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Three organic dyes designed as molecular dyads were prepared that feature a common naphthalimide acceptor and N-aryl
donors. One of these incorporated an additional cyanoacrylic acid linker and conjugated thiophene bridge inserted between
donor and acceptor groups. Electrochemical and photochemical characterizations have been carried out on nanocrystalline TiO,
dye-sensitized solar cells which were fabricated with these dyes as the sensitizing component. HOMO and LUMO energies were
also calculated using TDDFT methods and validated by the cyclic voltammetry method. A key finding from this study indicates
that computational methods can provide energy values in close agreement to experimental for the N-aryl-naphthalimide system.
Relative to HOMO/LUMO energy levels of N719, the dyes based on naphthalimide chromophore are promising candidates for

metal-free DSSCs.

1. Introduction

Among the PV technologies, dye-sensitized solar cells
(DSSCs) represent a promising one because of both their
high performance as unconventional solar cells and possibil-
ity for low-cost production. Studies into such devices have
been given added impetus by concerns that the high capital
cost and long energy payback times of photovoltaic cells
based upon crystalline silicon may limit the practicality of
PV for large-scale renewable energy production [1-7]. As
one of the most important components for harvesting the
solar radiation and converting it to electric current, the sensi-
tizers are currently attracting considerable research interests
[8-15]. So far, the most successful charge transfer sensitizers
employed are ruthenium polypyridyl complexes, yielding
9-11% solar-to-electric power conversion efficiencies under
AM 1.5 [16-18]. Although the metal-complex dyes exhibited
high efficiency and stability, they are quite expensive and
hard to purify compared to the metal-free organic dyes
[19-24]. Several groups are investigating metal-free organic
dyes because of their lower cost, wide variety of structures,
easy modification, and high molar absorptivity [25-28].

Nevertheless, many organic dyes have often presented low
conversion efficiency and low operation stability compared
to metal complexed dyes. Two major factors contribute to the
low conversion efficiency of many organic dyes in the DSSCs:
(1) formation of dye aggregates on the semiconductor
surface; (2) formation of unstable radical species during
redox reaction cycles is responsible for the low stability of
many organic dyes [1, 19, 20]. To achieve a higher sunlight
conversion efficiency, it is a basic requirement that short-
circuit photocurrent (Is.) and open-circuit potential (Vo) of
solar cells have to be optimized. Therefore, for optimal Vi,
it is critical that the sensitizer dye is of a higher conduction
band than that of TiO, [29, 30]. Then, the injection of
electrons from the sensitizer conduction band to that of
TiO; leads to efficient charge separation, thus minimizing the
electron-hole recombination.

By noticing these concerns, a key design concept that
has been recently discovered is the use of donor/acceptor
systems that promote the asymmetric induction of electrons
resulting from photoexcited states toward the titanium
oxide surface for enhanced PV efficiency [31]. Naphthal-
imide (N.I.) has long been treated as useful fluorescent
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FIGURE 1: Structures of chromophores of 1-3.

labels for biomolecular investigation [32-36]. Until very
recent, the photoinduced electron transfers of a series
of triphenylamine-naphthalimide dyads have been studied
[31]. Arenedicarboximides such as pyromellitic anhydride
and 1,4,5,8-napthalene tetracarboxylic diimide show rel-
atively good affinity for electrons, Eq = —0.55V and
—0.695V, respectively [37]. These electron reduction values
are only slightly lower than that of the well-know electron
acceptor benzoquinone (Eqg = —0.51V) [38]. By compar-
ison, naphthalene monoimides are better electron donors
than their tetracarboxylic derivatives, such as the case
of 1,8-naphthalenedicarboxylic imide, at —1.31V [39].
Hattori et al. recently reported BODIPY dyes for DSSC
applications with E.q values of —1.11V [40], while for N-
[(3- and 4-Diarylamino) phenyl]-1,8-Naphthalimide Dyads,
the E..q values are more negative, between the range of
—1.7V and —1.8V [31]. This redox potential falls within the
preferred voltage required for efficient electron transfer from
dye to metal oxide, because it is lower than that of the con-
duction band of TiO; at —0.5 V. Our aim in the design and
synthesis of new DSSCs is to promote the donor/acceptor
features of the sensitizer dye and consequently enhancing
asymmetric induction of electron injection by employing
arenedicarboximides as molecular dyads for increased PV
response. Based on our previous work with the arenedi-
carboximides, novel design approaches are proposed that
investigate this unexplored class of dyes as a promising set
of fluorophores for DSSCs applications.

