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Abstract: A new T-grafting photosensitizer of Dye-Sensitized Solar Cell (DSSC) has
been developed by aligning Donor-Acceptor (D-A) group in an axially chiral BODIPY.
Synthesis of the dye was conducted over a linear approach involving one-pot, non-
oxidative synthesis of 1,3,5,7-tetramethyl-8-(o-methoxyphenyl) BODIPY, bromination,
and finally C2/C6 ethyl acrylate Pd-Heck coupling to produce 65% of 2-ethylacrylic-
of 2,6-

characterized by the appearance of acrylic alkenes at 6.05, and 7.63 ppm for BOD-8,
and the additional 5.43, 7.80 ppm doublet peaks for BOD-9. The resulting dye showed
excellent photon harvesting-related photovoltaic properties and electronic injection
and regeneration processes where the acrylic esters were found to be the Donor and the
aryl was the Acceptor. Eventually, the dye produced a current at 0.5% efficiency, similar

to the horizontal D-A DSSC photosensitizer design.

Keywords: DSSC photosensitizer; T-grafted alignment; axially chiral BODIPY

= INTRODUCTION

BOron DiPyrromethanes (BODIPYs, (BOD-1), Fig.
1), 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene an IUPAC
name, are among the most versatile organic
photoluminescence compound commonly applied in
optoelectronic based organic semiconductors [1], chemical
and biochemical sensors [2], molecular probes, photo
dynamic therapy (PDT) [3] and Photo Thermal Therapy
(PTT), and photo Acoustic Imaging (PAI) [4]. These facts
are driven by their ease of accessible spectroscopic fine-
tuned properties through the structure derivatizations,
high photophysical properties, and high stabilities.

Recently, we developed axially chiral BODIPY (Ax*-
BODIPY, (BOD-2)) from rotational-locked meso-aryl
BODIPYs [5], those in which the perpendicular ortho-

substituted phenyl moiety at C8 of the dipyrromethene
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Fig 1. General structure and numbering of BODIPY
(BOD-1) and Ax*-BODIPY developed (BOD-2)

core could not intramolecularly rotate, generating high

quantum yield and longer lifetime rotor-based
fluorophores for intracellular pH and viscosity sensing
[6]. Meanwhile, the chemically distinguished acrylate
group attached to the dipyrromethene proved to be a -

extended-based red-shift [7] and HOMO-LUMO band
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gap (Eg) energy modifier due to its electron-withdrawing
characteristic (EWG), and an anchoring group functioned
essentially in Dye-Sensitized Solar Cell (DSSC) [8]. All
these features allow for further organic photovoltaic
(OPV) solar cell-related modifications of the molecules.

We, therefore, intend to employ further such
orientation of the meso-aryl-lateral acrylate in the Ax*-
BODIPY to design T-grafting DSSC photosensitizers (Fig.
2), a new Donor (D)-Acceptor (A) alignment on the
BODIPY scaffold in which the aryl (proposed to be the D)
at C8 and two acrylates (proposed to be the A) at C2 and
C6, resembling that of current Akkaya’s vertical (C8-D to
C3 or C5-A), horizontal (C2-D to C-6-A), cross-
conjugated BODIPY (C3, C5, and C7-D to C2-A) [9], and
the pioneering Fukuzumi’s D-A design [10], those which
have been proven to increase the incident photon-to-
current efficiency (IPCE) of the DSSC dyes.

m EXPERIMENTAL SECTION
Materials

All the chemicals used in this research were obtained
from Sigma Aldrich, TCI and Alfa Aesar in pure (99.9%)
grade compounds. The solvents used in the reactions were
dried, while the n-hexane (95% purity) used for column

chromatography was re-distilled. The purification was done
using silica gel column chromatography (flash, Kieselgel 60).

Fukuzumi D-A

BODIPY Vertical BODIPY

Cross-conjugated BODIPY
Fig 2. General type of D-A alignment on BODIPYs and the intent T-shape DSSC dye

Instrumentation

The 'H and “"C-NMR spectra were obtained using
300.13 MHz and 75.47 MHz, respectively, on a Bruker
Avance BVT3200 spectrometer, or 399.78 MHz and
100.53 MHz, respectively, using a Jeol JNM ECS400
spectrometer. The "F-NMR spectra were recorded at
376.17 MHz on a Jeol JNM ECS400 spectrometer. The
Infrared analysis was performed using a Varian 800
FTIR Scimitar Series spectrometer scanning from 4000-
600 cm™'. The mass spectrometry analysis was done
using a Micromass LCT Premier Mass Spectrometer in
Electron Spray (ES) mode.

