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A series of boron dipyrromethene (BODIPY) dyes (B1-BS) having H atoms at 2,6-positions or heavy-atom I at 2-/2,6-
positions, and ortho- or para-COOH substituted phenyl moiety at the 8-position on the BODIPY core were synthesized and
10 characterized. These organic dyes were applied to investigating the relationship of BODIPY structure to the effectiveness of
homogeneous and heterogeneous visible-light-driven hydrogen production as well as dye-sensitized solar cells (DSSCs). For the
homogeneous photocatalytic hydrogen production systems with a cobaloxime catalyst, the efficiency of hydrogen production
could be tuned by substituting with heavy atoms and varying carboxyl group orientations of BODIPYs. As a result, BS
containing two I atoms and an ortho-COOH anchoring group was the most active one (TONs = 197). The activity of hydrogen

15 generation followed the order BS > B3 > B2 > B1 = B4 = 0. An interesting “ortho-position effect” was observed in the present
homogeneous systems, i.e., substition groups were located at the ortho-position, higher hydrogen production activities were
obtained. For the heterogeneous hydrogen production systems with a platinized TiO, catalyst, the effectiveness of hydrogen
evolution was highly influenced by the intersystem crossing efficiency, molar absorptivity and positions of anchoring group of
dyes. Thus, B3 having two core iodine atoms and a para-COOH group with TONs of 70 excelled other BODIPY's and the TONs
20 of hydrogen generation showed the trend of B3 > B5 > B2 > B1 = B4 = (0. The results demonstrate that the present
photocatalytic H, production proceeds with higher efficiency and stability in the homogeneity than in the heterogeneity. In the
case of DSSCs, the overall cell performance of BODIPY chromophores were highly dependent on both absence or presence of
iodine atoms on the BODIPY core and —COOH anchoring positions. The B1-TiO, system showed the best cell performance,
because the most effective surface binding mode is allowed with this structure. This is also contrasted with the case of dye-
»s sensitized solar H, generation, in which B3 was the most efficient chromophore. The differences between dye-sensitized
hydrogen-generating systems and DSSCs may be due to rates of electron transfer and the dye aggregation tendency.

1. Introduction fossil fuels and a potential source of clean and renewable energy

. . L . . . w0 to satisfy the rising global energy demand.! DSSCs, often
With the rapid and continuing development of industrial society, Y . g & gy .. .
.. . known as Gritzel cells, have garnered significant attention as
the global energy crisis has become a major concern to the .. . . .
- . promising low-cost alternatives for the photovoltaic conversion
30 public in recent yeats. Solar energy is the most abundant ) L . .
. . . of solar energy.” A crucial issue in solar hydrogen production
sustainable energy resource. Harnessing solar energy is a L . .
. . X . . and DSSCs design is the choice of photosensitizers used to
potential choice to solve today’s energy issues, with much
. . . 45 capture the solar energy. Although many novel structures have
attention and effort focused on solar-driven photocatalytic . . .
. . been developed and tested as light absorbers in photocatalytic
hydrogen production and dye-sensitized solar cells (DSSCs). . .
. e hydrogen generation and DSSCs, complexes of ruthenium and
35 Hydrogen generation from water under solar irradiation . . . .
. . other noble metals (Ir, Pt) as light absorbers remain dominant in
includes homogeneous and heterogeneous catalytic systems, 3.4 . .
. . the most successful systems.”” However, despite the desirable
and is regarded as one of the Holy Grails of 21st century . . .
. . . . so redox properties of noble-metal complexes excited states, their
chemistry, being one route to a fuel that is not derived from . . . L
relatively expensive, hard to purify and low molar absorptivities
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such as diversity of molecule structures, high extinction

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], oo—oo0 | 1



o

2

S

w
&

Physical Chemistry Chemical Physics

synthesis as well as low cost and environmental issues.’
However, compared with transition metal complexes, organic
dyes have been examined as optical absorbers in the conversion
of solar energy on a limited basis.” Thus, the search for new,
highly efficient based-organic dyes remains an active aspect of
solar hydrogen generation and DSSCs development. Among
organic dyes, borondifluorodipyrromethene (BODIPY), one
kind of brilliant small molecule dye which is structurally based
on the half-porphyrin motif but chelated by a difluoroboron
moiety to maintain overall structural rigidity, shows distinctly
charming photophysical properties that include high extinction
coefficients (> 70000 M ¢cm™), weak nonradiative decay of the
excited state, and resistance to photobleaching.® In addition,
ease of functionalization of BODIPY makes it possible to fine-
tune the energy levels of the S; and T, excited state by attaching
heavy atoms directly onto the chromophore core to enhance
spin orbit coupling.” Recently, many researchers have reported
BODIPY chormophores in the context of chemsensors, light-
for  electroluminescent  devices,

emitting  materials

photodynamic  therapeutics,  triplet-triplet  annihilation
upconversion, photovoltaics, and so forth.'® However, the study
of these chromophores for solar hydrogen-generating systems is

scarce.

COOH

X C1:R=H
B €2:R = COOH
€3:R = N(CHs),

Scheme 1 Structures of BODIPY dyes Bn (n = 1-9) and cobaloximes Cn (n
= 1-4) used in this study.

On the other hand, to date, both solar hydrogen production
and DSSCs have been explored separately for solar energy
conversion, yet little work has been done on comparing the
differences in conditions between homogeneous and
heterogeneous solar hydrogen-generating systems as well as
DSSCs, affect

component activity in the systems. Besides, for homogeneous

and investigating how these differences
and heterogeneous sunlight-driven hydrogen evolution, we
wonder which system would display superior performance of
photogeneration H, over the counterpart. To this end, in the
present study, we prepared a series of BODIPY dyes (B1-BS5)
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with hydrogen or iodine atoms at 2-position or 2,6-positions,
and ortho- or para-COOH substituted phenyl moiety at the 8-
position on the BODIPY core. The detailed structures of dyes
are shown in Scheme 1. These based-organic dyes were used for
the first time as photosensitizers (PSs) to investigate their
the
heterogeneous visible-light-driven hydrogen production as well

influence on performance of homogeneous and
as DSSCs. Detailed investigation on the relationship between
the dye structure and effectiveness of solar-driven hydrogen

generation and DSSCs is described here.

2. Experimental section
2.1. Materials and methods

All chemical reagents were purchased from commercial
suppliers and used without further purification, unless otherwise
indicated. Solvents were dried by standard literature methods''
before being distilled and stored under nitrogen over 3A
molecular sieves prior to use. All air- and moisture-sensitive
reactions were carried out under nitrogen atmosphere in oven-
dried or flame-dried glassware. TLC was performed on 0.25
mm silica gel 60 F254 TLC plates with a fluorescent indicator
at 254 nm excitation. Compounds were visualized under UV
light of 254 nm. Column chromatography was performed with
silica gel (200-300 mesh). Nanoparticulate TiO, was purchased
from Degussa. The P25 form is specified to have a nominal
particle size of 21 nm, specific surface area of 50 + 15 m*g”',
and a composition of about 70% anatase and 30% rutile.

