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Graphical Abstract

Single and double branched organic dyes based on car bazole and red-absor bing cationic

indolium for p-type dye-sensitized solar cells: a combined experimental and theoretical
investigation

Le Quoc Bao, Phuong Ho, Ramesh Kumar Chitumalla, Joonkyung Jang, Suresh Thogiti* and Jae
Hong Kim*

Doule branched dyes showed better interfacial charge transfer and hole lifetime over single
branched dyes leading to enhanced photovoltaic performance.
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Abstract:

A series of novel single and double branched calbdzased red-absorbing cationic dyes
without (CSI and CDI) and with (CST and CDT) a ffhene spacer have been synthesized for p-
type dye-sensitized solar cells (p-DSSCs). Theothiction of the red-absorbing cationic
acceptor/thiophene spacer led to the broadening mtdochromic shift of the absorption
maxima from an onset of 600 nm for CSI to 800 nm @T as well as improved molar
absorptivity. The introduction of the double braimgjthiophene spacer lowered the lowest
unoccupied molecular orbital (LUMO) levels of COBST, and CDT, making their potentials
more positive than that of CSI. Among these, thabtiky branched CDI exhibited the highest
conversion efficiency of 0.112%. Furthermore, dlltbe dyes examined outperformed the
standard C343 dye (0.062%), measured under sinfalarication conditions. Despite the
decreased photovoltaic performance as a resulhefiritroduction of the thiophene spacer,
overall, the double branched dyes exhibited batterfacial charge transfer that led to highgy J
and \oc values compared to those of singly branched d¥ssctrochemical impedance
spectroscopy analysis showed that double branclyed Have much lower charge transfer
resistance and increased hole lifetime than sitgénched dyes. Density functional theory
(DFT) and time-dependent DFT calculations were qveréd to theoretically characterize the

optical and electrochemical properties of the sgsitted dyes.

Key words: p-type dye-sensitized solar cells; carbazole; ooati dye; charge transfer;

photocurrent density.



Introduction

Dye-sensitized solar cells (DSSCs), developed §tz8tet al in the 1990s, are an attractive
source of renewable energy and are typically peeckeas a low-cost alternative to conventional
silicon-based solar cells [1-3]. Two types of DSSRsst, namely, DSSCs that employ n-type
semiconductors such as Ti@s the photo-anode (n-DSSCs) [4], and their ireven®del, p-
DSSCs, which employ p-type semiconductors such iés [B]. Various solar cells have been
prepared using n-type sensitizers, attaining ergthpower conversion efficiencies (PCEs) [4,6—
12]. The dye sensitizers typically utilized in thes-DSSCs can absorb only in the visible or
near-infrared (NIR) region of the solar spectrunarréntly, it is still challenging to synthesize
dyes that are capable of covering both the visilold NIR regions. On the other hand, p-type
devices have rarely been studied and their PCEgeaarerally significantly lower than those of n-
type DSSCs [5,13-23]. The investigation of p-tyf®STs is motivated by the desire to combine
them with traditional n-type DSSCs into tandem pBIZs (TDSSCs), which can provide higher
photo-voltage and potentially also a high PCE. Umtiv, however, the efficiencies of TDSSCs

have been hampered by the poor performance of@®g5Cs [24-28].

The operational principles of p-type DSSCs aresitiated in Fig. 1. In contrast to the n-type

DSSC, the hole in the p-type DSSC is injected itite semiconductor and an electron is
transferred to the electrolyte through a phototexcisensitizer [5,29]. Among all of the

components present, the sensitizer plays a keyinatapturing photons, generating electron and
hole pairs, and subsequently transferring them.tlkigrreason, the design and development of
new dye materials is in high demand. Owing to thet that the efficiency of DSSCs depends
significantly on the optimization and compatibility each of its constituents, the sensitizers are

expected to capture as many photons from the $iundg possible. With the objective of



developing new sensitizers for p-type DSSCs, weéhggized in this study four sensitizers (CSI-
CDT) based on a well-known aromatic heterocyclenels carbazole, which has been shown to
provide potentially increased efficiencies in n-[@SS[30-35]. The red-absorbing cationic 1-
octyl-2,3,3-trimethyl-3H-indolium iodide was used &e acceptor in order to facilitate the
fabrication of p-type DSSCs with improved performanowing to the recent reports that
showed that this compound can enable dyes to aldengswavelength visible light [36-39].

Earlier efforts to shift the absorption towardsden wavelengths by increasing the number of
cyano moieties have led to diminished photocurrangsDSSCs. This outcome was attributed to
the decrease in the driving force for dye regemaratwhich resulted from the decrease in the
level of the lowest unoccupied molecular orbitaUO). By introducing an indolium cationic

acceptor, Woockt al. succeeded in maintaining sufficient driving forme dye regeneration

while increasing the absorption in the red regi@él.

Organic dyes with donor—acceptor-based double aimdiacceptor were reported to display
improved efficiencies in n- and p-type DSSCs [3#4H]. In 2014, Parlet al. synthesized a
donor—acceptor carbazole-based MCBZ (herein reféoas CSl) and DCBZ dye sensitizers for
p-DSSCs, and obtained enhanced conversion effigieh©.035% for the double branched di-
anchoring dye DCBZ. Taking into consideration thewae described points, the single (CSI and
CST) and double branched (CDI and CDT) carbazosedahotosensitizers are applied to p-
type DSSCs and compared with standard C343 dyer wiadlar fabrication conditions. The
experimental results of UV-vis spectroscopy, cyclmtammetry (CV), and electrochemical
impedance spectroscopy (EIS), together with theidém photo-to-current conversion

efficiencies (IPCEs), and the outcome of theorétigmsity functional theory (DFT) and time-



dependent DFT (TDDFT) calculations were examinedeiplain their structure—property

relationships.

2. Experimental
2.1 Materials

All *H NMR spectra were recorded on a Varian Mercury NBI® MHz spectrometer using
CDCl; or DMSO-@ as the solvent (purchased from Alfa Aesar). FHeNMR chemical shifts
were referenced relative to TMS. The absorptiorcspavere recorded on an Agilent 8453 UV-
vis spectrophotometer. The active areas of theatbgerbed NiO films were estimated using a
digital microscope camera equipped with an imagdyais-software (Moticam 1000). The
photovoltaic I-V characteristics of the preparedd0S were measured under 1 sunlight intensity
(100 mW/cmi, AM 1.5), which was verified with an AIST-calibeat Si-solar cell (PEC-L11,
Peccell Technologies, Inc., City, State, Countfyje incident monochromatic photon-to-current
efficiencies (IPCEs) were plotted as a function tbé light wavelength using an IPCE
measurement instrument (PEC-S20, Peccell Techredpdmnc.). The redox properties of three
dyes were examined using cyclic voltammetry (ModeéV-BAS-Epsilon). The electrolyte
solution employed in this analysis was 0.10 M tattglammonium hexafluorophosphate
(TBABF¢) in freshly dried acetonitrile. The Ag/AgCl and Rire (0.5 mm in diameter)
electrodes were used as the reference and coulettrodes, respectively. The scan rate was set
at 30 mV/s. Electrochemical impedance spectros¢gpy) was performed using an electronic-

chemical analyzer (lviumstat Tec.).



