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Abstract Two novel coumarin-substituted phthalocyanine dyes (CAPc and CSPc)
with different linking units, using carboxylic groups as electron acceptor and
injector, were designed, synthesized, and applied as panchromatic organic sensi-
tizers in I /I3 -based dye-sensitized solar cells (DSSCs). The asymmetric coumarin—
phthalocyanine dyad analogue (OAPc) and the symmetric coumarin-phthalocyanine
dyad analogue (COPc) were also synthesized for comparison. The structure—prop-
erty relationship for these dyes was investigated by absorption spectroscopy, cyclic
voltammetry, and thermogravimetric analysis. The ultraviolet—visible (UV-Vis)
absorption was dramatically affected by the nature of the linker. Notably, modu-
lation of the n-conjugated coumarin—phthalocyanine dyad CAPc and CSPc resulted
in a large red-shift (Q-band above 710 nm); in particular, the dyad CAPc showed
remarkably intense absorption in the spectral window of 450-650 nm. Electro-
chemical data for the dyes indicated that the azo double-bond-linked coumarin—
phthalocyanine dyad dyes possessed relatively low-lying Eyomo values, which may
be beneficial to suppress electron back-transfer from the conduction band of TiO, to
oxidized dyes due to facile regeneration of the oxidized dye by the electrolyte.
Thermogravimetric analysis showed that the three coumarin—phthalocyanine dyad
sensitizers were stable above 200 °C. When the dyads were applied as light-har-
vesting sensitizers in dye-sensitized solar cells, the cell sensitized by OAPc showed
the best power conversion efficiency of 2.4%.
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Introduction

Dye-sensitized solar cells (DSSCs) based on dye-sensitized nanocrystalline TiO,
photoelectrodes with reduced manufacturing cost and facile processing have
potential to compete with more mature photovoltaic solar cells based on Si in the
future [1, 2]. Therefore, great efforts have been made to develop such low-cost solar
cells over the last few years. Satisfactory conversion efficiencies have been
achieved by using many organic or metalorganic molecules such as ruthenium
[3, 4], coumarins [5, 6], porphyrins [7, 8], phenothiazine [9], phthalocyanines
[10-12], and other small-molecule sensitizers [13—15]. The performance of DSSCs
is mainly affected by the properties of the sensitizer [16], especially its absorption
spectrum and energy levels.

Though organic dyes exhibit high molar extinction coefficient, they have narrow
visible-range absorption spectra [17, 18]. To improve the light-harvesting potential
of sensitizers, various notable attempts to achieve panchromatic absorption have
been made, including: (1) cosensitization with multiple, complementarily absorbing
dyes [8, 19], (2) integration of chromophores and auxiliary auxochrome (donors or
acceptors) in one dye configuration [6, 11, 20], and (3) extending the conjugation
structure of the dye molecule [6, 15, 17, 18]. On the other hand, intramolecular
charge transfer from donor to acceptor has also been demonstrated to broaden the
longer-wavelength absorption band to achieve panchromatic absorption and high
photoelectron conversion efficiency [12, 21].

Phthalocyanines can serve as a near-infrared (IR)/IR motif in DSSC sensitizers
owing to their intense absorption in the Q-band (around 700 nm) [10-12].
Furthermore, the intensity and region of light absorption by phthalocyanine
derivatives can be enhanced and broadened by decorating the phthalocyanine core
with complementary chromophores. Ren et al. [22, 23] reported phthalocyaninato
zinc(IT) substituted with tetrakis- or octabenzothiadiazole moieties, linked with
alkynic bond or oxygen, achieving broad absorption covering the range of
300-900 nm. The superior red-shift and broadened absorption bands of these
phthalocyanines arise due to their efficient conjugation structure and electronic
interaction between the chromophores and phthalocyanine core. Yamamoto et al.
[20] and Kc et al. [24] reported covalently linked Zn phthalocyanine—Zn porphyrin
dyads with different linkages. These dyes combined the characteristic absorptions of
the phthalocyanine and porphyrin.

Coumarin dyes are attractive due to their photoresponse at around 450 nm,
excellent solubility, and fast electron injection [25]. When coumarin derivatives are
introduced into a phthalocyanine core via a thioether bond, oxygen, alkoxy or
phenoxy bridge, the absorption of the resulting coumarin-substituted phthalocyanine
compounds between 450 and 600 nm is weak, despite the increased absorption
range and solubility [26-29]. In previous study [30], we reported that integration of
azobenzene on phthalocyanine was useful to increase the light-harvesting ability in
the spectral window of 400-600 nm. As a result, dye-sensitized solar cells
fabricated using such dyes including naphthalenyl showed improved efficiency
compared with the dye including benzene. Also, the azobenzene branch provides the
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opportunity to link other chromophores with various functional properties. Other
research groups have demonstrated use of azobenzene or imino as an auxiliary
chromophore, which was found to extend the absorption maximum and increase the
molar extinction coefficient [30-33]. However, to the best of the authors’
knowledge, coumarin—phthalocyanine dyad dyes covalently linked with oxygen,
azo, or imino have not yet been reported for use in DSSCs. We believed that such
covalently linked structures could be exploited for construction of coumarin—
phthalocyanine dyads featuring this molecular configuration (Fig. 1). We varied the
linker (oxygen, azo, and imino) to study its effects on the optical, aggregation,
electrochemical, thermal, and photovoltaic properties.