'H and "“C NMR spectra were recorded on a Bruker
AVANCE III 500 MHz spectrometer in CDCl; or DMSO-d®
with shifts referenced to SiMe, (TMS, 0.00 ppm). Chemical
shift multiplicities are reported as s = singlet, d = doublet, and
br = broad singlet. Coupling constants (J) values are given in
Hz. C, H and N microanalyses were carried out with a CE
instruments EA 1110 analyzer. Cyclic voltammetry experiments
were conducted on a CHI 650E electrochemical analyzer using
a three-electrode single-cell compartment at room temperature.
All samples were degassed with nitrogen before sampling and
blanketed with nitrogen during the run. The working electrode
was 2 mm Pt with a Pt wire as auxiliary electrode and a 0.01M
Ag/AgNO; solution reference electrode. The scan rate was 100
mV s, The experiments were performed in acetonitrile with 0.1
M tetrabutylammonium hexafluorophosphate (TBAP) used as
the supporting electrolyte. Ferrocene was added to each sample
solution the end of the experiments, and the
ferrocenium/ferrocene (F./F,") redox couple was used as an
internal potential reference. Diffuse reflectance UV-vis
measurements were taken on a spectrophotometer (Shimadzu,
Model UV-2550) with BaSQ, as the reference.

at

2.2. Spectroscopic measurements and determination of
fluorescent life and relative quantum yields

The solvents employed for the spectroscopic measurements
were of UV spectroscopic grade (Aldrich). Absorption spectra
were recorded using a Shimadzu UV-2100 spectrophotometer
(200-800 nm). Steady-state spectra  were
measured on a Hitachi F-7000 spectrophotometer with a xenon

luminescence
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arc lamp as light source and corrected for instrument response.
Fluorescence decay curves of the samples were measured with
the time-correlated single-photon-counting (TCSPC) method on
FLSP920 Lifespec-ps (Edinburgh) and the data were analyzed
s by Edinburgh software. The goodness of the fit of the decays as
judged by reduced chi-squared (x’z) and autocorrelation
function C(j) of the residuals, was always acceptable yielding
values of ¥’y < 1.1. The fluorescence decay time (r) was
obtained from the slope. Samples for absorption and emission
10 measurements were contained in 1 cm x 1 cm quartz cuvettes.
Measurements were made using optically dilute solutions after
deoxygenation by purging with dried N,.
Relative quantum efficiencies of fluorescence of BODIPY
derivatives were obtained by comparing the area under the
15 corrected emission spectrum of the test sample with 8-phenyl-
4,4-difluoro-1,3,5,7-tetramethyl  4-bora-3a,4a-diaza-s-indacene
(0.72 in tetrahydrofuran)'? and Rhodamine B (0.49 in ethanol)"?
as standards, respectively. Dilute solutions (0.01 < A < 0.05)
were used to minimize the reabsorption effects. The following
20 equation was used to calculate quantum yield:'*
q)ﬂsample — (Dﬂstandard % ( Isample / ]standard) % ( Astandard / Asample) %
( n sample n standard)z
Where @™ and @g¥*9" are the emission quantum yields
of the sample and the reference, respectively, 454" and 45
25 are the measured absorbances of the reference and sample at the
excitation wavelength, respectively, **™*™ and "™ are the
area under the emission spectra of the reference and sample,
respectively, and #°**™ and #**™" are the refractive indices of
the solvents of the reference and sample, respectively. The
30 O™ values reported in this work are the averages of multiple
(generally three), fully independent measurements.

2.3. Synthetic procedures

4-(4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-
indacene-8-yl)-benzoic Acid (B1): B1 was prepared using a

35 literature procedure and obtained as a red solid.'> Yield 13.5%.
'H NMR (500 MHz, CDCl5): & 8.27 (d, J = 8.2 Hz, 2H), 7.48
(d, J = 8.2 Hz, 2H), 6.02 (s, 2H), 2.59 (s, 6H), 1.40 (s, 6H). 1*C
NMR (126 MHz, DMSO): § 167.30, 155.74, 143.11, 141.25,
138.89, 131.96, 130.74, 130.62, 128.87, 122.07, 14.71, 14.53.

40 4-(4,4-difluoro-1,3,5,7-tetramethyl-2-iodo-4-bora-3a,4a-
diaza-s-indacene-8-yl)-benzoic Acid (B2): To a solution of Bl
(184 mg, 0.5 mmol) in dry CH,Cl, (50 mL) was added N-
iodosuccinimide (NIS, 112 mg, 0.5 mmol) under N,
atomosphere, and the reaction mixture was allowed to stir at

ss room temperature for 1 h. TLC analysis indicated that the
disappearance of spots corresponds to B1 and appearance of a
new spot corresponds to compound B2. The solvent was
removed on a rotary evaporator under reduced pressure, and the
resultant crude product was purified by silica gel column

so chromatography (CH,Cl,/MeOH = 30:1, v/v). The second red
band was collected to give the product as a red solid in 64.8%
(0.16 g). "H NMR (500 MHz, DMSO-d°®): § 8.12 (d, J = 8.3 Hz,
2H), 7.55 (d, J = 8.3 Hz, 2H), 6.32 (s, 1H), 2.54 (d, ] = 15.8 Hz,
3H), 2.48 (d, J = 16.2 Hz, 3H), 1.33 (d, J = 4.7 Hz, 6H). *C

ss NMR (126 MHz, DMSO): 6 167.24, 158.64, 154.18, 145.46,

142.83, 141.07, 138.70, 132.15, 131.40, 130.71, 128.86, 123.38,

8584, 16.78, 16.00 14.94, 14.76. Anal. Cacld for
ConmBleNzOz: C, 4862, H, 367, N, 5.67. Found: C, 4875,
H, 3.78; N, 5.80.

& 4-(4,4-difluoro-1,3,5,7-tetramethyl-2,6-diiodo-4-bora-3a,4a-
diaza-s-indacene-8-yl)-benzoic Acid (B3): B3 was prepared
using a literature procedure and obtained as a deep red solid.'
Yield: 90%. '"H NMR (500 MHz, CDCl5): & 8.31 (d, J = 8.2 Hz,
2H), 7.46 (d, J = 8.1 Hz, 2H), 2.68 (s, 6H), 1.41 (s, 6H). "°C

s NMR (126 MHz, CDCl;): & 169.61, 157.55, 145.04, 140.44,
131.24, 130.26, 128.49, 85.97, 17.18, 16.12.
2-(4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-
indacene-8-yl)-benzoic Acid (B4): B4 was prepared using a
literature procedure and obtained as a red solid.'® Yield 25%. 'H

70 NMR (500 MHz, DMSO): 6 8.05 (dd, J = 7.8Hz, 1H), 7.77 (dd,
J=175,12Hz, 1H), 7.68 (dd, J=7.7, 1.2 Hz, 1H), 7.40 (dd, ] =
7.6, 1H), 6.14 (s, 2H), 2.45 (s, 6H), 1.29 (s, 6H). °C NMR (126
MHz, DMSO): & 167.26, 154.44, 143.03, 142.16, 135.06,
133.49, 131.50, 131.16,131.04, 130.20, 129.74, 121.47 , 14.64,

75 14.04.

2-(4,4-difluoro-1,3,5,7-tetramethyl-2,6-diiodo-4-bora-3a,4a-

diaza-s-indacene-8-yl)-benzoic Acid (B5S): To a solution of B4

(184 mg, 0.5 mmol) in dry CH,Cl, (30 mL) was added an

excess of NIS (448 mg, 2 mmol), and the mixture was stirred at

room temperature for about 30 min (monitored by TLC until
complete consumption of the starting material). The reaction
solution was concentrated under vacuum, and the crude product
was purified by silica-gel column  chromatography

(Hexane/EtOAc/MeOH = 100:30:3, v/v/v), affording a deep red

solid in 74.3% (0.23 g). "H NMR (500 MHz, CDCl5): & 8.27 (dd,

J=7.8Hz, 1H), 7.76 (dd, J =7.5, 1.2 Hz, 1H), 7.67 (dd, J = 7.7,

1.2 Hz, 1H), 7.34 (dd, J = 7.6, 1H), 2.67 (s, 6H), 1.34 (s, 6H).

3C NMR (126 MHz, CDCly): & 168.35, 156.41, 144.16, 141.09,

136.59, 134.10, 132.18, 130.94, 129.96, 129.65, 128.88, 85.54,

90 16.60, 16.06. Anal. Cacld for C, H;;BF,[,N,O,: C, 38.75;
H, 2.76; N, 4.52. Found: C, 38.85; H, 2.84; N, 4.70.
4,4-difluoro-8-phenyl-1,3,5,7-tetramethyl-4-bora-3a,4a-
diaza-s-indacene (B6): B6 was prepared using a literature
procedure and obtained as an orange solid."” Yield 72%. 'H

»s NMR (500 MHz, CDCly): § 7.62-7.38 (m, 3H), 7.37-7.21 (m,

2H), 6.00 (s, 2H), 2.58 (s, 6H), 1.40 (s, 6H). 3C NMR (126

MHz, CDCl;): § 155.43, 143.15, 141.73, 135.00, 131.44, 129.12,

128.93, 127.94, 121.19, 14.59, 14.34.

