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To improve poling efficiency of nonlinear optical (NLO) chromophore, we have designed and
synthesized a chromophore containing two asymmetric donor-z-acceptor (D-z-A) chains. Two
corresponding reference chromophores containing single D-z-A chain with malononitrile and
tricyanofuran (TCF) as electron acceptors respectively, 8-hydroxy-1,1,7,7-tetramethyl-formyljulolidine
as electron donor, have also been prepared to comparison. The macroscopic electro-optic activity of the
three chromophores are investigated using guest-host doped polymer films (doping chromophores C1,
C2 and C3 into amorphous polycarbonate (APC) with a loading density of 20 wt%). The poling
efficiency (r33/N) of united chromophore (10.71x10™%° pm g/(V molecules) at 1310 nm) is much higher
than two reference chromophores (8.971x10%, 1.01x10°%° pm g/(V molecules) at 1310 nm), which is
due to reduced intermolecular dipole-dipole interactions. Density Functional Theory (DFT) calculations
indicate that the dipole moment () of united chromophore (9.7D) decreases, comparing with the two
reference chromophores (19.8D, 10.3D respectively). Furthermore, the united chromophore also
exhibits excellent solubility in most common solvents, good transparency and high thermal stability (202
°C). These results show that this work might provide an available structure for boosting poling efficiency
of NLO chromophore.

www.rsc.org/

Introduction pattern means the efficiency of translating the molecular microscopic

hyperpolarizability into themacroscopic EO activities is low'’. Thus,

With attractive application in photonic devices, organic electro-optic it is essential to decrease the dipole moments and translate the large

(EO) materials have continuously drawn great interest'. These new B values of the organic chromophores .

materials have many advantages: large EO coefficients, ultrafast
response, high optical damage threshold, simple preparation and low
cost>>7. However, there are still some challenging topics, such as a
trade-off between nonlinearity and transparency®, efficient
arrangement of NLO chromophores®, which are needed to be solved
in designing organic/polymeric second-order nonlinear optical
materials.

In general, to achieve high EO efficiency, an organic material should
be comprised of NLO chromophores with large first
hyperpolarizability (f). A chromophore, which possesses a large
first-hyperpolarizability, generally possesses a strong donor, a strong
acceptor, and a long conjugated bridge’. This architecture inevitably
means a large dipole moment. However, NLO chromophores with
large values of f usually have large dipole moments, which will lead
to an antiparallel pattern and reduce the macroscopic EO effect. An
antiparallel pattern means unfavorable antiparallel packing of the
chromophoric units. Macroscopic electro-optic effect, r;; results
from microscopic molecular first hyperpolarizability($). Antiparallel

This journal is © The Royal Society of Chemistry 2013

Up to now, two main solutions have been developed. One solution

is molecular modification, such as employing special conjugated
11-14

bridge combining different kinds
combinations'>'7;

of conjugation bridge
the other solution is using different novel

d21, 22 and

structures, such as Y-shaped'® ', H-shaped®, star-shape
A-shaped® %, etc. These two main solutions are directly dependent
on the degree of chromophore ordering obtained during poling.
However, poling is a low-yield process>, which is mainly due to the
very strong interchromophore dipole—dipole interactions, leading to
unfavorable antiparallel packing of the chromophoric units’. It has
been found that site isolation of the chromophores, which could
minimize the dipole—dipole interactions and improve the poling
efficiency significantly”. The introduction of bulky substitutes into
site-isolate

chromophore backbone is an effective way to

chromophores and reduce the dipole-dipole interactions'’.
Meanwhile, when chromophores are gathered in close proximity by
covalent linking, self-orientation (driven by dipolar repulsion) and

mutual polarisation effects will weak the intermolecular interactions
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and modulate their ground-state polarity. In this aspect,
26-28

some
innovative work has been done

In this paper, we develop a second-order nonlinear chromophore
with two asymmetric non-conjugated D-z-A units, then one of the
D-7-A chains could be an isolation group for the another. Due to
self-orientation and mutual polarisation effects , which might lead to
antiparallel packing of two D-z-A units. It means the dipole moment
of two D-7-A chains of united chromophore are opposite, decreasing
In this
regard, we utilize 8-hydroxy-1,1,7,7-tetramethyl-formyljulolidine as

the united chromophore’s dipole moment dramatically.