2.2. Preparation of sensitizers

Some of the starting compounds., 1-bromohexane, 1-iodooctane, pyridine, and methan
were obtained from Sigma-Aldrich, whereas othexchsas carbazold\,N-dimethylformamide
(DMF), 4-hydrazinobenzoic acid, 3-methyl-2-butano@g(tri-n-butylstannyl)thiophenetrans
dichlorobis(triphenyl-phosphine)palladium(ll) (PdEPh),) were purchased from Alfa Aesar.
Phosphorus oxychloride (POfMwas obtained from DeaJung Co., Ltd., and all odavents

and components were purchased from Duksan PureiCdlsrtto., Ltd.

5-Carboxyl-2,3,3-trimethyl-3H-indolin€l): a mixture of 4-hyrazinobenzoic acid (10 g, 65.72
mmol), 3-methyl-2-butanone (8.49 g, 98.58 mmol) aadium acetate (10.78 g, 131.449 mmol)
in acetic acid were refluxed under nitrogen at 1€0for 12 h. The resulting brown suspension
was cooled to room temperature, the solvent wasvethunder reduced pressure, and a mixture
of MeOH:H,O (1:9) was added to the residue. The flask wadedoon ice to induce
precipitation. The obtained residue was filteredl avashed several times with hexane and
diethyl ether to givel as a white powder (8.62 g, 64.57%) NMR (DMSO-d;, 300 MHz)$
12.79 (s, 1H), 7.99 (s, 1H), 7.93 (b 7.8 Hz, 1H), 7.52 (d] = 7.8 Hz, 1H), 2.25 (s, 3H), 1.28

(s, 6H).

5-Carboxyl-2,3,3-trimethyl-1-octyl-3H-indolingdide (1:1)(2): 5-carboxyl-2,3,3-trimethyl-3H-
indoline 1 (5.5 g, 36.14 mmol) was dissolved in acetonit(@®0 mL) and refluxed at 80 °C
under nitrogen atmosphere and 1l-iodooctane (21.B7.§5 mmol) was added to this solution.
After 72 h, the flask was cooled to room tempemand the solvent was removed under reduced
pressure. The crude product was recrystallized faomixture of acetonitrile and diethyl ether.

The precipitate was filtered and washed severatgimith ether, hexane, and ethyl acetate to



give 2 as a white solid (4.68 g, 40%H NMR (DMSO-a, 300 MHz)$ 8.40 (s, 1H), 8.17 (dl =

7.8 Hz, 2H), 4.48 (s, 2H), 2.89 (s, 3H), 1.84 (3),21.58 (s, 6H), 1.33 (m, 10H), 0.85 (s, 3H).

9-Hexylcarbazolg3): Carbazole (15 g, 89.70 mmol) was dissolved in D60 mL) and 1-
bromohexane (23.90 g, 144 mmol) was added diréctipe solution. The mixture was stirred
under nitrogen at 80 °C for 6 h. After cooling wom temperature, the solvent was removed
under reduced pressure. Next, MeOH was added tsallnéion and the mixture was kept on ice
to yield the produc8 as a white crystalline precipitate (16.24 g, 72J5H NMR (Acetone-g,
300 MHZz)$ 8.17 (d,J = 7.8 Hz, 2H), 7.60 (d] = 8.1 Hz, 2H), 7.50 () = 8.1 Hz, 2H), 7.24 (1]

= 7.8 Hz, 2H) 4.47 (t) = 7.2 Hz, 2H), 1.94 (p] = 7.5 Hz, 2H), 1.45 (m, 6H), 0.89 {t= 6.9 Hz,

3H).

9-Hexylcarbazole-3-carboxaldehy@): 9-hexylcarbazol@ (6 g, 23.88 mmol) was dissolved in
1,2-dichloroethane (50 mL, DCE) in a three-neckednd-bottom flask and the mixture was
cooled on an ice bath. A mixture of DMF (2.8 g,3&mol) and POGI(8 g, 52.17 mmol) in
EtOH was added to the solution. The reaction wiadtat 80 °C under nitrogen. After 6 h, the
reaction was cooled to room temperature and ancagusolution of NaOH was added slowly to
guench the reaction. The organic fraction was ete¢thwith chloroform, dried over anhydrous
CacCl, filtered, and the solvent was removed under redymressure. The residue was purified
by silica gel column chromatography using hexan&/D(C:1) as the eluent. The desired product
4 was obtained as a white solid (5.3 g, 80.34%)NMR (CDCk, 300 MHz)5 10.09 (s, 1H),
8.61 (s, 1H), 8.17 (dl = 7.8 Hz, 1H), 8.02 (d] = 8.4 Hz, 1H), 7.56 (m, 3H), 7.35 (= 7.5 Hz,

1H), 4.35 (tJ= 7.2 Hz, 2H), 1.91 (§ = 7.2 Hz, 2H), 1.39 (m, 6H), 0.88 &= 6.9 Hz, 3H).

9-Hexylcarbazole-3-[2-(5-carboxyl-2,3,3-trimethylettyl-3H-indoline)ethenylliodide (CSI): a

mixture of 9-hexylcarbazole-3-carboxaldehyde(0.5 g, 1.79 mmol) and 5-carboxyl-2,3,3-



trimethyl-1-octyl-3H-indolinel (1.26 g, 1.6 equiv.) was dissolved in MeOH, arftlxed under
nitrogen for 7 h at 70 °C. After this time, thewgadn was cooled to room temperature and the
solvent was removed under reduced pressure. Titkieewas recrystallized from diethyl ether,
and the precipitate was washed several times htjl acetate to giv€SI as a red solid (0.92 g,
72.93%).*H NMR (DMSO-d;, 300 MHz)§ 13.36 (s, 1H), 9.13 (s, 1H), 8.82 (& 15.6 Hz, 1H),
8.43 (d,J = 6.6 Hz, 2H), 8.25 (d] = 7.2 Hz, 1H), 8.19 (d] = 8.4 Hz, 1H), 7.99 (d] = 9 Hz, 1H),
7.87 (d,J = 8.7 Hz, 1H), 7.77-7.69 (t, 2H), 7.61Jt 7.5 Hz, 1H), 7.41 (] = 7.5 Hz, 1H), 4.75

(t, J= 6.9 Hz, 2H), 4.54 (1) = 6.9 Hz, 2H), 1.90 (m, 10H), 1.45 (m, 16H), O(826H).