Experimental
General methods

The scaffolds required to synthesize the target dyes, viz. 7-hydroxycoumarin-3-
carboxylic acid, coumarin-3-carboxylic acid, 7-hydroxy-4-methylcoumarin, and
7-hydroxy-4-methylcoumarin-8-carbaldehyde, were obtained by Knoevenagel [28],
Pechmann [34], and Duff [35] reactions according to literature procedures.
4-Methyl-7-(3,4-dicyanophenoxy)coumarin (4) was synthesized according to liter-
ature [26], then COPc was prepared according to literature method with minor
modifications [27]. All other reagents were procured from commercial sources and
used without purification. Solvents used for absorption spectrum and cyclic
voltammetry measurements were distilled over suitable dehydrating agents accord-
ing to standard methods. Column chromatography was performed with silica gel
(COPc¢, CAPc, and OAPc) or activated alumina (CSPc).

Infrared (IR) spectra were recorded on a Shimadzu 4800S Fourier-transform
infrared spectrophotometer in the range from 4000 to 450 cm™" from KBr pellets.
The structures of the target compounds were confirmed by 'H nuclear magnetic
resonance (NMR) spectra recorded on a Bruker AVANCE III 400-MHz spectrom-
eter in dimethylsulfoxide (DMSO)-ds, with chemical shifts reported relative to
tetramethylsilane (TMS) as internal standard. Matrix-assisted laser desorption/
ionization (MALDI) time-of-flight (TOF) mass-spectrometric measurements were
performed on a Bruker Biflex III. Optical spectra in the UV-Vis region were

Ho, cH

Fig. 1 Structures of carboxyl coumarin—phthalocyanine dyad dyes
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recorded on a Techcomp 2300 spectrophotometer using 1-cm-path-length cuvettes
at room temperature. Different concentrations of dyes in solvent were obtained by
stepwise dilution. Cyclic voltammetry measurements were carried out on an
electrochemical workstation (VSP-300, Bio-Logic, France) using a three-electrode
setup in which the working electrode and film counterelectrode were two platinum
wires, with a standard calomel electrode (SCE) as reference electrode. The highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels of the four coumarin-substituted phthalocyanine compounds were
estimated using the following equations reported by de Leeuw et al. [36]:

Enomo = —(EQY «cp +4.4¢eV),
Erumo = _(EgnesiHSCE +44 eV).

Each dye was analyzed in dry dimethylformamide (DMF) containing tetrabuty-
lammonium perchlorate (0.1 M) as supporting electrolyte. Before testing, nitrogen
was inputted for 15 min to remove oxygen. Thermogravimetric analysis was carried
out from 30 to 750 °C using a ZCT-A thermogravimetric analyzer in flowing
nitrogen or flowing air (45 mL min~") at heating rate of 10 °C min~'. The sample
was prepared at 60 °C under vacuum for 12 h. Device fabrication followed a
method similar to that reported recently [33]. Dye solutions were prepared at
concentration of 1 x 107® M in either THF or DMF containing 0.4 mM 3,7-di-
hydroxy-5b-cholic acid (CDCA). The electrolyte contained 0.05 M iodine and
0.5 M Lil in acetonitrile.

Synthesis
7-(3,4-Dicyanophenoxy)coumarin-3-carboxylic acid (1)

A mixture of 1.73 g (10 mmol) 4-nitrophthalonitrile and 2.04 g (10 mmol)
7-hydroxycoumarin-3-carboxylic acid was dissolved in 35 mL DMEF, and the
solution was stirred and heated to 60 °C under nitrogen atmosphere. Subsequently,
4.1 g (30 mmol) fine anhydrous potassium carbonate was added in batches within
3 h and reacted for 32 h. Then, the reaction mass was poured into 120 mL ice water
and the pH value adjusted to 4. The precipitate was filtered, and washed with water
and ethanol several times until the filtrate became neutral, followed by recrystal-
lization from a mixture of acetone/methanol (1:4 v/v) to obtain yellow—brown
powder, which was finally dried under vacuum at 60 °C overnight. Yield: 67%
(2.3 g). M.p.: 243-245 °C. Anal. Calc. for C;gHgN,Os5: C, 65.07; H, 2.43; N, 8.43.
Found: C, 64.98; H, 2.44; N, 8.47. IR (KBr) Vmax: 31462785 cm™' (COOH),
3075 cm™ !, 3040 cm™! (C=C-H), 2234 cm™ ' (C=N), 1708 cm™' (C=0), 1589,
1569, 1485 cm™' (C=C), 1310 cm™' (C-N), 1252 cm™ ' (Ar-O-Ar), 1202,
1093 cm™'. '"H NMR (DMSO-dg, 400 MHz) (3, ppm): 10.73 (s, 1H, COOH),
8.53 (s, 1H, CH=C), 7.85 (d, 1H, Ar-H), 7.52 (s, 1H, Ar-H), 7.31 (d, 2H, Ar-H),
7.19 (d, 1H, Ar-H), 6.86 (s, 1H, Ar—H). MALDI-TOF MS calcd. for [M + H]*"
333.27; found 333.18.
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6-(3,4-Dicyanophenylazo)coumarin-3-carboxylic acid (2)