electron donor and tricyanofuran (TCF) as electron acceptor for one
D-z-A unit, while the other D-z-A unit has electron acceptor of
malononitrile (Chart 1). Compared with other typical chromophores
the
significant difference is that our synthesized chromophore has two
different D-7-A chains. Besides, the link of two D-z-A chains is
flexible the link of typical H-shaped
chromophores is fixed spacers® *’. As far as we know, few related

with two D-7-A chains, such as H-shaped chromophores®,

alkyl chain, while

work has been reported in this novel structure.?® The photophysical
properties, thermal stability and nonlinear optical properties of the
three chromophores are systematically studied. Compared with the
reference chromophores C1 and C2 , chromophore C3 shows an
enhanced poling efficiency (r;3/N) and decreasing dipole moment
(w). Furthermore, the united chromophore C3 shows excellent
solubility in a series of solvents, good transparency and high thermal
thermal stability (202 °C). Our results suggest that the structure of
containing two different chromophores through flexible alkyl chain
might be a useful approach for improving poling efficiency of NLO

chromophore.
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Chart 1. Structure of chromophores C1-C3

Results and Discussion
Synthesis of chromophores

Synthesis of C1, C2 and C3 chromophores are synthesized following
the general route laid out in scheme 1. The 2-dicyanomethylene-3-
cyano-4-methyl-2,5- dihydrofuran (TCF) is prepared according to
the literature®’. Compound 2 is prepared by a SN, substitution
reaction of commercially available compound 1 with bromoethane.
The same reaction is used for compound 3,which is obtained by
substituting of compound 1 with 1,6-dibromohexane. Chromophore
C1 is synthesized by Knoevenagel condensation of compound 2 and
the TCF in 75% yield. Chromophores C2 is also synthesized by the
same condensation of compound 2 and the malononitrile in 81%
yield. Chromophores C3 are obtained by two steps of Knoevenagel
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condensation in 46% yield. All three chromophores are purified by
column chromatography.
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Scheme 1. Synthetic route of chromophores C1-C3

In order to understand the ground-state polarization of the three
chromophores, the theoretically calculated parameters of
chromophores C1, C2 and C3, including HOMO-LUMO energy
gaps, the dipole moment () and zero-frequency molecular first
hyperpolarizability (), are displayed in Table 1 and Table2. Fig.1
represents the electron density distribution of the HOMO and
LUMO structures of chromophores C1, C2 and C3. The geometry
optimization of three chromophores are shown in Fig.2. The DFT
calculations are carried out at the hybrid B3LYP level by employing
the split valence 6-31 g (d, p) basis set’>**. When we use theoretical
calculation carefully, the method of DFT can be shown to give
accurate descriptions of first-order hyperpolarizability for a number
of chromophores. It is reinforced by theoretical calculations and
optical characterizations that the B value has a close relationship
with the substituents, steric hindrance, and intramolecular charge-
transfer””. The scalar quantity of B can be computed from the x, v,

and z components according following equation.

BB+

ﬂi=ﬂiii+%Z(ﬂijj+ﬂ/ij+ﬂj/i),l‘,jE()C,y,Z)

i#j

Due to the stronger electron-acceptor ability, chromophore C1
shows a larger B value (124x 10 esu) than that of chromophore C2
(24x 10 esu). Chromophore C3 (united D-n-A chains) exhibits a
smaller B value (97x 107 esu) than chromophore C1, which is due
to the antiparallel packing of two D-n-A chains, as are shown in Fig.
2. Interestingly, the sum of f value of chromophore C2 and C3 is

This journal is © The Royal Society of Chemistry 2012
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nearly equal with the B value of chromophore C1. The results mean
the D-z-A structure of each chain does not get damaged.