9-Hexylcarbazole-3,6-dicarboxaldehydB): 9-hexylcarbazole-3-carboxaldehyde(2 g, 7.96
mmol) was dissolved in DCE (50 mL) and kept at Oafi@ile DMF (16 g, 2.18 mmol) and POLCI
(20 g, 13.04 mmol) were added slowly. After 2 hstifring under nitrogen, the solution was
heated to 90 °C and maintained at this temperdtur@ h. The reaction was cooled to room
temperature and quenched by the slow addition @200 mL, 2 M) solution. The organic
fractions were extracted with chloroform, dried oaehydrous CaGl and filtered. Subsequently,
the solvent was removed under reduced pressuréharatude residue was purified by silica gel
column chromatography using a mixture of hexane:D@M) as the eluent. The final prodiéct
was obtained as a white solid (0.67 g, 27.27%)NMR (CDCk, 300 MHz)$ 10.14 (s, 2H),
8.68 (s, 2H), 8.11 (dl = 8.1 Hz, 2H), 4.41 () = 7.2 Hz, 2H), 1.94 (m] = 7.5 Hz, 2H), 1.43 (m,
6H), 0.89 (tJ = 7.2 Hz, 3H).

9H- Carbazole, 9-hexyl-3,6-bis-[2-(5-carboxyl-23tBnethyl-1-octyl-3H-indoline)ethenyl]-,
iodide (CDI): 9-hexylcarbazole-3,6-dicarboxaldehy&e(0.5 g, 1.62 mmol) and 5-carboxyl-
2,3,3-trimethyl-1-octyl-3H-indoline, iodide (1:B (2 g, 4.51 mmol) were dissolved in MeOH.

The subsequent reaction steps were identical teetllescribed for the synthesis@®Il. The



targetCDI was obtained as a dark red solid (0.93 g, 49.36NMR (DMSO-d;, 300 MHz)$
13.37 (s, 2H), 9.24 (s, 2H), 8.82 (b5 15.6 Hz, 2H), 8.54 (dl = 7.8 Hz, 2H), 8.45 (s, 2H), 8.21
(d,J =8.4 Hz, 2H), 8.04 (t) = 8.4 Hz, 4H), 7.85 (d] = 15.6 Hz, 2H), 4.80 (1] = 6.9 Hz, 4H),

4.63 (t,J = 6.9 Hz, 2H), 1.92 (m, 18H), 1.47—1.21 (m, 268182 (g, 9H).

3-Bromo-9-hexylcarbazolé): NBS (2.76 g, 15.52 mmol) was dissolved in a nmtaf DCE
(80 mL) and THF (20 mL) and added drop-wise to gbkition 9-hexylcarbazold (3 g, 11.94
mmol) dissolved in DCE50 mL) in a three-necked round-bottom flask anidrest under
nitrogen from 0 °C to ambient temperature. Afteh,6the solution was extracted with DCM,
dried over anhydrous Cagland filtered. The solvent was removed under redyamressure to
yield the crude product, which was purified bycsligel column chromatography with 90%
hexane:DCM as the eluent to gi§as a white solid (3.2 g, 81.41%H NMR (Acetone-g, 300
MHz) & 8.41-8.19 (q, 2H), 7.62—7.49 (m, 4H), 7.28(& 7.5 Hz, 1H), 4.48 () = 7.2 Hz, 2H),

1.91 (m,J = 6.6 Hz, 2H), 1.31 (m, 6H), 0.88 &= 6.6 Hz, 3H).

9-Hexylcarbazole-3-(2-thienyl}7): 3-bromo-9-hexylcarbazolé (2.6 g, 7.9 mmol), 2-(tm-
butylstannyl)thiophene (4.7 g, 12.6 mmol) and B@®R®h), (0.55 g, 0.79 mmol) were dissolved
in pyridine (30 mL) and refluxed at 90 °C underaggen. After 18 h, the mixture was cooled to
room temperature, the organic components were cgttawith ethyl acetate, dried over
anhydrous Nz50,, and filtered. The residue obtained after the esaiwas evaporated under
reduced pressure was purified by silica gel colwmmmatography with 5-10% ethyl acetate in
hexane as the eluent. The final prodéavas acquired as a yellow solid (0.83 g, 31.53%).
NMR (CDClL, 300 MHz)$ 8.34 (d,J = 9 Hz, 1H), 8.14 (d) = 7.2 Hz, 1H), 7.74 (d] = 8.4 Hz,
1H), 7.50 (t,J = 7.8 Hz, 1H), 7.41-7.33 (m, 3H), 7.24 (= 7.5 Hz, 2H), 7.12 () = 3.6 Hz,

1H), 4.32 (tJ=7.2 Hz, 2H), 1.92 (m] = 7.2 Hz, 2H), 1.42 (m, 6H), 0.89 {t= 7.2 Hz, 3H).



5-(9-hexyl-9H-carbazole-3-yl)thiophene-2-carbaldeéy(8): 9-hexylcarbazole-3-(2-thienyly
(0.5 g, 1.5 mmol) was dissolved in DCE (20 mL) atidred in a three-necked round-bottom
flask from 0 °C to ambient temperature under ngrogtmosphere. A mixture of DMF (0.15 g,
2.1 mmol) and POGI(0.46 g, 3 mmol) in DCE (20 mL) was added slovdthis solution and
the mixture was maintained for 1 h before beingtéwbdéo 70 °C. After 2 h, the solution was
cooled to room temperature and an aqueous solotibiaOH (2 M) was added slowly to quench
the reaction. The mixture was extracted with DCKed over anhydrous Cag£;filtered, and the
solvent removed under reduced pressure. The criatkigt was purified by silica gel column
chromatography using 10% ethyl acetate in hexartkeasluent to giv8 as a yellow solid (0.36
g, 66.41%)H NMR (Acetone-@, 300 MHz)5 9.93 (s, 1H), 8.63 (s, 1H), 8.29 @= 7.2 Hz,
1H), 7.97-7.89 (q, 2H), 7.70-7.61 (m, 3H), 7.54J(t 7.2 Hz, 1H), 4.50 (t) = 7.2 Hz, 2H),

1.93 (m,J = 7.5 Hz, 2H), 1.42 (m, 6H), 0.87 &= 6.9 Hz, 3H).