4,4-difluoro-8-phenyl-1,3,5,7-tetramethyl-2,6-diiodo-4-bora-

3a,4a-diaza-s-indacene (B7): B7 was prepared using a

literature procedure and obtained as a red solid.'® Yield 84%. 'H

NMR (500 MHz, CDCl;): 8 7.58-7.50 (m, 3H), 7.28 (dd, J =

6.6, 3.2 Hz, 2H), 2.67 (s, 6H), 1.41 (s, 6H). *C NMR (126

MHz, CDCly): & 156.77, 14537, 141.37, 134.73, 131.30,

105 129.50, 127.77, 85.68, 16.96, 16.00.
4,4-difluoro-8-(4-(methoxycarbonyl)phenyl)-1,3,5,7-
tetramethyl-4-bora-3a,4a-diaza-s-indacene) (BS8): B8 was
prepared using a literature procedure and obtained as a red
solid." Yield 23%. "H NMR (500 MHz, CDCl;): § 8.20 (d, J =

1o 8.3 Hz, 2H), 7.42 (d, J = 8.3 Hz, 2H), 6.01 (s, 2H), 3.99 (s, 3H),
2.58 (s, 6H), 1.37 (s, 6H). *C NMR (126 MHz, CDCl;): &
166.47, 155.99, 142.89, 140.22, 139.83, 130.81, 130.37, 128.38,
121.50, 52.40, 14.62, 14.50.
4,4-difluoro-8-(4-(methoxycarbonyl)phenyl)-1,3,5,7-

115 tetramethyl-2,6-diiodo-4-bora-3a,4a-diaza-s-inda-cene) (B9):
B9 was prepared using a literature procedure and obtained as a
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red solid."” Yield 86%. 'H NMR (500 MHz, CDCl,): & 8.23 (d,
J = 8.3 Hz, 2H), 7.40 (d, ] = 8.3 Hz, 2H), 4.01 (s, 3H), 2.67 (s,
6H), 1.39 (s, 6H). C NMR (126 MHz, CDCly): & 166.24,
157.35, 145.07, 139.80, 139.46, 131.34, 130.80, 130.65, 128.23,
85.99, 52.52, 17.14, 16.09.

Cobaloximes C1-C4 were prepared according to the literature
methods. 22!

2.4. X-ray crystallographic analysis

Single crystals of B1, B3 and B9 suitable for X-ray
diffraction analysis were obtained by slow crystallization in
MeOH/CH,Cl, at room temperature.

Single crystal X-ray data collection was carried out on a
Rigaku R-AXIS RAPID Image Plate single-crystal
diffractometer at room temperature using Mo K, radiation (A =
0.71073 A), monochromatised by a graphite crystal. Absorption
correction was applied by correction of symmetry-equivalent
reflections using the ABSCOR program.” All structures were
solved by direct methods using SHELXS-97% and refined by
full-matrix least-squares on F* using SHELXL-97** via the
program interface X-Seed.”> All non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen
atoms attached to oxygen in Bl and B3 were located by
difference Fourier maps and other hydrogen atoms were placed
in ideal positions and refined as riding atoms with Uy, values
1.2-1.5 times those of their parent atoms. All structures were
examined using the Addsym subroutine PLATON® to ensure
that no additional symmetry could be applied to the models.
Crystal structure views were obtained using Diamond v3.1.7 A
summary of crystallographic data for these three compounds is
included in the Supporting Information as Table S1 and in CIF
format. CCDC reference numbers: 1045034-1045036.

2.5. Photolysis reactions

The photocatalytic water splitting experiment was performed
in a Pyrex top-irradiation reaction vessel connected to a glass
closed gas circulation system (Labsolar-IIIAG photocatalytic
system, Beijing Perfectlight Co., Ltd., Fig. S1 of ESI}). In a
typical homogeneous hydrogen production experiment,
solutions of a BODIPY (1.0 x10™* M) and a cobaloxime (2.5
x10™* M) were prepared in a mixture of acetonitrile-water 3:2

(v/v), containing 5 vol% of triethanolamine (TEOA) at pH = 8.5.

In a typical heterogeneous hydrogen production experiment, 60
mg of 0.5 wt% Pt/TiO, powder was redispersed in a mixture of
CH;CN-H,0 1:1 (v/v). The sensitizer concentration added to
the suspension was 0.1 mM. 10 vol% of TEOA was added in
the suspension as an electron donor. The pH of reaction system
was kept at 7 with a 2.5 M HCI stock solution. Reaction
solution was transferred to a 250 mL Pyrex flat-bottomed
reaction vessel and vigorously stirred in the dark for 15 min.
The reaction system was then freeze-pump-thaw degassed three
times to remove air prior to illumination. The reaction solution
was irradiated using an external light source comprising a 300
W Xe arc lamp (MICROSOLAR 300, Beijing Perfectlight Co.,
Ltd.) with a cut-off optical filter (A > 420 nm). During
photolysis reaction, the mixture was mixed using a magnetic
stirring bar and the temperature of the reactant solution was
maintained at room temperature by a flow of cooling water. The
amount of H, gas produced in the reaction system was measured

-
S

©
S

100

3

10:

S
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with a gas chromatograph (GC 7900, Shanghai Techcomp
Instrument Ltd.) with a thermal conductivity detector (TCD), a
5 A molecular sieve column (4 mm(OD) x 3mm(ID) x 3m), and
with N, as carrying gas. Duplicate experiments were carried out
under identical conditions to confirm the reproducibility. The
hydrogen dissolved in solution was neglected. The amounts of
hydrogen were quantified by external standard method, and the
turnovers were calculated versus the amount of photosensitizer
in the system.

2.6. Synthesis of Pt-supported TiO, nanoparticles (Pt/TiO,)

Pt/TiO, nanoparticles were prepared by photodeposition of Pt
from a H,PtClg aqueous solution onto TiO, with using methanol
as an electron donor according to the previous work.” In a
typical synthesis, the TiO, particles (0.2g, Degussa P25) were
suspended in a 500 mL round-bottom flask containing 160 mL
of water and 40 mL of methanol; 1.23 mL of 4.18 mM
H,PtCls-6H,0 aqueous solution was added to obtain a 0.5 wt%
of Pt loading (Pt/(Pt + TiO,) x100%). The flask was then sealed
and sonicated for 15 min followed by magnetic stirring under
nitrogen bubbling for 1 h. Photodeposition was performed by
the irradiation with a 300 W xenon lamp (PLS-SXE 300C,
Beijing Perfectlight Co., Ltd.). The flask was kept in front of the
lamp for 2 h with continuous stirring. Nitrogen gas was gently
flowed over the headspace during the entire deposition process.
The obtained Pt/TiO, (0.5 wt% Pt) nanoparticles were washed
repeatedly with a large excess of water, and dried at 70 °C.

2.7. Assembling of the dye-sensitized solar cell (DSSC).

The construction of the dye sensitized solar cell device
requires first cleaning of the fluorine doped tin oxide (FTO)
coated glass substrates in a deionized water bath, and the TiO,
colloid paste was spread over the substrate with a doctor blading
technique using adhesive tape as a spacer. The substrate was
sintered at 450 °C for 30 min in air, The substrate was then put
into the dye solution (0.1 mM in methanol) at room temperature
and kept for 2 days to obtain better effciency. The substrate was
taken out, flushed with methanol, and vacuum-dried for 1 h, a
dye-sensitized TiO, electrode was obtained. A DSSC was
assembled by filling an electrolyte solution (0.6 M
tetrapropylammonium iodide, 0.1 M iodine, 0.1 M lithium
iodide, 0.5 M 4-tert-butylpyridine (TBP) in acetonitrile)
between the dye-sensitized TiO, electrode and a platinized
conducting glass electrode. The two electrodes were clipped
together, and a cyanoacrylate adhesive was used as sealant to
prevent the electrolyte solution from leaking.

2.8. Photovoltaic and EIS measurements

The photovoltaic test of DSSC was carried out by measuring
the current-voltage (J-V) characteristic responses under
irradiation of white light from a 100 W xenon arc lamp (XQ-
500W, Shanghai Photoelectricity Device Company, China) in
ambient atmosphere. The fill factor (FF) and the overall light-
to-electrical energy conversion efficiency () of DSSC were

calculated according to the following equations®*:

FF = Vo X (1)
e ey v oxJ
) = =21 00% = =2 100% @)

in in
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where Jyc is the short-circuit current density (mA-cm™), Vo is
the open-circuit voltage (V), Pin is the incident light power, and
Jinax (MA-cm™?) and ¥, (V) are the current density and voltage
at the point of maximum power output on the J-V curves,
respectively.

