opti-
mized structures of dyes 1–3 are shown in Figure 5. The
conformations of dyes 1 and 2 represent a structural com-

Eur. J. Org. Chem. 2015, 5537–5545 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 5539

promise that minimizes steric hindrance and the π-conjuga-
tion pathway, and the dihedral angles between the phenyl
rings of the triarylamine moiety and the fluorene moiety
are 34 and 36° for 1 and 2, respectively. As a consequence,
the electronic coupling between the fluorene and triaryl-
amine moieties decreases. On the other hand, the additional
vinylene spacer in dye 3 allows the π-conjugated junction
to adopt a more planar conformation, which leads to better
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Figure 2. (a) Absorption spectra and (b) normalized fluorescence
spectra of dyes 1–3 in THF.

Figure 3. Cyclic voltammetry (solid) and differential pulse voltam-
metry (dash) of dyes 1–3 versus Fc/Fc+ in TBAPF6/CH2Cl2 at a
scan rate of 100 mV/s.

Figure 4. Energy-level diagram of fluorene-9-ylidene dyes 1–3. The
redox potential of the iodine couple and the lower edge of the con-
duction band (CB) of TiO2 are included for comparison.

Table 1. Absorption, emission, and electrochemical characteristics of the studied dyes 1–3.

Dye λmax
[a] [nm] (ε [m–1cm–1]) E0–0

[b] [nm] λem
[c] [nm] Eox

[d] [eV] vs. NHE Eox*[e] [eV] vs.
(eV) (Φ) (HOMO) NHE (LUMO)

1 288 (20660), 422 (23280) 501 (2.47) 518 +1.26 –1.21
(0.011)

2 289 (35876), 322 (36880), 338 (46744), 435 (29940) 514 (2.41) 536 +1.32 –1.09
(0.010)

3 300 (38876), 326 (71011), 340 (50012), 460 (67969) 546 (2.27) 549 +1.20 –1.07
(0.002)

[a] Maximum absorption bands in THF (extinction coefficient in m–1cm–1). [b] Estimated from the onset of the absorption spectra in THF.
[c] Maximum of fluorescence spectra in THF (Φ = quantum yield in THF with Prodan as a reference). [d] Oxidation potential measured
vs. Fc+/Fc in THF converted to normal hydrogen electrode (NHE); ENHE = (EFc/Fc+ + 0.63) V. [e] Estimated by Eox* = Eox – E0–0.
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electronic coupling. However, both twisted structures and
the presence of bulky groups could affect the aggregation
and recombination processes and, thus, the overall effi-
ciency of the devices.

Figure 5. Optimized molecular structures of dyes 1–3 calculated
with DFT calculations at the B3LYP/6-31G(d) level in vacuo.

The HOMOs of all dyes are localized mainly on the triar-
ylamine and fluorene moieties (particularly in dye 3),
whereas the LUMOs are mainly localized on the cyano-
acrylic units with a slight contribution from the fluorene
moiety in dyes 1 and 2, regardless of the presence or ab-
sence of the (triisopropylsilyl)acetylene substituent (Fig-
ure 6). Thus, the electron distributions are located mainly

Figure 6. Frontier molecular orbitals (HOMO black-red and
LUMO black-blue) of dyes 1–3 calculated with DFT at the B3LYP/
6-31G(d) level in vacuo.
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on the donor units in the ground state and are displaced
to the acceptor units close to the anchoring groups upon
photoexcitation, which favors the electron injection from
the dye molecules to the conduction band edge of TiO2.
The particular frontier molecular orbital distribution ob-
served for dye 3 reveals an effective π conjugation across
the fluorene–triarylamine junction, as a result of the more
planar geometry of 3 than those of dyes 1 and 2.

The CAM-B3LYP functional and 6-31G(d) basis set
were used to calculate the electronic vertical transitions, and
solvent effects were included by using the polarizable con-
tinuum model (PCM; Table 2). In general, the trends in the
excitation energies are consistent with the solution spectro-
scopic data in THF. The results suggest that the longer-
wavelength absorptions correspond to the HOMO-to-
LUMO vertical excitation in all cases. As the HOMOs of
the dyes are mainly localized on the triarylamine group, and
the LUMO spreads over the phenyl ring of the triarylamine
moiety and the cyanoacrylic acid, it can be argued that the
longer-wavelength absorptions result from charge-transfer
processes for all of the dyes.