The frontier molecular orbitals are also used to characterize the
chemical reactivity and kinetic stability of a molecule and to obtain
qualitative information about the optical and electrical properties of
molecules™. From the optimized structure of chromophore C1, C2
and C3, it is clearly noticed that the electron density is concentrated
on the donor moiety at the HOMO state. For LUMO state, the
electron density is concentrated on the acceptor moiety. Besides, the
HOMO-LUMO energy gap is also used to understand the charge
transfer interaction occurring in a chromophore molecule®. As
showed in data, the HOMO energy of chromophore C3 is 0.022 eV
lower than C1 (-5.642 eV vs. -0.562 eV), and the LUMO energy of
chromophore C3 is 0.035 eV lower than that of C1 (-3.049 eV vs. -
3.014 eV), which indicate the introduction of chromophore C2
influences the LUMO energy to a greater extent than the HOMO
energy. Then, for chromophore C2, the HOMO energy is 0.001 ev
higher than chromophore C3 (-0.5642 eV vs. -0.5643 eV), and the
LUMO energy of chromophore C3 is 0.695 eV lower than that of C2
(-3.049 eV vs. -2.344 V). These figures also mean the introduction
of chromophore C1 has a greater on LUMO energy than HOMO
energy. From Table 2, chromophore C3 has the lower energy gap
(AE)eyy =2.593) than that of chromophore Cl and C2 (AEjyv,
=3.299, AE,.y) =2.606) which indicates that chromophore C3 has
easier charge transfer ability®®,

Table 1 HOMO and LUMO energy levels, HOMO-LUMO energy
gaps, and hyperpolarizability data using DFT calculations for
chromophores C1, C2, C3

Chromophore Eyomo/(€V)" Eromo/(€V) 2By, Biao Vesn
Cl -5.620 -3.014 2.606 124
Cc2 -5.643 -2.344 3.299 24
C3 -5.642 -3,049 2.593 97

The values of * Exowmo,  Erumo and ¢ p are calculated using Gaussian 03 at
B3LYP/6-31g (d, p) level © AE =" Eyumo - * Exomo

Table 2 Dipole moment of chromophores C1, C2 and C3.

Chromophore  pror (D) px (D) py (D) pz (D)
C1 19.8 19.0 5.6 0.8
Cc2 10.3 4.7 9.2 0.3
C3 9.7 4.0 8.9 0.5

a,Um‘r = '\',sz +ﬂy2 +ﬂ12

The critical figure-of-merit, dipole moment (p), demonstrates the
effect of intermolecular interactions. Compared with C1, due to the
self-orientation (driven by dipolar repulsion) of two reference
chains, the upor of C3 decreases dramatically from 19.8 D to 9.7 D.
Meanwhile, the pror of C3 also decreases from 10.3 D to 9.7 D
compared with C2. Consequently, the modification successfully
decreases the dipole moment of chromophore C3, the strength of
dipole-dipole interaction might weaken due to the decreasing dipole

This journal is © The Royal Society of Chemistry 2012

Page 4 of 9

moment, which is just as what we expect. DFT calculations mean
liking two different D-z-A chains together, dipolar repulsions of two
chains will decrease the dipole moment significantly. So, the work
by us, might give a useful way to weaken the dipole-dipole

interactions of chromophores.
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Fig. 1 The frontier molecular orbitals of chromophores C1,C2 and
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Fig. 2 The optimized structure of chromophore C1, C2 and C3

For studying the solvatochromic behavior of chromophores Cl1,
C2 and C3, UV-Vis absorption spectra of three chromophores
(c=1x10"° mol/L) measured in a series of aprotic solvents with
different polarity are displayed in Fig.3 and the spectra data is
summarized in Table.3. From the Fig.3, it is obvious that the
absorption maximum (A,,y) is significantly dependent on the solvent
polarity. It could be found that three chromophores exhibit a distinct
red-shift of the maximum absorption when gradually increasing
solvent dielectric constants from 1, 4-dioxane to DMEF. For
chromophore C1, C2 and C3, the data of red-shift is 31nm, 12nm,
26nm, from 1, 4-dioxane to chloroform. From 1, 4-dioxane to DMF,
for chromophore C1, C2 and C3 , the data of red-shift is 44nm,
18nm, 38nm, respectively. These results properly mean
chromophores C1,C2 and C3 possess neutral ground state (in 1,4-
dioxane and toluene) and then approach the cyanine limit (in DMF
and Acetonitrile)*.The full width at half maximum (FWHM) values
of chromophore C2 lies in the range of 42 to 49 nm, which is smaller