Electrochemical impedance spectroscopy (EIS)
measurements were performed in dark under forward bias -0.5
V. A simplified Randle’s model was used to fit the data to
extract the series resistance (Rg), which accounts for the
transport resistance of FTO, the combined charge transfer
resistance for electron recombination at the FTO/electrolyte and
TiO,/electrolyte interface (Ryy).

2.9. Quantum chemical calculations

All the quantum-chemical calculations were performed using
the Gaussian 09 package.*® For the purpose of accordance with
experiment results, the geometric parameters taken from X-ray
diffraction analysis were used as the starting point for the
geometry optimization when available. Ground-state geometries
were fully optimized under the density functional theory (DFT)
using the hybrid functional B3LYP, which combines Becke’s 3-
parameter exchange functional®' and Lee, Yang, and Parr’s
correlation functional.*> The polarizable continuum model
(PCM)** in methanol solvent was employed in all calculations.
The BODIPY chromophores were optimized using the 6-
31+G(d) basis set,”* excluding the iodinated compounds, for
which 3-21G*® was used for iodine atoms while the 6-31+G(d)
was used for the remaining atoms. All geometries were deemed
minima, as no negative frequencies were found. Time-
dependent density functional theory (TDDFT)*® has been
30 applied to compute the vertical transition energies. The contours
of the HOMO and LUMO orbitals of B1-B5, B3™, B3" were
plotted using the software Gaussview 5.0.

3. Results and discussion
3.1. Synthesis and crystal structures

Meso-aryl substituted BODIPY derivatives of B1, B4, B6 and
B8 were achieved in a facile three-step one-pot procedure often
used for the synthesis of BODIPY dye which allows a
straightforward preparation of several hundreds milligrams of
the desired compounds. Briefly, two 2,4-dimethylpyrrole units
were condensed with the aryl aldehyde under catalytic
conditions of trifluoroacetic acid (TFA), followed by oxidation
with  2,3-di-chloro-5,6-dicyanobenzoquinone  (DDQ) and
chelation with BF;-OEt, in the presence of triethylamine (TEA).
Following work-up, the BODIPYs were purified by silica gel
column chromatography and recrystallized, to give the target
compounds in ~15% to 60% yields. Further iodination of Bl,
B4, B6 and B8 affords B2, B3, B5, B7 and B9, which was
accomplished through electrophilic substitution at the 2-position
or 2,6-positions using iodic acid with excellent yields (~60-
90%). All BODIPY compounds were characterized by 'H and
BC NMR, and in the case of Bl, B3 and B9 by X-ray
crystallography. A more detailed description of the synthesis
and the analytical characterization is given in the Experimental
Section. These meso-aryl BODIPYs were synthesized to
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ss investigate the effect of iodination and varying the position of —

COOH substituent groups on the photogeneration of H, and
photocurrent generated upon visible light irradiation.

Single crystals of B1, B3 and B9 suitable for X-ray
diffraction analysis were obtained by slow evaporation of their
CH,Cl,-hexane solution. X-ray diffraction analysis reveals all
these compounds crystallize in the same triclinic P-1 space
group. The crystal data of these compounds are listed in Table
S1 and in CIF format. Thermal ellipsoid drawings of B1, B3
and B9 are shown in Fig. 1. The structure of B1 shows that the
two pyrrole rings and the central six-membered ring containing
the boron atom are in one plane like any other BODIPY,*” with
the very small maximum deviation from the least-squares mean
plane of the CoBN, (12-atom) frame being 0.012. For B3 or B9,
despite the introduction of two iodine atoms onto the sensitizer
B1, the planarity of the central 12-atom core was still preserved.
The root-mean-square (rms) deviation from planarity is 0.014 A
for B3, and 0.016 A for B9, respectively. This lends weight to
the supposition that introduction of the iodines at the S-pyrrole
positions of B1 could give rise to a more efficient population of
the triplet state without causing an increase in nonradiative
decay to the ground state. Two methyl substituents attached at
C-1 and C-7 positions of BODIPY moiety in B1, B3 and B9
were revealed to prevent the free rotation of meso-aryl moiety,
resulting in an almost perpendicular configuration between the
meso-aryl and BODIPY moieties with the dihedral angle being
84.3° for B1, 82.77° for B3, and 83.77° for B9.

(a) o1 02 (b) o1

Hﬁi h g ¥

T 3, i\

N0 B9 B1 I

%’ NI Nz‘l\ 15{ ‘N2

—é\%’gz 3 FI®F2 X\
Fig. 1 ORTEP diagram of BODIPY derlvates B1 (a), B3 (b), and B9 (c).
Thermal ellipsoids are drawn at the 50% probability level.

3.2. Photophysical properties, theoretical calculations
and electrochemical studies

A series of BODIPY derivatives (B1-B5) were measured in
methanol solution via UV-vis absorption and steady-state
fluorescence spectroscopy, and the data are summarized in
Table 1. The absorption spectrum of B1 with a para-carboxyl
group is of comparable shape as those of described BODIPY
dyes,”” with an intense absorption band centered at ~498 nm,
ascribed to the Sy—S; (n—n") transition of the BODIPY moiety.
It is observed that stepwise introduction of iodines at the pyrrole
carbons of the BODIPY core in B2 and B3 showed S;—S§;
transition which experienced a bathochromic shift of 13-23 nm
compared to that of unsubstituted B1. The bathochromic
electronic transitions observed are consistent with the calculated
reduced HOMO-LUMO gaps by the following Density
functional theory (DFT) computational studies. The spectral
bandwidth of the principal absorption band can be analyzed by
the full width at half-maximum (fwhm) values, which vary from
20 to 30 nm in methanol. This sharp absorption band is
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indicative of a nonaggregated system in these solutions. The
fluorescence emission spectra of B1-B3 in methanol were
mirror images of the absorbance spectra with Stoke shifts in the
range of 10-17 nm, indicating small change in the dipole
moment between the ground and excited state of BODIPY
moiety in these three compounds. Also, there was no evidence
for aggregation for these compounds in solution, as the shape
and normalized intensity of the photoluminescence spectra did
not vary as a function of dye concentration. B1 showed a
moderate fluorescence quantum yield (®@g) determined as ~0.44
in methanol. For the mono-iodine substituted B2, the @y
decreases to ~0.1. In comparision, the introduction of two
iodine atoms into the core of BODIPY gave rise to substantial
reduction fluorescence quantum yield (&g = 0.02) for B3. The
fluorescence decay profiles of B2 and B3 which could be
described by a single-exponential fit (fluorescence lifetimes tq
of 0.77-2.80 ns) obviously reduced when compared to B1 (1 =
3.33 ns). Significant decrease of @y and 14 indicates that the
presence of I atoms facilitates an efficient intersystem crossing
efficiency (®i5c) from the lowest singlet excited state to the
triplet states, which results in population of the longer lived
triplet excited states from which electron transfer occurs. When
compared with B1, B4 with —COOH positioned at ortho-
position, shared a similar absorption and emission profile, but
augmented the absorption (¢ = 91000 M cm™ for B4 vs. & =
86000 M cm™ for B1), and fluorescence (®g = 0.89 and 1 =
7.06 ns for B4) significantly. Upon iodination of two pyrrole
2,6-positions, both the absorption and emission maxima of B5
shift to lower energy. The measured @y and Ty decreasing
markedly to 0.03 and 0.76 ns in CH3;0H are similar to those
determined for B3, which reflects the heavy atom effect of the
iodide-atoms increasing spin-orbit coupling, compared to the
corresponding precursor B4.

DFT has proved suitable for calculating the electronic
distribution and molecular orbitals of a series of BODIPY
3738 The calculations with the effect of the
environment included through the polarizable continuum model

derivatives.