A mixture of 4-aminophthalonitrile (1.56 g, 11 mmol), concentrated hydrochloric
acid (3 mL), and deionized water (30 mL) was stirred in an ice—water bath until
thoroughly mixed. Then, a solution of sodium nitrite (0.76 g, 11 mmol) was added
dropwise to the mixture during 20 min at approximately 0-5 °C, followed by
constant stirring for another 40 min. Then, the reaction mixture was filtered,
resulting in bright-yellow solution, which was kept at temperature around 0 °C for
the next reaction. At the same time, coumarin-3-carboxylic acid (1.92 g, 10 mmol)
was dissolved in 20 mL deionized water by adjusting the pH value to around 10
using sodium hydroxide solution (20%) in a three-necked flask. Then, previously
prepared diazonium salt solution was added slowly to a stirred solution of coumarin-
3-carboxylic acid as the coupling component in alkali medium with pH value
controlled to around 9 while maintaining temperature of 0-5 °C. The resulting
solution was stirred for 45 min in an ice—water bath, then removed to ambient
temperature. Two hours later, dilute hydrochloric acid solution was added to adjust
the pH value of the reaction solution to 5. The yellow—brown solid was filtered off,
washed with ice water repeatedly, purified by recrystallization from methanol and
acetone (1:1), and finally dried under vacuum at 40 °C overnight. Yield: 52%
(1.79 g). M.p.: 178 °C. Anal. Calc. for C;gHgN,O4: C, 62.75; H, 2.34; N, 16.27.
Found: C, 62.70; H, 2.35; N, 16.32. IR (KBr) vy 3137-2785 cm™' (COOH),
3073, 3038 cm™ ' (Ar, C-H), 2228 cm™' (C=N), 1732 cm™ ' (C=0), 1590 cm ™!
(Ar, C=C), 1490 cm™"' (N=N), 1391 cm~' (C-N), 1374, 1316, 1249, 1132 cm™ .
'"H NMR (DMSO-dg, 400 MHz) (5, ppm): 11.07 (s, 1H, COOH), 8.14 (s, 1H,
CH=C), 7.93 (d, 1H, Ar—H), 7.81 (m, 2H, Ar-H), 7.68 (s, 1H, Ar—H), 7.60 (d, 1H,
Ar-H), 7.36 (d, 2H, Ar—H). MALDI-TOF MS calcd. for [M + H]" 345.28; found
345.36.

7-Hydroxy-8-(3,4-cyanophenylimino)coumarin-3-carboxylic acid (3)

In a 250-mL three-necked flask, 1.17 g (5 mmol) 7-hydroxy-4-methylcoumarin-8-
carbaldehyde and 1.14 g (8.5 mmol) anhydrous aluminum chloride were mixed,
then 20 mL dichloromethane was added slowly until the aluminum chloride
completely dissolved. Then, dichloromethane solution containing 1.73 g (10 mmol)
4-aminophthalonitrile and 3.5 mL (25 mmol) triethylamine was added dropwise to
the reactor, with a lot of white mist; the colour of the mixture became red—brown.
The solution was stirred at ambient temperature for 24 h. After completion of the
reaction, 2.72 g (68 mmol, eight times that of Al,O3) sodium hydroxide solution
was added to the mixture. The white solid was filtered off, and the aqueous phase
was extracted twice with dichloromethane. The organic layers were combined and
dried over MgSQ,, and the solvent evaporated. The residue was purified by column
chromatography on aluminum oxide using ethyl acetate/methanol (3:1) to obtain
yellow powder. Yield: 37% (0.62 g). M.p. 209-212 °C. Anal. Calc. for C;gHoN3Os:
C, 63.51; H, 2.52; N, 11.70. Found: C, 63.47; H, 2.73; N, 11.68. IR (KBr) vyay:
3172-2763 cm™! (OH), 3065, 3026 cm™' (Ar, C-H; N=C-H), 2227 cm™' (C=N),
1714 cm™"' (C=0), 1682, 1632 cm™' (alkene, C=C, N=C), 1587, 1526, 1462,
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1317 cm™" (C=N), 1254, 1108 cm™'. '"H NMR (DMSO-d,, 400 MHz) (5, ppm):
10.84 (s, 1H, COOH), 8.41 (s, 1H, CH=C), 8.26 (s, IH, CH=N), 7.83 (m, 3H, Ar—
H), 7.21 (d, 1H, Ar-H), 6.79 (d, 1H, Ar-H), 4.7 (s, 1H, OH). MALDI-TOF MS
calcd. for [M + H]' 360.29; found 360.37.