The UV-Vis and fluorescence spectra were
recorded using a PerkinElmer Lamda 35 and DIGILAB
HITACHI F-2500 FL spectrophotometer, respectively.
The slit width was 2.5nm for both excitation and
emission. The DSSC solar cell performances were
measured using Keithey type 2400A sourcemeter in the
I-V parameter.

Procedure

Synthesis of 1,3,5,7-tetramethyl-8-(o-methoxyfenyl)
BODIPY (BOD-4)

To a 50 mL round bottom flask was added 2-
methoxybenzoylchloride (0.179g, 1mmol), DCM
(25mL) and 2,4-dimethylpyrrole (0.190g, 2 mmol)

Horizontal BODIPY

T-grafting BODIPY
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sequentially. The solution was stirred overnight at room
temperature under a nitrogen atmosphere. A 1 mL of N,
N-diisopropyl-N-ethylamine was slowly added to the
solution over 5 min, followed by 1 mL of BF;-Et,O at 0 °C.
The solution was further stirred for 3 h. The solution was
washed with 2 x 25 mL of water and dried using MgSO.,.
The solvent was removed under reduced pressure to yield
a dark brown solid residue. The crude product was then
purified through column chromatography (n-hexane:
ether = 15:1) to obtain an orange solid (BOD-4), 0.088 g
(25%). R¢: 0.33 (UV active, petrol 40/60:ether = 1:1), m.p.
= 242-243 °C, '"H-NMR (300 MHz, CDCL): 8y 1.45 (s,
6H, 2 Pyrrole CHs), 2.57 (s, 6H, 2 Pyrrole CH3), 3.79 (s,
3H, CHs), 5.98 (s, 2H, 2 Pyrrole H), 7.00 (dd, ] = 8.4, 0.9
Hz, 1H, ArH),7.09 (td,J=7.3,0.9 Hz, 1H, ArH), 7.15 (dd,
J=74,2.1Hz, 1H, ArH), 7.46 (ddd, ] = 8.3, 7.2, 2.1 Hz,
1H, ArH), "C-NMR, (100 MHz, CDCL): &¢c 13.8 (2
Pyrrole CHs), 14.6 (2 Pyrrole CHs), 55.6 (OCHs), 111.1 (2
Pyrrole CH), 120.8 (ArCH), 121.4 (ArCH), 1239 (2
Pyrrole C), 129.5 (ArCH), 130.6 (ArCH), 131.6 (ArC),
139.0 (2 Pyrrole C-CH3), 142.6 (2 Pyrrole C-CHs), 154.9
(Cieso)> 156.4 (ArC-OCH3), “F-NMR (376 MHz, CDCL):
J(®Fa-""B) = 33.7 Hz, J(¥Fs-""B) = 32.8 Hz, J(’FA-"Fg) =
110.7 Hz, IR(neat): vma/cm™ 2980.9, 1540.0, 1505.3,
1463.0, 1307.0, 1187.6, 1156.6, 971.2, HRMS: calcd. for
CxH2BF,N,O (M+H)": 355.1788, found 355.1792.

