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Received 15 February 2006; received in revised form 10 April 2006; accepted 12 April 2006
Available online 28 April 2006

bstract

New, terminally substituted, unsymmetrical conjugated polyenes ROC6H4(CH CH)nTB (TB = l,3-diethyl-thioxodihydropyrimidine-4,6-
ione: R = CH3 (n = 4, 6); R = C6H13 (n = l, 2, 3, 4, 5, 6)) ROC6H4(CH CH)nID (ID = indan-l,3-dione: R = CH3, C6H13 (n = 4, 6)), and
OC6H4(CH CH)nPN (PN = phenylacetonitrile R = CH3, C6H13 (n = 4, 6)) were synthesized through Knoevenagel condensation of respective
-(p-alkyloxyphenyl)polyenals and benzyl cyanide (A = PN), indandione (A = ID) and N,N′-diethylthiobarbituric acid (A = TB). These compounds

how a remarkable thermal stability with decomposition temperatures ranging from 133 to 291 ◦C. For all obtained push-pull polyenes, the shift
f λmax to longer wavelength was observed as a function of the increasing conjugated system size as well as the donor–acceptor (D–A) pair

trength. The inverted solvatochromic effect appeared with the increase of solvent polarity. The redox properties of the studied compounds were
nvestigated applying the cyclic voltammetry technique (CV). Electrochemically evaluated band gap values are well correlated with the optical
ata.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Long �-conjugated polyenic structures grafted by an elec-
ron donor (D) and an electron acceptor (A) group (push-pull
olyenes) have recently been a subject of broad experimen-
al and theoretical investigations [1–10]. Push-pull polyenes,
n most cases, exhibit large ground-state dipole moments,
llowed low lying electronic transitions, substantial changes
n dipole moment upon the excitation [11], solvent polarity
ffects on steady-state fluorescence spectra, and fluorescence
ntensity decay, formation of excited-state charge-transfer (CT)
tate [12,13], as well as aggregation phenomena at interfaces
14]. Their physicochemical behavior makes them convenient
odel molecules for both theoretical analysis of the elec-
roactive groups influence upon the geometric and electronic
olyenic structures, and their forecasting properties. Studies
n fundamental photochemical processes in naturally occurred

∗ Corresponding author. Tel.: +48 71 3203849; fax: +48 71 3203678.
E-mail address: beata.domagalska@pwr.wroc.pl (B.W. Domagalska).
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atochromic effect

olyenes and carotenoids have already introduced many pro-
ound achievements in the area of: various kinetic models (e.g.,
hree-state kinetic model [15]), solvatokinetic behavior [16],
ature of excited states [17], influence description of donor
nd acceptor groups on kinetics of the competitive (radiative,
eactive, and non-radiative) relaxation pathways and the pho-
oreaction mechanism [17], light harvesting responses [18,19],
edox switching phenomena [20], and defensive pheromone
echanisms [21]. The D-�-A systems have also revealed high

on-linear optical properties [11], which are an important pre-
equisite for potential application in data storage, holographic
aterials, optical switches, or molecular wires [22].
The present work is a continuation of our search for new

-�-A compounds with potential photo or/and electroconduct-
ng properties [7–10,23,24], especially designated for a solar
ell. Previously, we have designed the modular synthesis of
tereo defined (pure all-E) long �-conjugated polyenals of both

nsymmetrical, symmetrical (two-dimensional), and octupolar-
ype structures [7,8] which are convenient reagents for synthese
f push-pull, push-push, and pull-pull polyenes [3]. The reported
-(p-alkyloxyphenyl)polyenals with up to 10 conjugated double

mailto:beata.domagalska@pwr.wroc.pl
dx.doi.org/10.1016/j.jphotochem.2006.04.015
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Fig. 1. Molecular structure of st

onds, posses interesting NLO properties [9]. Furthermore, the
ncrease of their solvent polarity causes the shift of the canon-
cal polyenal structure from a more polymethine-like to more
olyene-like state [10]. Polyenal molecules were found to lay
at on the water subphase with their hydrophobic tail elevated
nd such monolayers are ohmic conductors which conductiv-
ty depends on NO2 concentration and is relatively high at
oom temperature [24]. The main purpose of the present con-
ribution was to graft the alkoxylphenyl polyenal backbone
y 1,3-diethyl-thioxodihydropyrimidine-4,6-dione (TB), indan-
,3-dione (ID), and phenylacetonitrile (PN) grouping (for the
ompounds’ structures and abbreviations see Fig. 1) in order to
et new thermally stable products and to characterize their spec-
roscopic and electrochemical behavior in a variety of solvents.

hus, we have concentrated our attempts on investigating any
vailable changes in shape and position of the absorption band
n relation to both the polyenic linker, and alkyl chain length,
s well as the kind of solvent and the A (A = TB, ID, and PN)

w
g

conjugated push-pull polyenes.

roup �-accepting effect. Additionally, we examined the reduc-
ion and oxidation potentials for all studied D-�-A compounds,
specially the relative strength of the A acceptor and the effect of
he effective conjugation length -“neff” on the values of the oxy-
ation (Eox) and reduction (Ered) potentials as well as on the total
umber of their redox states. The reported compounds exhibit
typical semiconducting behavior and for derivatives with ID

rouping the electrical conductivity increases more than two
rders of magnitude under the white light exposure (intensity
bout 10 mW cm−2) and such investigations are in progress [25].