2(3),9(10),16(17),23(24)-Tetrakis(3-carboxycoumarin-7-oxy)phthalocyaninato
zinc(1l) (COPc)

A mixture of 1 (0.67 g, 2 mmol), zinc acetate dihydrate (0.13 g, 0.6 mmol), and
catalytic amount of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) in n-pentanol
(15 mL) was heated to 140 °C and stirred under nitrogen atmosphere for 24 h.
After cooling to room temperature, the reaction mixture was precipitated by adding
methanol (60 mL). The resulting black suspension was filtered off, and washed with
deionized water and methanol. The black—green solid obtained after filtration was
subjected to Soxhlet extraction using acetone for 24 h. Finally, the solid material
was purified by silica gel column chromatography and eluted with trichloromethane,
collecting a blue—green band. The product was obtained under reduced pressure.
Yield: 37% (0.26 g). M.p. >300 °C. UV-Vis (DMF) ZAy.x: 345, 677 nm. Anal.
Calc. for C;,H3,N3O0,0Zn: C, 61.98; H, 2.29; N, 8.03; found C, 61.89; H, 2.31; N,
8.06. IR (KBI) Vpax: 3421 cm™! (COOH), 3031 cm™' (Ar-H), 1719 cm™' (C=0),
1607-1469 cm ™! (Ar, C=C), 1233, 1101 cm~'. "H NMR (DMSO-d;, 400 MHz) (4,
ppm): 11.33 (s, 4H, OH), 8.65 (s, 4H, CH=C), 7.93-7.86 (m, 12 H, Pc-H),
7.51-7.23 (m, 12H, Ar-H, J = 8.0 Hz). MALDI-TOF MS calcd. for [M + H]*
1395.47; found 1395.29.

2(3),9(10),16(17),23(34)-Tetrakis(3-carboxycoumarin-7-azo )phthalocyaninato
zinc(Il) (CAPc)

CAPc was synthesized following the procedure described above for COPc, except
using 0.69 g (2 mmol) 2 instead of 1. The solid material was purified using silica gel
column chromatography and eluted with DMF:H,O:conc. HCI = 30:10:1 (v/v),
collecting a black—green band. The product was obtained under reduced pressure.
Yield: 0.67 g, 44%, M.p. >300 °C. UV-Vis (DMF) Jpa 355, 553, 718 nm; 'H
NMR (DMSO-dg, 400 MHz) 6: 11.56 (s, 4H, COOH), 8.37 (s, 4H, coumarin
unsaturation hydrogen CH=C), 8.18-8.29 (m, 12H, Pc-H), 8.12 (s, 4H, coumarin—
H), 8.02-8.04 (d, 4H coumarin-H, J = 7.8 Hz), 7.61-7.63 (d, 4H, coumarin—H,
J = 8.8 Hz); IR (KBr) vy, 3407-3200 cm ! (carboxyl OH), 1715 cm ! (lactone,
C=0), 1599-1491 cm™' (C=C), 1459 cm™" (N=N), 1095 cm™" (Ar-O-C). Anal.
Calc. for C7,H3,N606Zn: C 59.89, H 2.22, N 15.53; found C 59.82, H 2.27, N
15.55. MALDI-TOF MS calcd. for [M + H]* 1443.53; found 1443.51.

2(3),9(10),16(17),23(24)-Tetrakis(3-carboxycoumarin-7-imino)phthalocyaninato
zinc(Il) (CSPc)

CSPc was synthesized following the procedure described above for COPe, except
using 0.71 g (2 mmol) 3 instead of 1. The solid material was purified by aluminum
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oxide column chromatography and eluted with trichloromethane:methanol = 3:1
(v/v), collecting a gray—green band. The product was obtained under reduced
pressure. Yield: 32% (0.24 g). M.p. >300 °C. UV-Vis (DMF) /.x: 363, 716 nm.
Anal. Calc. for C;6H34N1,0,0Zn: C, 60.72; H, 3.42; N, 11.19; found: C, 60.67; H,
3.47; N, 11.07. IR (KBr) vpa: 3412, 3233 cm™! (O-H), 3024 cm™' (Ar-H),
1722 cm™' (C=0), 1604-1281 cm™" (Pc, C=N), 1265 cm™' (C-O-C), 1188, 1093,
1048 cm™'. "H NMR (DMSO-ds, 400 MHz) (8, ppm): 11.47 (s, 4H, COOH), 8.43
(s, 4H, CH=N), 8.29 (s, 4H, CH=C), 8.07 (m, 12H, PcH), 7.84 (d, 4H, Ar-H,
J = 8.0 Hz), 7.25 (d, 4H, Ar-H, J = 8.0 Hz), 5.21 (broad, 4H, OH) MALDI-TOF
MS calcd. for [M + H]" 1503.57; found 1503.83.