J. Name., 2012, 00, 1-3 | 3
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than chromophore C1 (from 65 to 94 nm). For chromophore C3, the
FWHM values are from 67nm to 98 nm.Compared with
chromophore C1 and C2, the larger FWHM of chromophore C3
suggest it can be polarized more efficiently.
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Fig. 3. UV-vis absorption spectra in six solvents (10> M) of varying
dielectric constants at room temperature for chromophores C1-C3

Compared with chromophore C1 having a Ay, of 592 nm in 1, 4-
dioxane, the A, of chromophore C3 with a red-shift by 6 nm. The
same slight red-shift is also found in other solvents, such as 7nm in
toluene and 2nm in acetonitrile for chromophore C3. The slight red-
shift might be due to mutual polarisation effects of two D-z-A
chains. These facts reflect the similar trend of a lower energy gap for
chromophore C3 ,which is also in agreement with the theoretical
calculations discussed above. Obviously, chromophore C3 has two
absorption bands. The maximum absorption wavelength of two
absorption bands of chromophore C3 shows no much difference with
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chromophores C1 and C2 in a series of solvents. It shows when
linking two reference chains together through flexible alkyl chain,
the change of charge-transfer energy in each D-z-A is independent.
It means the D-7-A structure of each chain does not get damaged.
Apart from that, the absorption band shapes of each D-z-A chain do
not change at all, which also indicates the two D-z-A structures of
chromophore C3 are intact. The UV-Vis data proves this linking two
D-z-A flexible
electronic transmission on two chains independent and integrity of
each D-7-A chain.

For NLO chromophores, it is necessary to be thermally stable
enough to withstand encountered high temperatures (>100 °C) in
electric field poling and processing of chromophore/polymer
materials. The thermal stability of three chromophores is
investigated using thermogravimetric analysis (TGA) as shown in
Fig. 5. Chromophores C1 and C2 exhibite good thermal stabilities
with the thermal decomposition temperature (T,) at a point at 176 °C
and 226 °C respectively. The lower thermal stability of chromophore
C1 can be attributed to the reduced stability of the TCF acceptor
moiety.The novel chromophore C3 shows the decomposition
temperature with a point of 202 °C, a slight increase with respect to
chromophore C1, which means linking two different D-7z-A chains
together does not reduce thermo-stability of chromophore.

chains by alkyl chain, maintaining
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Fig. 5. Thermogravimetric analyses of the chromophores C1- C3

For studying EO property and poling efficiency of the three
chromophores, guest-host polymers are generated by formulating
three chromophores into amorphous polycarbonate (APC) using
dibromomethane (CH,Br,) as solvent. The resulting solutions are
filtered through a 0.2-um PTFE filter and spin-coated onto indium
tin oxide (ITO) glass substrates. Films of doped polymers are baked
in a vacuum oven at 85°C overnight to ensure the removal of the
residual solvent. The corona poling process is carried out at a
temperature of 10 °C above the glass transition temperature (T,) of
the polymer. The r3; values are measured using the Teng-Man
simple reflection technique at the wavelength of 1310 nm using a
carefully selected thin ITO electrode with low reflectivity and good
transparency in order to minimize the contribution from multiple
reflections.*

The 133 values are related to the chromophore number density (),
p, and poling efficiency, described by the <cos36> order parameter,
as indicated by*":

This journal is © The Royal Society of Chemistry 2012
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Iy = ‘ZNf (0)p <cos3 67> / n4‘

where N represents the aligned chromophore number density
(molecules per cm®) in the polymer host, n is the refractive index ,
and f (o) is the product of local-field (Debye—Onsager) factors. n
and f () remain relatively constant for related chromophores at
similar loading densities. cos*(9) is the acentric order parameter. © is
the angle between the permanent dipole moment of chromophores
and the applied electric-field. To have meaningful analysis, the
loading densities of the chromophores are presented in terms of N,
ensuring normalization of observed r3; values for the chromophore
content®. The rs; values of films containing chromophore C1 (film-
A), C2 (film-B) and C3 (film-C) are measured in the same loading
densities (20 wt%), as shown in Table 3.