5-(9-hexyl-9H-carbazole-3-yl)thiophene-2-[5-carbb®yB,3-trimethyl-1-octyl-3H-indoline],

iodide (CST): 5-(9-hexyl-9H-carbazole-3-yl)thiophene-2-carbalddd§ (0.3 g, 0.83 mmol) was
dissolved in DCE (30 mL) and mixed with 5-carbofy8,3-trimethyl-1-octyl-3H-indoline,
iodide (1:1)2 (0.55 g, 1.24 mmol) dissolved in MeOH (70 mL) inhaee-necked round-bottom
flask. The mixture was refluxed at 70 °C for 12rder nitrogen atmosphere. After this time, the
mixture was cooled to room temperature. The sulesggwork-up and purification steps were
identical to those described for the preparatio@$f. The final producCST was obtained as a
dark blue solid (0.3 g, 45.93%H NMR (DMSO-d;, 300 MHz)$ 8.85-8.73 (t, 2H), 8.40 (s, 1H),
8.32 (d,J = 3.9 Hz, 1H), 8.27 (d] = 7.5 Hz, 1H), 8.17 (d] = 8.4 Hz, 1H), 7.98-7.93 (m, 3H),

7.78 (d,J = 8.7 Hz, 1H), 7.69 (d] = 8.4 Hz, 1H), 7.56 () = 7.2 Hz, 1H), 7.32—7.20 (m, 2H),



4.64 (t,J = 7.2 Hz, 2H), 4.48 (] = 7.2 Hz, 2H), 1.85 (m, 10H), 1.44-1.21 (m, 178183 (t,J =

6.9 Hz, 6H).

3,6-Dibromo-9-hexylcarbazol®): NBS (8.5 g, 47.76 mmol) was dissolved in a migtaf DCE
(80 mL) and THF (20 mL) and added to a solutioreSyicarbazole3 (3 g, 11.94 mmol) in DCE
(50 mL). The mixture was stirred under nitrogenjlevkhe temperature was allowed to increase
from O °C to ambient temperature over 6 h. Aftes thme, the mixture was extracted with DCM,
and the organic layer was dried over Ga&id filtered. The residue obtained after the sdlve
was removed under reduced pressure was purified) gdica gel column chromatography with
50% DCM:hexane mixture as the eluent to givas a white solid (4.2 g, 86.4%H NMR
(CDCls, 300 MHz)$ 8.14 (s, 2H), 7.56 (d} = 7.2 Hz, 2H), 7.28 (d] = 7.2 Hz, 2H), 4.26 (] =

7.2 Hz, 2H), 1.87 (m] = 7.5 Hz, 2H), 1.52 (m, 6H), 1.26 {t= 7.5 Hz, 3H).

9-Hexylcarbazole-3,6-di-(2-thieny{10): 3,6-dibromo-9-hexylcarbazo®(2.5 g, 6.14 mmol), 2-
(tri-n-butylstannyl)thiophene (7.35 g, 19.66 mmol), adtlCRPPh), (0.43 g, 0.61 mmol) were
mixed in pyridine and refluxed at 90 °C under rgn. After 30 h, the mixture was cooled to
room temperature and extracted with DCM. The omgdayer was dried over CaCand the
solvent was removed under reduced pressure. Tiae amesidue was purified by silica gel
column chromatography with 80% hexane:DCM as therglto givelO as a yellow solid (1.07
g, 41.95%)H NMR (CDCk, 300 MHz)5 8.34 (s, 2H), 7.27 (d, 2H), 7.75 @= 7.2 Hz, 2H),
7.40 (m, 4H), 7.13 (t] = 4.8 Hz, 2H), 4.32 (] = 7.2 Hz, 2H), 1.93 (m] = 7.2 Hz, 2H), 1.39 (m,

2H), 0.89 (t,J = 6.9 Hz, 3H).

5,5-(9-Hexyl-9H-carbazole-3,6-diyl)thiophene-2-batdehyde (11): 9-hexylcarbazole-3,6-di-
(2-thienyl) 10 (0.5 g, 1.2 mmol) was dissolved in DCE and stircgdler nitrogen while the

temperature was allowed to increase from 0 °C tbiamt temperature. DMF (0.95 g, 13 mmol)



and PO (3.2 9 g, 21.45 mmol) were dissolved in D&tfl added slowly to the solution. After

1 h of stirring, the mixture was heated to 70 °d afluxed for 8 h before being quenched by
cooling to room temperature and slow addition ofageous solution of NaOH (2 M). The
mixture was extracted with DCM, the organic layeaswdried over anhydrous CaCand the
solution filtered. The residue obtained after thlvant was removed under reduced pressure was
purified using silica gel column chromatography hwit0% hexane:DCM as the eluent. The
target producill was obtained as a yellow solid (0.46 g, 818) NMR (CDCk, 300 MHz)3

9.90 (s, 2H), 8.44 (s, 2H), 7.84 (m, 4H), 7.491H), 4.36 (tJ = 7.2 Hz, 2H), 1.92 (p] = 6.9 Hz,

2H), 1.40 (m, 6H), 0.89 (4 = 6.9 Hz, 3H).

5,5-(9-Hexyl-9H-carbazole-3,6-diyl)thiophene-2-¢arboxyl-2,3,3-trimethyl-1-octyl-3H-
indoline], iodide (CDT): 5,5-(9-hexyl-9H-carbazole-3,6-diyl)thiophene-24galdehydel 1 (0.3

g, 0.64 mmol) was dissolved in DCE (30 mL) in aet#inecked round-bottom flask. To this
solution, 5-carboxyl-2,3,3-trimethyl-1-octyl-3H-intine, iodide (1:1)2 (0.85 g, 1.9 mmol)
dissolved in MeOH (50 mL) was added and the mixtas refluxed under nitrogen for 12 h at
70 °C. After this time, the mixture was cooled t@m temperature. The subsequent purification
steps were identical to those described for thehegms ofCDI. The final productCDT was
obtained as a dark blue solid (0.53 g, 62.9994)NMR (DMSO-d;, 300 MHz)$ 8.88 (t, 4H),
8.41 (s, 2H), 8.35 (d] = 3.9 Hz, 2H), 8.18 (d] = 8.1 Hz, 2H), 8.02 (t, 6H), 7.81 (d= 8.7 Hz,
2H), 7.28 (dJ = 15.3 Hz, 2H), 4.63 (b, 4H), 4,52 (b, 4H), 1.86 {8H), 1.40 (m, 26H), 0.84 (t,

J=6.3 Hz, 9H).



2.3 Details of computational analysis

All calculations reported in this work were carriedt using the Gaussian 09 suite of programs
[46]. Ground state geometries of the four dyes wetly optimized without imposing any
symmetry constraints by employing the B3LYP funetib [47-49], which represents a
combination of Becke’s three-parameter hybrid treatt with the Lee—Yang—Parr correlation.
To model the dyes, we replaced all of the long harg octyl chains with simple methyl groups
for computational simplicity and speed. As the &lglyains have hardly any influence on the
electrochemical and spectral properties of the dyesopted for small methyl groups. The effect
of the solvent (acetonitrile) was taken into acdausing the integral equation formalism for the
polarizable continuum model (PCM) [50-51] withiretkelf-consistent reaction field theory. For
all atoms, we used the standard 6-31G(d) polardmable quality basis set. Based on the
optimized ground state geometries, we performed FDBimulations to obtain the excitation
energies of the dyes in the UV-vis absorption negithe optical properties of the dyes were also

calculated using a long-range corrected functisnah as CAM-B3LYP.