. Experimental

.1. General methods
Syntheses involving polyenes were carried out under argon,
ith the protection against direct daylight. The chromato-
raphic purification was accomplished by the medium pressure
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olumn chromatography (MPLC, Büchi Labortechnik AG,
ilica gel, flow rate 20 ml min−1, eluent–hexane: ethyl acetate
:1) and/or radial chromatography (Chromatotron, Harrison
esearch Inc., N2, 2 mm layer of silica gel, flow rate 6 ml min−1,
luent–hexane: ethyl acetate 4:1). The thermal stability of syn-
hesized compounds was determined with the Shimadzu’s ther-

ogravimetrical analyzer (TGA-50), differential thermal ana-
yzer (DTA-50) and the differential scanning calorimeter (DSC-
0). Samples were analyzed in alumina crucibles using �-Al2O3
s a reference substance over the temperature ranging from 20 ◦C
o 450 ◦C. In all analyzers the heating rate was 10 ◦C/min and
he sampling frequency of 0.5 s was applied. Nuclear magnetic
esonance (NMR) spectra were recorded with a Bruker AMX-
00 spectrometer (Karlsruhe, Germany). 1H chemical shifts (at
00.13 MHz) are referenced in CDCl3 to residual protons of
HCl3 (7.24 ppm). Elemental analyzes were carried out with
Perkin-Elmer 2400 CHN analyzer (Norwalk, CT). Solvents

2,2,4-trimethylpentane, carbon tetrachloride, tetrahydrofuran,
ichlorometane, ethanol, methanol, and acetonitrile) were spec-
roscopic grade (Merck or Sigma–Aldrich). The UV–vis absorp-
ion spectra of freshly prepared solutions of studied polyenals
concentration 5 × 10−6 M) were measured at room temperature
sing UV–vis Unicam (thermo Spectronic) spectrophotometer.
pectra were recorded in teflon–stopped quartz cells of 1 cm
ptical pathlength within the range from 205 to 600 nm for
,2,4-trimethylpentane, ethanol, methanol, and acetonitrile
olutions and from 250 to 600 nm for carbon tetrachloride,
etrahydrofuran, dichlorometane solutions. The CV experiments
ere carried out using the standard three-electrode system with
platinium plate as an auxiliary electrode and the working

latinium electrode by means of Universal Electrochemical
et (EMU, Wroclaw University of Technology, Poland). The
yclic voltammograms were recorded at 100–1000 mV/s for
OC6H4(CH CH)nID and ROC6H4(CH CH)nTB and in

he range 50–1000 mV/s for ROC6H4(CH CH)nPN, with
platinium working electrode (2.01 mm2) and a saturated

alomel electrode (SCE) or Ag/AgCl as the reference electrode
sing tetrabutylammonium tetrafluroborate (TBABF4, reduc-
ion) or tetrabutylammonium hexafluorophosphate (TBAPF6,
xidation) as supporting electrolytes. Electrochemical cell
as protected against light during CV measurements. All

amples were deoxidized by bubbling the oxygen-free nitrogen
O2 < 5 ppm, LINDE Gaz) and a special grade argon before
easurements.

.2. Synthesis of conjugatedpolyenes ROC6H4(CH CH)nA
A = TB, ID)

The appropriate alkoxyphenylpolyenal was dissolved in
arm anhydrous ethanol (20 ml/mmol) and then added to warm

olution of indandione or N,N′-diethylthobarbituric acid (1.1
quivalent) in hot ethanol. The mixture was heated under reflux.
f a color change did not occur swiftly, catalytic KOH (one drop

f 0.3% EtOH solution) was added and the reaction continued
ntil TLC indicated that the reaction was complete (0.5–6 h).
nless the product preferentially crystallized, the ethanol was

vaporated and residue eluted by chromatographic method.
Photobiology A: Chemistry 184 (2006) 193–203 195