2(3),9(10),16(17)-Tris(4-methylcoumarin-7-oxy)-23(24)-(3-carboxycoumarin-7-
azo)phthalocyaninato zinc(Il) (OAPc)

OAPc was synthesized following the procedure described above for COPc, except
using a mixture of 0.46 g (1.5 mmol) 4 and 0.17 g (0.5 mmol) 3 instead of 1. The
solid material was purified by silica gel column chromatography and eluted with
DMF:THF = 1:3 (v/v), collecting a green band. The product was obtained under
reduced pressure. Yield: 12% (0.16 g). M.p. >300 °C. UV-Vis (DMF) A..: 325,
500, 680 nm. Anal. Calc. for C;,H33N(03Zn: C, 65.65; H, 2.89; N, 10.64; found:
C, 65.60; H, 3.01; N, 10.70. IR (KBr) Vpax: 3394 cm™' (COOH), 3016 cm™" (Ar—
H), 2948 cm™' (CH;), 1718 cm ™! (C=0), 1643-1381 cm™ ' (Pc skeleton, C=C and
N=N), 1236, 1091 cm™"'. "H NMR (DMSO-d,, 400 MHz) (5, ppm): 11.38 (s, 1H,
COOH), 8.24 (s, 1H, CH=C), 7.17-7.32 (m, 30H, 12PcH, 6ArH), 7.13 (m, 6H, Ar—
H, J = 8.4 Hz), 6.39 (s, 3H, CH=C), 2.17 (s, 9H, CH3). MALDI-TOF MS calcd. for
[M + H]t 1317.54; found 1317.49.

Results and discussion
Synthesis and characterization

Coumarin—phthalocyanine dyad dyes were synthesized following the protocol
illustrated in Scheme 1. Alkylation of 4-nitrophthalonitrile with 7-hydroxy-
coumarin-3-carboxylic acid or 7-hydroxy-4-methylcoumarin in presence of
K,>CO5; in DMF was performed to obtain coumarin-substituted phthalonitrile
precursors 7-(3,4-dicyanophenoxy)-coumarin-3-carboxylic acid (1) and 4-methyl-7-
(3,4-dicyanophenoxy)coumarin (4) [29, 32], respectively. Meanwhile, 4-aminoph-
thalonitrile was subjected to diazo coupling [30] or Schiff-base condensation [37]
reaction with coumarin-3-carboxylic acid or 7-hydroxy-4-methylcoumarin-8-car-
baldehyde to obtain the required coumarin-substituted phthalonitrile precursors
6-(3,4-dicyanophenylazo)coumarin-3-carboxylic acid (2) and 7-hydroxy-8-(3,4-
cyanophenylimino)coumarin-3-carboxylic acid (3). In the final step, the precursors
1, 2, 3 were condensed with zinc acetate by cyclotetramerization to produce the
target coumarin—phthalocyanine dyad dyes 2(3),9(10),16(17),23(24)-tetrakis(3-
carboxycoumarin-7-oxyl)phthalocyaninato zinc(Il) (COPc), 2(3),9(10),16(17),
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Scheme 1 Synthesis of carboxyl coumarin—phthalocyanine dyad dyes

23(34)-tetrakis(3-carboxycoumarin-7-azo)phthalocyaninato zinc(Il) (CAPc), and
2(3),9(10),16(17),23(24)-tetrakis(3-carboxycoumarin-7-imino)phthalocyaninato
zinc(Il) (CSPe), respectively. The target dyad dye 2(3),9(10),16(17)-tris(4-methyl-
coumarin-7-oxy)-23(24)-(3-carboxycoumarin-7-azo)phthalocyaninato zinc(II)
(OAPc) was obtained by reaction of 4-methyl-7-(3,4-dicyanophenoxy)coumarin
(4) with 6-(3,4-dicyanophenylazo)coumarin-3-carboxylic acid (2). The dyad dyes
were soluble in dimethyl formamide, dimethylsulfoxide, and pyridine, and sparingly
in trichloromethane, tetrahydrofuran, triethylamine, etc. Finally, all intermediates
and final targets were thoroughly analyzed by IR spectroscopy, 'H NMR, elemental
analysis, and mass spectroscopy.