Table 2. Computed vertical transition energies and their oscillator
strengths and configurations for the dyes 1–3.

Functional Parameter 1 2 3

λmax [nm] 414 423 452
CAM-B3LYP f 4.1793 7.6788 4.1399

Configuration H�L H�L H�L
(THF) (Contribution) (0.87) (0.93) (0.69)

HOMO [eV] –5.33 –5.46 –5.17
LUMO [eV] –1.86 –2.42 –3.10

Photovoltaic Performance of DSSCs of 1–3

The preparation of the DSSC devices is described in the
Experimental Section. For sensitization, the films were im-
pregnated with 0.3 mm solution of dyes 1–3 in THF for 4 h
at room temperature. The samples were then rinsed with
the same solvent to remove unadsorbed dyes from the sur-
face of the photoelectrodes and air-dried at room tempera-
ture. This was followed by the addition of the redox electro-
lyte and the top contact of Pt-coated fluorine-doped tin ox-
ide (FTO). The J–V characteristics were measured by using
a solar simulator at approximately 100 mW/cm2.

The device performances are summarized in Table 3, and
the optimal results are shown in Figure 7. The devices fabri-
cated with dyes 1–3 gave overall conversion efficiencies (η)
of 3.98, 4.09, and 4.73 %, respectively. The efficiency of dye

Table 3. Performance parameters of the DSSCs fabricated with
dyes 1–3 and N719.

Dye Voc [V] Jsc [mA/cm2] FF η[a] [%]

1 0.79 6.84 0.75 3.98
2 0.83 6.63 0.74 4.09
3 0.81 9.59 0.62 4.73

N719 0.80 17.6 0.55 7.42

[a] Best cell efficiency.
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3 reached more than 60% of the efficiency of devices made
with the standard N719 complex (η = 7.30%) under the
same conditions.

Figure 7. (a) I–V characteristics of the DSSCs fabricated with dyes
1–3 and N719, (b) IPCE spectra of the DSSCs fabricated with dyes
1–3.

The molecular structures of dyes 1–3 differ only by an
additional TIPSA group between 1 and 2 and by an internal
additional vinyl group between 2 and 3. These relatively
minor modifications have a significant impact on the pho-
tovoltaic performances. Dyes 1 and 2 show very similar fill
factors (FF), whereas the FF value for dye 3 decreases by
17 %. The broadening of the incident photon conversion
efficiency (IPCE) spectra is desired to obtain larger photo-
currents (short-circuit current density, Jsc).[24] The dyes ex-
hibit maximum IPCE (�50%) between 340 and 500 nm,
and the IPCE spectra broaden and extend to 580 nm on
the incorporation of an additional vinyl unit (for instance,
compare 3 with 1 or 2), which is consistent with the ba-
thochromic shift observed for this dye in solution and
loaded TiO2 films (Figure 7). These observations explain
the higher Jsc exhibited by dye 3.

Concerning the open-cell voltage (Voc) properties, it was
noticed that the introduction of TIPSA groups improved
the photovoltages for these dyes, possibly by decreasing the
dark current generated by reduction of I3

– with the injected
electrons owing to the occurrence of sterically highly hin-
dered groups on the TiO2 surface, as reported previously
for organometallic complexes[19] and metal-free chromo-
phores.[18] Noticeably, the Voc of dye 3 is higher than the
voltage of devices made with N719 complex.

Electrochemical Impedance Spectroscopy

The charge recombination at the TiO2/electrolyte inter-
face was investigated by electrochemical impedance spec-
troscopy (EIS), which is a versatile steady-state method to
elucidate the electronic and ionic processes occurring in
DSSCs. Typical EIS Nyquist plots for DSSCs based on the
three dyes measured under illumination and in the dark un-
der a forward bias of –0.80 V are shown in Figures 8 and
S10.