(PCM) were performed to gain deeper insight into the structural
geometries and nature of the transitions involved in the lowest
energy states of the BODIPYs (B1-BS) from the optimized
geometries. The parameters for the optimized geometries and
full list of excited states are included in the Supporting
Information. The energy gap between the highest occupied
molecular orbitals (HOMO) and the the lowest occupied
molecular orbitals (LUMO) does not change with varying the
position of carboxyl group from ortho-position to para-position
and is found to be 2.99 and 3.00 eV for B1 and B4, respectively.
However, after introducing two iodine atoms onto the C-2 and
C-6 positions, both the HOMO and LUMO energies of bis-
iodo-BODIPYs B3 and BS become evidently higher in
comparision with those of corresponding counterparts in
noniodinated B1 and B4, namely B3 > B1, and B5 > B4.
However, the HOMO level for B3 and BS increases to a larger
extent than the corresponding LUMO level, leading to a greater
narrowing of the HOMO-LUMO gap for B3 and BS relative to
B1 and B4. The HOMO-LUMO gaps (band gaps) for iodo-
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substituted B3 and B5 were calculated to be 0.96 and 0.88 eV,
respectively, which is responsible for a redshift in the
wavelength observed for the main absorption band. Both the
contours of the electronic distribution in HOMO and LUMO
states of these BODIPYs (B1-BS) are located almost on the
BODIPY moiety. The localized FMOs (frontier molecular
orbitals) of these BODIPYs indicate the absence of any
the BODIPY
moieties and meso-aryl groups. It is postulated that the nearly

significant electronic conjugation between

pure HOMO-LUMO electron transition corresponds to the
emissive Sg—$; (n—n") excited state in these compounds, as
observed in other BODIPY derivatives reported previously.®*’
The time-dependent DFT (TDDFT) calculation shows a lowest
energy singlet transition of HOMO—LUMO character with a
high oscillator strength (0.55-0.58) and energy (2.67-2.87 eV).
Although the energy of the predicted BODIPY-based transition
is much higher than that of the observed experimental values,
TDDFT calculations are known to overestimate the excitation
energy of BODIPY chromophores.* The compounds B2, B3
and B5 were hypothesized to enable the formation of the triplet
excited state by ISC as iodine atoms are introduced into the
cores of BODIPYs. The HOMO(n)-LUMO(n*) transition
corresponds to the first singlet excitation as assigned by TDDFT,
which is observed in other BODIPY derivatives.”” In each
iodinated BODIPY, the nature of the HOMO and LUMO is
unchanged upon iodization (Scheme S1 of ESIt). The computed
similarity between these FMO orbitals indicates that, apart from
its influence on the rate of ISC, iodination exerts negligible
change on the electronic structures of the BODIPYSs. In addition,
the calculated singlet-triplet state energy gap (AE) of iodinated
BODIPYs is small (AE = 0.18, 0.01, and 0.02 ¢V for B2, B3
and BS, respectively), indicating the use of a iodinated BODIPY
dye triplet state involves a relatively small energy loss.

The redox behaviors of the BODIPY dyes Bn (n = 1-5) were
further studied by cyclic voltammetry in dry acetonitrile using
(TBAP)
supporting electrolyte, and the electrochemical data are gathered
in Table 1. Within the electrochemical window of CH;CN, all
these BODIPY compounds exhibited one-electron oxidation and

tetrabutylammonium hexafluorophosphate as a

reduction, which are attributed to removal from or addition of
one electron to the FMOs of B1-BS. Compared to non-
iodinating BODIPYs (B1 and B4), BODIPYs with one or two
iodo atoms on the 2-position or 2,6-positions (B2, B3, and B5)
appeared less negative reduction and more positive oxidation
potentials, indicating that iodinated compounds (B2, B3 and BS)
are ecasier to get one electron to be reduced than the
corresponding counterparts (B1 and B4). This supports the
electron-deficient nature of iodo-substituted BODIPYs due to
the presence of iodine atoms at the core of the pyrrole, which is
consistent with the foregoing results of DFT calculations. In
addition, comparison of the redox behaviours between the para-
carboxyl substituted BODIPY's (B1 and B3) and ortho-carboxyl
substituted BODIPYs (B4 and BS), namely B1 vs. B4 (0.80 V
vs. 0.75 'V, -1.58 V vs. -1.62 V) and B3 vs. B5 (0.95 V vs. 0.95
V, -1.31 V vs. -1.32 V), reveals that the position of carboxyl
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anchoring unit has little electron effect on the redox activities of
the central BODIPY core.

Table 1 Electrochemical and photophysical properties of dyes B1-BS

Cyclic voltammetry®  absorption” fluorescence
BODIPY ™ Oy Red. Jmax @bs (nm)  Aen® @y 0’

v W eM'em’) (m) (%) (s)
B1 0.80 -1.58 498 (86000) 511 044 333
B2 0.86 -1.44 510 (70100) 521 0.10  2.60
B3 0.95 -1.31 531 (75600) 548 0.02 0.77
B4 0.75 -1.65 499 (91000) 511 0.89 7.06
B5 0.95 -1.32 529 (84200) 547 0.03 0.76

o

@

2

2;

3

3

“Potentials determined by cyclic voltammetry in deoxygenated CH;CN
solution, containing 0.1 M TBAP as the supporting electrolyte recorded
at 100 mV s scan speed, at a solute concentration of ca. 1.0 mM and at
room temperature. Potentials were standardized versus ferrocene (F.) as
internal reference. “Am.x abs (nm): absorption wavelength (at the
maximum intensity), ¢ (M cm™): molar extinction coefficient. “Aem
(nm): emission wavelength (at the maximum intensity). “®y (%): the
fluorescence quantum yields of B1 and B4 were estimated with 1,3,5,7-
tetramethyl-8-phenyl-BODIPY as a standard (@3 = 0.72 in
tetrahydrofuran); the fluorescence quantum yields of B2, B3 and B5
were estimated with Rhodamine B (0.49 in ethanol). ‘z (ns):
fluorescence lifetimes.

3.3. Photocatalytic hydrogen evolution in aqueous solution

3.3.1 Homogeneous photocatalytic hydrogen evolution
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Fig. 2 Plots of hydrogen production upon irradiation (A > 420 nm) at two
different pH values of systems containing B3 (1.0 x 10*M), C1 (2.5 x 10™
M) and TEOA (5%, v/v) in CH;CN-H,O (3:2, v/v).

The light-driven hydrogen generation containing BODIPYs
and cobaloximes in homogeneous systems was initially studied.
The hydrogen evolving performance of BODIPYs was found to
be strongly dependent on initial system pH and these pH values
were selected on the basis of observations in related
photocatalysis systems.”*”® The photochemical H, production
experiment involving B3 as the photosensitizer, C1 as the H,-
evolution catalyst and TEOA as sacrificial electron donor using
a Xe lamp (300 W) with a cutoff filter (A > 420 nm), was
carried out at room temperature, which showed their maximum
rate of hydrogen production at neutral to slightly basis pH
values (7 < pH < 8.5). Fig. 2 shows the effect of pH value of the
solution (pH = 7 and 8.5) on the amount of hydrogen evolution.
Control photocatalytic experiments at solution pH 7 and 8.5
showed that the presence of all three components (B3, C1 and
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TEOA) is necessary in order to observe H, production. It was
found that activity for H, evolution increased with the increase
of the pH value from 7 to 8.5. Cessation of hydrogen production
coincides with bleaching of the photolysis solutions. To
regenerate the catalytic activity of the system, addition of both
B3 and C1 is necessary, suggesting that both the photosensitizer
and the catalyst undergo at least partial decomposition in the
course of the reaction.” Photolysis experiments performed under
identical conditions but in the presence of mercury, in order to
suppress any heterogeneous catalytic sites, show no appreciable
change in the hydrogen production rate confirming that catalysis
is of truly homogeneous nature.*’

There is no significant change in the redox potentials for the
Co"/Co" couple between complexes C1-C3 in which the axial
pyridine ligand is modified in the 4-position to possess either an
electron-withdrawing group (-COOH) as in C2 or an electron-
donating group (-NMe,) as in C3.*' These catalysts (C1-C3)
exhibit similar photocatalytic activities for hydrogen evolution
with TONs of 126-131 (Fig. 3). The Co"-based C4 possessing
good air and acid stability, has shown highly -efficient
electrocatalytic hydrogen evolution in nonaqueous media.*?
Therefore, it was also tested as a catalyst for H, generation
under the same conditions. At pH 8.5, only a relatively modest
amount of H, was produced (~75 TONSs) after 5h of irradiation.
The considerably slower rate and TONs of H, production with
C4, can possibly be attributed to the more positive reduction
potential of Co"/Co' compared to that of C1-C3.*!