2.4 Assembly and characterization of DSSCs

The NiO paste was prepared by mixing a slurry o© Nianopowder (6 g) in ethanol with

ethanolic ethyl cellulose solution (20 mL, 10 wt%)d terpinol (40 mL), and subsequently
removing ethanol under reduced pressure. The cetinduglass substrates (composed of
fluorine-doped tin oxide, FTO) were cleaned sudeedswith soapy water, ethanol, and acetone
using an ultrasonic bath for 20 minutes. The mesm NiO layer was deposited using the
doctor-blade technique on top of the bare FTO amdpact NiO-blocking layer coated on top of
the FTO. The films were dried at 70 °C for 45 mewiand sintered at 450 °C for 30 minutes.
Subsequently, the resultant films with an activié @ea of 0.24 cfiwere immersed in 0.3 mM

solution of sensitizers in dry acetonitrile for A8urs at 25 °C for dye absorption.

The counter electrodes were produced using a sohgle of HPtCk in isopropanol solution.
This prepared mixer was applied to a clean FTOsglagich was subsequently thermally
decomposed by annealing at 450 °C for 30 minutége. domplete device was assembled by
placing a platinum-coated FTO substrate and a 8ii€dworking electrode face-to-face using a
60 um thick Surlyn (Dupont 1702). A solution of 1.4 Miland 0.1 M iodine in acetonitrile was

used as the electrolyte, which was injected thraughe-drilled hole on the counter electrode.

3. Results and discussion
3.1 Synthesis

Generally, the multi-branching concept in organie-densitizers is expected to facilitate
increased semiconductor surface, thus leadinglteti@r photovoltaic performance. This effect

has been observed for many organic dyes. In therityapf p-type dyes, the extension of



conjugation can result in improved photovoltaicfpenance. In this work, the red-absorbing
cationic indolium was selected as an acceptor owonthe recent reports that showed that the
use of this compound can enable dyes to absorb veegelength visible light, leading to
improved performance of p-type DSSCs [36—39]. Whtkse points in mind, we have designed
and synthesized in the present work four novel a&asle-based single and double branched dye
molecules with and without thiophene spacers. Fn¢hetic routes to these four dyes are shown
in Scheme 1, and are based on the procedure pedllsh Parlet al[37] The 5-carboxy-2,3,3-
trimethyl-1-octyl-3H-indolium iodide acceptor2)( was synthesized following the procedure
published by Parlkt al[37] Intermediate8 was prepared from a simple carbazdgbkealkylation
reaction with 1-bromohexane. In order to prepaecthiiophene-conjugated dyes, intermedgate
was subjected to mono and di-bromination, followegdStille coupling to obtain intermediatés
andl0, respectively. In the next step, intermedi&es, or 10 were subjected to single or double
Vilsmeier-Haack formylation to obtain intermediateand5 or 8 and 11, respectively. In the
final step, the target dye molecules, CSI, CDI, C&1d CDT, were obtained in reasonably good
yields by Knoevenagel condensation reactions adrgtdest, 5, 8, and11 with 5-carboxy-2,3,3-

trimethyl-1-octyl-3H-indolium iodid&, respectively.

3.2 Optical properties

UV-vis absorption spectra of the synthesized dyesisizers in acetonitrile are shown in Fig. 2a,
and the corresponding data are listed in Tablewlo Tajor absorption bands were observed,
namely a relatively weak band in the near-UV redid#0-365 nm) corresponding to ther*

electron transition, and a strong absorption in \tisgble region (440-600 nm) that could be

assigned to an intramolecular charge transfer (l&fveen the donor unit and the acceptor end



group. For the above four dyes, the double anchaties CDI (541 nm and 63,101 Mm ™)

and CDT (601 nm and 77,577 Mm™) exhibited considerably more red-shifted and imprb
molar extinction coefficientsg] than the congener of mono anchoring dyes CSI ¢G@0and
50,171 M*cm™®) and CST (578 nm and 54,811 \Mm™), respectively. In addition, irrespective
of the anchoring number, the introduction of a piiene spacer in CST and CDT resulted in a
higher and broader absorption pattern. Overall,dtxgble anchoring dyes CDI and CDT dyes
displayed higher values ef while the mono anchoring dyes CSI and CST dyesvel lower
values. The absorption peak wavelengths and thet evesselengths could be ordered from long
to short as CDT > CST > CDI > CSI. Fig. 2b shows #éibsorption spectra of the four dyes on
NiO films, where the NiO films were soaked in thg=dsolutions for 24 h. The relevant values
are summarized in Table 1. The absorption maxinaksér CSI, CDI, CST, and CDT on NiO
films were at 545, 560, 580, and 632 nm, respdgtividne absorption spectra of these dyes were
broadened and red-shifted by 25, 19, 2, and 31respectively, when compared to their spectra
in solution (Fig. 2a). These changes are indicativ&rong interactions formed between the dyes

and the semiconductor. Especially, CDT providea@cpromatic absorption wavelength.
3.3 Electrochemical properties

The ground-state oxidation and reduction potentélhe four prepared dyes were measured by
CV in dry acetonitrile containing 0.1 M TBA(BFat a 30 mV/s scan rate (Fig. 3). In each case,
the highest occupied molecular orbital (HOMO) aimg . UMO of the synthesized dye-
sensitizers should provide adequately large driforge when compared to the NiO valence
band and redox couple for successful charge transf@ccur. Table 1 shows the oxidation

potentials (estimated HOMO levels) of the four $texess, which were found to be similar to



each other (0.86—0.89 M. NHE. These values are higher than the valence patehtial of

NiO (0.54 V) [38].

These higher values of HOMO levels could easilydléa the injection of electrons from the
valence band of the NiO semiconductor into the ifeass, or in other words, the hole could be
distributed from the sensitizer to the NiO valebe®d (Fig. 4). The increase in conjugation as a
result of the insertion of a hetero-aromatic thiemd unit or changing from single branched to
double branched resulted in red-shifted absorppattern and subsequently, a decrease in the
energy bandgap ok [13,38]. The values of LUMO levels, which were axtied from the
difference between g and k.o, were found to be in the range from —-0.91 to —N37s. NHE.

These values are more negative than the redox dtehE (/ I,7) (-0.19 Vvs.NHE). It is

well known that the number of anchoring/electroregting group has an influence on the
LUMO level of dyes, and strong electron-acceptibdity generally corresponds to lower lying
LUMO. This will result in a lower thermodynamic ding force for dye regeneration. However,
a strong electron-accepting group should increasepush-pull nature of the dye and improve
the efficiency of charge separation within the noale. The driving forces for hole injection (Eq.

1) and dye regeneration (Eq. 2) can be calculatedrding to the following equations [52]:

A Ginj = e[Bs(NIO) — (Eo-o(S*) + Eed(S/S))] (1)

A Greg= e[E(MIM) — Ered S/S)] ©)

These higher values of HOMO levels could easilydléa the injection of electrons from the

valence band of the NiO semiconductor into the iSeass, or in other words, the hole could be



distributed from the sensitizer to the NiO valebesd (Fig. 4). The increase in conjugation as a
result of the insertion of a hetero-aromatic thiepd unit or changing from single branched to
double branched resulted in red-shifted absorppattern and subsequently, a decrease in the
energy bandgap ok [13,38]. The values of LUMO levels, which were rexted from the
difference between g and k.o, were found to be in the range from —-0.91 to —N37s. NHE.