Bulky alkyl and aryl groups in organic dyes are reported
to enhance electron lifetimes by blocking the redox species
from approaching the TiO2 electrode.[17] For dyes 1–3, the
fluorene groups in the triarylamine core are expected to ex-
ert similar blocking effects. A standard equivalent circuit
model for DSSCs consisting of a series resistance (RS) and
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charge-transfer resistances (RCT) in series, constant-phase
elements (CPEs), and a Warburg diffusion constant (W)
was used to satisfactorily model the impedance experimen-
tal data (Figure 8, inset). The CPEs were introduced in the
equivalent circuit model instead of chemical capacitances
(C) to compensate for inhomogeneities and the porosity of
the TiO2.[25] The experimentally extracted parameters from
the fitted impedance spectra under illumination are summa-
rized in Table S1. The fitted interfacial charge-transfer re-
sistances (RCT) for TiO2/dye/electrolyte vary from one dye
to another in the sequence 3 (182 Ω) � 2 (104 Ω) � 1 (98 Ω;
see Table S1), which indicates that the recombination of
conduction band electrons with the electrolyte is more diffi-
cult for highly bulky dyes. When comparing dye 1 with 2
and 3, we noticed a dramatic increase of the RCT values,
which is attributed to the presence of the bulky (triisoprop-
ylsilyl)acetylene groups. On the other hand, it was expected
that planarity would increase with the expansion of π con-
jugation between the fluorene and triarylamine groups.
These geometrical variations could minimize the blocking
effect of the antenna and, therefore, the differences in the
Voc values.

Figure 8. Nyquist plots of the impedance data of DSSCs with 1–3
under illumination. The solid lines represent the modeled im-
pedance data.

The effective electron lifetimes can be estimated from the
electrochemical impedance data by using the equation τeff

= 1/2πfmax, in which fmax = f(–Z��)max.[26] The fmax values
for the DSSCs under illumination are 11.19, 6.64, and
147 Hz for 1–3, respectively (see Table S2). Consequently,
the estimated electron lifetimes follow the trend 2 (2.40 ms)
� 1 (1.47 ms) � 3 (0.108 ms). Despite the faster charge-
carrier recombination rate of 3, represented by the lower
electron lifetime, a higher overall device performance was
achieved. This is attributed to contributions from the
TIPSA bulky groups and the incorporation of an additional
vinylene unit, which results in a wider absorption spectrum
for 3 than those of 1 and 2.

Conclusions
We have synthesized three new dyes based on triaryl-

amine donors with different fluorene-9-ylidene groups as
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antennas and cyanoacrylic acid acceptors. The compounds
were fully characterized by optoelectronic techniques.

The electrochemical and photophysical measurements
predicted the feasibility of electron injection into the con-
ducting band of TiO2 and dye regeneration by the electro-
lyte. Devices were constructed, and their photovoltaic per-
formances were evaluated. The η values followed the trend
3 (4.73%) � 2 (4.09 %) � 1 (3.98%); an N719 reference cell
has a value of 7.42% under the same conditions.

Owing to the incorporation of the fluorene-9-ylidene unit
into the dye skeleton, a Voc as high as 0.794 V was observed.
Additional improvements were achieved through the intro-
duction of highly hindered groups such as TIPSA, and a
Voc value of 0.832 V was achieved. Furthermore, the intro-
duction of the bulky TIPSA group resulted in overall device
efficiency increases of 3 and 18.8 % for 2 and 3, respectively.
Therefore, the additional vinyl unit connecting the fluorene-
9-ylidene and triarylamine groups within the framework of
3 expanded the π-conjugation length of the dye, which re-
sulted in wider absorption in the visible region and conse-
quently enhanced the IPCE and resulted in an overall effi-
ciency of 4.73%.

Experimental Section
Materials and Instrument Measurements: Reagents were used as
purchased unless stated otherwise. Compounds 4 and 10 were pre-
pared according to literature procedures. All solvents were dried
according to standard procedures. All air-sensitive reactions were
conducted under argon. FTIR spectra were recorded with a Shim-
adzu FTIR 8400 spectrometer. Absorption studies were performed
with a Varian Cary 5000 UV/Vis/NIR spectrometer with samples
in fused quartz cuvettes with a 1 cm optical path. Fluorescence
measurements were performed with a JASCO spectrofluorometer
(FP-8500). NMR spectra were recorded with a 400 MHz Bruker
(1H: 400 MHz; 13C: 100 MHz) spectrometer at 298 K by using par-
tially deuterated solvents as internal standards. Coupling constants
(J) are reported in Hz, and chemical shifts (δ) are reported in ppm.
Multiplicities are denoted as follows: s = singlet, d = doublet, t =
triplet, m = multiplet, dd = doublet of doublets. Mass spectra were
recorded with a Shimadzu MS-QP 2010 spectrometer operating at
70 eV or a Bruker microFLEX LRF MALDI-TOF spectrometer.
Analytical thin layer chromatography (TLC) was performed with
aluminum-coated Sorbent technologies 60 UV254 plates.

