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Abstract Suitable chemical strategy is a useful approach
on the tuning color and photoluminescence of organic dyes.
This paper presented tuning novel branched p-nitro-stilbene
derivatives efficiently with a new chemical strategy through
variation of chemical bridged bond. Linking bonds played
significant effects on the absorption and fluorescence
spectroscopy of the branched p-nitro-stilbene derivatives.
A change from “D-7-A” to “A-m-A” chemical structural
characteristics occurred for the branched p-nitro-stilbene
derivatives as ester bond was attached. This led to not only
large hypsochromic shift of the maximal absorption
wavelength of the branched p-nitro-stilbene derivatives,
but considerable reduction of the fluorescence intensity.
While in contrast, the branched p-nitro-stilbene derivatives
with ether bond exhibited longer wavelength absorption
and much stronger fluorescence emission in modest polar
solvent. The cyclic voltammograms of these branched
p-nitro-stilbene derivatives were determined. Different
electrochemistry processes were observed for the branched
p-nitro-stilbene derivatives with various linking bonds. The
energies of frontier orbital of the branched p-nitro-stilbene
derivatives were estimated from their corresponding redox
potentials. Molecular geometry optimization of the
branched p-nitro-stilbene derivatives was performed, and
the electron density distribution of frontier orbital was
analyzed. Thermal stabilities of these branched nitro-
stilbene derivatives were investigated via the analysis of
the differential scanning calorimetry (DSC) and thermog-
raving (TGA) curves. This paper presented strong eviden-
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ces that the absorption and fluorescence spectroscopy of the
branched stilbene derivatives could be mediated efficiently
by chemical strategy.
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Introduction

During the past years, organic dyes have been investigated
extensively due to their broad applications such as in
biomedical, photoelectronic material, and three-dimensional
micro-device fabrication, and they offer many advantages
such as easy fabrication and reducing production costs [1—
6]. In looking for high quality organic dyes with ideal
spectroscopic nature, the chemical structures of the dyes
have been shown to a strong relationship with their spectral
characteristics [7]. Hence, the investigation of the effects of
chemical structures on the absorption and emission spec-
troscopic properties of organic dyes becomes one of
significantly important research areas in photochemistry
and photophysics. Gratzel et al demonstrated that tuning the
frontier orbital of organic dyes by various substituent
groups was very useful strategy for the fabrication of high
efficient dye-sensitized solar cells [8, 9]. It is well accepted
that substituent groups not only can alter the extent of
intramolecular charge transfer, but the properties of excited
state properties, which is achieved by the variation of the
energy and the electron density distribution of frontier
orbital [10, 11].

Stilbene-like dye is one of the most important classes of
dyes, which has received considerable attention as organic
materials for optical power limiting and electrooptical
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devices [12, 13]. The polarizablility and second hyper-
polarizabilities of these molecules tightly depends on
molecular structures of stilbene derivatives, thus enormous
efforts have been devoted on the development of stilbene
derivatives with various structural features such as donor-7-
acceptor and donor-m-donor [14—16]. Some studies have
been concentration on the enlarging absorption wavelength
and enhancement of fluorescence emission of stilbene
derivatives [17, 18]. The photophysical properties of
several selectively bridged stilbenes with donor-acceptor
substituent groups of various were investigated [19]. While
to date, few comparable investigations on development of
new stilbene derivatives with various spectral character-
istics of blue-shifted or red-shifted UV/visible absorption
spectroscopy and strong or weak fluorescence emission
have been reported. This paper presented some novel
branched nitro-stilbene derivatives, of which particular
interest is if we could tune successfully the absorption
wavelength and fluorescence emission via new chemical
strategy. Various linking chemical bonds were proposed to
tune color and photoluminescence of nitro-stilbene deriva-
tives. Molecular geometry optimization and electrochemis-
try of these dyes were carried out to further understand
interrelationship of the chemical structures and absorption
and fluorescence spectroscopy. The thermal stabilities of
the compounds were determined and analyzed.