Film-A are prepared with 20 total chromophore wt %, and the
corresponding N is 2.23 x 10 molecules/g. Film-A are poled
between 114 °C and 139 °C with an electric field of 10000-13000V
for 10 min. The optimized conditions are determined to be 134 °C
under an electric field of 12000V, with resulting r3; value of 20
pm/V. Dividing the observed 133 by N yields a value of 8.97 x 107 p
mg/(V molecules), which effectively normalizes the 133 value for the
relative chromophore content. This figure indicates the effective
poling efficiency of this chromophore.

Film-B are also prepared with 20 total chromophore wt %,
corresponding to 2.97 x 10%° molecules/g, and poled between 110°C
and 130°C with an electric field of 10000-12000V for 10 min. The
optimized conditions are determined to be 120°C under an electric
field of 11000 V, and the resulting r3; value is 3 pm/V. Dividing the
observed 133 by N yields a value of 1.01 x 10" pm g/(V molecules).
Comparing this value with that of chromophore C1 suggests
chromophore C2 has a significantly reduced poling efficiency,
probably due to the much smaller value of B than that of
chromophore C1 .

Film-C are prepared with 20 total chromophore wt % ,
corresponding to 1.40 x 10 molecules/g. Due to the introduction of
rigid group in chromophore C3, higher voltage of 12500V is applied.
At 20 wt % , the poling conditions are optimized with 12500V at
139 °C .The maximum 133 value of 15 pm/V for Film-C is achieved
after 10 minutes’ poling. When prolonging the poling time, r3; value
decreases. Normalizing this with N yields a value of 10.71 pm g/(V
molecules) . Thus, while the absolute r3; of Film-C is smaller than
that of Film-A, the effective poling efficiency appears to be higher.
Meanwhile, the absolute r3; of Film-C is higher than that of Film-B,
the effective poling efficiency seems higher as well. For Film-C and
Film-A ,one possible explanation for the observed increase in poling
efficiency arises from the reducing dipole moment, because of the
antiparallel packing of two D-z-A units. It means when the value of
B is nearly equal, dipole moment is critical in poling efficiency. For
Film-C and Film-B, one possible explanation for the observed
increase in poling efficiency arises from the high value of B. It
means when the value of dipole moment is nearly equal, B plays a
key role in poling efficiency. Moreover, it is helpful to determine the
relative contributions of B and dipole moment to the poling
efficiency obtained for Film-A, Film-B and Film-C. Besides, as the
structure is designed to minimize intermolecular dipole—dipole
interactions, it is possible that the reducing dipole moment is

This journal is © The Royal Society of Chemistry 2012

beneficial to decrease intermolecular dipole—dipole interactions .It
means novel structure also provides effective site isolation to
decrease the strong electrostatic interactions among chromophores,
which suggests that the structure might be desirable in reducing
dipole—dipole interactions and prevailing parallel pattern.

Table 3 133 values (20 wt% doping content) and relative
poling efficiencies of chromophore C1,C2,C3.

Chromophore Cl Cc2 C3
r33/(pm/v)?* 20 3 15

N° 2.23 2.97 1.40
r33/N° 8.97 1.01 10.71
Tg(1)? 124 110 129
“Experimental ~ value from simple reflection at 1310

nm."Chromophore number density; in units of x10*° molecules/g.
°ry3 normalized by chromophore number density; in units of x1072°
pm g/(V molecules).® Glass transition temperature (Tg) is measured
by DSC, with a heating rate of 10)/min in nitrogen.