In this paper, we report three novel organic dyes with
structures shown in Figure 1: (1) containing naphthalimide
ring as electron acceptor and methoxyphenyl moiety as
electron donor connected to each other without linker;
(2) containing naphthalimide ring as electron acceptor and
aminophenyl moiety as electron donor connected to each
other without linker; (3) containing naphthalimide ring as
the electron donor and cyanoacrylic acid as the electron
acceptor bridged by a thiophene unit to form a more
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conjugated system with higher stability. Photochemical,
electrochemical characterizations, UV-vis spectra as well as
fluorescence spectra have been carried out upon these dyes.
Dyes 1 and 2 were anchored to TiO, in a less common way,
specifically through a sulfate group. To gain an insight into
the nature of the excited states of N.I dyes, we performed
TDDFT calculations on our models.

2. Experimental

2.1. Materials. 4-Sulfo-1,8-naphthalic anhydride, 4-bromo-
1,8-naphthalic anhydride, p-anisidine, p-phenylenediamine,
and 5-formyl-2-thiopheneboronic acid were purchased from
Aldrich. All solvens were of spectroscopic grade and used
without further purification.

2.2. Materials Characterization. The UV-Vis absorption
spectra of synthesized dyes 1-3 were recorded in a Cary
50 spectrophotometer. Concentrations were arranged to
2 X 107> molar in order to avoid aggregation or reabsorp-
tion effects for absorption measurements. Cyclic voltamme-
try measurements of the putative dyes were taken by using a
Gamry Instrument 600 model Potentiostat.

2.3. Synthesis and Characterization of Dyes 1-3. The syn-
thetic route to sensitizers 1-3 is provided in Scheme 1. Linker
free sensitizers 1 and 2 were synthesized through simple
imide coupling reaction based on 4-sulfo-1,8-naphthalic
anhydride. Reaction of 4-sulfo-1,8-naphthalic anhydride
with 1,4-phenylenediamine offered dye 1, while dye 2 was
generated by a similar reaction when it reacted with p-
anisidine. Dye 3 initially required 4-bromo-1,8-naphthalic
anhydride and p-anisidine to form the arene imide interme-
diate I;. This substrate was then treated to Suzuki coupling
conditions with unprotected 5-formyl-2-thiophene-boronic
acid to yield the precursor aldehyde I,. Condensation of this
aldehyde with cyanoacetic acid by the Knoevenagel reaction
in the presence of piperidine offered the final sensitizer 3 with
thiophene linker [8-10, 13, 19, 20, 22, 27].

4-Sulfo-N-(4"-aminophenyl)-1,8-naphthalimide (1). 1 mmol
(316 mgs) of the 4-sulfo-1,8-naphthalic anhydride, potas-
sium salt was combined with 1.1 mmol (118.9mg) of the
1,4-phenylenediamine. The reactants were heated in 4 mL
pyridine for a period of 12 hr in the presence of 0.027 mmol
(5mg) zinc acetate at 70°C. Pyridine was removed in the
fume hood via stream of air, and the residue was filtered
using a plug of silica gel with 2: 8 ethyl acetate and hexane
mixture. Recrystallization from ethanol solution offered a
purple powder (yield 78%) m.p. 269-272°C (Lit. [41-43]
m.p. 269-272°C).

"H NMR (DMSO-ds): § 9.35 (d, ] = 8.6 Hz, 1H), 8.48
(dd,J=8.0Hz,2H),8.26 (d,] =7.4Hz, 1H),7.93 (t,] = 7.4,
1H), 7.48 (d, ] = 8.8 Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H); *C
NMR (DMSO-dg): § 164.4, 164.3, 150.9, 135.1, 135.0, 131.1,
131.0, 130.8, 130.7, 129.2, 128.5, 127.3, 125.6, 123.7, 123.0,
122.8; IR (cm™1): v = 1161, 1514, 1242, 1167, 1032, 751, 657.
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ScHEME 1: Synthesis of three chromophores.