In the IR spectra, formation of compounds 1, 2, 3, 4 was clearly confirmed by
C=N vibration at around 2230, 2234, 2228, and 2227 cmfl, o, B-unsaturated —
C=C- of lactone ring at 1569 cm™', and ether group C-O at 1208 cm™', without
vibrations of NO, or NH,. After conversion of the dinitrile derivatives 1, 2, 3, 4 into
the phthalocyanines COPc, CAPc¢, CSPc, OAPc, the sharp peak of C=N vibration
at around 2223 cm™' disappeared. The data are consistent with the proposed
molecular structures. In addition, the '"H NMR and elemental analysis results were
consistent with the proposed molecular structures; For example, the expected
signals of CAPc in the 'H NMR spectra were observed in accordance with the
proposed structure. Isomeric multiplet peaks located at 8.30-8.18 ppm with 12
protons were found for the Pc ring, making the calculation of coupling constants
inaccurate. Aromatic protons of coumarin were observed as two sets of doublets at
8.04-8.02 and 7.63-7.61 ppm, integrating to eight protons. Three singlets located at
11.56, 8.37, and 8.12 ppm appeared, being ascribed to carboxyl acid protons,
unsaturated protons, and coumarin C-5 protons, respectively, all of them indicating
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four protons. The signal of carboxyl proton was observed to be broader and weaker
due to its exchange with solvent.

Absorption properties and aggregation behavior

The UV-Vis absorption spectra of the four dyes in DMF solution, exhibiting two
types of characteristic absorption bands (Q-band and Soret band), are displayed in
Fig. 2; the corresponding absorption data are listed in Table 1. The longer-
wavelength stronger Q-band absorption band at 650-750 nm is lacking due to
phthalocyanine ring © — 1" transitions (a1, — eZ) [38], whereas the shorter-
wavelength broader Soret absorption band at 330—400 nm corresponds to transitions
from a,, and by, to e; orbitals [37]. This result suggests that the optical properties of
the phthalocyanine dyes can be finely tuned by altering the nature of the asymmetric
structure. Using the equation Eyg = 1240/A,.x, the Ey o energy for COPec, CAPc,
CSPc, and OAPc was estimated to be 1.83, 1.73, 1.73, and 1.80 eV, respectively.
The decrease of the energy gap of the dyad dyes results in a red-shift of the
absorption band. The Soret bands of all the dyad dyes were broadened due to
superimposition of phthalocyanine and coumarin in the ~450 nm region, suggest-
ing the absence of strong electronic interaction between the Pc and coumarin
components in the ground state, resulting in an intramolecular color match.
Meanwhile, the Q-band absorption (4,.x) of OAPc showed a slight red-shift
(10 nm) or significant blue-shift (31 nm) compared with COPc¢ and CAPec,
respectively. On changing the linkage between coumarin and phthalocyanine, the
diazo- and imino-conjugated coumarin—phthalocyanine dyad dyes CAPc and CSPc
displayed broadened and red-shifted absorption at 718 and 715 nm compared with
COPec, respectively. This can be explained by the fact that efficient incorporation of
the coumarin ring and phthalocyanine core in the conjugation pathway increased the
electron delocalization scope over the molecule, thus reducing the bandgap of the

——COPc
2 - - -CAPc
S CSPc
A ---=- OAPc
Nos \
® . \
o . \
c
® . \
gl
1%} X \
211 \
/ N \
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Fig. 2 Absorption spectra for dyes COP¢, CAPc, CSPc, and OAPc recorded in DMF
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Table 1 Electrochemical properties of COPc, CAPc, CSPc, and OAPc

Dyad  Jgpg/NM (emayx X 10° M~' ecm™") EP/eV  EQY NV EwomoleV  ErumoleV
COPc 677 (2.47), 615 (0.56), 344 (1.60) 1.83 0.51 —4.91 —3.08
CAPc 718 (2.32), 551 (1.77), 358 (8.24) 1.73 0.77 —5.17 —3.44
CSPc 715 (2.42), 646 (0.71), 365 (2.29) 1.73 0.67 —5.07 —334
OAPc 777 (0.57), 687 (2.39), 644 (1.08), 350 (3.07)  1.80 0.71 —-5.11 —331

dye. Interestingly, CAPc exhibited a new absorption in the range of 519-592 nm
compared with COPc featuring oxygen linkage, and CSPc displayed intense
absorption at around 400-550 nm. This is probably due to electron transfer from the
peripheral, tetraazo substituent ©  orbital to the Pc ls level [39]. This clearly
indicates that the azo linker is a better choice than oxygen or imino regarding
realization of panchromatic light harvesting.