1400
= | mmc1
£1200- mEEC2
= | mmcs
1000 mEmC4
> ]
S 800
@
, ]
T 600 |
-
o] 4
S 400
g 4
Z 200
04
0 1 2 3 4 5

Irridiation time (h)

Fig. 3 Hydrogen production upon irradiation (A > 420 nm) from the systems
comprising B3 (1.0 x 10#M), and a cobaloxime catalyst (2.5 x 10*M) and
TEOA (5%, v/v) in CH3CN-H,0 (3:2, v/v) at pH 8.5.

B1-B5 were investigated as to their effectiveness under
similar experimental conditions with 100 mL of CH;CN/H,O
(4:1, v/v) containing 2.5x10™* M C1, TEOA (5%, v/v) combined
in a 250 mL Pyrex flat-bottomed flask vigorously agitated with
a magnetic stirrer. The pH of reaction system was kept at 8.5
with a 2.5 M HCI stock solution. Fig. 4 shows the time
dependence of hydrogen production in this reaction system for
the different BODIPY chromophores. The plot demonstrates: (i)
the maximum TONs of hydrogen generation follow the order
B5 > B3 > B2. H, evolution levels off after 5 h irradiation, with
the total turnover of H, reached 197 (1975 pumol) for BS under
optimal conditions, while B3 and B2 gave 126 (1268 pmol) and
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77 (765 pumol) TONs of H, evolution in 5 h irradiation. Since
the redox potentials and fluorescent spectra of these iodo-
substituted BODIPY dyes are similar, the photocatalytic activity
of H, generation for B2, B3 and BS may lic with the molar
extinction coefficient (¢) and quantum yield of intersystem
crossing (®y5c) of photosensitizers. Taking account of quantum
yield of intersystem crossing for B2, B3 and BS being 0.90-0.98
(Drgc = 1- @y) using Amolev’s rule,® it is amazing that there is
a good correlation of & x®gc versus TONs of H, production for
these iodinated BODIPYss (Fig. 5).
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Fig. 4 Hydrogen production vs. PSs B1-B5 obtained in the photocatalytic
reaction with continuous irradiation (A > 420 nm). Reaction composition:
CH;CN-H,0 (3:2, v/v) at pH 8.5 containing a BODIPY sensitizer (1.0 x 10
M), C1 (2.5 x 10*M) and TEOA (5%, v/v).
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Fig. 5 A good correlation of ex®gc versus TONs of H, production for
iodinated BODIPYs (B2, B3 and B5).

An interesting observation is that when substituent groups
with electron-withdrawing or donating groups lie at the ortho-
position of phenyl ring at the 8-position on the BODIPY core,
higher hydrogen production activities for the homogeneous
system were found relative to other positions. At present, we
temporarily call it as “ortho-position effect”. Though we are
still unclear about the reason, similar results can be found in
meso-methylpyridyl substituted BODIPYs* and meso-pyridine-
substitution BODIPYs*, respectively. Interestingly,
observed that the carboxyl groups in the halogenated xanthene
dyes Rose Bengal and Eosin Y were also located at the ortho-
position of meso-phenyl ring.” (ii) No observable amount of H,
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production was detected by GC for B1 and B4. Compared with
core-iodinated dyes B2, B3 and BS5, noniodinated B1 and B4
lack any appreciable hydrogen evolution under the same
reaction conditions due to the absence of internal heavy atom
effect and long-lived photoexcited triplet state. The S; excited
state is unable to make hydrogen production due to the
following reasons: Intermolecular electron transfer should
ideally be diffusion-controlled. The short life-time (15 = 3.33
and 7.06 ns in MeOH for B1 and B4) of the singlet excited state
is not favorable for being quenched via an intermolecular
manner. The reason is that the diffusion-controlled bimolecular
collision frequency (ko) in fluid solution is ca. 10°-10'° M 5™,
As aresult, the Stern-Volmer quenching constant (K, = kg % 1o,
where kg is the bimolecular quenching constant and 1, is the
lifetime of the excited state of the photosensitizer) will be on the
scale of 1-10 M™', which is too small to induce any efficient
intermolecular electron transfer; In contrast, the excited triplet
state tends to have a longer lifetime (in ps to ms), as compared
with the excited singlet state (in ns). Hence, intermolecular
electron transfer is possible with a triplet excited state and it is
crucial for the photosensitizer to undergo rapid ISC to produce
the triplet state. Although the triplet lifetimes for B3 and BS
were not measured due to our instrumental limitation, the
analog of B9, not having the -COOH substituent, has a reported
triplet excited-state lifetime, tr of 57.1 ps in MeCN,* which
is > 30000-fold longer than the corresponding singlet excited
state.

The redox potentials of photosensitizers Bn (n = 2, 3 and 5)
are adopted to evaluate the thermodynamic driving force of the
intermolecular electron transfer reactions. According to the
reduction potentials of B3 and BS, the ground-state redox
potentials of B3 (E,, (B3"/B3 =0.95 V and E,,(B3"/B3) = -
1.31 V) and B5 (E;,, (B5*/B5 = 0.95 V and E,,(B5/B5) = -
1.32 V), and the triplet excited state energies of *B3” (1.523 V)
and °B5" (1.552 eV) obtained from TDDEFT calculations, the
free-energy change (AG) of the reaction can be estimated
according to the well-known Rehm-Weller equation (Table S2,
ESIT).* It was found that the oxidative potential of the excited
photosensitizer is too positive to reduce catalysts. Despite this,
the reduction process is exergonic, and intermolecular electron
transfer from reduced Bn™ (n = 2, 3 and 5) species to the
cobaloximes is thermodynamically feasible, as estimated from
the electrochemical and spectroscopic studies. Furthermore,
DFT calculations for the system of C1 + B3 + TEOA also
supported a full electron-transfer process from the HOMO level
of B3™ radical anion to the LUMO of the cobaloxime C1 is
allowed (Scheme S2).

The possible initial electron transfer reaction pathways in the
catalyst systems were first investigated by emission quenching
studies. It was found that addition of TEOA or C1 to the
aqueous solution of B3 did not have any effect on the
fluorescence emission intensity of the singlet excited state
('B3"), suggesting that 'B3” does not take part in the electron
transfer reaction (Fig. S2). Electron transfer quenching of the
triplet excited state (B3") can be either oxidative or reductive in
the present of electron donor TEOA, leading respectively to the
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formation of B3"" in which *B3" transfers an electron to the H,
generating catalyst or B3" in which *B3” is initially reduced by
TEOA. To discriminate these two routes of electron transfer
quenching through experiments and further gain a mechanistic
understanding of H, generation by the system composed of C1
+ B3 + TEOA, absorption spectra were acquired both pH 8.5
and 12 (Fig. S3). Before irradiation, the absorption spectra are
simply the sums of the individual components. Upon irradiation
(L > 420 nm) at pH 8.5 under H, generating conditions, the
formation of Co" occurs within 2 min for C1 + B3 + TEOA
system as evidenced by the appearance of the characteristic
absorption at ~ 450 nm.*” A change in the B3 absorption at pH
12 is also seen suggestive of photodecomposition of B3,
possibly by C-I cleavage from the reduced B3. In addition, UV-
vis absorption spectra of photolysis solutions were also
measured for the system of C4 + B3 + TEOA (Fig. 6). There is
no change in the spectrum was observed on C4 + B3 system
after 30 min irradiation, which suggests that it is negligible for
the oxidative quenching of the *B3". This is further supported
by the fact that, under irradiation, there was no H, production
for the C4 + B3 system. The absorption spectra of the irradiated
C4 + B3 + TEOA solution show a lower energy absorption
observed at ~ 650 nm and generate the blue color characteristic
due to the accumulation of a Co' species.47 Therefore, all these
observations indicate that the electron transfer quenching of the
*B3" is expected to occur through a reductive quenching
mechanism only, which is consistent with the above-mentioned
results of the free-energy change (AG) estimated by Rehm-Well
equation and DFT calculations.
(@)
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Fig. 6 (a) UV-Vis spectra at pH 8.5 before and after irradiation of a degassed
solution (3:2 acetonitrile-water) containing B3 (1.0 x 10 M), C4 (2.5 x 10™
M); Inset shows photographs of solution before and after irradiation. (b) UV-
Vis spectra at pH 8.5 before and after irradiation of a degassed solution (3:2
acetonitrile-water) containing B3 (1.0 x 104 M), C4 (2.5 x 10* M) and
TEOA (5%, v/v); Inset shows photographs of solution before and after
visible light irradiation.