Synthesis of 2-bromo-(BOD-5) and 2,6-dibromo-1,3,5,7-
tetramethyl-8-(o-methoxyphenyl)BODIPY (BOD-6)
BOD-4 (0.285g, 0.8 mmol), DCM (300 mL) and
bromine (16.35 uL, 0.8 mmol) was added to a round
bottom flask sequentially. The solution was stirred for
48 h at room temperature under a nitrogen atmosphere.
The solution was washed with 2 x 25 mL of water and
dried using MgSO.. The remaining solvent was removed
under reduced pressure to obtain a solid brown residue.
The crude product was then purified through column
chromatography (n-hexane:ether = 15:1) to give red solid
(BOD-5), 0.190 g (55%) and (BOD-6). 0.190 g (46%).
BOD-5. R¢: 0.40 (UV active, petrol 40/60:ether = 7:3), m.p.
=204-206 °C, '"H-NMR (300 MHz, CDCl;): 8y 1.44 (s, 3H,
Pyrrole CH;), 1.45 (s, 3H, Pyrrole CH;), 2.58 (s, 3H,
Pyrrole CHs), 2.61 (s, 3H, Pyrrole CH3), 3.79 (s, 3H,
OCHs), 6.03 (s, 1H, Pyrrole CH), 7.02 (d, ] = 8.4 Hz, 1H,
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ArH), 7.06-7.14 (m, 2H, 2 ArH), 7.48 (ddd, J = 8.3, 6.3,
2.9 Hz, 1H, ArH), *C-NMR, (100 MHz, CDCl;): 6 12.8
(Pyrrole CH3), 13.5 (Pyrrole CHs), 13.9 (Pyrrole CHs),
14.7 (Pyrrole CH3), 55.6 (OCH3), 110.3 (Pyrrole C-Br),
111.2 (Pyrrole CH), 121.6 (ArCH), 121.7 (Pyrrole C-
CH3), 123.4 (Unbrominated pyrrole C-Cpeso), 129.3
(ArCH), 129.9 (Pyrrole C-CHs), 130.9 (ArCH), 132.2
(ArC), 138.1 (ArCH), 139.2 (Pyrrole C-CHs), 144.6
(Pyrrole C-CHs), 150.8 (Brominated pyrrole C-Cieso)s
156.2 (Cpeso)> 157.4 (ArC-OCH3), YF-NMR (376 MHz,
CDCL): J(¥Fa-"'B) = 32.5Hz, J(¥Fs-!'B) = 31.8 Hz,
J(¥Fa-¥Fz) = 107.2 Hz, IR(neat): vm./cm™ 2980.8,
1538.2, 1497.3, 1463.3, 1304.5, 1176.0, 1157.2, 975.8,
707.5, HRMS: calcd. for CyH:BBrF:N,O (M+H)*:
433.0893, found 433.0895.

BOD-6. R¢: 0.54 (UV active, petrol 40/60:ether = 7:3),
m.p. =231-233 °C, '"H-NMR (300 MHz, CDCl;): 64 1.44
(s, 6H, 2 Pyrrole CH3), 2.62 (s, 6H, 2 Pyrrole CH3), 3.79
(s, 3H, OCHs;), 7.03 (d, ] = 8.3 Hz, 1H, ArH), 7.10-7.14
(m, 2H, 2 ArH), 7.51 (ddd, ] = 8.3, 5.8, 3.4 Hz, 1H, ArH),
BC-NMR, (100 MHz, CDCl;): 6¢ 13.0 (2 Pyrrole CHs),
13.7 (2 Pyrrole CH3), 55.7 (OCHs), 100.0 (2 Pyrrole C-
Br), 111.3 (ArCH), 121.7 (ArCH), 123.3 (2 Pyrrole C-
CHs;), 129.2 (ArCH), 130.6 (2 Pyrrole C-CH;), 131.2
(ArCH), 139.7 (ArC), 140.2 (Pyrrole C-Cpes), 153.5
(Cineso)> 156.4 (ArC-OCH3), IR(neat): Vma/cm™ 2924.5,
1541.3, 1460.6, 1401.2, 1350.0, 1178.5, 991.8, 756.5,
HRMS: calcd. for CyH,0BBr,FaN,O (M+H)*: 512.9982,
found 512.9977.

Synthesis of 2-bromo-6-ethylacrylaic-(BOD-8) and
2,6-diethylacrylaic-1,3,5,7-tetramethyl-8-(o-methoxy
phenyl)BODIPY (BOD-9)

To a Schlenk tube was added (BOD-6) (175 mg g,
0.400 mmol), Pd(II) acetate (3 mg, 0.012 mmol),
triphenylphosphine (7 mg, 0.028 mmol) and 5 mL DMF.
The mixture was stirred for 10 min and followed by the
addition of ethyl acrylate (92 mg, 0.922 mmol) and
triethylamine (185 mg, 1.832 mmol) in DMF (7 mL).
The solution was then warmed for 24 h. A 50 mL DCM
was added to the solution and washed with 2 x 200 mL
water. The organic phase was dried using MgSO,, and
the remaining solvent was removed under reduced
pressure to yield a red solid residue. The crude product
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was then purified through column chromatography
(petrol 40/60:ether = 10:1) to give red solid (BOD-8),
0.137 g (64.6%) and (BOD-9), 0.077 (35%).

