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Panchromatic Sensitization with Zn" Porphyrin-Based
Photosensitizers for Light-Driven Hydrogen Production

Po-Yu Ho*,® Michael F. Mark*,” Yi Wang,” Sze-Chun Yiu,® Wai-Hong Yu,” Cheuk-Lam Ho,*®
David W. McCamant,*™ Richard Eisenberg,” and Shuping Huang*™

Three molecular photosensitizers (PSs) with carboxylic acid an-
chors for attachment to platinized titanium dioxide nanoparti-
cles were studied for light-driven hydrogen production from a
fully aqueous medium with ascorbic acid (AA) as the sacrificial
electron donor. Two zinc(ll) porphyrin (ZnP)-based PSs were
used to examine the effect of panchromatic sensitization on
the photocatalytic H, generation. A dyad molecular design was
used to construct a difluoro boron-dipyrromethene (bodipy)-
conjugated ZnP PS (ZnP-dyad), whereas the other one featured
an electron-donating diarylamino moiety (YD2-0-C8). To probe
the use of the ZnP scaffold in this particular energy conversion
process, an organic PS without the ZnP moiety (Bodipy-dye)

Introduction

Energy is probably one of the most critical factors that will
shape our society in the 21st century." Scientists and engi-
neers are making efforts to improve the accessibility of sustain-
able energy resources because excessive burning of fossil fuel
will result in local air pollution problems and global climate
change.” Harnessing solar energy to produce hydrogen fuel
from water through the water splitting reaction is a promising
method to support sustainable development and exploit alter-
native energy resources.”’ Hydrogen is considered to be an
ideal energy carrier with no carbon footprint; it can be gener-
ated from water, so there is a tremendous amount of feed-
stock freely provided by mother nature.” In addition, H, fuel
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was also synthesized for comparison. Ultrafast transient ab-
sorption spectroscopy was adopted to map out the energy
transfer processes occurring in the dyad and to establish the
bodipy-based antenna effect. In particular, the systems with
YD2-0-C8 and ZnP-dyad achieved a remarkable initial activity
for the production of H, with an initial turnover frequency
(TOF) higher than 300 h~' under white light irradiation. The
use of ZnP PSs in dye-sensitized photocatalysis for the H, evo-
lution reaction in this study indicated the importance of the
panchromatic sensitization capability for the development of
light absorbing PSs.

can be utilized as a reagent to produce other important indus-
trial chemicals, such as methane and methanol.”!

The water splitting reaction is a key energy-storage reaction
that consists of two redox half reactions: i) reduction of two
aqueous protons to one H, at the cathodic side and ii) oxida-
tion of two water molecules to one O, molecule at the anodic
side.® In this study, we focused on the reductive side of water
splitting, concentrating our efforts on the photocatalytic gen-
eration of H, in its simplest form, which requires a photosensi-
tizer (PS) for exciton formation, a pathway for charge separa-
tion, a catalyst for the conversion of two aqueous protons into
a hydrogen molecule, and a source of electrons (i.e., a sacrifi-
cial electron donor)."”

In the past few decades, metal-complex-based PSs that
absorb visible light have been widely investigated for water re-
duction. Most of these PSs contain noble metals such as ruthe-
nium(ll), iridium(lll), and platinum(ll) metal centers.”® However,
these charge-transfer complexes typically suffer from inefficient
photon capture because of their poor absorption in the blue-
green region of the spectrum and low molar absorptivities
(=7-15x10°m'em™").®! In 2015, Zheng et al. reported new
dyads consisting of a strongly absorbing difluoro boron-
dipyrromethene (bodipy) and a platinum diimine dithiolate
(PtN,S,) chromophore, which, when grafted onto platinized
TiO, nanoparticles (TiO,—Pt), showed much greater efficiency
for the harvesting of photons at 530 nm than the PtN,S, chro-
mophores alone."” This dyad approach improved upon the
aforementioned drawbacks of noble metal charge-transfer
complexes.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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It is of significant interest to develop a new category of
noble-metal-free dyes with strong and panchromatic sensitiza-
tion properties for the generation of H,. In nature, porphyrin
and its derivatives are the chromophores adopted as solar
photosynthetic cores in plants and bacteria."” In general, free-
base and metallated porphyrin absorption spectra are charac-
terized by strong Soret band(s) absorbing blue light (>
10°m~'ecm™'; approximately 400 nm) and Q bands centered
between 500-700 nm (¢>10*m "' cm™").'"? Because of this at-
tractive dual-absorption band feature, ZnP derivatives have
been extensively investigated for use in dye-sensitized solar
cells (DSSCs).""™ Yeh et al. made a significant contribution to
the development of DSSCs by optimizing ZnP-based dyes;
they also found the electronic push-pull effect had a large
impact on the power conversion efficiency (PCE)."¥ In 2011
and 2012, alkoxy-wrapped push-pull ZnP dyes were reported
to achieve PCEs >8% in the corresponding DSSCs, and the
long alkoxy chains in the ortho-positions of the meso-phenyl
groups on the porphyrin scaffold reduced dye aggregation
and boosted the charge collection yield." Nevertheless, stud-
ies exploiting molecular engineered ZnP PSs for light-driven
production of hydrogen based on PS-TiO,—Pt hybrid material
remain scarce.