Experimental

Materials

The chemicals and reagents were purchased from Chongqing
Medical and Chemical Corporation unless otherwise speci-
fied. The organic solvents were dried using standard
laboratory techniques according to published methods [20].
The starting materials were further purified via reinstalla-
tion or recrystallization before use. C1, C2, C3 and C4

were synthesized in our laboratory and their chemical
structures were shown in Fig. 1.
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Fig. 1 Chemical Structures of Nitro-Stilbene Derivatives
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Instruments

The UV/visible absorption spectra were recorded with a
Cintra spectrophotometer. The emission spectra were checked
with Shimadzu RF-531PC spectrofluorophotonmeter. Qui-
nine sulfate in 0.5 M H,SO,4 ($=0.546, 1 x10 ®-x 10 >mol/L
[21]) was used as a reference to determine the fluorescence
quantum yields of the compounds in this study. The melting
point was determined using an uncorrected Beijing Fukai
melting point apparatus. Nuclear Magnetic Resonance
(NMR) was carried out at room temperature with a Bruker
500 MHz apparatus with tetramethylsilane (TMS) as internal
standard and CDCl; was used as solvent. Element analysis
was detected by CE440 eclemental analysis meter from
Exeter Analytical Inc.

The fluorescence quantum yields of the compounds in
various solvents were determined based on the following
equation [22, 23]:

0 A S Tr () dAy

By = &
C A [ ()i

(1)

Wherein ny and n are the refractive indices of the
solvents, A° and A are the absorption at excited wave-
length, ®¢ and 20 are the quantum yields, and the integrals
denote the area of the fluorescence bands for the reference
and sample, respectively.

The time-resolved fluorescence curves were determined
on an Edinburgh FLS920 time-correlated single photon
counting unit. The lifetimes were calculated from decay
curves using the least-squares method.

Molecular structure optimization calculations

Structure optimization was performed with the HyperChem
8.0 package [24] choosing the with AMI1 semiempirical
quantum chemical method [25] to keep computations
tractable.

Electrochemistry

Electrochemical measurements were carried out using a
Shanghai Chenhua working station. Two Pt work electrodes
and an Ag/Ag’ reference electrode, i.e. three electrodes
system, were included in cell. Typically, a 0.05 mol/L
solution of tetra-n-butylammonium hexaflorophosphate in
CH,Cl, containing of sample was bubbled with argon for
15 min. The scan rate was 0.1 V/s.

Thermal analysis

The differential thermal analysis (DTA) and thermogravi-
metric analysis (TGA) were conducted under nitrogen gas
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flow in Shimadzu DTG-60H equipment at heating rate
10°C min™".

Synthesis of nitro-stilbene derivatives

Synthesis strategies of C1 to C4 were shown in Scheme 1.
p-Nitro-3’,4’-dihydroxyl-stilbene was prepared according
to published method [26].

C1 (3, 4-diethoxy-4’-nitrostilbene) C1 was prepared as
followings. (2.0 g, 7.8 mmol) p-Nitro-3°, 4’-dihydroxyl-
stilbene and bromoethane (2.5 g, 23.4 mmol) was dissolved
in 100 ml dried acetone, Anhydrous potassium carbonate
(4.3 g, 31.2 mmol) and a few 18-C-6 were added to the
solution. The reactant mixture was stirred at room temper-
ature under argon for 24 hr. The solid was got rid of
solution by filtration and THF was removed fully by
evaporation. The resulting mixture was dissolved in CHCl;
and washed by water for three times. The organic layer was
dried with anhydrous sodium sulfate and then concentrated.
The product was purified by column chromatography.
Further purification was carried out with twice recrystalli-
zation from benzene to yield 0.95 g (3.0 mmol) salmon
pink of C1 (yield 39 %)."H-NMR (&: ppm): 8.19 (d, J=
9.0 Hz, 2H, CCHCH), 7.58 (d, J=8.5 Hz, 2H,CHCHC),
7.16 (d, J=16.0 Hz, 2H, CCHCH), 7.0 (d, J=7.5 Hz, 2H,
CCHCH), 6.84 (d, J=8.5 Hz, 1H, CHCHC), 4.16 (m, J=
7.0 Hz, 4H, OCH,CHs), 1.47 (t, J=7.0 Hz, 6H, CH,CHj3).
BC-NMR(5: ppm), 14.830, 64.626, 111.467, 112.032,
120.258, 124.138, 126.570, 129.771, 133.048, 144.207,
146.039, 146.458, 146.658. Melting point: 152-153.5°C.
Anal. calculated, C, 68.99, H, 6.11, N, 4.46, O, 20.42,
Found, C, 68.11, H, 5.92, N, 4.51.