It is also interesting to compare the aggregation behavior of the dyad dyes with
oxygen, azo, and imino linkage, which helps to reveal the impact of the linker
segment on the absorption profile. n—n" interactions between the m-electron clouds
surrounding Pc macrocycles result in aggregation of phthalocyanine molecules [40].
In the aggregated state, the electronic structure of the complex phthalocyanine rings
is perturbed, resulting in alteration of the ground- and excited-state electronic
structures, leading to change of the molecular extinction coefficient and position of
the Q-band [38]. In this study, the molar absorption coefficient of the stronger
Q-band (A = 677, 718, 715, and 687 nm for COPc, CAPc, CSPc, and OAPc,
respectively) was monitored in the concentration range from 1 x 107 to
8 x 107®mol L™ in DMF to provide support for the change in aggregated
species (Fig. 3). With increasing concentration, the absorption intensity of the
Q-band maxima increased, the Beer—Lambert law was obeyed, and there was no
blue-shift typical of aggregated species for COPc, CSPc, and OAPc, suggesting
that the effects of the coumarin substituent on the phthalocyanine core prevented
aggregation [41]. Interestingly, the intensity of the Q-band absorption for CAPc
also increased, while the Beer—Lambert law was not obeyed as the concentration
was increased. Furthermore, there was a more obvious change of the Soret band
than the Q-band. The different bridge linkages in COPc, CAPc, and CSPc resulted
in different aggregation behavior, which is ascribed to the double-azo bond being
more rigid than the oxygen or imino bond [42], resulting in a more rigid structure
that hinders the coumarin substitution compared with the other linker units.

Electrochemical characteristics
To investigate the effect of the coumarin substituent on the electrochemical
characteristics of the synthesized dyes as well as the feasibility of electron injection

from the excited dye into the conduction band of TiO, and dye regeneration from
I" /I3 redox electrolyte, the relative energy levels Eyomo and Ep yvo are required.
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Fig. 3 Absorption spectra for COPc, CAPc, CSPc, and OAPc dyes at different concentrations

To obtain these values, cyclic voltammograms were obtained in DMF at scan rate of
100 mV s~' (Fig. 4); the corresponding data are presented in Table 1. In our
experiment, it was found that all of the dyad dyes showed one quasireversible
reduction couple, ascribed to reduction of four coumarin moieties, and a one-
electron irreversible oxidation wave, attributed to oxidation of the Pc core. The
oxidation onset potentials Egx.._ cp determined from the intersection of two
tangents drawn at the rising current and baseline charging current of the cyclic
voltammograms [13] for the dyes revealed the order: COPc¢ (0.51 V) < CSPc
(0.67 V) < OAPc (0.71 V) < CAPc (0.77 V). There are various interesting points,
irrespective of the phthalocyanine core and coumarin substituent: the n-conjugated
linked dyad dyes CAPc and CSPc showed higher oxidation potential than the
oxygen p-conjugated linked dyad dye COPec. This clearly indicates that electron of
n-conjugated dyes is more efficient than p-conjugated delocalization at the
coumarin and phthalocyanine moieties. Also, for the asymmetric coumarin-
substituted phthalocyanine OAPec, the coumarinazo moieties of the molecule
facilitate oxidation, while the triscoumarinoxy moieties showed the opposite trend.

The Epumo level of the sensitizer corresponding to the excited-state oxidation
potential is closely related to the electron injection efficiency of the TiO, surface,
and a higher Ey ymo level is helpful for providing higher electron injection potential
[9, 21]. In general, the low Eyomo level of the dye sensitizers corresponding to the
oxidation onset potentials matches with the energy level of the I /I3 redox couple to
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Fig. 5 Energy-level diagrams for COPc, CAPc, CSPc, and OAPc
achieve efficient regeneration from the oxidized dyes, limiting further improvement

of the energy conversion efficiency of DSSCs. The Ey ymo level and Eyomo level of
all the dyad dyes were found to fall in the range of —3.44 to —3.08 and —5.17 V to
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—4.91 V (versus SCE), respectively; the energy-level diagrams are shown in Fig. 5.
The Ey ymo level was higher than the energy level for the conduction band (CB) of
TiO, (—3.6 eV versus vacuum), suggesting that electron injection from the excited
dye to the CB of TiO, is a thermodynamically favorable process. Besides, the
Enowmo level corresponding to the oxidation onset potentials of all the dyad dye
sensitizers was more positive than the iodine/iodide redox potential (0.2 V versus
SCE) [9, 13, 32], ensuring regeneration of the oxidized dyes by electron recapture
from the redox electrolyte. In general, the dyad dyes containing m-conjugated
moieties (CAPc, CSPc, and OAPc) possessed low Eyomo (Fig. 5; Table 1)
compared with their oxygen-linked counterpart (COPc). This low Eyxomo may
suppress electron back-transfer from the CB of TiO, to the oxidized dyes through
facile regeneration of the oxidized dye, which will eventually increase Vo due to
accumulation of more electrons in the CB of TiO,.

Thermal degradation

The thermal stability of the synthesized dyad dyes was tested by thermogravimetric
analysis under nitrogen atmosphere at heating rate of 10 °C min™'; the resulting
TGA curves are shown in Fig. 6. Seoudi et al. [43] compared a series of
unsubstituted metal phthalocyanines by thermogravimetric analysis, finding a first
minor decomposition reaction at 440 °C and a major decomposition reaction at
495 °C for the phthalocyaninato zinc compounds, but when additional functional
groups were introduced into the molecule, most of the substituted phthalocyanines
were not as stable as their unsubstituted counterparts [38]. Recently, we reported the
thermal behavior of a series of azo-coupled zinc phthalocyanine derivatives, whose
TGA curves showed peaks at around 400 °C [30].