Conclusion

In summary, a novel structure of nonlinear optical chromophore,
containing two asymmetric donor-z-acceptor (D-7-A) chains has
been synthesized and characterized. Two corresponding reference
chromophores have also been prepared for comparison. Theoretical
and experimental investigations suggest that this structure is useful
for improving poling efficiency. Linking two D-z-A chains together
with flexible alkyl chain leads to antiparallel packing of two D-z-A
units, which is due to self-orientation and mutual polarisation
effects. It means the dipole moments of two D-z-A chains of novel
chromophore are opposite, which decreases the novel chromophore’s
dipole moment dramatically. DFT calculations show that the dipole
moment of C3 chromophore is close to the difference of the two
component chromophores. From linear properties of chromophores
Cl1, C2 and C3 determined in different polarity solvents, meaning
chromophore C3 can be polarized more easily, which is consistent
with DFT calculations. Apart from that, chromophore C3 is
thermally stable enough to withstand encountered high temperatures
with thermal stability (202°C).What is more important , the poling
efficiency (r33/N) of novel chromophore C3 (10.71x10™%° pm g/(V
molecules) at 1310 nm) is much higher than two reference
chromophores. This work demonstrates the new structure of NLO
chromophore is a promising way to boost poling efficiency and may
be suitable for EO materials and devices application.

Experimental section

Materials and instruments

All solvents and chemicals are commercially available and used
without further purification unless otherwise stated. N, N-dimethyl
formamide (DMF) is distilled over calcium hydride and stored over
molecular sieves (pore size 3A). Thin layer chromatography (TLC)
analyses are carried out on 0.25mm thick precoated silica plates and

J. Name., 2012, 00, 1-3 | 5
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spots are visualized under UV light. Chromatography on silica gel is
carried out on Kieselgel (200-300 mesh).

The UV-Vis experiments are performed on Cary 5000 photo
spectrometer. The TGA is determined by TA5000-2950TGA (TA
co) with a heating rate of 10 °C min™' under the protection of
nitrogen. '"HNMR and '*C NMR spectra are determined using an
Bruker 400M (400 MHz) NMR
(tetramethylsilane as internalreference). The MS spectra is obtained
on MALDI-TOF (Matrix Assisted Laser Desorption/Ionization of
Flight) on BIFLEXIII (Broker Inc.) spectrometer.

Advance spectrometer

Synthesis

Synthesis of compound 2

To a stirred solution of compound 1 (2.72 g, 10 mmol) and 1-
bromohexane (2.16 g, 13 mmol) in DMF (30 mL) anhydrous
potassium carbonate (1.79 g, 13 mmol) are added. The reaction
mixture is heated at 120 °C under nitrogen for 24 h and then poured
into water. The organic phase is extracted by ethyl acetate (AcOEt),
and dried over MgSO,. After removal of the solvent under reduced
pressure, the crude product is purified by silica chromatography,
eluting with (AcOEt: petroleum ether= 1:40, v/v) to give compound
1 (2.96 g, yield: 83%). '"H NMR (400 MHz, CDCl;, § ppm): & 9.96
(s, 1H), 7.59 (s, 1H), 3.96 (t, J = 6.9 Hz, 2H), 3.29 (t, 2H), 3.23 (t,
2H), 1.87 (m, 2H), 1.71 (m, 4H), 1.46 (dd, J = 8.6, 4.1 Hz, 2H), 1.43
(s, 6H), 1.35 (m, 4H), 1.26 (s, 6H), 0.91 (t, J = 7.0 Hz, 3H). °C
NMR (100 MHz, CDCl;, & ppm) & 187.75, 162.12, 148.20, 126.06,
125.29, 120.71, 117.26, 78.88, 47.46, 46.82, 39.41, 35.70, 32.44,
32.04, 31.74, 30.25, 30.01, 29.73, 25.63, 22.56, 14.01. MALDI-
TOF-MS (m/z): caled for C,3H35NO,: 358.0 ; found: 359.2.