C2 (3, 4-dibenzyloxy-4’-nitrostilbene) C2 was prepared
as followings. (2.0 g, 7.8 mmol) p-Nitro-3°, 4’-dihydroxyl-
stilbene and benyl bromide (4.0 g, 23.4 mmol) were
dissolved in 150 ml dried acetone, Anhydrous potassium
carbonate (4.3 g, 31.2 mmol) and a few 18-C-6 were added
to the solution. The reactant mixture was stirred at room
temperature under argon for 24 hr. The solid was got rid of
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Scheme 1 Synthesis route of branched nitro-stilbene derivatives

solution by filtration and THF was removed fully by
evaporation. The resulting mixture was dissolved in CHCl,
and washed by water for three times. The organic layer was
dried with anhydrous sodium sulfate and then concentrated.
The product was purified by column chromatography.
Further purification was carried out with twice recrystalli-
zation from benzene to yield 1.6 g (3.6 mmol) golden
yellow of C2 (yield 46%). "H-NMR ( &: ppm): 8.19 (d, J=
9.0 Hz, 2H, CCHCH), 7.57 (d, J=9.0 Hz, 2H, CHCHC),
7.48 (dd, J=7.5 Hz, 4H, CCHCH), 7.39 (dd, J=7.5 Hz,
CHCHCH), 7.33 (t, J=2.8 Hz, 2H, CHCHCH), 7.15 (d, J=
17.5 Hz, 2H, CCHCH), 7.08 (d, J=9.5 Hz, 1H, CHCHC),
6.95(d, J=6.5 Hz, 2H, CCHCH), 5.22 (s, 4H, OCH,C).
BC-NMR(5: ppm):71.119, 113.216, 114.718, 121.394,
124.128, 126.594, 127.234, 127.352, 127.954, 128.558,
129.856, 136.922, 144.083, 146.468, 149.135, 149.915.
Melting point:136.5-137°C. Anal. Calculated, C, 76.87, H.
5.30, N, 3.20, O, 14.63, Found, C, 76.10, H, 5.38, N, 3.31.

C3: (3, 4-diacetoxy-4’-nitrostilbene) C3 was prepared as
followings: p-Nitro-3’,4’-dihydroxyl-stilbene (1.5 g,
5.8 mmol) and triethylamine (TEA) (4.6 g, 4.64 mmol)
was dissolved in dry THF. Acetic anhydride (3.5 g,
34.8 mmol) was dropped slowly. The mixture was stirred
at room temperature under argon for 24 hr. The solid was got
rid of solution by filtration and the solvents were removed
fully by evaporation. The resulting mixture was dissolved in
CHCI; and washed by water for three times. The organic
layer was dried with anhydrous sodium sulfate and then
concentrated. The product was purified by column chroma-
tography. Further purification was carried out with twice
recrystallization from benzene to yield 0.84 g (2.5 mmol)
deep yellow color of C3 (yield 42%)."H-NMR (CDCls,
dppm): 8.19 (d, J=8.0 Hz, 2H, CCHCH), 7.58 (d, J=8.0 Hz,
2H, CHCHC), 7.38 (d, J=9.5 Hz, 2H, CCHCH), 7.18 (m, J=
9.5 Hz, 2H, CHCHC), 7.05(d, J=18.0 Hz, 1H, CCHCH),
231 (s, 6H, CCH;). *C-NMR, &ppm: 20.657, 121.540,
124.158, 127.460, 131.408, 135.167, 142.272, 142.437,
143.303, 146.964, 168.212. Melting point: 160-161.5°C.
Anal. Calculated, C, 63.34, H, 443, N, 4.10, O, 28.13,
Found, C, 63.90, H, 4.36, N, 3.86.

C4: (3, 4-dibenzoyloxy-4’-nitrostilbene) The title com-
pound was prepared as followings: p-Nitro-3’, 4’-dihy-
droxyl-stilbene (1.5 g,5.8 mmol) and triethylamine (TEA)
(4.6 g, 46.4 mmol) was dissolved in dry THF. Benzoyl
chloride (4.9 g, 34.8 mmol) was dropped slowly. The
mixture was stirred at room temperature under argon for
24 hr. The solid was got rid of solution by filtration and the
solvents were removed fully by evaporation. The resulting
mixture was dissolved in CHCl; and washed by water for
three times. The organic layer was dried with anhydrous
sodium sulfate and then concentrated. The product was
purified by column chromatography. Further purification was
carried out with twice recrystallization from benzene to yield
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Fig. 2 Typical comparison of absorption spectroscopy of C1 and C3
in methylene chloride (1x 10 >mol/L)