Electrochemical Measurements: All electrochemical measurements
were conducted in anhydrous dichloromethane (Acros, 99.9%) un-
der argon by using a CHI440B electrochemical workstation (CH
Instruments, Inc.). Tetrabutylammonium hexafluorophosphate
(Aldrich, 98%) was recrystallized from ethanol and added as the
supporting electrolyte (0.10 m). A three-electrode configuration
consisting of a 1.0 mm glassy carbon working electrode, a platinum
wire counter electrode (Aldrich, 1.0 mm), and a silver wire pseu-
doreference electrode (Aldrich, 1.0 mm) was used. The ferrocene/
ferrocenium (Fc/Fc+) redox couple was used as the internal refer-
ence to measure the potentials. All potentials were further con-
verted into values relative to the normal hydrogen electrode (NHE)
by ENHE = (EFc/Fc+ + 0.63) V. Electrochemical impedance spec-
troscopy (EIS) results were obtained with a CHI660A electrochem-
ical workstation (CH Instruments) in the frequency range 1.0 �105

to 0.1 Hz with an alternating current (AC) amplitude of 5 mV. The
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working electrode was connected to the TiO2 electrode, and the
counter and reference electrode were connected to the Pt counter
electrode. The obtained spectra were fitted to an equivalent circuit
(Figure 8, inset) with the EIS Spectrum Analyzer software.[27]

DSSC Fabrication: FTO-coated glass slide sheets (Aldrich,
300 � 300�2 mm, 7 Ω/sq) were cut into 2 �2 cm squares. The FTO
slides were sonicated in Alconox® detergent solution for 20 min,
rinsed with deionized (DI) water, and then sonicated in DI water
and ethanol for 20 min each. The slides were dried with a flow of
N2 gas and UV-treated in a UV/ozone 342 apparatus (Jelight Co.)
for 18 min. The FTO slides were then treated with a 40 mm TiCl4
aqueous solution at 70 °C for 30 min. The semiconductor TiO2,
electrolyte, and Pt counter electrodes were prepared as reported
previously.[28] Solutions (0.3 mm) of dyes 1–3 were prepared in
THF, and the TiO2 substrates were submerged in each solution for
4 h. After this time, the substrates were rinsed with fresh THF to
remove unadsorbed dyes. To prepare the DSSC devices, a tape gas-
ket was used to load the electrolyte, and the cell was backed with
the Pt counter electrode. All cell areas were 0.25 cm2, and they were
tested at 1.5 AM (Air Mass) by using a Photo Emission Tech SS100
Solar Simulator at approximately 100 mW/cm2 irradiance.

4-[{4-[(9H-Fluoren-9-ylidene)methyl]phenyl}(phenyl)amino]benzalde-
hyde (6): A solution of 4,4�-(phenylazanediyl)dibenzaldehyde (4;
151 mg, 0.5 mmol), fluorene (5; 83 mg, 0.5 mmol), and NaOH
(1.0 mL, 20% in water) in ethanol (20 mL) was heated at reflux for
5 h. After evaporation of the solvent, the crude product was puri-
fied by SiO2 flash column chromatography with hexane/DCM (1:1)
as the eluent to yield 6 (180 mg, 80%) as a yellow solid; m.p 169 °C.
IR: ν̃ = 1689, 1580, 1511 cm–1. 1H NMR (400 MHz, CDCl3,
298 K): δ = 9.88 (s, 1 H), 7.83 (d, J = 7.8 Hz, 1 H), 7.83–7.80 (m,
5 H), 7.65 (s, 1 H), 7.61 (d, J = 8.5 Hz, 1 H), 7.47–7.32 (m, 6 H),
7.31–7.23 (m, 2 H), 7.23–7.19 (m, 3 H), 7.18 (d, J = 8.5 Hz, 2 H)
ppm. 13C NMR (100 MHz, CDCl3, 298 K): δ = 190.5, 153.1, 146.1,
141.4, 139.6, 139.1, 136.5, 136.3, 133.0, 131.4, 131.0, 130.0, 129.8,
128.7, 128.2, 127.1, 126.7, 126.6, 126.5, 126.4, 125.5, 125.3, 124.3,
120.4, 120.2, 119.9, 119.7 ppm. MS (EI): m/z = 449.2 [M]+.
C33H23NO (449.55): calcd. C 88.17, H 5.16, N 3.12; found C 88.54,
H 5.36, N 3.02.