On the basis of the above theoretical and spectroscopic
analyses, a plausible pathway of the photogeneration of H, is
put forth as in Scheme S3. The first step is reductive quenching
of the *B3” produced after ISC of the initially formed 'B3" by
TEOA. The next step involves the transfer the electron from
B3" to the cobaloxime. The pathway produces the radical cation
of TEOA™, which decomposes through proton loss, electron
transfer and hydrolysis to form glycolaldehyde and
di(ethanol)amine along with transfer of a second proton and a
second electron. The formed Co' species further reacts with a
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proton to produce a postulated Co -hydride, which releases

molecular hydrogen via a homo- or heterolytic pathway.*'*

3.3.2 Heterogeneous photocatalytic hydrogen evolution

With establishment of the binding of B1-BS to TiO,, our
attention turned to using these systems for the heterogeneous
photocatalytic hydrogen evolution. A noble metal Pt is usually
loaded to a catalyst as a co-catalyst for heterogeneous
photocatalytic water splitting, because of its high work function,
low Fermi energy and the active site for hydrogen generation.*
Pt-supported TiO, nanoparticles (Pt/TiO,) were prepared using
the photoreduction method. The effect of the platinum loading
(wt%) on the photocatalytic activity of BODIPY-sensitized
TiO, is first optimized and listed in Fig. 7. Control experiments
in which the Pt/TiO, catalyst is removed produce no hydrogen.
In order to determine the optimum dose of platinum the loading
was varied between 0 and 0.9 wt%. The rate and TONs of
hydrogen generation increased rapidly up to 0.5 wt% platinum
loading. The combination of TiO, with the noble metal Pt will
form a Schottky barrier at the metal/TiO, interface,*® which is
able to suppress the recombination rate of the electron/hole, and
thereby, improves charge separation efficiency. Platinum metal
the TiO, the
photogenerated electron from TiO, to the absorbed species and

dispersed on surface basically “pumps”
thus hinders the possibility of their recombination with holes.”'
Additionally, platinum metal particle on TiO, improves reaction
kinetics by decreasing the overpotential for hydrogen
evolution.? However, with an increase in platinum content from
0.5 wt% to 0.9 wt% the photocatalytic activity for hydrogen
generation was reduced. This might be ascribed to the following
reasons: at higher metal loadings, the deposited metal particles
may act as recombination centers rather than as separation

centers for photogenerated e/h*.%

N

(-2}
il

»
1

\°

H, generation rate (umol min'1)
N
1

o
]
e

T T T T
0.2 0.4 0.6 0.8
Platinum content on TiO9 (Wt%)

1.0

Fig. 7 Effect of Pt loading on TiO; on the production of H, in B3/Pt-TiO,
suspensions. The experimental conditions were: CH3CN-H,O (1:1, v/v) at
pH 7 containing B3 (1.0 x 10 M), TEOA (10 %, v/v), Pt/TiO;, (0.35 wt%,
0.5 wt%, 0.7 wt% and 0.9 wt%).

Solution pH value and sacrificial electron donor have a
substantial effect on the photocatalytic reaction that takes place
on the Pt/TiO, surface. This is because it will influence the
existing state of the dye and electron donor reagent, and change
the reduction-oxidation potential of a semiconductor. As shown
in Fig. 8, the best photocatalytic activity was obtained at pH 7
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in the presence of electron donor TEOA. The TONs value of
hydrogen generation is ~70 after 2h irradiation (A > 420 nm). It
is apparent that a strong basic or acidic environment is
disadvantageous to hydrogen production. These results can be
speculated as follows. First, the pH values can influence the
adsorption between BODIPY dye and TiO,. The adsorption
mode between dye and TiO, was similar to an este-like linkage.
In the acidic solution, functional groups such as -COOH on the
surface of TiO, were protonated by proton ions, so the ester-like
linkage did not form effectively. In the strong basic solution, the
carboxyl groups of BODIPY were deprotonated, so the dye
could not adsorb on TiO, effectively because of electrostatic
repulsion force. At the same time, in the basic or acidic
solutions, the ester-like linkage hydrolyzes easily. Second, the
pH values can also influence the existing state of the electron
donor reagent, as observed in the homogeneous photocatalytic

systems.
800
Tg m TEOA/pH 7 n
2 ® TEA/pH 12 = o
o 600+ A Ascorbate/pH 4 -
g v EDTA/pH 4.3
o E g e e o
o L]
o 400 - °
_:_I: u
°
£ .
3 200
£
= ®
n
Ogx ¥ ¥ ¥ ¥ ¥ ¥y ¥ ¥
0 30 60 90 120

Irridiation time (min)

Fig. 8 Effect of initial pH and sacrificial electron donor of solutions on
hydrogen production. Experimental conditions: CH;CN-H,O (1:1, v/v), B3
(1.0 x 10* M), electron donor (10 %, v/v), Pt/TiO; (0.5 wt%, 60 mg).

The stability of BODIPYs sensitized Pt/TiO, catalyst at the
optimum experimental conditions is displayed in Fig. 9, where
platinized TiO, (Pt/TiO,, 60 mg, Pt % = 0.5 wt %), pH = 7,
TEOA and MeCN/H,O = 3:2. After 2 h visible light irradiation
(A > 420 nm), solutions containing iodinated B2, B3 and B5
produced 9, 70 and 36 TONS, respectively. Despite the modest
visible light absorption, B3 with a para-COOH exhibited much
higher activity for the hydrogen production than B5 with an
ortho-COOH group. The most probable explanation appears to
be related with unfavorable orientation of ortho-COOH group
on the surface of TiO,. Nevertheless, systems containing
noniodinated B1 or B4 were found to make no hydrogen
evolution. This result indicates the importance of iodination for
photocatalytic H, production, as discussed in the foregoing
homogeneous photocatalytic systems. It should be noteworthy
that the color of the solution systems gradually turned to white
after 2h irradiation, indicating the fast decomposition of dyes
during the photocatalytic reaction. For the purpose of control
experiments in which binding between the BODIPY
photosensitizer and TiO, would not be expected, two other
BODIPY dyes (B7 and B9), were also prepared and fully
characterized. The system based on B7 that lacks any viable

binding group for attachment to TiO, was almost inactive under
visible light irradiation, whereas solutions containing B9 only

45 produced small amount of H, with TONs of ~4, indicating that

=

b

S

S

there is some in situ hydrolysis of the methyl ester.
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Fig. 9 Time profiles of hydrogen evolution in a visible-light-irradiated
Pt/TiO,/BODIPY suspension. Experimental conditions: CH3CN-H,O (1:1,
v/v), B3 (1.0 x 10 M), TEOA (10 %, v/v), Pt/TiO, (0.5 wt%, 60 mg), pH 7.

Drawing on previous studies for the mechanisms of hydrogen
evolution by dye-sensitized Pt/TiO,,>* the proposed mechanism
of photocatalytic H, generation in BODIPY/Pt-TiO, system is
depicted in Fig. S4. Briefly, a certain amount of BODIPY
photosensitizer (PS) might be adsorbed on the surface of
platinum-loaded TiO,. The adsorbed PS gains a photon and
produces singlet excited state 'PS” upon irradiation and
subsequently produce a lowest-lying triplet excited state *PS”
via ISC. *PS" might be reductively quenched by TEOA to
produce PS™. Those PS™ species might preferentially transfer
their electrons into the conduction band (CB) of TiO,. Once in
the CB, these electrons are able to migrate the catalytic sites of
platinum metal and effect proton reduction.