1.1 g (2.3 mmol) light yellow color of C4 (yield 40%).
"H-NMR &(ppm): 8.19 (d, J=9.0 Hz, 2H, CCHCH), 7.57
(d, J=9.0 Hz, 2H, CHCHC), 7.48 (dd, J=7.5 Hz, 4H,
CCHCH), 7.39 (dd, J=7.5 Hz, CHCHCH),7.33 (t, J=2.8 Hz,
2H, CHCHCH), 7.15 (d, J=17.5 Hz, 2H, CCHCH), 7.08
(d, J=9.5 Hz, 1H, CHCHC), 6.95 (d, J=6.5 Hz, 2H,
CCHCH), 5.22 (s, 4H, OCH,C). "*C-NMR(5: ppm):
121.637, 123.951, 124.187, 127.494, 128.562, 128.621,
130.188, 131.562, 133.816, 142.768, 142.962, 143.357,
146.971, 164.242. Melting point: 153-154.5°C. Anal.
Calculated, C, 72.25, H, 4.11, N, 3.01, O, 20.62, Found, C,
71.67, H, 4.16, N, 3.26.

Results and discussion

Spectroscopic properties

The UV-visible spectroscopy

C1 and C2 exhibited remarkably different absorption

characterization from C3 and C4. Typical ultraviolet/visible
absorption spectroscopy of C1 and C3 in methylene

chloride was shown in Fig. 2. Clearly, the maximal
absorption wavelength of C3 exhibited considerable blue-
shift with respect to that of C1 in methylene chloride. The
data shown in Table 1 suggested clearly: (1) the maximal
absorption wavelength of C1 and C2 underwent evident
bathochromic shift in polar solvents (ca. 15 nm); while as
sharp contrast, C3 and C4 featured with tiny red-shift (ca.
4 nm). This is an indication that polar solvents and ether
bond could stabilize the intramolecular charge transfer
states of Cl1 and C2, while the intramolecular charge
transfer states of C3 and C4 could be destabilized by polar
solvents and ester bond [27, 28]. (2) Nitro-stilbene
derivatives with ester bridged bonds displayed ca. 30-
40 nm blue-shift on the maximal absorption wavelength
with respect to nitro-stilbene derivatives with ether bridged
in various solvents. This caused remarkably different color
of C1 and C2 from C3 and C4 as shown in Fig. 3. This
suggested that the intramolecular linking bonds had
significant effects on the absorption spectroscopy of the
nitro-stilbene derivatives. It was mostly due to the effects of
linking bond on the extent of intramolecular charge transfer.
The ultraviolet/visible absorption characteristics of C1 and
C2 indicated a highly allowed 77t electron transition with
strong intramoclecular charge transfer feature [29, 30],
while the low optical density and the blue-shifted wav-
length implied that the absorption of C3 and C4 could be
ascribed to prohibited n-7t electron transition nature [31].
The extent of intramolecular charge transfer of C1 and C2
could be diminished by the electron deficiency effect of
ester bridged bond. While, ether linking bond could
increase the extent of intramolecular charge transfer due
to its electron-donating effect. The chemical structural
characteristics of C3 and C4 exhibited great change from
donor-m-acceptor to acceptor-m-acceptor as the introduction
of the ester bond, which could lead to the reduction in the
intramolecular charge transfer of C3 and C4. Typical
comparison of the sketch of molecular structures of C2
and C4 was shown in Fig. 4. Hence, the -7t electron
transition of C1 and C2 was strengthened, and the n-7r
electron transition of C3 and C4 was further inhibited.

Table 1 Experimental absorp-

tion spectral data of C1 to 4 in Solvents A max (nm) ¢ (1x10°) L/mol-cm
various solvents
C1 C2 C3 C4 C1 C2 C3 Cc4

Cyclohexane 357 360 333 335 0.134 0.121 0.105 0.0894
Benzene 379 375 337 341 0.118 0.114 0.108 0.109
Ethyl acetate 375 374 334 337 0.215 0.189 0.146 0.101
THF 383 381 338 337 0.336 0.200 0.111 0.117
CH,Cl, 381 381 339 341 0.344 0.273 0.189 0.149
CH;CN 379 379 338 342 0.251 0.358 0.102 0.108
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Fig. 3 Colors of Cl to C4 in
THF solvent
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These could result in blue-shift of the maximal absorption
wavelength of nitro-stilbene derivatives with ester linking
bonds. Thus, this is possible to tune the absorption
spectroscopy of nitro-stilbene derivatives by various chem-
ical linking bonds.