4-Sulfo-N-(4'-methoxyphenyl)-1,8-napthalimide (2). 1 mmol
(316 mg) of the 4-sulfo-1,8-naphthalic anhydride, potassium
salt was combined with 1.1 mmol (135.5mg) of the p-
anisidine. The reactants were heated in 4 mL pyridine for
a period of 12hr in the presence of 0.027 mmol (5mg)
zinc acetate at 70°C. Pyridine was removed in the fume
hood via stream of air, and the residue was filtered using
a plug of silica gel with 2:8 ethyl acetate and hexane
mixture. Recrystallization from ethanol solution afforded a
tan powder (yield 76%), mp 288-290°C (Lit. [41-43] mp
288-290°C).

'H NMR (DMSO-dq): 6 9.31 (d, ] = 8.9Hz, 1H), 8.48
(dd, ] = 8.0Hz, 2H), 8.26 (d, ] = 6.9Hz, 1H), 7.90 (t, ] =
7.4Hz, 1H), 7.31 (d, ] = 14Hz, 2H), 7.07 (d, ] = 14 Hz, 2H),
3.83 (s, 3H); °C NMR (DMSO-dq): 8 164.6, 164.1, 159.5,
150.5, 134.8, 131.0, 130.7, 129.1, 129.0, 128.2, 127.3, 125.6,
123.9, 123.1, 115.6, 115.0, 114.6, 56.0; IR (cm™!): v = 1658,
1514, 1243, 1262, 1196, 1070, 1032, 785, 754.

4-Bromo-N- (4" -methoxylphenyl)-1,8-naphthalimide (1, ).

I mmol (277 mg) of the 4-bromo-1,8-naphthalic anhydride
was dissolved in 15mL pyridine and treated with 1.1 mmol
(135.5mg) p-Anisidine. The reactants were heated in
pyridine for a period of 24hr in the presence of zinc

acetate at 70°C. Pyridine was removed in the fume hood
via stream of air, and the residue was filtered by silica
gel chromatography using 1:9 ethyl acetate and hexane
mixture. Recrystallization from ethanol solution afforded a
tan powder (yield 81%).

'"H NMR (DMSO-ds): & 8.68 (d, ] = 8.6 Hz, 1H), 8.60
(d, ] = 8.6Hz, 1H), 8.44 (d, ] = 7.4Hz, 1H), 8.06 (d, ] =
7.4, 1H), 7.87 (t, ] = 8.8 Hz, 1H), 7.24 (d, ] = 8.6 Hz, 2H),
7.05 (d, J] = 8.6 Hz, 2H), 3.83 (s, 3H); *C NMR (DMSO-
de): 6 164.1, 159.7, 133.7, 132.5, 131.7, 131.3, 130.9, 130.7,
129.6, 128.3, 127.6, 123.4, 122.5, 114.9, 55.6.; m.p. 281°C;
HRMS for Cj9H3NBrOs: expected m/z, 382.0079. Found:
m/z, 382.0083.

5-[4"-(Methoxyphenyl)-1,8-naphthoyl]thiophene-2-carbalde-
hyde (I;). 0.617 mmol (235.7mg) of the 4-bromo-N-(4'-
methoxylphenyl)-1,8-naphthalimide (I;) and PdCl, (dppf)
(51 mg, 0.06 mmol) dissolved in 10mL dry toluene was
added to a solution of 5-formylthiophene2-yl-2-boronic
acid (192 mg, 1.23 mmol) and K,CO3 (426 mg, 3.10 mmol)
in 10mL dry methanol. The mixture was refluxed at 90°C
for 18hr. The residue was extracted with ethyl acetate
(3 X 30mL), dried over anhydrous NaSO,, and further
filtered by silica gel chromatography with 1:9 ethyl acetate



and hexane mixture. Recrystallization from ethanol solution
offered a brown powder (yield 86%).

'H NMR (DMSO-dg): 6 10.02 (s, 1H), 8.71 (d, J =
7.4Hz, 1H), 8.68 (d, ] = 7.4Hz, 1H), 8.58 (d, ] = 7.4, 1H),
7.92-7.86 (m, J = 8.8Hz, 2H), 7.47 (d, ] = 8.6Hz, 1H),
7.26 (d, ] = 8.6Hz, 2H), 7.09 (d, ] = 8.6 Hz, 2H), 3.83 (s,
3H); 3C NMR (DMSO-de): 8 182.9, 163.9, 163.8, 159.8,
149.3, 145.2, 137.8, 136.5, 132.2, 131.9, 131.0, 130.0, 129.6,
129.2, 129.1, 128.0, 127.7, 123.5, 114.9, 55.6.; m.p. 290°C;
HRMS for CysH16SNOy: expected m/z, 414.0800. Found:
m/z, 414.0801.