3.4. Photovoltaic performance of BODIPY-sensitized

nanocrystalline TiO, films

Since BODIPY dyes were similarly fixed on the surface of
TiO, through chemical anchoring groups for DSSCs and
heterogeneous hydrogen production system, we expect to
compare the relationship of dye structure to the effectiveness of
the two systems. Immersion of nanocrystalline TiO, in 0.1 mM
solutions of B1-B5 in CH;OH resulted in a different coloration
of the films. The corresponding photovoltaic parameters are
displayed in the Supplementary Information (Table S3 and
Figure S6). Solar cells containing B1-B5 are clearly grouped in
performance according to their —-COOH anchoring positions and
absence or presence of iodine atoms. para-COOH dyes (B1-B3)
exhibit the better efficiencies than ortho-COOH dyes (B4-B5).
A similar trend was also observed for the amount of dye loading
(Table S3). Relative to the para-COOH dyes, these ortho-
COOH molecules will tend to occupy much of the TiO, surface
area (Fig. S7). This will heavily restrict the number of dyes
that can be adsorbed onto the TiO, film, thereby compromising
the intrinsic DSSC device performance. In addition, the poorer
DSSC operational performance in the ortho-COOH dyes can
also be rationalized in that severe charge recombination occurs
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when BODIPY skeleton as an electron donor is too close to the
TiO, semiconductor surface.’

The photovoltaic performance of noniodinated BODIPY B1
with a para-carboxylic acid group excelled iodinated analogues
(B2 and B3). The same trend was also seen with the ortho-
COOH dyes (B4-B5). The
spectroscopy (EIS) measurements also show similar trend (Fig.
S8). Apparently, in the DSSC, the highest efficiency obtained
was B1, which employed both no substituent of iodine atoms

electrochemical impedance

and a para-carboxylic group. Though the device efficiency is
not our concern in the current work, we would like to point out
that the relatively low of BODIPY -sensitized solar cells can be
primarily attributed to the relatively narrow absorption bands
(not panchromatic), the strong n-stacked aggregates on the TiO,
surface and lack of stronger donor moiety for construction of
donor-(n-spacer)-acceptor (D-n-A) systems.’’

3.5. Comparison of homogeneous and heterogeneous solar
hydrogen-generating as well as DSSCs
No matter homogeneous or heterogeneous photoinduced

systems

hydrogen evolution systems, hydrogen production is heavily
influenced by the heavy-atom iodine present in the BODIPY
core, which is attributed to internal heavy atom effect for the
photosensitizer’s ability to undergo rapid ISC into a long-lived
triplet excited state (3PS*). The PS” is sufficiently long-lived for
bimolecular electron transfer, leading to H, production to be
favorable relative to radiative and nonradiative decay back to
the ground state. Under minimally optimized conditions, the
most effective homogeneous system consisting of the
photosensitizer BS, electron donor TEOA and catalyst C1 has
produced ~197 TONs of H, after 5h of photolysis with A > 420
nm, while ~70 equivalents of H, per B3 chromophore have been
achieved in the heterogeneous system after 2h visible-light
irradiation. It was apparent that the TONs and longevities for
photocatalytic H, evolution from the homogeneous systems are
much better than those obtained in the heterogeneous ones. The
reason may be due to the followings: similar to the ruthenium
bipyridyl complexes,™ the BODIPY dyes that were bonded to
the TiO, surface via a carboxylate linkage were not stable in
water and gradually lost their activity with time. The hydrolysis
of the carboxylate linkage seems to inhibit the efficient electron
transfer from the BODIPY center to the CB of TiO,.
Additionally, for the current BODIPY-based hydrogen
generation homogeneous and heterogeneous systems, the
step of the
photosensitizers (PS") is reductive, thus leading to unstable PS™

photochemical  quenching excited-state
radical anions that may undergo decomposition and make the
system longevity for H, production affected. The reduced dye
which is more unstable than its oxidized form can be understood
in terms of HOMO and LUMO energy levels as well as
HOMO-LUMO energy gaps of PS™ and PS™ (Table S4 and Fig.
S9). In DFT calculations, there is a marked destabilization of
the HOMO of B3™ relative to that of B3. The calculated
HOMO-LUMO energy gap of B3™ is much smaller than that of
B3"". The results of calculations indicate that the stability of
cationic dye B3™ is stronger than that of anionic dye B3". Thus,

o
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the development of oxidative quenching of the excited dye via
electron transfer to the catalyst would be of great value for
obtaining long-lived artificial photosynthesis systems.

The carboxylic anchoring groups, which enable adsorption of
the dyes onto the TiO, nanoparticles for electron injection, are
crucial for heterogeneous hydrogen generation and DSSCs, as
no hydrogen and photocurrent generated when a BODIPY
photosensitizer lacking a suitable linking group was used. The
orientation of carboxyl anchor group also plays a vital role in
the activity of light-driven hydrogen production and DSSCs. B3
was the most efficient for the sensitized production of hydrogen
among BODIPYs. In contrast to this, B3 is the least efficient
sensitizer among BODIPY dyes when they were compared for
the photovoltaic performance. The distinct difference between
the two systems may be ascribed to the following several key
features: (i) in DSSCs, efficient charge separation takes place
due to ultrafast electron injection from the singlet excited state
of the dye into the conduction band of TiO, in the picosecond
time scale.”® Thus, noniodinated BODIPY dyes showed better
overall efficiencies than iodinated BODIPYs. In comparison,
slower electron transfer is crucial for efficient heterogeneous
hydrogen production, making the chromophore’s triplet yield an
important parameter. Therefore, only the iodo-containing
species forms an appreciable amount of the triplet state, which
correlates well with its greater ability to generate H, upon
irradiation. (ii) When TiO, films were sensitized in CH;0H
solution of BODIPY dyes, the absorption spectra were broader
than those of the solution samples because of strong
intermolecular interactions and aggregation (Fig. S10a).% In
contrast to the results on TiO, films, aggregation does not occur
when the dyes are attached to TiO, in a colloidal suspension in
methanol, in which case the narrow absorption spectra resemble
those of the solution samples (Fig. S10b). Thus the discrepancy
in rates of electron transfer appears to be caused by the presence
or absence of aggregation in the system, altering the coupling
between the dye and TiO,, which resembles previous reports
using chalcogenorhodamine sensitizers for solar hydrogen
production with a platinized TiO, catalyst based on transient
spectroscopy observation.>**

4. Conclusions

As a consequence, a family of BODIPY dyes (B1-BS) with a
carboxylic acid anchoring group were successfully synthesized
and characterized in this work. By realizing the molecular
structures of these dyes and relating them to the effectiveness of
homogeneous and heterogeneous solar hydrogen evolution and
DSSC device operational performance, corresponding structure-
property relationships was
homogeneous and heterogeneous photocatalytic systems shows
that the properties of photochemical H, production have
relations with the intersystem crossing efficiency accelerated
through judicial heavy-atom substitution and positions of
anchoring groups of optical absorbers. The longer-lived triplet

rationalized. Comparison of

state is necessary for effective electron transfer. However,
photogeneration of H, proceeds with higher efficiency and
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stability in the homogeneity than in the heterogeneity, which
may be attributed to that the BODIPYs bonded to the TiO,
surface via a carboxylate linkage were not stable in water and
gradually lost their activity with time. In addition, an interesting
“ortho-position effect” was observed in the homogeneous
systems, i.e., when electron-withdrawing or donating groups
were substituted at the ortho-position of meso-phenyl moiety,
higher hydrogen production activities were obtained. A reaction
pathway involving reductive quenching of the triplet excited
state of the dye giving the reduced dye that then transfers an
electron to the cobaloxime or the particulate platinized TiO,
proposed in
heterogeneous systems. The photoreduced dye which is more

catalyst is the present homogeneous and
unstable than its oxidized form can be understood by DFT
calculations. This suggests that the development of oxidative
quenching of the excited dye is preferable for obtaining long-
lived photocatalytic hydrogen production systems.

Since BODIPY dyes were similarly fixed on the surface of
TiO, electrode (DSSCs) and Pt/TiO, (hydrogen-generating
systems) through chemical anchoring groups, one may expect to
see similar behaviors between the two systems. However, the
outcome is quite contrary to the expectation: B3 was the most
efficient for the dye-sensitized solar H, generation, but the least
efficient sensitizer for the DSSC. This is because the electron-
transfer rates and the degree of dye aggregation are very
different in the two systems, although the same sensitizers were
compared. The work reported in this paper reminds us to use
caution when looking at other potential dyes for use in solar
energy conversion.
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Graphical Abstract
BODIPY photosensitizers were used to investigate the relationship of structure and effectiveness of visible-light-driven
hydrogen production as well as DSSCs.
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