The fluorescence spectroscopy

C1 and C2 featured with strong emission in modest polar
solvents. While in sharp contrast, C3 and C4 exhibited
exceptional weak fluorescence emission in various solvents.
A typical comparison of fluorescence spectroscopy of C1
and C3 in methylene chloride was shown in Fig. 5. The
results showed that linking bond played significant effect
on the fluorescence spectroscopy of nitro-stilbene deriva-
tives as well. This implied that the excited state properties
of these compounds were different.

The fluorescence emission of C1 and C2 could be
ascribed to 7T —7 excited state decay. In contrast, the
fluorescence emission of C3 and C4 could be from 7' —n
excited state decay. It is well accepted that (n, 7)) electron
transition is typical forbidden transition [32], while (7, 7)
electron transition is allowed transition [33]. As discussed,
the change from donor-m-acceptor to acceptor-m-acceptor
occurred as ester linking bond was introduced and the
electron density distribution of stilbene part of C3 and C4

Compound 1

L J \ Compound 3 o

50 / :

Intensity

360
Wavelength(nm)

Fig. 4 A sketch of chemical structural characteristics of C2 and C4
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was assumed to be diminished. While in contrast, the
electron density distribution nitro-stilbene part of C1 and
C2 could be raised by ether bridged bond. These could cause
further decreasing (n, 7r') electron transition of C3 and C4
and further increasing (1, 7') electron transition of C1 and
C2 [34]. The results showed the significant effects of various
linking bonds on the (7, 70) and (n, 70) electron transitions
of the compounds. As a result, the fluorescence emission of
C3 and C4 was considerably reduced. While the fluores-
cence emission of C1 and C2 was enhanced and it displayed
remarkable red-shift with the increasing of solvent polarity.
The difference on the fluorescence quantum yields of these
compounds was shown clearly shown in Table 2.

On the other hand, we observed that the fluorescence
quantum yields of C1 and C2 was much reduced in very
strong polar solvents such as acetonitrile. The variation of
the fluorescence quantum yields (Table 2) of C1 and C2 in
various solvents suggested that there existed two mecha-
nisms dominating the decay of the excited singlet state of
C1 and C2 [35, 36]. One was called as ‘“negative
solvatokinetic effect”, which meant decreasing in the
fluorescence quantum yields with suitable enhancement of
intramolecular charge transfer. In other words, in non-polar
solvents, the radiative transition decay of the excited state
played significant role. The other mechanism was “positive
solvatokinetic effect”, which suggested that fluorescence
quantum yields were much reduced by the strong intramo-
lecular charge transfer for the larger polarity of solvents.
We supposed that the twisted intramolecular chare transfer
state of C1 and C2 could be formed in strong polar solvents
and the fluorescence emission was thus quenched.

The fluorescence lifetimes

Because the fluorescence emission of C3 and C4 was
extremely weak, only the fluorescence lifetimes of C1 and
C2 could be determined. Typical time-resolved fluores-
cence decay curves of C1 and C2 in methylene chloride
were presented in Fig. 6, which showed a little different
decay shape. This indicated that the methoxy and benzy-
loxy groups had influences on the fluorescence lifetimes of
nitro-stilbene derivatives, as shown in Table 3. The
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Table 2 Fluorescence quantum

yields of compounds 1 to 4 in Solvent Af,max (NM) Fluorescence quantum yields
various solvents
C1 C2 C3 C4 C1 C2 C3 C4

Cyclohexane 428 427 428 428 0.0054 0.0084 0.0078 0.0069
Benzene 485 494 394 395 0.024 0.062 0.0029 0.0070
Ethyl acetate 533 531 392 392 0.18 0.29 0.0068 0.024
THF 537 531 392 392 0.13 0.39 0.034 0.053
CH,Cl, 549 560 403 413 0.13 0.15 0.0022 0.0094

the error within 10%, five times  CH;CN 548 560 393 393 0.0009 0.0047 0.0036 0.0052

measurements

radiative transition constants and non-radiative transition
constants of the compounds 1 to 2 were calculated
according to the following equations:

Dy
Kr = —& 2
r== (2)
Knr = _TQSF (3)

wherein ®r is fluorescence quantum yield, T represents as
fluorescence lifetime, K, is radiative transition constant, K,,.
is non-radiative transition constant.