4-[{4-[(2,7-Dibromo-9H-fluoren-9-ylidene)methyl]phenyl}(phenyl)-
amino]benzaldehyde (8): A solution of 4,4�-(phenylazanediyl)di-
benzaldehyde (4; 301 mg, 1.0 mmol), 2,7-dibromofluorene (348 mg,
1.0 mmol), and NaOH (1.0 mL, 20% in water) in ethanol (20 mL)
was heated at reflux for 5 h. After evaporation of the solvent, the
crude product was purified by SiO2 flash column chromatography
with hexane/DCM (2:1) as the eluent to yield 8 (500 mg, 83%) as
an orange solid; m.p 120–122 °C. IR: ν̃ = 1691, 1588, 1503 cm–1.
1H NMR (400 MHz, CDCl3, 298 K): δ = 9.87 (s, 1 H), 7.88 (d, J
= 1.2 Hz, 1 H), 7.76 (d, J = 8.8 Hz, 2 H), 7.71 (d, J = 1.8 Hz, 1
H), 7.66 (s, 1 H), 7.54 (d, J = 8.0 Hz, 2 H), 7.52–7.47 (m, 3 H),
7.46 (dd, J = 1.8, J = 8.2 Hz, 1 H), 7.41 (t, J = 7.9 Hz, 2 H), 7.30–
7.21 (m, 6 H), 7.19 (d, J = 8.8 Hz, 2 H) ppm. 13C NMR (100 MHz,
CDCl3, 298 K): δ = 190.5, 152.9, 146.9, 146.0, 141.0, 139.1, 138.1,
136.9, 134.6, 131.8, 131.3, 131.4, 131.2, 130.7, 130.0, 129.9, 129.3,
127.5, 126.5, 125.5, 125.3, 123.7, 121.3, 121.1, 121.0, 120.7 ppm.
MS (EI) m/z = 605.0 [M]+. C33H21Br2NO (607.35): calcd. C 65.26,
H 3.49, N 2.31; found C 65.74, H 3.57, N 2.51.

4-{[4-({2,7-Bis[(triisopropylsilyl)ethynyl]-9H-fluoren-9-ylidene}-
methyl)phenyl](phenyl)amino}benzaldehyde (9): A solution of 8
(400.0 mg, 0.66 mmol), Pd(PPh3)Cl2 (35.1 mg, 0.05 mmol), CuI
(19.0 mg, 0.1 mmol), PPh3 (26.2 mg, 0.1 mmol), and TIPSA
(273 mg, 1.5 mmol) in dry triethylamine (TEA; 15.0 mL) was
heated under reflux for 12 h. After evaporation of the solvent, the
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crude product was purified by SiO2 flash column chromatography
with hexane/DCM (2:1) as the eluent to yield 9 (394 mg, 66%) as
a yellow solid; m.p 106–107 °C. IR: ν̃ = 2942, 2863, 2151,
1695 cm–1. 1H NMR (400 MHz, CDCl3, 298 K): δ = 9.87 (s, 1 H),
8.04, (s, 1 H), 7.88 (s, 1 H), 7.75 (d, J = 8.8 Hz, 2 H), 7.67 (s, 1 H),
7.66 (d, J = 3.1 Hz, 1 H), 7.64 (d, J = 3.1 Hz, 1 H), 7.61 (d, J =
8.4 Hz, 2 H), 7.51 (dd, J = 7.8, J = 1.2 Hz, 1 H), 7.47 (dd, J = 7.8,
J = 1.2 Hz, 1 H), 7.40 (t, J = 7.9 Hz, 2 H), 7.26–7.20 (m, 5 H),
7.16 (d, J = 8.8 Hz, 2 H), 1.18 (s, 21 H), 1.10 (s, 21 H) ppm. 13C
NMR (100 MHz, CDCl3, 298 K): δ = 190.5, 153.0, 146.6, 146.1,
140.5, 139.9, 138.3, 136.6, 136.4, 134.6, 132.2, 132.1, 131.9, 131.4,
131.0, 130.0, 129.9, 128.3, 128.1, 126.7, 125.5, 124.8, 123.9, 122.3,
121.9, 120.8, 119.9, 119.7, 107.8, 107.7, 91.0, 90.8, 18.8, 11.4,
11.3 ppm. HRMS (MALDI-TOF): calcd. for C55H63NOSi2 [M]+

809.4448; found 809.6302. C55H63NOSi2 (810.29): calcd. C 81.53,
H 7.84, N 1.73; found C 81.59, H 7.98, N 1.79.