These values are more negative than the redox dtehE (/ I,7) (-0.19 Vvs.NHE). It is

well known that the number of anchoring/electroregting group has an influence on the
LUMO level of dyes, and strong electron-acceptibdity generally corresponds to lower lying
LUMO. This will result in a lower thermodynamic dimg force for dye regeneration. However,
a strong electron-accepting group should increasepush-pull nature of the dye and improve
the efficiency of charge separation within the noale. The driving forces for hole injection (Eq.

1) and dye regeneration (Eq. 2) can be calculatedrding to the following equations [52]:

3.4 Theoretical calculations

DFT and TDDFT studies were performed on the fowrsdip obtain a deeper understanding of
their structural, electronic, electrochemical, apdical properties. The experimental optical and
electrochemical properties of the dyes were comatied by these theoretical results. While dyes
CSI and CDI are planar in nature, the introductérhe thiophene ring in CST and CDT dyes
disturbs this planarity. Fig. 5 shows the optimigedund state geometries of the four sensitizers,
and Fig. 6 displays the electron density distritmsi in the frontier molecular orbitals of the
modeled sensitizers. In the HOMO of all sensitizéhe electron density was predominantly
localized over the carbazole moiety and partly daliaed over the rest of the molecule, with the

exception of the anchoring group. By contrast,dleetron densities of the LUMOs were shifted



away from the carbazole moiety and spread ont@tiohoring groups instead. Similar electron
density distribution patterns have been observeevipusly for reported p-type organic

sensitizers [53].

For effective hole injection in a p-type DSSC, HOMO of the dye should be located well
below the valence band edge of the semicondueth®8 eV for NiO). The calculated HOMOs
of the four dyes were below the valence band edd¢i®@, which should ensure efficient hole
injection in each case. Another requirement foygetDSSC is that the LUMO of the dye should
be well above the redox potential of the redox t®up4.80 eV for T/13") for efficient dye
regeneration process. It can be seen from Tablea® the calculated LUMO levels of all
sensitizers were above the redox potential 451 which facilitates effective dye regeneration.
All simulated HOMO, LUMO eigenvalues, and HOMO-LUMénhergy gaps are provided in
Table 2, and are found to be in good agreement thidke obtained experimentally using cyclic
voltammetry. The HOMO-LUMO energy gaps decreasedang from CSI, to CDI, CST, and

CDT, producing a bathochromic shift in the UV-vissarption spectra of these dyes.

Simulated UV-vis absorption spectra.The UV-vis absorption spectra of the four sensitize
were simulated at the TD-B3LYP/6-31G(d) level oedhy in acetonitrile. In these TDDFT
simulations, 25 of the lowest singlet—singlet traoss were evaluated to obtain the optical
properties of the four dyes. The simulated absonpspectra of the dyes are depicted in Fig. 7,
and the calculated excitation wavelengths, osoillatrengths, and coefficients of configuration
interaction are summarized in Table 3. The TDDRmutations reproduced the main bands that
were observed in the experimental UV-vis spectréheffour dyes. The spectrum of each dye
exhibited two main bands, one below 500 nm and sheond above 500 nm, with a tail

extending to 800 nm. The calculated results redethlat the most intense transitions in the low-



energy region were found at 499, 541, 615, and ®&0 for CSI, CDI, CST, and CDT,
respectively. The theoretical results obtaineddiges CSI and CDI were in excellent agreement
with the experimental absorption data. For dyes G#®i@ CDT, however, the simulated
absorption maxima varied somewhat from the experiai@lata, a fact that may be attributed to

the inherent limitations of the TDDFT methodologyréproduce extendedsystems [54].

The calculated absorption maxima of the dyes fdadldwthe same trend as observed
experimentally. A considerable bathochromic shiftthe absorption spectra was observed on
going from CSI to CDT, which arises as a resulieéreased HOMO-LUMO energy gaps as the
extent ofr-conjugation increased. We also calculated thergliso spectra of the dyes using the
range-separated functional CAM-B3LYP, but the ressabtained using this method were not in
a good agreement with the experimental data. Thieabgproperties of the dyes obtained using
the CAM-B3LYP method are nonetheless provided irbl&aS1. The introduction of the
thiophene ring produced a bathochromic shift omgdiom CSI to CST and from CDI to CDT.
Because of the improvements in optical propertleseored as a result of the introduction of the
thiophene ring, the overall performances of DSS@&pared using CST and CDT dyes also
improved. The most intense low-energy excitatiofsalb the dyes examined in this work

occurred from H> L transition.
3.5 Photovoltaic properties

The four sensitizers, CSI, CDI, CST and CDT, wereorporated into DSSCs with anl
redox couple, and Fig. 8 shows the incident phadecdrrent conversion efficiencies (IPCEs) of
the corresponding DSSCs. The differences in phdiaeqerformances of these DSSCs, as well
as their power conversion efficiencies (PCESs), tsbiocuit photocurrent densitieds), open-

circuit photo-voltages (¥c), and fill factors (FFs) were investigated unddf $unlight and the



results summarized in Table 4, and the J-V cungdajed in Fig. 9. Usually, an increase in the
n-conjugation of the dyes broadens and shifts tleetsgl response towards the red region, which
is crucial for enhanced light harvesting. As shawrkig. 8, the devices lacking the thiophene
spacer, CSI and CDI, showed higher values of IPCEO&6 and 14%, respectively, than CST

and CDT. In the case of CST and CDT, the introdunctf the thiophene spacer improved the
width of their corresponding IPCE up to 800 nm. Heer, this introduction did not lead to an

improvement in the magnitude of the IPCE valuesdpcing lower photo-current responses

relative to those obtained with devices lackingttiephene spacers (CSI and CDI).

As shown in Fig. 9, switching from single to doublanched dyes produced an increase in both
Jsc and \bc values of the corresponding devices. In contiagtpducing the thiophene spacer
between the donor and acceptor groups led to aipemtdecrease irsd These outcomes are in
good agreement with the calculated dye regeneratdues discussed above. It is well known
that the decrease in the LUMO energy of structyraimilar dyes could decrease the Greg
values to restore the ground state of the dye ratdec This could, in turn, result in severe
reduction in IPCE values. In our results, the dtmadly similar single branched dyes CSI and
CST exhibited a shifted bathochromically max. Intigalar, the IPCE dropped from 10% for the
single branched dye absorbing at a max. of 487mn8&% for the single branched dye absorbing
up to 770 nm (max. at 532 nm). A similar trend waserved for the double branched dyes.
However, despite the decrease in the Greg valugbeofdouble branched dyes, overall, the
current density and photo-voltage values were hmigbenpared to those of single branched dyes
owing to the fact that the double branched di-anolgodyes could better insulate and attain

higher adsorption on the NiO surface.