Seen from Table 3, the radiative transition constant of
C2 was larger, while non-radiative transition constant of C2
was lower. This interpreted why the fluorescence quantum
yields of C2 were bigger than C1, as shown in Table 2.
Stiffer structure and stronger electron-donating effects of
benzyloxy groups could make the fluorescence emission of
C2 enhanced. Interesting, the fluorescence lifetimes of C1
and C2 was longer than that of simple stilbene (T, 0.075 ns)
[37]. It was well demonstrated that for a simple stilbene,
“cis-trans” isomerization was the only approach of deacti-
vation of the excited singlet states [38]. In the present study,
intramolecular charge transfer and twisted intramolecular
charge transfer states could dominate the deactivative
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process of the excited singlet states of C1 and C2 rather
than only “cis-trans” isomerization due to their “D-7-A”
nature, and the fluorescence lifetimes of C1 and C2 were
thus enlarged.

Electrochemistry

The cyclic voltammograms of the C1 to C4 were recorded in
methyl chloride from 50mVs™ to 150mVs™". The results were
presented in Fig. 7. Obviously, four compounds displayed
different redox curves, although all of the compounds were
characterized with irreversible redox processes. No pair
peaks were found for all compounds, and the redox processes
of all compounds were dominated by diffusion-controlled
electron transfer reactions resulting from linear increasing of
peak currents with the square root of scan rates.

C1 showed three reduction peaks under all sweeping
rates at the negative region at 100 mV/s scan rate:
—0.088 V, —0.640 V, —1.653 V. Three oxidation peaks:
—0.266, —1.355, 1.237 V and were recorded for C1. The
cyclic voltammetry of C2 exhibited one reduction and one
oxidation peaks at 100 mV/s sweeping rate. The reduction
peak was got at the negative region: —0.788 V, and the
oxidation peak was found at positive region: 1.087 V.
Figure 7(c) shows typical cyclic voltammograms of C3 at
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Fig. 5 Typical comparison of fluorescence spectroscopy of compounds 1 and 3 in methylene chloride (1x 10 ®mol/L), Ex: 350 nm, Slit window:

Ex: 5 nm. Em: 3 nm
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Table 3 Fluorescence lifetimes, radiative transition constant, non-
radiative transition constant of C1 and C2 in various solvents

—1.273 V could be regarded as reductive potentials of nitro
group of C1, C2, C3 and C4 respectively. This showed that

Solvents C1 C2 as compared with C1 and C2, the reduction of nitro group
of C3 and C4 became more difficult. This could be ascribed

T K, Kor T K, Ko to the effect of electron-withdrawing or electron-donating

THF 193 0674 4508  3.03 1287 2013 of various linki.ng chemical bonds on the redox process of
AcOE 121 1488 6777 216 1343 3287 nitro group. leerse, ester bond in C3 and Cft as an
CH,Cl, 181 0718 4807 173 0867 4913 electron-withdrawing group could undergo reduction pro-

T ns, K, Kop: 10878

various scan rates. Three reduction peaks at —0.187,
—0.937, 0.609 V and one oxidation peak at —0.079 V were
observed at scan rate 100mVs . Typical cyclic voltammo-
gram of C4 at different scan rates was shown in Fig. 7(d).
Three reduction peaks were found as 0.374, —0.498, —1.273
V, and three oxidation peaks were observed —0.535 V,
—0.094 V and 0.878 V at scan rate 100 mV/s.