BOD-8. 'H-NMR (300 MHz, CDClL): &y 1.32 (t, J =
7.1 Hz, 3H, CHs), 1.44 (s, 3H, Pyrrole CHs), 1.54 (s, 3H,
Pyrrole CHs;), 2.64 (s, 3H, Pyrrole CH3), 2.72 (s, 3H,
Pyrrole CHs), 3.79 (s, 3H, OCHs), 4.24 (q, /] = 7.1 Hz, 2H,
CH,), 6.05 (d, ] = 16.2 Hz, 1H, CH), 6.06 (s, 1H, Pyrrole
H), 7.02(d, ] = 8.3 Hz, 1H, ArH), 7.08-7.21 (m, 2H, 2
ArH), 7.49 (ddd, ] = 8.3, 5.2, 4.0 Hz, 1H, ArH), 7.63 (d, J
=16.2 Hz, 1H, CH), *C-NMR, (100 MHz, CDCl;): 6c 11.9
(Br-substituted pyrrole CHs), 13.9 (Br-substituted pyrrole
CH3), 14.2 (Acrylic CH,CH3), 14.4 (Substituted pyrrole
CHs;), 14.9 (Substituted pyrrole CHs), 55.6 (OCH3), 60.2
(Acrylic CH,CH3), 99.3 (Br-substituted pyrrole C-Br),
111.2 (ArCH), 117.1 (=CHCO and Br-substituted C-
CH3), 121.6 (ArCH), 122.4 (Br-substituted pyrrole C-
Cheso)s 123.6 (Br-substituted pyrrole C-CHs), 129.4
(ArCH), 130.7 (Substituted pyrrole C-CH), 130.9 (ArC),
132.9 (Cineso)> 135.9 (ArCH and Substituted C-Cueso), 144.9
(=CH), 156.4 (2 Substituted pyrrole C-CHs), 1587.0
(ArC-OCHa,), 167.7 (Acrylic C=0).

BOD-9. 'H-NMR (300 MHz, CDCl3): 65 1.33 t,J = 7.1 Hz,
6H, 2 CHs), 1.45 (s, 3H, Pyrrole CH3), 1.54 (s, 3H, Pyrrole
CHs:), 2.64 (s, 3H, Pyrrole CHs), 2.72 (s, 3H, Pyrrole CHs),
3.79 (s, 3H, OCHz;), 4.25 (q, ] = 7.1 Hz, 4H, 2 CH)), 5.43
(d, ] = 16.3 Hz, 1H, CH), 6.06 (d, ] = 16.3 Hz, 1H, CH),
6.08 (s, 1H, ArH), 7.13-7.16 (m, 2H, 2 ArH), 7.52 (ddd, J
=8.3,5.6,3.7 Hz, 1H, ArH), 7.60 (d, ] = 16.2 Hz, 1H, CH),
7.80 (d, J = 16.2Hz, 1H, CH), *C-NMR, (100 MHz,
CDCL): 8¢ 11.4 (Pyrrole CHs), 11.9 (Pyrrole CH3), 14.5
(Pyrrole CHs), 14.9 (2 Acrylic CH,CHs), 17.2 (Pyrrole
CH;), 55.2 (OCHs), 60.3 (2 Acrylic CH,CH;), 111.3
(ArCH and pyrrole C-CH), 116.6 (=CHCO), 121.7
(ArCH and =CHCO), 122.4 (Pyrrole C-Cieo and ArCH),
123.9 (Pyrrole C-Cueso), 129.6 (ArCH and pyrrole CCH),
130.7 (Cueso)> 130.9 (ArC), 136.4 (ArCH), 143.0 (Pyrrole
C-CHj; and =CH), 144.9 (=CH and pyrrole C-CH3), 156.6
(ArCOCHs), 167.8 (2 Acrylic C=0).