C6H13OC6H4(CH CH)1TB. Yellow needle. Yield 92%. Anal.
calc. for C23H30N2O3S (414.56): C 65.64, H 7.51 N 6.96,
S 7.96; found C 65.39, H 7.80 N 7.12, S 7.80; 1H NMR:
8.50 (1H, dd, J = 12.1, 15.3 Hz), 8.15 (1H, d, J = 12.1 Hz),
7.43 (1H, d, J = 15.0 Hz), 7.1 (2H, d, J = 8.8 Hz), 6.8 (2H, d,
J = 8.9 Hz), 4.57 (4H, q, J = 6.8 Hz) 3.99 (2H, t, J = 6.6 Hz),
1.81 (2H, m), 1.47–1.28 (10H, m) 1.46 (2H, m), 0.90 (3H, t, J =
6.9 Hz).
C6H13OC6H4(CH CH)2TB. Red powder. Yield 88%. Anal.
calc. for C25H32N2O3S (440.60): C 67.26, H 7.53 N 6.54, S
7.48; found C 67.35, H 7.39 N 6.61, S 7.35; 1H NMR: 8.15
(1H, d, J = 12.7 Hz), 8.05 (1H, t, J = 13.0 Hz), 7.41 (2H, d,
J = 9,3 Hz), 6.62 (2H, d, J = 9,3 Hz), 7.33 (1H, dd, J = 13.4,
11.0 Hz), 7.06 (1H, d, J = 14.65 Hz), 6.93 (1H, dd, J = 14,9,
11,0 Hz), 4.57 (4H, q, J = 7.0 Hz) 3.99 (2H, t, J = 6.6 Hz),
1.81 (2H, m), 1.46–1.28 (10H, m) 1.46 (2H, m), 0.90 (3H,
t, J = 6.9 Hz).
C6H13OC6H4(CH CH)3TB. Dark violet solid. Yield 88%.
Anal. calc. for C27H34N2O3S (466.63): C 68.69, H 7.54 N 6.15,
S 7.05; found C 68.48, H 7.81 N 6.16, S 7.20; 1H NMR: 8.09
(1H, d, J = 12.8 Hz), 7.99 (1H, t, J = 13.4 Hz), 7.1–6.98 (3H,
m), 7.25 (1H, dd, J = 13.4, 11.8 Hz), 6.96 (1H, dd, J = 14.2,
10.4 Hz), 6.87 (1H, d, J = 15.0 Hz), 6.76–6.82 (3H, m), 6.57
(1H, dd, J = 13.9, 12.3 Hz), 4.57 (4H, q, J = 6.8 Hz) 3.99 (2H,
t, J = 6.6 Hz), 1.81 (2H, m), 1.46–1.28 (10H, m) 1.45 (2H, m),
0.91 (3H,t, J = 6.9 Hz).
CH3OC6H4(CH CH)4TB. Dark violet solid. Yield 75%. Anal.
calc. for C24H26N2O3S (422.54): C 67.29, H 6.38 N 6.82, S
7.81; found C 67.11, H 6.56 N 6.69, S 7.92; 1H NMR: 8.08
(1H, d, J = 12.7 Hz), 7.99 (1H, dd, J = 13.5, 12.8 Hz), 7.41 (2H,
d, J = 8.9 Hz), 7.22 (1H, dd, J = 13.5, 12.0 Hz), 6.69 (2H, d,
J = 8.9 Hz), 6.88 (1H, dd, J = 14.2, 11.6 Hz), 6.72 (4H, m), 6.55
(1H, dd, J = 14.3, 11.9 Hz), 4.56 (4H, q, J = 6.9 Hz), 3.78 (3H,
s), 1.20 (6H, 2t, J = 7.0 Hz).
C6H13OC6H4(CH CH)4TB. Dark violet solid. Yield 72%.
Anal. calc. for C29H36N2O3S (492.67): C 70.70, H 7.37 N 5.69,
S 6.51; found C 70.12, H 7.79 N 5.66, S 6.77; 1H NMR: 8.08
(1H, d, J = 12.7 Hz), 7.99 (1H, dd, J = 13.5, 12.8 Hz), 7.41 (2H,
d, J = 8.9 Hz), 7.22 (1H, dd, J = 13.5, J = 12.0 Hz), 6.69 (2H, d,
J = 8.9 Hz), 6.88 (1H, dd, J = 14.2, J = 11.6 Hz), 6.72 (4H, m),
6.55 (1H, dd, J = 14.3, 11.9 Hz), 4.57 (4H, q, J = 6.8 Hz) 3.99
(2H, t, J = 6.6 Hz), 1.81 (2H, m), 1.46–1.28 (10H, m) 1.46 (2H,
m), 0.90 (3H, t, J = 6.9 Hz).
C6H13OC6H4(CH CH)5TB. Brown solid. Yield 68%. Anal.
calc. for C31H38N2O3S (518.71): C 71.11, H 7.56 N 5.53, S
6.32; found C 71.00, H 7.68 N 5.23, S 6.45; 1H NMR: 8.10
(1H, d, J = 12.7 Hz), 8.02 (1H, dd, J = 13.8, 12.1 Hz), 7.33 (2H,
d, J = 8.8 Hz), 7.22 (1H, dd, J = 13.6, 12.0 Hz), 6.69 (2H, d,
J = 8.8 Hz), 6.88–6.69 (7H, m), 6.55 (1H, dd, J = 14.3, 11.9 Hz),
4.57 (4H, q, J = 6.8 Hz) 3.99 (2H,t, J = 6.6 Hz), 1.81 (2H, m),
1.47–1.26 (10H, m) 1.46 (2H, m), 0.90 (3H, t, J = 6.9 Hz).
CH3OC6H4(CH CH)6TB. Dark brown solid. Yield 67%.
Anal. calc. for C28H30N2O3S (474.61): C 70.86, H 6.38 N