The power conversion efficiencies from highestawdst were CDI > CDT > CSI > CST. It is
clear that the DSSC devices with double brancheahdhoring dyes showed both highgg dnd
Voc values, and in turn also PCEs compared to thdyshrgnched dyes. Usually, the current-
density values are positively correlated with tighttharvesting abilities of dye sensitizers.
Nevertheless, contrary to previous reports, althahg CDT exhibited the highest and broadest
absorption spectrum, the value gf df the p-DSSC based on CDT was lower than thataet
with CDI, and comparable with that of CSI. Thisukkscan be attributed to the lower dye
regeneration driving force of CDT. Additionally,islresult can be also explained by the fact that
the CDT-based DSSC exhibited lower IPCE than thmwepared with CSI and CDI, despite the
broader nature of its IPCE. However, the presemckethyl and dioctyl chains is highlighted in
terms of the changes ing¥ values. This may be caused by the double brancihgh could
act as a better insulator. Subsequently, the iseceaumber of alkyl chains as a result of the
double branching could facilitate better use ofibitng molecular aggregation on the
photocathode film, which decreases the possibiityhole recombination processes at the

photoelectrode/dye/electrolyte interface, and enbaphoto-voltage.

3.6 Electrochemical impedance spectroscopy

We further employed electrochemical impedance amlyEIS) to investigate the working
principles of the prepared p-DSSCs. This analysashelpful tool for the interpretation of charge
transport processes in electrochemical devices aaamDSSCs and p-DSSCs [37,45]. Fig. 10
shows the results obtained for DSSCs comprised TdD/RiO/dye electrodes. The major
semicircles (Rt) observed in the Nyquist plots (Fig. 10a) of ahsitizers were related to the

resistance at the NiO/Dye/electrolyte interface.obr case, Rand R represent the FTO



interface resistance and the resistance at thdaneebetween the counter electrode/electrolyte,
respectively. Owing to the fact that we employed same Pt-coated counter electrode and the
same electrolyte, thedr values of all devices did not show any significeatiation. Similarly,

the values of Rof all sensitizers, which correspond to the irgptamf the first semicircle in each
case, showed similar results. In the present wafagburg diffusion was not apparent and thus
taken to be insignificant, most likely as a resflthe fact that we employed a thin spacer (60

pm) and a low-viscosity solvent (acetonitrile). Triesults of fitting are listed in Table 5.

Overall, the analysis showed that therRalues changed in accordance with the applied
sensitizers, and thedr values for devices employing double branched d¢ds7/0Q for CDI

and 48.902 for CDT) were indeed smaller than those of sirmgknched dyes (66.743 for CSI
and 63.67Q for CST) owing to their increased charge trangfeility. Consequently, such
decrease in the values ot{Rcould result in improved photovoltaic performancEgy. 10b
shows the Bode phase plots of the correspondingceevThe frequency of the characteristic
peak in the Bode phase plot increased in the aofle€eDT < CDI < CSI < CST. A lower
characteristic frequency in the Bode phase platisgg a slower rate of charge recombination
and higher ¥¢. The reciprocal of the characteristic frequencselated to the hole lifetime and
therefore, the electron lifetime increased in thhdeo of CST< CSI < CDI < CDT. This
sequence of hole lifetimes obtained from the Bolasp plots showed increasing resistance to
recombination. The lowerd& values and longer electron lifetimes observeditarble branched
dyes (CDT/CDI) compared to the single branched d¥&ST/CSI) indicates more effective
suppression of charge recombination. In turn, soigpression is reflected in the improved J

and \pc values, thus yielding a substantially enhancedgsamenversion efficiency.



By changing from single branched to double brandiess, we noticed an enhancement in the
values of \b¢ for double branched dyes (CDI and CDT) relativéhimse of the single branched
dyes (CSI and CST), which might arise as a reduteir better surface coverage of NiO films.
The obtained ¥c and electron lifetime values suggest that doubdndhing with increased
number of alkyl chains in CDI and CDT hampers tbatact between the electrolyte and the
charges generated in the devices. Therefore, taegehrecombination rate on the NiO film
decreases considerably, which in turn increaseselbetron lifetime on the NiO film, thus

corroborating the higher3é¢ values for CDI and CDT compared to CSI and CST.

4. Conclusions

In summary, we have synthesized four novel carleabzaked single and double branched
cationic p-type dyes (CSI, CDI, CST, and CDT) ahdl®d how branching and the presence of
a thiophene spacer affect the photophysical andretshemical properties in DSSC devices
employing these dyes. These red-absorbing catipfiipe dyes compare favorably with the
state-of-the-art dyes in terms of performance, Wwhiadicates that they could be utilized to
enhance the photovoltaic performance of tandencdsvn the future. We observed that both the
introduction of a thiophene spacer, as well asching from single to double branched dyes,
caused the absorption maximum to shift to the egibn of the visible spectrum. Consequently,
the current density values increased from 2.15/20@gcn? (CSI/CST) to 2.92/2.15 mA/cm
(CDI/CDT). The EIS analysis showed that this défece stems to an extent from the differences
in the interfacial charge transfer resistance \alok these dyes, which were determined as
66.75/63.67Q2 and 44.70/48.9@ for single (CSI/CST) and double (CDI/CDT) brancloebs,

respectively. We also found that branching or idtition of the thiophene spacer (in



structurally similar dyes) lowered the LUMO levelad diminished the driving forces for dye
regeneration. In addition, the photo-voltage valueseased from 0.117/0.109 V (CSI/CST) to
0.119/0.135 V (CDI/CDT). Overall, increased bramchied to increasedsd and \bc values,

and ultimately produced increased power conversificiencies. This outcome can be most
likely attributed to the effectiveness of interf@lccharge transfer processes and the increased
electron lifetime values of double anchored dye$e Telectronic structures and both
electrochemical and optical properties of the sgsited dyes were systematically studied
through DFT/TDDFT simulations and the obtained isscorroborated the experimental data.
This study showed that the LUMO energy level of thee sensitizer plays a key role in

determining the photovoltaic performance of a p-DSS
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Scheme caption:

Scheme 1 Conditions and reagents employed in the synthes€sSI, CDI, CST, and CDT dye

sensitizers
Figure Caption:

Figure 1. Schematic representation of the construction ardadipnal principles of a typical p-
NiO-based dye-sensitized solar cell (DSSC). Theeg#ion of photocurrents is represented by

red arrows, whereas the recombination processeg@resented by blue arrows.

Figure 2: The absorption spectra of (a) sensitizers in aetie solution and (b) NiO films cast

from acetonitrile solutions of CSI, CDI, CST, anBT
Figure 3: Cyclic voltammograms of CSI, CDI, CST, and CDTaretonitrile.
Figure 4:. Energy level diagrams of CSI, CDI, CST, and CDT.

Figure 5: Optimized ground state molecular geometries of C8Il, CST, and CDT obtained at

the B3LYP/6-31G(d) level of theory. Hydrogen atomexre omitted for clarity.

Figure 6: Isodensity plots of frontier molecular orbitals @fes CSI, CDI, CST, and CDT.