(E)-4-[3-(2,7-Dibromo-9H-fluoren-9-ylidene)prop-1-en-1-yl]-N,N-
diphenylaniline (11): A solution of (E)-3-[4-(diphenylamino)phen-
yl]acrylaldehyde (10; 150 mg, 0.50 mmol), 2,7-dibromofluorene
(162 mg, 0.50 mmol), and NaOH (10.0 mL, 20% in water) in eth-
anol (20.0 mL) was heated to reflux for 10 h. After evaporation of
the solvent, the crude product was purified by SiO2 column
chromatography with hexane/DCM (7:1) as the eluent to yield 11
(200 mg, 66%) as an orange solid; m.p 100–101 °C. IR: ν̃ = 2942,
1600, 1525 cm–1. 1H NMR (400 MHz, CDCl3, 298 K): δ = 8.11 (s,
1 H), 7.84 (d, J = 1.4 Hz, 1 H), 7.69 (t, J = 14.0 Hz, 1 H), 7.60 (d,
J = 8.0 Hz, 1 H), 7.55 (d, J = 8.0 Hz, 1 H), 7.51–7.42 (m, 4 H),
7.36–7.28 (m, 5 H), 7.17 (d, J = 7.6 Hz, 4 H), 7.14–7.06 (m, 4 H),
7.02 (d, J = 14.0 Hz, 1 H) ppm. 13C NMR (100 MHz, CDCl3,
298 K): δ = 147.1, 141.4, 141.1, 138.8, 138.4, 136.4, 131.3, 130.4,
130.3. 130.2, 129.8, 129.5, 128.5, 127.9, 125.3, 125.2, 123.9, 123.2,
122.4, 121.9, 121.2, 121.1, 120.9, 120.8 ppm. MS (EI): m/z = 603.0
[M]+. C34H23Br2N (605.37): calcd. C 67.46, H 3.83, N 2.31; found
C 67.70, H 3.93, N 2.39.

(E)-4-[{4-[3-(2,7-Dibromo-9H-fluoren-9-ylidene)prop-1-en-1-
yl]phenyl}(phenyl)amino]benzaldehyde (12): A solution of 11
(150 mg, 0.25 mmol) and POCl3 (153.0 mg, 1.0 mmol) in DMF
(3.0 mL) was heated at 80 °C for 48 h. Then, water (30 mL) was
added to quench the reaction, the solution was neutralized with
K2CO3, and the aqueous phase was extracted with DCM (3 �

20 mL). After evaporation of the solvent, the crude product was
purified by SiO2 column chromatography with DCM as the eluent
to yield 12 (126 mg, 80%) as a red solid; m.p 128–130 °C. IR: ν̃ =
2970, 1690, 1530 cm–1. 1H NMR (400 MHz, CDCl3, 298 K): δ =
9.87 (s, 1 H), 8.10 (d, J = 1.6 Hz, 1 H), 7.83 (d, J = 1.6 Hz, 1 H),
7.78–7.68 (m, 3 H), 7.59 (d, J = 8.6 Hz, 1 H), 7.57–7.51 (m, 3 H),
7.49 (dd, J = 8.1, J = 1.6 Hz, 1 H), 7.45 (dd, J = 8.1, J = 1.6 Hz,
1 H), 7.39 (t, J = 7.5 Hz, 2 H), 7.32 (d, J = 11.9 Hz, 1 H), 7.26–
7.18 (m, 5 H), 7.14 (d, J = 8.6 Hz, 2 H), 7.03 (d, J = 15.2 Hz, 1 H)
ppm. 13C NMR (100 MHz, CDCl3, 298 K): δ = 190.5, 152.8, 147.2,
145.9, 141.3, 140.2, 138.7, 138.6, 136.6, 132.5, 132.3, 131.4, 130.7,
130.6, 130.1, 130.0, 129.7, 128.7, 128.0, 126.6, 125.6, 125.3, 123.4,
123.3, 121.3, 121.2, 121.0, 120.9, 120.8 ppm. MS (EI): m/z = 631.0
[M]+. C35H23Br2NO (633.38): calcd. C 66.37, H 3.66, N 2.21; found
C 66.67, H 3.70, N 2.67.