5-[4'-(Methoxyphenyl)-1,8-naphthoyl]thiophene-2-cyanoa-
crylic Acid (3). A 5mL acetonitrile solution of the 5-[4'-
(methoxyphenyl)-1,8-naphthoyl]thiophene-2-carbaldehyde
(I,) (86.4mg, 0.18 mmol), cyanoacetic acid (30mg,
0.4 mmol), and piperidine (1.7 mg, 0.02 mmol) was heated
to reflux temperature for 4h under nitrogen atmosphere.
Residue was extracted by petroleum ether and aq HCI
(0.1M) and further recrystallized in ethanol solution,
offering a dark red powder (yield 91%).

'"H NMR (DMSO-dg): 8 8.71 (d, ] = 8.6 Hz, 1H), 8.56
(m, J = 8.6 Hz, 2H), 8.14 (s, 1H), 8.03 (m, ] = 7.4 Hz, 2H),
7.89 (d, ] = 7.4, 1H), 7.65 (d, ] = 8.8Hz, 1H), 7.34 (d, ]
= 8.6 Hz, 2H), 7.08 (d, J] = 8.6 Hz, 2H), 3.83 (s, 3H); 13C
NMR (DMSO-dg): § 164.4, 164.2, 163.5, 159.6, 143.8, 140.2,
139.8, 137.6, 135.8, 131.8, 131.4, 130.9, 130.8, 130.6, 129.5,
129.4,128.8,128.7,127.5,127.3,119.8, 114.7, 79.6, 56.0; m.p.
308°C; HRMS for C,7H16SN,Os5: expected m/z, 480.1480.
Found: m/z, 480.1478.

3. Results and Discussion

3.1. UV-Vis Absorption Spectra. The UV-Vis absorption
spectra of all three compounds as well as N719 in dilute
solution of ethanol are shown in Figure 2. Compounds 1
and 2 both exhibit two major bands at 350 and 450 nm,
which are due to the localized aromatic 7-7* transitions.
Similar phenomenon was observed on N719 which presents
the first absorption band at 380 nm and followed absorption
band at 518nm. Introduction of a thiophene into the
organic framework expanded the conjugation resulting in a
wide absorption in the visible region; compound 3 exhibits
extended broad red-shifted absorption peaks at 439 nm
and 672 nm, respectively. The short wave absorption band
corresponds to the 7-m* transition and the long wave band to
an intramolecular charge-transfer (ICT) transition between
the aryl donor group and the N.I. acceptor block. The broad
absorption and red shift of absorption maximum in the
visible region is desirable for light harvesting for solar energy.

Compounds 1-3 have been analyzed by cyclic voltam-
metry in DMF in the presence of tetrabutylammonium
hexafluorophosphate 0.10 M as supporting electrolyte. The
examined stable reduction potentials of all three dyes as
well as the lowest unoccupied molecular orbital (LUMO)
energies are listed in Table 1. According to Gillman’s method
[45], there is a quantitative relationship between reduc-
tion potential Eda and Erumo, Eiumo = —4.42 — Ered
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FIGURE 2: Absorption spectra of dyes 1, 2, and 3 in (C,HsOH =1 X
1075 M).

(V, versus Ag/AgCl). It becomes evident that the excited
state energy levels are much higher than the conduction
band of TiO, (—4.3 eV), indicating that the electron injection
process from the excited sensitizer to TiO, conduction band
is energetically favorable. Any dye with a LUMO energy
level below the conduction band edge of TiO, would be
incompatible for electron transfer and thus may not be useful
for solar energy conversion.