Spectroscopic measurement
The absorption properties of the BODIPYs were
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measured by scanning a serial concentration of the
samples in organic solvent from 250-700 nm. A plot of
concentration vs. absorption was made to produce a
linear regression curve used to generate the extinction
coefficient (¢). Meanwhile, the fluorescence quantum
yield (¢) was determined over scanning of a series of the
dilute sample within the absorbance range 0.01 < A <
0.05 followed by calculation through ¢ equation:

2
E A n
sample standard sample
Psample = Pstan dard X x x
F; tan dard Asample D tan dard

where F stands for the area under the sample and
standard emission spectrum, A is for the sample and
standard absorbance, and n denotes the refractive index
of the solvent used to dilute the sample and the standard.
Here we used Rhodamine-B (¢ = 0.70 in MeOH, A =
512 nm) and the well-known BOD-4 photophysics data
(Aex = 485 nm) as the standard.

Computational calculation

All dyes were submitted to Gaussian 09 package to
calculate their band gap energy (Eg) and the HOMO-
LUMO model using the density functional theory
(B3LYP) method with the SDD basis set level [11].

DSSC fabrication

A TiO; slurry in ethanol was leveled using the
doctor Blade technique onto the 2.5 x 2.5 mm conductive
surface of FTO glass to make a 2.0 x 2.0 mm working
electrode. The electrode was sintered under 250 °C and
left to cool at room temperature. A dye solution was then
slowly dropped to the TiO, surface (ca. 13 pm) and was
left to dry overnight at room temperature. Meanwhile,
the carbon counter electrode was prepared by coating
the conductive site of another 2.0 x 2.0 mm FTO glass
with candle soot. The KI/1; electrolyte was dropped onto
the working electrode, and the counter electrode was
then covered to make a sandwich-like DSCC cell.

I-V measurement

The organic photovoltaic (OPV) performances
were measured using 2602A Keithley under adjusted
1000 Watt/m* of xenon lamp illumination and non-
illumination (Dark condition) of the fabricated cells, and
all were at room temperature.
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m  RESULTS AND DISCUSSION

Synthesis of 2,6-Dietylacrilaic-8-(0-methoxyphenyl)
BODIPY

To access the desired T-grafting BODIPYSs, we opted
to introduce the o-methoxyphenyl group as the Donor
unit [12] at C8 due to its effective electron-hole separation
upon photoexcitation of the dyes leading to electron
current injection to the TiO, conduction band [18] and its
biocompatibility [13], one of the required photosensitizer
properties due to the typical low light energy conversion
efficiency (n)-ascribed dyes aggregation on the TiO,
surface  [9].  Accordingly, we submitted o-
methoxybenzoylchloride to 2,4-dimethylpyrrole (3) in the

presence of Grignard reagent as a base catalyst following

(BOD-4, 25%)

l(iii)

modified Sunahara’s procedure [14] (Fig. 3). This one-
pot non-oxidative in-situ dipyrromethene production
was followed by adding Hiining’s amine and BFs-OEt; to
obtain an orange solid in 25% yield confirmed
spectroscopically as (BOD-4) based on Sunahara’s 'H
and "C-NMR [14] spectra agreement.

Furthermore, the intent high emission-driven
rotational lock meso-aryl substituent design was asserted
by the appearance of two double-quartet (dq) AMX
splitting patterns ascribed to the two quartets (q) 33.7
and 32.8 Hz of "'B-"’F and one double 110.8 Hz of “F-"F
coupling (Fig. 4).

The next step was to halogenate the BODIPY
(BOD-4). As the C2/C6 is the only available position, such
bromine (Br,) addition would then produce the desired

(BOD-9)

(i) 2-methoxybenzoylchlroide, PhMgBr, DCM, r.t., over night; (ii) N,N-diisopropyl-N-etylamine, BF30Et,, 0 °C, 3 h, r.t,;
(iii) Brp, DCM, r.t., 48 h; (iv) ethyl acrylate, Pd(OAc)2, PPh3, DMF, triethylamine, 24 h

Fig 3. Synthesis of (BOD-9)
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Fig 4. "F-NMR spectrum of (BOD-4)

halogenated BODIPY, a required precursor for the late-
stage Heck coupling reaction using ethyl acrylate (Fig. 3).
Thereby, submission of bromine into the solution of
(BOD-4) in DCM produced two separable red solids,
which spectroscopically proved to be mono (BOD-5) and
dibrominated (BOD-6) product in referring to its singlet,
one pyrrole proton peak at 6.03 ppm and no pyrrole peak
at ~6 ppm, respectively (see Supplementary Information,
SI). The method is even mole ratio control, where the
optimum dibromination was achieved at a 1:2 mole ratio
(Table 1 entry 4).