(E)-4-{[4-(3-{2,7-Bis[(triisopropylsilyl)ethynyl]-9H-fluoren-9-
ylidene}prop-1-en-1-yl)phenyl](phenyl)amino}benzaldehyde (13): A
solution of 12 (110.0 mg, 0.17 mmol), Pd(PPh3)Cl2 (35.2 mg,
0.05 mmol), CuI (19.0 mg, 0.1 mmol), PPh3 (26.0 mg, 0.1 mmol),
and TIPSA (100 mg, 0.55 mmol) in dry TEA (10.0 mL) was heated
at 70 °C for 20 h. After evaporation of the solvent, the crude prod-
uct was purified by SiO2 column chromatography with hexane/
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DCM (3:1) as the eluent to yield 13 (100 mg, 70 %) as an orange
solid; m.p 90–92 °C. IR: ν̃ = 2990, 2148, 1692 cm–1. 1H NMR
(400 MHz, CDCl3, 298 K): δ = 9.87 (s, 1 H), 8.17 (s, 1 H), 7.91
(dd, J = 1.2, J = 15.0 Hz, 1 H), 7.84 (s, 1 H), 7.75 (d, J = 8.8 Hz,
2 H), 7.68 (d, J = 7.8 Hz, 1 H), 7.63 (d, J = 7.8 Hz, 1 H), 7.54 (d,
J = 8.8 Hz, 2 H), 7.48 (t, J = 8.4 Hz, 3 H), 7.43–7.35 (m, 3 H),
7.26–7.19 (m, 3 H), 7.15 (t, J = 9.0 Hz, 4 H), 7.03 (d, J = 15.0 Hz,
1 H), 1.19 (s, 21 H), 1.16 (s, 21 H) ppm. 13C NMR (100 MHz,
CDCl3, 298 K): δ = 190.5, 152.8, 146.8, 145.9, 140.0, 139.8, 138.7,
138.1, 137.5, 133.4, 133.1, 131.7, 131.4, 131.3, 129.9, 129.1, 128.6,
128.4, 126.6, 125.6, 125.4, 124.2, 123.8, 122.2, 122.1, 120.6, 120.1,
119.8, 108.0, 107.8, 91.2, 90.9, 68.1, 18.8, 18.7, 11.5, 11.4 ppm.
HRMS (MALDI-TOF): calcd. for C57H65NOSi2 835.4605; found
835.4009. C57H65NOSi2 (836.32): calcd. C 81.86, H 7.83, N 1.67;
found C 81.90, H 7.84, N 1.76.

General Procedure for the Preparation of Dyes 1–3: The correspond-
ing aldehyde (0.1 mmol), cyanoacetic acid (0.4 mmol), and ammo-
nium acetate (1.0 mmol) were dissolved in acetic acid (10 mL), and
the mixture was heated under reflux for 4 h. After cooling to room
temperature, the mixture was poured into ice/water. The resulting
precipitate was collected by filtration and washed with water. The
solid was dissolved in DCM and washed with brine. The organic
phase was dried with anhydrous MgSO4, and the solvent was re-
moved under reduced pressure. The crude product was purified by
column chromatography (silica gel) with methanol/dichlorometh-
ane (1:30) as the eluent.

(E)-2-Cyano-3-{4-[{4-[(9H-fluoren-9-ylidene)methyl]phenyl}(phenyl)-
amino]phenyl}acrylic Acid (1): Orange solid, 76%; m.p 128 °C. IR:
ν̃ = 3410, 2221, 1687 cm–1. 1H NMR (400 MHz, CDCl3, 298 K): δ
= 8.15 (s, 1 H), 7.84 (d, J = 8.2 Hz, 2 H), 7.76–7.65 (m, 4 H), 7.55
(s, 1 H), 7.51 (d, J = 8.0 Hz, 2 H), 7.38–7.28 (m, 4 H), 7.20–7.07
(m, 6 H), 7.05–6.98 (m, 3 H) ppm. 13C NMR (100 MHz, CDCl3,
298 K): δ = 151.6, 145.6, 145.5, 141.3, 139.6, 139.1, 136.4, 136.2,
135.8, 133.3, 131.0, 130.0, 128.6, 128.3, 128.2, 127.0, 126.8, 126.7,
126.4, 125.7, 125.6, 125.3, 124.2, 120.2, 120.1, 119.8, 119.6 ppm.
MS (EI): m/z = 516.2 [M]+. C36H24N2O2 (516.60): calcd. C 83.70,
H 4.68, N 5.42; found C 83.76, H 4.77, N 5.47.