Isosurface = 0.02 &2,

Figure 7: Simulated UV-vis absorption spectra of CSI, CDETC and CDT obtained at the TD-
B3LYP/6-31G(d) level of theory. The spectra haveerbebroadened using the Gaussian

convolution with full-width half maximum (fwhm) =®0 cm™.
Figure 8: IPCE spectra of p-type DSSCs prepared with CSl, CBT, and CDT as sensitizers.

Figure 9: J-V characteristic spectra of p-type DSSCs preparth CSI, CDI, CST, and CDT as

sensitizers, with C343 as a reference.



Figure 10: Electrochemical impedance analysis of DSSCs peepaith CSI, CDI, CST, and

CDT as sensitizers.
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Scheme 1:Conditions and reagents employed in the synthes€Sh CDI, CST, and CDT dye
sensitizers: (i) CBCOONa, CHCOOH, 120 °C, 12 h; (ii) 1-iodooctane, AcCN, 80 72, h; (iii)
1-bromohexane, NaH, DMF, 80 °C, 6 h; (iv) DMF, PQQ®O °C, 7 h; (v) MeOH, 70 °C, 7 h;

(vi) NBS, DCE, THF, 0 °C; (vii) 2-(trh-butylstannyl)thiophene, Pd§{{PPh),, 90 °C, 18 h.
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Figure 1. Schematic representation of the constructionggetational principles of a typical p-
NiO-based dye-sensitized solar cell (DSSC). Theeg#ion of photocurrents is represented by

red arrows, whereas the recombination processegpmesented by blue arrows.
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Table Caption:
Table 1: Optical and electrochemical data of sensitizesetian CSI, CDI, CST, and CDT.

Table 2: Calculated Kohn-Sham eigenvalues of the frontieteswdar orbitals and HLG values

of CSlI, CDI, CST, and CDT.

Table 3: Calculated excitation wavelengthk.4), oscillator strengths (f), and coefficients of
configuration interaction (CI) with dominant comution to each transition for CSl, CDI, CST,

and CDT.

Table 4: Photovoltaic performance of p-type DSSCs prepaigid CSI, CDI, CST, and CDT, as

sensitizers, with C343 as the reference (activa: @24 crf)

Table 5: Impedance analyses of DSSCs prepared with CSI, CBT, and CDT as sensitizers.



Table 1: Optical and electrochemical data of sensitizesetian CSI, CDI, CST, and CDT.

Dye ¢x 10 Amax (NM) Eoo(-V)¢ Eol EoxEo.c" AGij  AGied
M*ecm?) “Sol? FimP_ (abs) (Vvs. NHE) (Vvs.NHE) (-eV) (-eV)
CSI 5.01 520 545  2.25 0.88 -1.37 -0.34  -1.18
CDI 6.31 541 560  2.07 0.89 -1.18 -0.35  -0.99
CST 5.48 578 580  1.84 0.87 -0.97 -0.33  -0.78
CDT 7.75 601 632 177 0.86 -0.91 032 -0.72

®*The absorption maxima of the dyes measured in aitete. "Absorption maxima of the dyes

adsorbed onto the NiO film&The zere-zero transition energy (E0-0(S*)) was estimateanfr

the onset absorption spectfhe ground-state oxidation potential (Eox) of thgesl were

measured in dry acetonitriléEox—E0-0 = ELUMO. 'Calculated according to the equation:

AGinj = e[EVB(NIO) — (E0-0(S*) + Ered (S/S-))], EVRIO) = 0.54 V vs NHE SCalculated

according to the equatioAGreg = e[E(M/M-) — Ered(S/S-)], E(13—-/I2--) = =0.10vs NHE.



Table 2. Calculated Kohn-Sham eigenvalues of the frontielemdar orbitals and HLG values

of CSlI, CDI, CST, and CDT.

Dye HOMO (eV) LUMO (eV) AHOMO-LUMO (eV)

Csl  -5.88 -3.16 2.72
CDlI  -6.13 -3.46 2.67
CST -5.54 -3.34 2.20

CDT -5.66 -3.46 2.20




Table 3. Calculated excitation wavelengthk.), oscillator strengths (f), and coefficients of

configuration interaction (Cl) with dominant coibution to each transition for CSl, CDI, CST,

and CDT.
- heal cl Dominant
Dye  Transition f . Contribution
(nm) Coefficient (%)
S2>S 499  1.3393 0.6956 B L (97)
S 456  0.1754 0.6925 H-2 L (96)
CSI  S2Ss 371  0.2469 0.6919 H-2 L (96)
S2>S 329 0.0614 0.6599 H-2 L (87)
S2S 313 0.0443 0.5856 H-% L (69)
S2S 541 1.7388 0.7027 B L (99)
S2S 468  0.0046 0.5008 H-® L (50)
CDI S92Ss 433  0.7275 0.5006 B L+1 (50)
S>S 427  0.4393 0.6932 H-® L+1 (96)
S2S 385 0.2163 0.6743 H-2 L (91)
S2>S 615 1.5690 0.7046 H L (99)
S2>S 505 0.2183 0.6942 H-2 L (96)
CST S2Ss 433 0.3015 0.6885 H-2 L (95)
S>> 362  0.0070 0.6608 H-2 L (87)
S2S 342 0.0372 0.6766 H-4 L (92)
S2>S 660 1.0635 0.7031 B L (99)
S 503  0.3422 0.6688 B L+1 (89)
CDT S2Ss 525  0.4414 0.6968 H- L+1 (97)
S22 377 1.6695 0.6664 H-$ L (89)

S2S 430 0.1414 0.6933 H-2 L (96)




Table 4. Photovoltaic performance of p-type DSSCs prepaigid CSI, CDI, CST, and CDT, as

sensitizers, with C343 as the reference (activa: @4 crf)

Dye Jc(mA/cm?) Voc (V) FF (%) 1 (%)

C343 1.80 0.101 34.29 0.062
Csl 2.15 0.117 34.1 0.086
CDI 2.92 0.119 32.29 0.112
CST 2.09 0.109 32.11 0.073

CDT 2.15 0.135 32.67 0.095




Table 5. Impedance analyses of DSSCs prepared with CSl, CBT, and CDT as sensitizers.

Dye Rs?(€2) Rce "(Q) Rer %(Q)
CSl 7.277 12.39 66.75
CDI 6.83 10.00 44.70
CST 7.05 10.13 63.67
CDT 7.32 9.79 48.90

2Rg is FTO interface resistanceRce is due to the resistance at the interface betweenounter

electrode and the electrolyteRcr is the interfacial charge transfer resistance feg t

NiO/dye/electrolyte interface.



YV VWV VY V

Highlights

Red absorbing indolium-based single and di-branched (DB) dyes were synthesized
The result shows that DB dyes exhibited higher efficiency than single branched dyes
EIS calculations indicate that DB dyes exhibit good charge transfer properties

Also showed increased hole-lifetime than single branched dyes