Finally,

conducting a facile, high-yield, and

straightforward palladium Heck coupling reaction of
(BOD-6) to the mixture of ethyl acrylate in DMF
produced two red solids, beneficially catalyst-based
reaction control (Table 2). The 'H-NMR spectrum
analysis for those two products showed one typical
alkenes doublet (d) ‘roofing’ AA’ pattern at 6.05 and
7.63 ppm (J = 16.2 Hz) corresponding to mono acrylated
(BOD-8) and another additional one at 5.43 and
7.60 ppm (J = 16.3 Hz) confirming the desired product
(BOD-9), along with the ester’s -CH3 at 1.33 ppm (t, ] =
7.1 Hz) and -CH,- group at 4.25 ppm (q, J = 7.1 Hz) at
both products (see SI).

Table 1. Mole ratio control of bromination reaction of (BOD-4)

Entry Ratio (BOD-4) to Br; Time (h) Yield (BOD-5):(BOD-6)(%)
1 1:1 24 40:20
2 1:1 48 55:46
3 1:1.1 48 44:45
4 1:2 24 20:80

Table 2. Optimization of Heck coupling of (BOD-6) with ethyl acrylate

Entry Pd** (mol%) PPh; (mol%) Time (h) Yield (BOD-8):(BOD-9)(%)
1 3 7 24 65:35
2 3.5 7 24 30:70
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Photophysical and Electrochemical Properties and
Photovoltaic Performance

Before employing the BODIPYs as the DSSC
photosensitizers, the incident
(IPCE)-related photophysics
electrochemical properties of those synthesized BODIPY's

photon-to-current
efficiency and
were evaluated to ensure that the designed dyes work
correctly. As shown in Fig. 5, all BODIPYs gave typical
BODIPYs” 0-1 vibronic signature spectrum [9], a so-
called ‘shoulder’ due to S¢—>S, electronic transition and
weaker S¢—=>S, (n = 2) bands at shorter wavelength [11]
which exhibited a Batochromic effect as their n-extended
C2/C6 modification [15], the desired effect in optimizing
the absorption of mainly Near Infra-Red (NIR) spectrum
of the sun by the dyes [10,19]. Meanwhile, the increase of
the relative area of those BOD-8 and BOD-9 S;—S§, bands
that of the wunsubstituted BOD-4
proportionally the mono- and the di- p-substituted,

to indicates
respectively [16]. All the fluorophores’ fluorescence
spectra were also a mirror image of that of the absorption.

As predicted, the BOD-4 gave typical high
absorptivity, narrow Stokes shift (Aem — Aaps = 10 nm), and
high ¢ (up to 90%), BODIPYs’ typical photophysics [11],
ascribed from the effective non-radiative relaxation

Normalised Absorbtion
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blocked at the aryl meso functional group (Table 1, entry
1). The red-shift absorption and emission found in both
the brominated BOD-5 (12 nm) and BOD-6 (27 nm)
(Table 3, entry 2 and 3) and the ethyl acrylate substituted
BOD-8 (40 nm) and BOD-9 (52 nm) corresponds to the
Inter-system Crossing (ISC) process over the heavy
atom effect, also proven by the drastic decrease of their
quantum yield, and the m-extended effect, respectively.
The rotational restriction of the orthogonal (o-
methoxyphenyl) at C8 compensates substantially [17] for
the Br heavy atom effect in BOD-8 as well as in the BOD-
9 (Table 3, entry 4 and 5) resulted in exceptionally high ¢.

As the photon harvesting-related photophysical
properties of the dyes have satisfactorily been confirmed,
we then conducted the electron injecting and
of the
designed dyes, those two primary parameters in
producing high ICPE. We then conducted DFT
(B3LYP/SDD) calculation using the Gaussian 09

package of the dyes. Instead of laying on the intended o-

regenerating-related electronic properties

methoxyphenyl donor group [16], we found that the
electrons are otherwise delocalized mostly in the
dipyrromethene ring (BOD-4 HOMO) and surprisingly in
the excited state (LUMO), this meso orthogonal aryl group

Normalised Emission

Intensity (a.u.)