3-(4-{[4-({2,7-Bis[(triisopropylsilyl)ethynyl]-9H-fluoren-9-
ylidene}methyl)phenyl](phenyl)amino}phenyl)-2-cyanoacrylic Acid
(2): Red solid, 79%; m.p 213 °C. IR: ν̃ = 3424, 2940, 2220, 2150,
1692, 1577 cm–1. 1H NMR (400 MHz, CDCl3, 298 K): δ = 8.17 (s,
1 H), 8.01 (s, 1 H), 7.94 (d, J = 9.2 Hz, 2 H), 7.88 (s, 1 H), 7.68 (s,
1 H), 7.67–7.61 (m, 4 H), 7.51 (dd, J = 7.8, J = 1.2 Hz, 1 H), 7.46
(dd, J = 7.8, J = 1.2 Hz, 1 H), 7.42 (t, J = 7.8 Hz, 2 H), 7.30–7.22
(m, 5 H), 7.11 (d, J = 9.2 Hz, 2 H), 1.18 (s, 21 H), 1.10 (s, 21 H)
ppm. 13C NMR (100 MHz, CDCl3, 298 K): δ = 167.6, 155.3, 152.6,
145.9, 145.5, 140.6, 139.8, 136.6, 134.9, 133.6, 132.7, 132.3, 131.1,
130.1, 128.2, 128.1, 126.8, 126.1, 125.3, 123.9, 122.4, 121.9, 121.1,
120.2, 119.9, 116.2, 107.8, 107.6, 107.4, 96.7, 91.1, 90.8, 18.8, 11.4,
11.3 ppm. MS (EI): m/z = 876.5 [M]+. C58H64N2O2Si2 (877.33): C
79.40, H 7.35, N 3.19; found C 79.55, H 7.39, N 3.40.

(E)-3-{4-[{4-[(E)-3-{2,7-Bis[(triisopropylsilyl)ethynyl]-9H-fluoren-9-
yl idene}prop-1-en-1-yl ]phenyl} (phenyl)amino]phenyl}-2-
cyanoacrylic Acid (3): Red solid, 74%; m.p 70 °C. IR: ν̃ = 3423,
2890, 2221, 2149, 1684 cm–1. 1H NMR (400 MHz, CDCl3, 298 K):
δ = 8.16 (s, 2 H), 7.96–7.87 (m, 3 H), 7.84 (s, 1 H), 7.68 (d, J =
7.6 Hz, 1 H), 7.63 (d, J = 7.8 Hz, 1 H), 7.55 (d, J = 8.6 Hz, 2 H),
7.52–7.45 (m, 2 H), 7.45–7.36 (m, 3 H), 7.23 (d, J = 7.6 Hz, 2 H),
7.18 (d, J = 8.6 Hz, 2 H), 7.12–7.05 (m, 3 H), 7.01 (d, J = 12.9 Hz,
1 H), 1.18 (s, 21 H), 1.15 (s, 21 H) ppm. 13C NMR (100 MHz,
CDCl3, 298 K): δ = 152.5, 145.4, 144.0, 140.1, 139.8, 138.6, 137.5,
133.7, 133.6, 131.8, 131.5, 130.1, 128.6, 128.5, 126.9, 126.2, 126.0,
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125.6, 124.6, 123.9, 122.3, 122.2, 120.2, 120.0, 119.9, 108.0, 107.8,
107.5, 18.9, 18.8, 11.5, 11.4 ppm. HRMS (MALDI-TOF): calcd.
for C60H66N2O2Si2 [M]+ 902.4663; found 902.4600. C60H66N2O2Si2
(903.37): calcd. C 79.77, H 7.36, N 3.10; found C 80.01, H 7.46, N
3.22%.
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