5.91, S 6.74; found C 70.64, H 6.55 N 6.03, S 6,50; 1H NMR:
8.10 (1H, d, J = 12.1 Hz), 7.99 (1H, dd, J = 13.5, 12.5 Hz), 7.31
(2H, d, J = 8.9 Hz), 7.26 (1H, dd, J = 13.5, 12.0), 6.88 (1H, dd,
J = 14.2, 11.6 Hz), 6.79–6.65 (10H, m), 6.58 (1H, dd, J = 14.3,
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11.9 Hz), 4.56 (4H, q, J = 6.9 Hz), 3.78 (3H, s), 1.20 (6H, 2t,
J = 7.0 Hz).
C6H13OC6H4(CH CH)6TB. Dark brown solid. Yield 65%.
Anal. calc. for C33H40N2O3S (544.75): C 65.39, H 7.57 N 5.26,
S 6.01; found C 65.18, H 7.88 N 5.05, S 5.92; 1H NMR: 8.05
(1H, d, J = 12.1 Hz), 7.97 (1H, dd, J = 13.5, 12.5 Hz), 7.30 (2H,
d, J = 8.9 Hz), 7.25 (1H, dd, J = 13.5, 12.0 Hz), 6.89 (1H, dd,
J = 14.2, 11.6 Hz), 6.79–6.66 (10H, m), 6.57 (1H, dd, J = 14.3,
11.9 Hz), 4.57 (4H, q, J = 6.8 Hz), 3.99 (2H, t, J = 6.6 Hz),
1.81 (2H, m), 1.46–1.28 (10H, m), 1.46 (2H, m), 0.90 (3H,t,
J = 6.9 Hz).
CH3OC6H4(CH CH)4ID. Brown solid. Yield 68%. Anal. calc.
for C25H20O3 (368.44): C 81.50, H 5.47; found C 81.40, H
5.66. 1H NMR: 8.14 (1H, d, J = 12.4 Hz), 7.93–7,99 (3H, m),
7.78 (2H, m), 7.31 (2H, d, J = 8.9 Hz), 7.22 (1H, dd, J = 14.3,
12.1 Hz), 6.85 (1H, dd, J = 14.8, 11.0 Hz), 6.72–7.80 (5H, m),
6.58 (1H, dd, J = 14.4, 11.0 Hz), 6.77 (1H, d, J = 14.5 Hz), 3,78
(3H, s).
C6H13OC6H4(CH CH)4ID. Brown solid. Yield 60%. Anal.
calc. for C30H30O3 (438,57): C 82.16, H 6.89; found C 81.60,
H 7.01. 1H NMR: 8.12 (1H, d, J = 12.5 Hz), 7.90–7.97 (3H, m),
7.78 (2H, m), 7.31 (2H, d, J = 8.9 Hz), 7.22 (1H, dd, J = 14.3,
12.1 Hz), 6.85 (1H, dd, J = 14.9, 11.1 Hz), 6.74–7.79 (5H, m),
6.55 (1H, dd, J = 14.6, 11.0 Hz), 6.75 (1H, d, J = 14.7 Hz), 4.0
(2H, t, J = 6.8 Hz), 1.81 (2H, m), 1.46–1.28 (6H, m), 0.91 (3H,
t, J = 7.0 Hz).
CH3OC6H4(CH CH)6ID. Dark brown solid. Yield 59%. Anal.
calc. for C29H24O3 (420.50): C 82.82, H 5.76; found C 82.61,
H 5.97 1H NMR: 8.12 (1H, d, J = 12.0 Hz), 7.93–7.99 (3H, m),
7.78 (2H, m), 7.31 (2H, d, J = 8.9 Hz), 7.25 (1H, dd, J = 13.6,
12.0 Hz), 6.87 (1H, dd, J = 14.3, 11.3 Hz), 6.79–7.22 (9H, m,),
6.58 (1H, dd, J = 14.4, 11.1 Hz), 6.77 (1H, d, J = 14,4 Hz), 3.78
(3H, s).
C6H13OC6H4(CH CH)6ID. Dark brown solid. Yield 59%.
Anal. calc. for C34H34O3 (490.64): C 81.55, H 8.86; found
C 81.28, H 8.99 1H NMR: 8.12 (1H, d, J = 12.0 Hz), 7.93–7.96
(3H, m), 7.80 (2H, m), 7.30 (2H, d, J = 8.9 Hz), 7.24 (1H, dd,
J = 13.6, 12.0 Hz), 6.87 (1H, dd, J = 14.3, 11.3 Hz), 6.79–7.22
(9H, m), 6.58 (1H, dd, J = 14.4, 11.1 Hz), 6.77 (1H, d,
J = 14,4 Hz), 3.99 (2H, t, J = 6.6 Hz), 1.81 (2H, m), 1.46–1.28
(6H, m), 0.90 (3H, t, J = 6.9 Hz).

.3. Synthesis of conjugated polyenes
OC6H4(CH CH)nPN

A solution of corresponding polyenal (0.5 mmol), benzyl
yanide (1 mmol), ammonium acetate (25 mg, 0.23 mmol), and
cetic acid (1 ml) in toluene (30 ml) was refluxed with azeotropic
istillation using a Dean-Stark for 24 h. The solvent was
emoved under reduced pressure and the isolation of the final
roducts was performed by careful flash chromatography.

CH3OC6H4(CH CH)4PN. Dark orange solid. Yield 68%);

Anal. calc. for C24H21NO (339.43): C 84.92, H 6.24, N
4,13; found C 84.66, H 6.24, N 4.00 1H NMR: 7.61 (2H,
d, J = 8.8 Hz), 7.38–7.45 (6H, m), 6.89 (2H, d, J = 8.9 Hz),
6.88–6.47 (8H, m), 4.0 (3H, s).

s
f
s
(

Photobiology A: Chemistry 184 (2006) 193–203

C6H13OC6H4(CH CH)4PN. Dark orange solid. Yield 62%;
Anal. calc. for C29H31NO (409.57): C 85.04, H 7.63, N
3.42; found C 84.90, H 7.90, N 3.18 1H NMR: 7.61 (2H,
d, J = 8.8 Hz), 7.38–7.45(6H, m), 6.89 (2H, d, J = 8.9 Hz),
6.88–6.47 (8H, m), 4.0 (2H, t, J = 6.6 Hz), 1.81 (2H, m), 1,47
(2H, m), 1.46–1.28 (4H, m), 0.90 (3H, t, J = 6.9 Hz).
CH3OC6H4(CH CH)6PN. Dark orange solid. Yield 58%;
Anal. calc. for C28H25NO (391.51): C 73.81, H 6.20, N 3.59;
found C 73.78, H 6.29, N 3.52 1H NMR: 7.63 (2H, d, J = 8.7),
7.38–7.45 (8H, m), 6.90 (2H, d, J = 8.9 Hz), 6.87–6.45 (10H,
m), 3.95 (3H, s).
C6H13OC6H4(CH CH)6PN. Dark orange solid. Yield 54%;
Anal. calc. for C33H35NO (461.64): C 85.90 H 6.44, N
3.58; found C 85.85, H 6.38, N 3.49 1H NMR: 7.60 (2H,
d, J = 9.0 Hz), 7.35–7.47 (8H, m), 6.87 (2H, d, J = 8.9 Hz),
6.85–6.43 (10H, m), 4.0 (2H, t, J = 6.6 Hz), 1.79 (2H, m), 1.46
(2H, m), 1.46–1.25 (4H, m), 0.91 (3H, t, J = 6.9 Hz).