Synthesis of compound 3

To a stirred solution of compound 1 (2.72 g, 10 mmol) and 1,6-
Dibromohexane (1.22 g, 5 mmol) in DMF (30 mL) anhydrous
potassium carbonate (1.79 g, 13 mmol) are added. The reaction
mixture is heated at 120 °C under nitrogen for 24 h and then poured
into water. The organic phase is extracted by ethyl acetate (AcOEt),
and dried over MgSO,. After removal of the solvent under reduced
pressure, the crude product is purified by silica chromatography,
eluting with (AcOEt: petroleum ether = 1:7, v/v) to give compound 3
(1.95 g, yield: 63%). '"H NMR (400 MHz, CDCls, & ppm): & 9.87 (s,
2H), 7.50 (s, 2H), 3.90 (t, / = 6.8 Hz ,4H), 3.23 (dd, J = 14.0, 8.0 Hz,
4H), 3.18 — 3.12 (m, 4H), 1.87 (dd, J = 21.4, 15.0 Hz, 4H) , 1.63 (td,
J = 10.2, 6.0 Hz, 8H),1.50 (s, 4H),1.36 (s,12H),1.18 (s, 12H)."”*C
NMR (100 MHz, CDCl;, & ppm) & 187.81, 162.06, 148.24, 126.12,
125.49, 120.78, 117.29, 78.68, 47.51, 46.87, 39.43, 35.74, 32.50,
32.01, 30.27, 30.03, 29.79, 26.09. MALDI-TOF-MS (m/z): calcd for
CyoHs¢N,O4: 628.9 ; found: 629.3.

Synthesis of chromophore C1

To a solution of compound 2 0.534g (1.50 mmol) and the TCF
acceptor (0.36 g, 1.8 mmol) in EtOH (30 mL), several drops of
triethylamine are added. The reaction is allowed to stir at 90 °C for 2
h and then cooled to room temperature. After removal of the solvent
under reduced pressure, the crude product is purified by silica
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chromatography, eluting with (AcOEt: petroleum ether = 1:5, v/v)
to give compound CI (0.61 g, yield: 75%). '"H NMR (400 MHz,
CDCl;, 6 ppm) 6 7.73 (d, J = 15.6 Hz, 1H), 7.42 (s, 1H), 6.73 (d, ] =
15.8 Hz, 1H), 3.79 (t, J = 7.3 Hz, 2H), 3.42 (t, ] = 6.2 Hz, 2H), 3.35
(t, 2H), 1.92 (m, 2H), 1.76 (s, 6H), 1.75 — 1.72 (m, 2H), 1.43 (s, 6H),
1.34 (dd, J = 7.3, 3.4 Hz, 4H), 1.30 (s, 6H), 0.91 (t, 3H). °C NMR
(100 MHz, CDCl;, 6 ppm) 6 174.07, 160.68, 149.17, 143.87, 130.91,
128.85, 128.32, 124.39, 122.44, 115.50, 113.35, 112.54, 111.90,
107.18, 96.06, 71.79, 65.55, 47.94, 47.28, 38.88, 35.12, 32.50,
32.09, 31.75, 29.72, 29.31, 27.12, 25.62, 22.57, 13.99. MALDI-
TOF-MS (m/z):calcd for C34H4oN4O,: 538.3; found: 539.1.

Synthesis of chromophore C2

To a solution of compound 2 0.715g (2.0 mmol) and the
Malononitrile acceptor (0.198 g, 3.0 mmol) in EtOH (30 mL),
several drops of triethylamine are added. The reaction is allowed to
stir at 90 °C for 2 h and then cooled to room temperature. After
removal of the solvent under reduced pressure, the crude product is
purified by silica chromatography, eluting with (AcOEt: petroleum
ether = 1:7, v/v) to give compound C2 (0.65 g, yield: 81%). 'H
NMR (400 MHz, CDCl;, ppm):8.17 (s, 1H), 7.70 (s, 1H), 3.79 (t, J =
6.8 Hz, 2H), 3.39 (t, J = 6.2 Hz, 2H), 3.35 — 3.28 (m, 2H), 1.93 -
1.82 (m, 2H), 1.76 — 1.68 (m, 4H), 1.49 (dd, J=14.6, 7.1Hz,
2H), 1.40 (s, 6H), 1.39-1.34 (m, 4H), 1.29 (s, 6H), 0.93 (t, /=6.8Hz,
3H) Bc NMR(100MHz,CDCl;,8 ppm) 3
160.30,152.68,149.35,127.33,
125.14,121.62,115.97,112.85,78.62,47.91,47.14,38.97,35.28,32.46,3
1.71,30.03,29.75,29.43,25.68,22.58,13.98. MALDI-TOF-MS (m/z):
caled for C,H35N30: 405.6; found: 406.4.