3.2. Computational Study. Equilibrium structures for the
three dyes have been calculated by using density functional
theory (DFT) at B3LYP/6-21 level. The lowest excited states
were computed on time-dependent DFT (TDDFT) at same
level. All calculations were performed with Gaussian 03
software [46]. In each case, the ground state geometries of the
phenyl plane and naphthalene ring are almost perpendicular
to each other. The TDDFT calculations indicate that in all
three dyes the lowest excitation is a charge-transfer transition
of predominantly m-7* character. Calculated HOMO and
LUMO orbitals of the three dyes are listed in Figure 3. For
dye 1, the HOMO orbital is of m-character and is delocalized
over the amino phenyl group, whereas the HOMO orbital
in dye 2 also shows that a m-character is delocalized over
the methoxyl phenyl group. In the LUMO orbital, which
has m*-character, there is essentially no contribution from
the amino phenyl/methoxyl phenyl group, and the electron
density has been shifted toward the naphthalene end of the
molecule. This indicates that the dipole moment should be
considerably larger in the first excited state in comparison
with the ground state [8, 10]. Electron density for the
lowest unoccupied molecular orbital of all three sensitizers
is localized near the anchoring groups (sulfo- for sensitizers
1 and 2, carboxylic for sensitizer 3) and above the conduction
band edge of TiO, electrode. Furthermore, the HOMO
energies of three dyes lie below the level of the redox
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TasLE 1: UV-Vis absorption data (in ethanol) and cyclic voltammetry data (in 0.1 M BusNPFs/DME, scan rate 100 mVs™!, reference electrode

Ag/AgCl) from compounds 1-3.

Dye A m-m* (nm) AICT (nm) eM 'tem™! EmaxAmax (V) Erea (V) Enomo (V) Erumo (V)
1 350/450 — 28,500/10,600 2.76 -0.83 -6.35 -3.59
2 350/450 — 42,700/21,250 2.76 -0.75 -6.43 -3.67
3 450 672 22,350/18,750 2.82 -1.23 -6.01 -3.19

2according to Gillman’s method [45]: —Epumo = —4.42 — Eged (V, versus Ag/AgCl), Emax = 1240/Amax(nm) EHOMO = ELUMO — Emax.
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FIGURE 3: Energy diagram of TDDFT calculation indicates HOMO
and LUMO orbitals of three sensitizers, adapted from [44].

mediator indicates that regeneration of the oxidized dyes is
favorable.

3.3. Comparison between UV-Vis/Cyclic Voltammetry Anal-
ysis and Computational Study. As indicated in Figure 3,
energies obtained by TDDFT calculations are marked in
black, whereas comparison energies marked in red are
taken from the data of Table 1. An important distinction
should be made in that the computational parameters for
TDDFT were carried out in gas phase. Despite this critical
difference in surrounding matrix, all three dyes show similar
trends between experimental values versus computational;
agreement between these two approaches to HOMO/LUMO
energy levels are best found in dye 3. We attribute the dispari-
ties in values for dyes 1 and 2 to the ionic sulfogroup attached
to the naphthalimide ring. These charged groups involving
sulfonate anion and potassium cation proved difficult to
minimize in both geometry optimization mode for Guassian

03 as well as molecular orbital calculations. Dye 3 proved to
be easier to minimize without any charges present but rather
with the carboxylic acid in the protonated form. Aside from
the discrepancy observed between experimentally obtained
HOMO/LUMO values and computational values for 1 and
2, the larger dye system 3 provided the best agreement.

4. Conclusion

This paper has demonstrated that, by virtue of their
HOMO/LUMO energy values along with their optical
molar absorptivities, the three organic dyes containing
naphthalimide moiety are promising dyes for future DSSCs
applications. Sensitizers 1 and 2 were synthesized in one
step via straightforward imide coupling reactions and readily
applied for solar cells study. As these dyes were obtained
from readily available and inexpensive starting materials,
they show promise as potential core structures for solar
cell applications. By extending the thiophene linker to
naphthalimide, a large red shift was observed on absorption
spectra of sensitizer 3, indicating a capability for an increased
light-harvesting ability. HOMO and LUMO energies were
also calculated using TDDFT methods and validated by the
cyclic voltammetry method. A key finding from this study
indicates that computational methods can provide energy
values in close agreement to experimental for the N-aryl-
naphthalimide system. The values obtained were at appro-
priate energies for sensitizing the conduction band of TiO, as
well as for regeneration of the ground state dye with respect
to the KI/KI3 redox couple. We believe that these findings
point to an important use of computational studies of dyes a
priori relative to synthesis and experimental determination of
their HOMO/LUMO values. Such strategies may cut down in
the time required to screen new metal-free systems for dye-
sensitized solar cells.

Additional Data

NMR results for sensitizers 1, 2, and 3 as well as intermediates
formed during the synthesis of 3 are shown in Supplemen-
tary Material available online at doi:10.1155/2010/264643.
This material is available free of charge via the Internet at
http://pubs.acs.org/.
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