. Results and discussion

The studied polyenic derivatives CH3OC6H4(CH CH)nA
n = 4, 6 for A = 1,3-diethyl-thioxodihydropyrimidine-4,6-dione
TB), indan-l,3-dione (ID) and phenylacetonitrile (PN)) and
6H13OC6H4(CH CH)nA (n = 1, 2, 3, 4, 5, 6 for A = TB and
= 4, 6 for A = ID and PN) were synthesized by the condensation

eaction of respective �-(p-alkyloxyphenyl)polyenals [7] with
enzyl cyanide, 1,3-indandione or N,N′-diethylthiobarbituric
cid according to the literature directions [26,27]. The presence
f both hydrophobic moieties (n-hexyloxy chain and long conju-
ated system) and of the hydrophilic acceptor entity confers an
mphiphilic character of these D-�-A derivatives. The molecular
tructures of all newly synthesized push-pull polyenes were con-
rmed by the elemental analysis, by one- and two-dimensional
MR, as well as by UV–vis spectra. The 1H NMR spectra of
OC6H4(CH CH)nA indicate two groups of signals: the first
roup – at the range of δ = 5.0–0.8 ppm due to aliphatic chain
rotons, and the second group – at the range of δ = 9.5–5.0 ppm
ue to aromatic and olefinic protons. In the case of spectra of
hiobarbituric acid derivatives one can additionally observe a

ultiplet at about 4.5 ppm and a triplet at about 1.25 (J ≈ 7 Hz).
hese signals are unambiguously related to protons of the N-CH2
nd N-CH2CH3 groups, respectively. Moreover, for the benzyl
yanide-derived compounds an additional multiplet in the aro-
atic part of spectra (δ ≈ 7.3 ppm) can be assigned to protons of
onosubstituted phenyl ring. For the 1,3-indandione-based rep-

esentative two multiplets at 7.9 and 7.8 ppm can be attributed
o four protons of the indandione moiety (AABB spin system)
28].

According to the cited reference [29], the amount of
nformation obtainable from single resonance spectra for
ompounds of more than four double bonds in the conjugated
ackbone is limited mainly due to complexity and extensive
verlapping the resonance signals. Thus, the structure and

tereochemistry of ROC6H4(CH CH)nA containing more than
our conjugated double bonds have been studied by 1H NMR
pectroscopy using one- (1H) and two-dimensional spectra
1H-1H correlated spectroscopy—COSY). At 300 MHz these
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Table 1
Thermal characteristics of ROC6H4(CH CH)nA

R n neff Tm
a (◦C) �Hm (kJ/mol) Tdo

b (◦C) Tdm
c (◦C)

ROC6H4(CH CH)nTB
CH3 4 7 152d – 152d 275

6 9 133d – 133d 290

C6H13 1 4 147.1 45.6 233 291
2 5 131.7 40.7 210 245
3 6 148.8 35.7 158 273
4 7 150d – 150d 267
5 8 135d – 135d 276
6 9 136d – 136d 289

ROC6H4(CH CH)nPN
CH3 4 9 154.5 27.9 187 265

6 11 158d – 158d 283

C6H13 4 9 127 28,3 170 251
6 11 160d – 160d 271

ROC6H4(CH CH)nID
CH3 4 7 149 28.4 190 278

6 9 289d – 289d 350

C6H13 4 7 137 32.2 195 290
6 9 291d 289d 360

a Melting point.
b
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R
f
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o
Tdm (maximum of the decomposition exotherm). Typical DSC
and TGA curves for C6H13OC6H4(CH CH)3TB are depicted
in Fig. 2.
Onset of decomposition.
c Maximum of the decomposition exotherm.
d Melting with partial decomposition.

wo methods provided the necessary identification of almost
ll protons of studied polyenic chains and determination of
oupling constants; the vicinal ones across the double bonds are
a. 15, 12, and 14.5 Hz for compounds with A = PN, ID and TB,
espectively. The values of 3J coupling constants (across single
arbon carbon bonds) are within the range of 11–12 Hz. Thus,
ccordingly to the above mentioned methods it can be concluded
hat the conjugated system is in the all-E configuration and
he polyenic chain (as in reference [29]) constitutes a nearly
lanar arrangement. Moreover, the introduction of new acceptor
roups by means of the Knoevenagel condensation does not
ead to the configuration change of the polyenic backbone.
ecalling [26], the difference in the value of 3JHH coupling
onstants (�J) for CH CH and CH CH enables one to estimate
he canonical charge-transfer resonance structure of conjugated
olyenes. For ROC6H4(CH CH)nPN, ROC6H4(CH CH)6ID,
nd ROC6H4(CH CH)nTB the �J values were calculated as
.5, 2.4, 2.5 Hz, respectively, indicating that the contribution of
he zwitterionic form to the ground state of indandione and thio-
arbituric acid derivatives in CDCl3 solution is higher in relation
o benzyl cyanide derivatives or polyenals (�J = 2.5 Hz [10]).