Synthesis of compound 4

To a solution of compound 3 0.626g (1.0 mmol) and the
Malononitrile acceptor (0.079 g, 1.2 mmol) in EtOH (30 mL),
several drops of triethylamine are added. The reaction is allowed to
stir at 90 °C for 2 h and then cooled to room temperature. After
removal of the solvent under reduced pressure, the crude product is
purified by silica chromatography, eluting with (AcOEt: petroleum
ether= 1:7, v/v) to give compound 4 (0.49 g, yield: 72%)."H NMR
(400 MHz, CDCl;, 6 ppm): 8 9.94 (s, 1H), 8.17 (s, 1H), 7.70 (s, 1H),
7.58 (s, 1H), 3.99 (t, J = 6.6 Hz, 2H), 3.81 (t, J = 6.6 Hz, 2H), 3.39
(t, J = 6.0 Hz, 2H), 3.31 (dd, /=124, 7.2 Hz, 4H), 3.23 (t, 2H), 1.93
(d, J = 6.0 Hz, 4H), 1.71 (t, J = 9.9 Hz ,8H), 1.60 (s, 4H),1.44 (s,
6H), 1.40 (s, 6H), 1.29 (s, 6H), 1.27 (s, 6H). BC NMR
(100MHz,CDCl;, Sppm) )
187.77,162.02,160.16,152.46,149.36,148.27,127.25,126.13,
125.55,125.03,121.50,120.81,117.24,117.14,116.00,112.66,78.55,78
.40,68.40,47.87,47.51,47.06,46.87,39.41,38.79,35.72,35.08,32.50,32
41,32.36,32.08,30.26,29.99,29.80,29.66,29.38, 26.05.MALDI-TOF-
MS (m/z): caled for C43Hs6N4O;5: 676.9 ; found: 678.3

Synthesis of chromophore C3

To a solution of compound 4 0.677g (1.0 mmol) and the TCF
acceptor (0.238 g, 1.2 mmol) in EtOH (30 mL), several drops of
triethylamine are added. The reaction is allowed to stir at 90 °C for 2
h and then cooled to room temperature. After removal of the solvent
under reduced pressure, the crude product is purified by silica

This journal is © The Royal Society of Chemistry 2012
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chromatography, eluting with (AcOEt: petroleum ether = 1:3, v/v)
to give compound C3 (0.54g, yield: 63%). 'H NMR (400 MHz,
CDCl;, 8 ppm): 8 8.17 (s, 1H), 7.82 (d, J = 15.7 Hz,1H), 7.68 (s,
1H), 7.41 (s, 1H), 6.68 (d, J = 15.6 Hz, 1H), 3.89 — 3.77 (m, 4H),
3.45 - 3.38 (m, 4H), 3.34 (d, J = 4.6 Hz, 4H), 2.17 (s, 6H), 2.00 (s,
2H), 1.90 (d, J = 6.7 Hz, 2H), 1.75 (s, 8H), 1.64 (s, 2H), 1.58 (s, 2H),
1.44 (s, 6H), 1.40 (s, 6H),1.31 (s, 6H), 1.26 (s, 6H). *C NMR (100
MHz, CDCl;, 6 ppm) & 188.41, 177.35,174.00, 160.72, 160.13,
152.47, 149.35,148.27, 130.93, 128.85, 128.31,127.31, 125.04 ,
122.54, 121.47, 117.26, 115.98, 115.54, 113.42, 112.57, 107.04 ,
96.11, 78.24, 68.16, 62.79, 47.90, 47.30, 47.07,38.78, 38.74,35.10,
32.59, 32.42,32.39, 32.09, 30.08, 30.02,29.72, 29.64, 29.41,29.38,
27.06, 26.04, 25.68, 19.17.MALDI-TOF-MS (m/z):
Cs4Hg3N;05 : 858.1 ; found: 859.3

caled for
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