The TGA curve for the oxygen-linked dyad dye COPc shows three mass loss
stages in the temperature range of 150-700 °C. The first stage onsets at 214 °C with
mass loss of 41%, corresponding to loss of some carboxylic coumarin moieties,
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Fig. 6 TGA curves of compounds COPc, CAPc, CSPc, and OAPc
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while the other two stages that onset at 425 and 503 °C correspond to
decomposition of phthalocyanine. The TGA curve of the azo-linked dye CAPc
exhibits three different degradation stages. The weight loss of 12% observed
between 200 and 309 °C corresponds to the theoretical content of the four carboxyl
groups [44], and two major decomposition stages occurred at around 339 and
474 °C. The former decomposition stage begins with scission of N=N bonds
[30, 33], while the latter maximum decomposition in the range of 437-474 °C is due
to degradation of the phthalocyanine core itself. The TGA curve of the imino-linked
dye CSPc exhibits degradation analogous to CAPc, consistent with the report of
Mohamed et al. [45]. The asymmetric dyad dye OAPc showed slight decomposition
with onset at around 205 °C, corresponding to loss of carboxyl group, and about
14% weight runaway ascribed to loss of azo moiety, with major decomposition in
the range of 435-560 °C, possibly due to decomposition of the phthalocyanine core
and 4-methylcoumarin substituent. Overall, it is clear that all the dyad sensitizers
were stable up to 200 °C, indicating that all the dyad dyes are sufficiently thermally
stable for rooftop applications of dye-sensitized solar cells.

Photovoltaic performance

To evaluate the photovoltaic performance of compounds COPc, CAPc, CSPc, and
OAPc as DSSC sensitizers, current—voltage curves for cells fabricated using TiO,
electrodes sensitized with the dyad dyes were measured in ambient air under
standard simulated AM1.5G illumination (100 mW c¢m~2) conditions (Fig. 7); the
corresponding short-circuit currents (Jsc), open-circuit potentials (Voc), fill factors
(ff), and overall conversion efficiencies (1) are presented in Table 2. The # values
for the DSSCs based on these dyad dyes lay in the range of 0.9-2.4%. Among the
dyes, the cell fabricated with the asymmetric dye OAPc exhibited high n (2.4%)
with high Jsc of 8.1 mA em ™2, Voc of 0.58 V, and fill factor (ff) of 0.53.
Obviously, the 1 and Jsc values of cells sensitized using the n-conjugated dyad dyes

Photocurrent density(mA‘cm™)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage(V)

Fig. 7 Photocurrent—voltage curves of DSSCs under simulated sun illumination
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Table 2 Photovoltaic

)
characteristics of DSSCs Compound Jsc (mA em™) Voc (V) ff 1 (%)
sensitized by COPc¢, CAPc,

CSPe, and OAPc COPc 2.9 0.56 0.57 0.9
CAPc 5.8 0.58 0.51 1.7
CSPc 6.5 0.54 0.54 1.9
OAPc 8.1 0.58 0.53 24

CAPc and CSPc were slightly better than that using the dye COPc¢ with oxygen
bridge linkage. These results are ascribed to superior light-harvesting and effective
electron transfer. Arguably, the efficiency of the cells using CAPc and CSPc is
opposite to that expected based on their absorption spectra, which can be attributed
to the aggregation behavior of CAPc. All the dyad dyes showed similar ff values,
which is related to the fact that they contain both coumarin and phthalocyanine core.
The comparatively high efficiency obtained when using the dye OAPc may
originate from the following factors: (1) the presence of methylcoumarin as a steric
hindrance moiety effectively suppresses dye aggregation, (2) the boarder and more
efficient absorption spectrum, and (3) the asymmetric structure of the dye molecule
that promotes electron transfer.

Conclusions

A series of carboxyl coumarin—phthalocyanine dyad dyes conjugated by —O—, —
N=N- or -N=C- bond in a single structure were designed, synthesized, and
demonstrated as sensitizers in DSSCs. The influence of the linker on their
absorption spectrum and electrochemical properties was revealed, and their
photovoltaic parameters such as n, Jsc, and Vo studied. The absorption spectra
demonstrate that the m-conjugated dyad dyes exhibited excellent absorption and
photocurrent response across the whole visible-light region in the range of
400-800 nm due to reduction of the energy gap. The m-conjugated coumarin—
phthalocyanine dyes CAPc and CSPc exhibited only moderate power conversion
efficiency, mainly due to insufficient electron transfer of the symmetric coumarin-
substituted phthalocyanine core. In contrast, the dyad dye OAPc exhibited
improved asymmetric structure and efficiency of 2.4%. CAPc showed panchromatic
response, but the CAPc-based DSSC showed low conversion efficiency. Further
work to develop new asymmetric panchromatic dyes and improve their electron
transfer is underway.
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