.1. Thermal stability

Thermal stability of chromophores along with high non-
inearity and photostability are essential for potential applica-

ions in electrooptical modulators. Practically useful materials
hould be chemically and physically stable at continuous operat-
ng temperatures of 80 ◦C and at intermittent device processing
emperatures above 250 ◦C [30,31].
We investigated the thermal stability of all push-pull polyenes
OC6H4(CH CH)nA by means of the following methods: dif-

erential scanning calorimetry, thermogravimetry, and differen-
ial thermal analysis. These measurements provide a complex
hermal characteristics of the studied polyenes and in Table 1
here are collected the following stability parameters: the values
f Tm (melting point), as well as Tdo (onset of decomposition),
Fig. 2. DSC and TGA plots for C6H13OC6H4(CH CH)3TB.
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Table 2
Experimental solvent effects on the first �–�* transition of studied ROC6H4(CH CH)nA

R n neff TMP CCl4 THF CH2Cl2 C2H5OH CH3OH CH3CN

ROC6H4(CH CH)nTB
CH3 4 7 535 533 532 541 550 542 526

6 9 592 588 587 605 608 601 587

C6H13 1 4 433 431 430 437 445 436 425
2 5 461 466 459 467 483 475 453
3 6 490 504 507 516 519 509 502
4 7 533 531 529 544 550 541 529
5 8 568 559 566 575 582 572 558
6 9 593 586 588 603 607 600 586

ROC6H4(CH CH)nPN
CH3 4 9 428 428 433 431 431 426 426

6 11 445 447 450 449 447 440 443

C6H13 4 9 441 441 447 446 446 442 444
6 11 446 445 449 448 448 441 445

ROC6H4(CH CH)nID
CH3 4 7 457 458 462 457 465 465 466

6 9 478 489 488 499 493 490 485

463
489

a
c
i

s

T
R
a

R

R

R

R

C6H13 4 7 455 461
6 9 475 487

Push-pull polyenes containing 4 double bonds for A = PN

nd ID and 1, 2, and 3 double bonds for A = TB exhibits a
lear single signal in the DSC curve due to the sample melt-
ng. It is interesting to note that we have not observed any

i
c
1

able 3
edox potentials (Eox, Ered) and calculated optical (Eop

g ) and electrochemical (Ecv
g ) ba

t 25 ◦C

n neff λonset
a E

opt
g

b (eV) Eox
c Pt vs. SCE (V) E

OC6H4(CH CH)nTB
CH3 4 7 639 1.94 1.09 0

6 9 682 1.81 1.00 0

C6H13 1 4 519 2.32 1.50 1
2 5 582 2.13 1.31 0
3 6 610 2.00 1.17 0
4 7 642 1.93 1.08 0
5 8 654 1.89 1.01 0
6 9 680 1.82 0.99 0

OC6H4(CH CH)nPN
CH3 4 9 499 2.48 0.085,0.69 0

6 11 528 2.35 0.081,0.65 0

C6H13 4 9 498 2.49 0.084, 0.70 0
6 11 529 2.34 0.080, 0.66 0

OC6H4(CH CH)nID
CH3 4 7 576 2.15 0.44 0

6 9 618 2.01 0.36 0

C6H13 4 7 576 2.16 0.45 0
6 9 616 2.01 0.37 0

a λonset longest absorption wavelength at 10% of the UV peak maximum.
b E

opt
g = 1240/λonset.

c In CH2Cl2.
d In CH3CN.
e Ecalc

red = |E1
ox − E

opt
g |.

f ECV
g = |E1

ox − E1
red|.
474 467 464 465
498 493 491 484

olid–solid transitions at temperatures below the sample melt-

ng. A thorough analysis of the DTA curves allows one to
onclude that all samples are thermally stable up to at least
33 ◦C. The data collected in Table 1 reveal, in general, that

nd gap of synthesized amphiphilic conjugated polyenes ROC6H4(CH CH)nA

ox
d Pt vs. Ag/AgCl (V) Ecalc

red
e (V) Ered

c Pt vs. SCE (V) ECV
g

f (V)

.75 −0.85 −0.83 1.92

.66 −0.81 −0.82 1.63

.16 −0.82 −0.81 2.31

.97 −0.82 −0.80 2.11

.83 −0.83 −0.80 1.97

.74 −0.85 −0.81 1.89

.67 −0.83 −0.81 1.82

.65 −0.78 −0.81 1.80

.07 −2.40 – –

.04 −2.27 – –

.06 −2.41 – –

.03 −2.26 – –

.12 −1.76 – –

.03 −1.65 – –

.12 −1.75 – –

.04 −1.66 – –
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Fig. 3. UV–vis absorption spectra of polyenes (a) C6H13OC6H4(CH CH)4ID;
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he thermal stability slightly decreases with the increase in
he length of the effective conjugation. This observation is in
ood agreement with some findings reported in the reference
23]. It should be noted, additionally, that the melting points
f methoxy and hexyloxy derivatives with n = 6 of both the
N and ID series are nearly identical. This observation can
uggest that compounds with different alkyloxy groups in the
enzene ring are thermally decomposed in a similar way, i.e.,
he first step of thermal decomposition leads to the same by
roduct.

.2. Experimental studies of solvent effects

The UV–vis spectra of all ROC6H4(CH CH)nA were mea-
ured in non-polar (i.e., 2,2,4-trimethylopentane (TMP), CCl4,
etrahydrofuran (THF), and CH2Cl2) as well as in polar
i.e., C2H5OH, CH3OH, and CH3CN) solvents at 25 ◦C.
ypical absorption spectra for C6H13OC6H4(CH CH)4TB,
6H13OC6H4(CH CH)4PN, and C6H13OC6H4(CH CH)4ID
re shown in Fig. 3. The experimental values of �–�*

bsorption bands (λmax) and optical band gap (Eopt
g ) for

OC6H4(CH CH)4A are given in Tables 2 and 3.
As in other all-E polyenes described in the refer-