Nitro group is a powerful electron-withdrawing species
in C1 to C4 and the occurrence of its reduction reaction
could be easily observed [38]. —0.640, —0.788, —0.937,

cess as well [39]. 0.609, 0.374 V could be from the
reduction process of ester group of C3 and C4. Further-
more, as discussed, the electron density distribution of C-C
double bond could be decreased by electron-withdrawing of
ester bond, and could be enhanced electron-donating effect
of ether bond. This could lead to easy or difficult
occurrence of redox processes on C-C double bond for
these compounds respectively [40, 41], and it could be the
main reason why different redox processes of these
compounds were detected. The different electrochemical
process reflected the difference on their HOMO and LUMO
energies of these compounds [42]. Hence, we further
estimated the energy of frontier orbital based on the

Fig. 6 Fluorescence lifetime of 7.6 . . . L - — 579 . . . L . ) . ;
C1 and C2 in CH,Cl, 53 150 Vs / N o
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Fig. 7 Cyclic voltammograms of compounds 1 to 4 in various scan rates
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corresponding redox potentials and optical parameters. The
results were listed in Table 4. It clearly showed that the
energy of HOMO and LUMO was enhanced by ester
linking bond.

Molecular geometry optimization

The electron density distribution of HOMO and LUMO
orbitals of C1 to C4 at Sy and S; states was investigated. As
shown in Fig. 8, the changes on the electron density
distribution of these compounds from HOMO to LUMO
transition exhibited some difference. The electron density
distribution moved to nitro group and its connecting
diphenyl ethylene parts in HOMO—LUMO transition at
Sy state. While as compared with C3 and C4, electron
density distribution of C1 and C2 was much closer to the
side of nitro group. Electron density distribution of C3 and
C4 exhibited more delocalization due to the deficiency
effect of ester chemical bond at LUMO orbital of S, state.
At the S; state, the change on the electron density
distribution of C1 and C2 from HOMO to LUMO
transition was quite different from that of C3 and C4. C1
and C2 showed a similar change as S, state. However, C3
and C4 showed larger change on the electron density
distribution from HOMO to LUMO in S; state. Consider-
able electron density distribution was found in the ester
chemical linking bonds in the LUMO orbitals of C3 and C4
in S; state, especially for the ester chemical bond of C4.
This confirmed our assumption that the electron density
distribution of stilbene part of C1 and C2 was enhanced
greatly by ether chemical bond due to the electron-donating
effect. While as sharp contrast, the electron density
distribution of stilbene part of C3 and C4 was much
decreased by the electron-withdrawing effect of ester
chemical bond. We further calculated the dipole moment
change of these compounds between the excited state and
the ground state and listed in Table 5. Obviously, C1 and
C2 had larger dipole moment change than C3 and C4. In a
word, the molecular geometry optimization calculations
demonstrated ester linking bond played two significant

Table 4 The estimated energy of HOMO and LUMO from Redox
potentials

Compounds EOX HOMO Aonset Gap LUMO
V) (eV) (nm) (eV) (V)
C1 1.237 —5.58 381 3.25 —2.33
C2 1.087 —5.43 381 3.25 -2.18
C3 -0.079  —4.26 339 3.66 —0.60
C4 0.878 -5.22 341 3.64 —-1.58

HOMO ( eV )=— E®% — 434 [43, 44], Gap (eV)=1240/Aonset,
LUMO ( ¢V )=HOMO+gap
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Table 5 The change of the dipole moment between the excited state
and ground state respectively obtained from experiments and
theoretical calculations

Methods Dipole moments change Ap (D)

C1 C2 C3 C4
From experiment 4.89 3.22
From theory 3.23 5.06 0.82 3.18

1 D=3.336x107° c.m

roles: (1) decreasing the extent of intramolecular charge
transfer of C3 and C4; (2) increasing the delocalization of
electron density distribution of overall molecule. In other
words, the electron density distribution of stilbene part was
decreased. The results confirmed that (n, 7*) electron
transition C3 and C4 was considerably inhibited and (7,
7*) electron transition of C1 and C2 was further strength-
ened. As a consequence, the absorption of C3 and C4
exhibited obvious blue-shift and the fluorescence emission
was much reduced. The calculations could well interpret
why the absorption and fluorescence wavelength of
branched nitro-stilbene derivatives could be efficiently
tuned by the chemical linking bond.

We further estimated the changes on the dipole moments
between the excited state and ground state based on Lippert
equation [45, 46]:

2
h Z(ﬂe_ug) A 4
abs — Vem) — — 3 t
¢(Vabs = Vem) P \f' + cons 4)
e—1 n? —1
Af = -
v (25 +1 2n+ 1) )

Wherein h is Planck’s constant, ¢ is the speed of light,
and Af is called the orientation polarizability. U,ps, Uem are
the wavenumbers of the absorption and emission, n is the
refractive index, and ¢ is the relative low-frequency
dielectric constant of the solvents.