A (nm)

Fig 5. Absorption (a) and Emission spectra (b) of the prepared BODIPYs

Table 3. Optical density and fluorescence properties of the synthesized BODIPYs

Entry Compound € (Lmol*!cm™) Aabs (nm) Aem (nm) 0]
1 BOD-4 110,900 505* 515* 0.889*
2 BOD-5 70,000 517 528 0.17°
3 BOD-6 52,500 532 544 0.05°
4 BOD-8 72000 545 559 0.060°¢
5 BOD-9 92500 557 571 0.502¢

2 reference [14] ®: BOD-4 was the standard in DCM (Aex = 485 nm) : Rhodamine-B was the standard in

MeOH (¢ = 0.70, Aex = 512 nm)
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'pulls’ the charge density through a mesomeric effect [11].
The effect commonly plays by acceptor groups (see SI).
Similarly, the ethyl acrylate group (BOD-8 and BOD-9),
expected to be the acceptor group over its m-extended
‘pull’ effect, is found to bear electron density in their
ground state (HOMO) substantially and otherwise
‘pushes’ the electron to the o-methoxyphenyl [11],
suitable to be a donor group (see SI). This reverse effect
could plausibly cause by the use of the ester of acrylate
instead of the acid one [18]. Thereby, our revised T-
designed DSSC photosensitizer is like in Fig. 6.

Hitherto our photosensitizers are still found to
comply with the electronic driving force requirement (Fig.
7). Those LUMO energies lie upper the TiO, conduction
band (-4.2 eV) whist the HOMO levels are below then the
electrolyte (Is/I") redox potential (-5.2 eV), indicating
efficient electron injection of the dyes upon photoexcitation
to the TiO, and efficient dyes regeneration over the
electrolyte-cationic dye redox process, respectively [9-10].
The ‘push-pull’-related ethyl acrylate C2/C6 introduction
effect has also been observed by the reduction of the dyes
band gap (Eg) (Table 4), one of the reccommended strategies
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in the high IPCE organic photovoltaic (OPV) design [20].

Finally, upon halogen lamp illumination to the
fabricated DSSC cells, our dyes produced current (Fig. 8).
Meanwhile, the T-grafted dye produced a 0.5% ratio of
electrical power to the incident sunlight conversion (n)
(Table 4 entry 4), similar to the horizontal D-A DSSC
photosensitizers alignment. This achievement is much
better than its corresponding D-A Fukuzumi-designed
dyes [10].

Through these results, we have also seen the heavy
atom-related quenching effect on the photosensitizing
ability (Entry 1 and 2) and the significant contribution
of the acrylate, as a donor, to resolve this effect found in
BOD-8 (Entry 3).

T-grafting BODIPY
Fig 6. The revised T-grafting photosensitizer

-2
3 @ ctrnnnnnnnnn @ eiinnnnnn.. Sivsiiiiionnns B esossnsisini ®
o 4 TiOz (-4.2 eV)
Y
> -5 3 (-5.2 eV)
=
5 6
=4
w .7
-8
-9 AL L TT P PissGisiiansunBinssasessihnia °
-10 BOD-4 BOD-5 BOD-6 BOD-8 BOD-9
----- HOMO -:-e-- LUMO
Fig 7. Energy level diagram of those synthesized BODIPY
Table 4. Photovoltaic properties of the prepared dyes
Eg Voc Jse H Dye amount
Ent D FF*
my O ey) mVyr (mAcm)P (%) (10~ mol cm?)
1 BOD-5 2.94 0.3333 0.000016 0.259 0.000354 0.1542
2 BOD-6 291 n.d. n.d. - - 0.6536
3 BOD-8 2.80 0.075707 0.000116 0.277 0.000121 0.1634
4 BOD-9 2.74 0.1817 0.13240 0.517 0.497 0.6845

* Open-circuit voltage, ®: Short-circuit current, ©: Fill factor, ¢ Power conversion efficiency, n.d.: not detected
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Fig 8. The I-V curve of the fabricated dye sensitizer

m CONCLUSION

A new potent DSSC photosensitizer has been
achieved by utilizing meso-substituted o-methoxyphenyl-
1,3,5,7-tetramethyl BODIPY. Incorporating ethyl acrylate
at C2/C6 of the BODIPY produced a T-grafting DSSC
photosensitizer which was photophysical and electronic
satisfactorily in conducting photovoltaic processes. The
dye had typical horizontal D-A alignment current
efficiency (1) of 0.5% in fabrication.
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