nces [10,31–33] the optical spectra of the examined
OC6H4(CH CH)nA (A = CP, ID, TB) are characterized by
n intense, structureless and broad absorption band in the vis-
ble and ultraviolet region and the �–�* transition is respon-
ible for the first absorption band. Basing on data presented
n Table 2, it can be concluded that elongation of the conju-
ated system results in a batochromic shift in UV–vis absorp-
ion spectra, revealed mainly by the fact that the addition
f one conjugated bond induces a red shift as the length of
he polyenic chain increases. Such a behavior confirms that
he first absorption band is the �–�* transition which posi-
ion in the studied systems is practically independent on the
lkyl chain length of the alkoxy substituent. At the same time
here has been detected the hyperchromic shift for all stud-
ed polyenic structures. As in reference [32,33] the wavelength
orresponding to the first absorption band maximum (λmax)
epends linearly upon the square root of the length of the com-
lete �-electron conjugation neff (the effective length parameter,
eff defines an equivalent contribution of the phenyl ring –
t is two for each phenyl ring – to the conjugated electronic
ystem). The obtained relationship is in accordance with the
ublished data for �-(p-alkoxyphenyl)polyenals [10] and p-
ubstituted stilbene with alkoxy group [34]. Furthermore, the
cceptor strength of D-�-A (A = PN, ID, TB) molecules (recall-
ng data from Tables 2 and 3) decreases in the following order:
B > ID > CP. Additionally, for a fixed donor unit, the value
f λmax is the most red-shifted for the TB derivatives and it
hanges with the structure of A moiety in the same sequence.
he absorption spectra presented in Fig. 3 demonstrate that
n a strongly non-polar solvent as TMP the absorption bands
f ROC6H4(CH CH)nA with n ≥ 3 show a weakly resolved
ibronic structure and are significantly broadened in CCl4. As
xpected, increasing polarity of the solvent causes a positive sol-

b
�
λ

a

6 13 6 4 4 6 13 6 4 4

olar solvents (2,2,4-trimethylopentane (TMP), CCl4, tetrahydrofuran (THF),
H2Cl2) and polar (C2H5OH, CH3OH, acetonitrile (CH3CN)) at 25 ◦C.

atochromism (e.g., for compound C6H13OC6H4(CH CH)6TB
neff = 9) in TMP, CCl4, THF and CH2Cl2, λmax = 593, 586,
88, and 605 nm, respectively). Such a behavior was found
o be characteristic also for other conjugated D-�-A systems,
uch as p-nitroaniline [35], terminally substituted stilbenes [36],
iphenyls, and polyphenyls [37] and previously studied by us

-(p-alkoxyphenyl)polyenals [10]. The observed changes of
max, with the increasing solvent polarity are about 9–13 nm
nd are comparable to those reported by Bourhill et al. [38] for
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hiobarbituric acid derivatives containing three conjugated dou-
le bonds (�λmax = 10 nm). The shift of the absorption band
owards the red indicates that with increasing solvent polar-
ty, the energy of ground state is lowered less than that of
he excited state. For all studied compounds in polar solvents
e.g., alcohols as C2H5OH, CH3OH, and CH3CN), a nega-
ive solvatochromism was observed which indicates that the
olyenes dipole moment is being decreased due to the elec-
ronic transition. Thus, the studied polyenes, as thiobarbituric
cid derivatives [38] and amphiphilic polyenals [10], show an
nverted solvatochromism, i.e., their long wavelength solva-
ochromic absorption band exhibits first a batochromic and then

hypsochromic band shift, with the polarity of solvent. This
s due to a solvent-induced change of the electronic ground-
tate structure from a less dipolar (in non-polar solvents) to a
ore dipolar (in polar solvents) chromophore with increasing

olvent polarity. The decrease of the solute dipole moment dur-
ng the electronic transition suggests [38,39] the shift of the

lectronic structure from a more polymethine-like state (with
ore strongly alternating �-electron density along the chain) to
more polyene-like state (with more balanced �-electron den-

ity) (see Fig. 4).

t
g
c
t

ig. 4. Canonical charge -transfer resonance structures for a selected conjugated poly

6H13OC6H4(CH CH)4TB.
Photobiology A: Chemistry 184 (2006) 193–203

.3. Electrochemical behavior

Since the electron transfer is central to the function of
olyene bridge, an examination of the redox potentials of syn-
hesized polyenes is pertinent. The electrochemical properties of
OC6H4(CH CH)nA were studied by the cyclic voltammetry

CV) at the room temperature in CH2Cl2 or CH3CN solutions,
sing Pt as the working electrode, SCE or Ag/AgCl as reference
nd TBABF4 or TBAPF6 as the supporting electrolyte. Mea-
ured oxidation (Eox) and reduction (Ered) potentials as well as
alculated optical (Eopt

g ) and electrochemical (Ecv
g ) band gaps

re collected in Table 3. Additionally, there is shown Fig. 5 as
n example for the CV curves recorded over the potential range
f (−2.0 to +2.0 V) for C6H13OC6H4(CH CH)4A (A = TB,
ig. 5a; A = ID, Fig. 5b; A = PN Fig. 5c).