Lippert equation, the chromophore group was regarded
as a dipole, which located in a cavity with a radius of ¢ in a
continuous solvent-dipole environment. Moreover, this
equation reflected a solvent effect of the index of refraction
and relative dielicetric constant. Consequently, the linear
correlation between Stokes shifts and Af could not show
some special interaction between the fluorophore and
solvent molecules such as hydrogen bonding. Plots of
Stokes shift as a function of the solvent orientation
polarizability (Af) was shown in Fig. 9. The linear
correlation of C1 and C2 between Stokes shift and
orientational polarizability suggested the dipolar solvent
effects [47, 48]. Two equations were obtained for C1 and

C2 respectively: C1: Y=11855x+5228.5, C2: Y=13383x+
5070.7. Similar slopes of C1 and C2 implied that excited
decay processes of C1 and C2 were similar [49]. However,
the linear correlationship between Stokes shift and orienta-
tional polarizability for C3 and C4 could not be obtained,
suggesting the excited state decay process of C3 and C4
was much different from that of C1 and C2. The changes of
dipole moments on the excited state and ground state could
be calculated from the slopes, and the data were listed in
Table 5. Although the experimental and theoretical results
had some difference, the data have confirmed simulta-
neously that C1 and C2 had larger charge transfer than C3
and C4 in the excited state. In a word, the results suggested
that the electron coupling effects induced by excitation
delocalization were greatly affected by various linking
bonds. Thus, the electron density distribution of chromo-
phore part of C1 and C2 was different from C3 and C4 in
the excited states, which eventually lead to different
spectral characteristics.

Thermal analysis

The analysis of the thermal properties was conducted with
differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) under a nitrogen atmosphere and the results
were listed in Fig. 10. The endothermic peaks determined
by DTA were found at 170.57, 143.17, 169.59 and 164.77°C
for C1, C2, C3 and C4 respectively as presented in Fig. 10.
Considering the heating rate was 10°C min ', the DTA data
are very close to the melting points of Cl1 to C4
respectively determined with melting point apparatus. The
decomposition temperatures of compounds 1 to 4 deter-
mined by TGA were 334.76, 306.62, 359.02 and 376.37°C
respectively as shown in Fig. 10. The weight loss of C1
(MW=313.13) was 37.852% at 334.76°C, which was close
to the loss of diethoxy part (MW=87.89). Interestingly, the
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1000

Stokes shift

+ C1
= C2

0 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3

Orientation polarizability

Fig. 8 Electron density distribution of HOMO and LUMO at S, and
S, states
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Fig. 9 Relationship between stokes’s shifts of C1 and C2 and orientation polarizability (Af) of solvents

weight loss of C2 (MW=437.16) was 17.354%, which was
also close to the loss of benzyl group (MW=76.03). The
weight loss of C3 (MW=341.09) was 60.198%, which was
to close to the loss of nitro group and two acetoxy groups
(Total: MW=164.10). C4 (MW=465.12) displayed
27.932% weight loss, which was close to the loss of two
benzoyloxy groups (MW=120.02). The analysis showed
that: (1) these compounds had remarkable thermal stability
and the decomposition temperatures of the compounds 1 to
4 were over 300°C, and (2) intramolecular linking bond did
not show large effect on the thermal stabilities.

Conclusions

To summarize, a range of new branched nitro-stilbene
derivatives with various linking bonds was synthesized and
characterized. The linking bonds showed significant effects
on the electron density distribution of HOMO and LUMO,
and thus the extent of intramolecular charge transfer
exhibited considerably different. This resulted in the
different dipole moment changes between the excited state
and the ground state for these branched nitro-stilbene
derivatives. The results suggested that the (m—7),

@ Springer

(n—7") electron transition and the excited state decay
process of these compounds were influenced by various
chemical bonds. The estimated HOMO and LUMO
energies of these compounds revealed further the effects
of linking bonds on the electron density distribution of
frontier orbital. These made it much possible to tune

Fig. 10 DTA and TGA curves of the compounds 1 to 4
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efficiently the spectroscopic properties of the branched
nitro-stilbene derivatives by linking bond. While, the
thermal stabilities of nitro-stilbene derivatives were not
afftected by the linking bonds. The results presented in this
paper would be great interest in the development various
branched substituted nitro-stilbene dyes with required
spectroscopic characteristics based on chemical strategy.
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