As it comes from Fig. 5 and Table 3 the CV’s of all stud-
ed compounds exhibit, independently on the alkyl chain, an
rreversible one single electron or two single electron oxida-

ion waves (attributed to both the n-alkoxy moiety, and conju-
ated spacer). It suggests according to reference [34] that all
ation-radicals, and possibly also dication, formed in these sys-
ems are short life-time species. For all studied compounds the

enes (a) C6H13OC6H4(CH CH)4PN, (b) C6H13OC6H4(CH CH)4ID, and (c)
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Fig. 5. Cyclic voltammograms of studied polyenes (c = 1 × 10−3 M) in 0.1

xponential decrease in the oxidation potentials with the effec-

ive length of conjugated system is observed in CH2Cl2
nd CH3CN, which corresponds to the literature data for
ther push-pull conjugated structures [40]. The CV curves of
OC6H4(CH CH)nPN (n = 4, 6) at a scan rate of 50 mV/s

t
t
e
R

BABF4 in CH2Cl2 (reduction), or 0.1 M TBAPF6 in CH2Cl2 (oxidation).

xhibit one very broad two-electron oxidation wave but when

he scan rate increases up to ca. 100–700 mV/s a split-
ing of the wave into two components related to two one-
lectron processes has been occurring. This specific behavior of
OC6H4(CH CH)nPN derivatives – similar to that observed for
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ig. 6. Reduction and oxidation potentials (a) measured for C6H13OC6H4(C

6H13OC6H4(CH CH)nA, A = TB, PN, ID, neff = 9.

ymmetrical carotenoids by Broszeit et al. [43] – makes possible
o state that the influence of the alkoxy (donor) and phenylace-
onitrile groups (acceptor) upon the polyenic bridge is not very
trong. Such a conclusion was also confirmed by our NMR
esults (vicinal coupling constants of ca. 15 Hz, see Section
—details related to the syntheses). For ROC6H4(CH CH)nID
nd ROC6H4(CH CH)nTB derivatives, however, there is no
uch a splitting under similar experimental conditions. The
V’s of ROC6H4(CH CH)nTB in the CH2Cl2 solution show

rreversible reduction wave at scan rates up to 1000 mV/s. A
eak potential at about −0,80 V is comparable to one earlier
bserved by Blanchard-Desce et al. [41] and Garin et al. [42]
or thiobarbituric acid derivatives. The radical-anion wave is
nodically shifted in compounds with A = TB, versus their car-
onyl containing precursors due to the higher acceptor ability of
he thiobarbituric chromophore.

From the CV and spectroscopic measurements one can cal-
ulate the energy gaps, Ecv

g and E
opt
g . The optical band gap,

opt
g (Table 3) was calculated for studied polyenes ROC6H4

CH CH)nA from the onset of the longest absorption wave-
ength at 10% of the UV peak maximum as indicated in [34]. It
ay be noted, that changes in the band gaps with structure match

he red shift observed in the UV absorption spectra. For the CV
easurements, E1

ox, can be approximated as HOMO and E1
red

s LUMO potentials [41–43]. The computed values of E
opt
g for

hiobarbituric acid derivatives are close to those obtained from
he CV technique Ecv

g (average standard deviation of 2.6%).
lthough, values of the band gap, Ecv

g , estimated as the dif-
erence between the first oxidation and reduction potentials are
ightly correlated to those indicated by optical data, Eopt

g , though
hey are somewhat smaller. More electron rich molecule corre-
ponds to the higher value of HOMO energy. The values of Ecv

g
ecrease with the increase in the value of neff (Fig. 6a) being in
greement with the tendency revealed by the UV–vis spectral
ata.
For the compounds ROC6H4(CH CH)nPN as well as
OC6H4(CH CH)nID, we could calculate reduction potentials
Ecalc

red ) which are below −1.66 V. The expected value of the
eduction potential for these polyenes is masked by the solvent

c
n
m
p

H)4TB (neff = n + 3), (b) measured (oxidation) and calculated (reduction) for

reak down so that we were not able to measure reduction poten-
ials in our CV experiments. Fig. 6b shows the effect the structure
f the electron acceptor moiety on the value of redox poten-
ials and the band gap energy at constant value of neff = 9. For
OC6H4(CH CH)nID and ROC6H4(CH CH)nPN derivatives

he HOMO energy was approximated by the experimental value
f E1

ox. Since the reduction potential could not be experimentally
etermined for these compounds, therefore, the LUMO energy
as approximated by the value of Ecalc

red . From the analysis of the
ame CV data we can also generally conclude that the increase of
he acceptor strength corresponds to the increase in the absolute
alue of the HOMO and LUMO energy levels.

. Conclusions

The reported, newly synthesized push-pull polyenes
OC6H4(CH CH)nA (n = 1, 2, 3, 4, 5, and 6 for R = C6H13
nd A = diethyl-thioxodihydropyrimidine-4,6-dione (TB)
oiety; n = 4, 6 and for R = CH3, C6H13 and A = TB, 1,3-,

ndan-l,3-dione (ID) and phenylacetonitrile (PN) groupings)
re stereo defined products (pure all-E configuration) which
eveal a profound thermal stability, and well expressed spec-
roscopic and electrochemical behavior. Their decomposition
emperature is the lowest for ROC6H4(CH CH)nTB (133 ◦C
n = 6, R = CH3) – 233 ◦C (n = 1, R = C6H13)) while highest
or ROC6H4(CH CH)nID derivatives (190 ◦C (n = 4, R = CH3)

291 ◦C (n = 6, R = C6H13)). They interact with solvent
olecules in usual manner as described in the literature for

ther D-�-A derivatives and exhibit through bond intramolec-
lar charge-transfer interactions. An increase in the polyenic
inker length induces a batochromic shift of the absorption
and, which levels off for the longest molecules studied and
auses a narrowing of the band energy gap. A bathochromic
hift of the value of λmax occurs with the increase of D–A pair
trength and an inverted solvatochromic effect is observed with
he increase of the solvent polarity. The CVs of derivatives

ontaining CH3 and C6H13 alkyl groups with the same A and
show almost the same irreversible oxidation waves in the
easured potential range. Further work will be focused on the

hotoconductivity of described here compounds.
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