In 2010, Lee and Hupp synthesized a new molecular dyad
containing a bodipy organic chromophore covalently linked to
ZnP through a phenyl-ethynyl linkage; the dyad showed in-
creased photon-to-current conversion efficiency in a DSSC."
Although this chromophore showed improved DSSC efficiency,
it has not yet been utilized as a PS for hydrogen production,
and the ultrafast dynamics associated with the energy transfer
events in the dyad have not been characterized. In this work,
we utilized a similar molecular dyad, ZnP-dyad, which con-
tained small changes in the aliphatic tails, as a PS for the solar-
energy production of hydrogen and fully characterized the
bodipy to ZnP energy transfer dynamics.

Herein, we describe a light-driven hydrogen production
study utilizing three different anchor-containing PSs (Figure 1)
and the corresponding PS-TiO,-Pt composite materials. One of

Bodipy-dye

YD2-0-C8

Figure 1. Chemical structures of PSs ZnP-dyad, YD2-0-C8, and Bodipy-dye.
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the PSs YD2-0-C8 (a highly efficient ZnP dye for DSSCs first re-
ported in 2011"*") was systematically compared with the de-
signed bodipy-conjugated ZnP dye (ZnP-dyad). Ultrafast transi-
ent absorption spectroscopy was used to study the energy
transfer processes initiated from the different excited states of
ZnP-dyad (shown in Scheme 1). Furthermore, an organic PS

ZnP
Soret-band 4
Ic SEnT
Bodipy

lnn*
SEnT'

/ A
ZnP ISC

Q-band r YN -
Triplet excited state
TEnT {
Bodipy
— S
hy hy hy
470 520 650
nm| nm nm

Ground State

Scheme 1. Possible processes involved upon excitation of ZnP-dyad
(SEnT =singlet energy transfer, IC=internal conversion, ISC=intersystem
crossing, and TEnT =triplet energy transfer).

containing a bodipy unit (Bodipy-dye) was synthesized to com-
pare the light-harvesting effects attributed to the ZnP unit. In
addition, because the ZnP-dyad and YD2-0-C8 were both pan-
chromatic in nature, both green and white lights were used to
examine the significance of the panchromatic sensitization as
well as the effect of the molecular design of the dyad. The re-
sults revealed a number of factors that should be considered
for designing an ideal molecular PS for light-driven hydrogen
generation from aqueous media.

Results and Discussion
Synthesis and characterization

The synthetic routes for the synthesis of ZnP-dyad and Bodipy-
dye are shown in Scheme 2. The key intermediates, iodo-com-
pound (1) and a triisopropylsilane (TIPS)-protected diethynyl
Zn" porphyrin (ZnP) were synthesized according to the report-
ed procedures.">' The pure organic molecule Bodipy-dye was
prepared by Sonogashira coupling of 4-iodobenzoic acid
(~80% yield) with bodipy-based compound 3 containing an
ethynyl group. For the bodipy-conjugated ZnP dyad, deprotec-
tion of the ethynyl groups using tetra-n-butylammonium fluo-
ride and further unsymmetrical Sonogashira coupling with 4-
iodobenzoic acid and compound 1 rendered the correspond-
ing product ZnP-dyad in approximately 50% yield. All the in-
termediates and target compounds were purified by column
chromatography on silica gel and fully characterized by 'H and
3C NMR spectroscopy and matrix-assisted laser desorption ion-
ization time-of-flight (MALDI-TOF) mass spectrometry.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Synthetic routes for ZnP-dyad and Bodipy-dye.
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Photophysical properties

CH,Cl,.
The photophysical properties of ZnP-dyad, YD2-0-C8, o

Table 1. Absorption and emission data of ZnP-dyad, YD2-0-C8, and Bodipy-dye in

and Bodipy-dye were studied in CH,Cl, solutions at | Dye Aab[s [nml . ?onsei ?em]
ambient temperature. Their UV/Vis absorption spec- (efw cm ) om nm
tra and emission spectra are shown in Figure 2 and ZnP-dyad 455 (281 000), 525 (45 300), 659 (48100) 765 544, 669, 743
S11. respectively. and the corresponding data are | YP20-C8 441 (167000), 577 (11800), 641 (23300) 685 678

» respectively, ponding Bodipy-dye 526 (33700) 544 544

tabulated in Table 1. The organic PS Bodipy-dye had
similar characteristics to that of typical bodipy chro-
mophores in both the absorption and fluorescence
spectra. A sharp band at 526 nm was observed in the absorp-
tion spectrum and an emission peak was observed at 544 nm,
both owing to the S,—S, ('ma*) transition."”’ The absorption
spectrum of YD2-0-C8 featured an intense Soret band at

3.0x10° ——ZnP-dyad

——YD2-0-C8

2.5x10° ——Bodipy-dyo

2.0x10°
1.5x10°
1.0x10°

5.0x10*

Molar absorptivity (M'1 cm'1)

0.0 ( . . .
300 400 500 600 700 800

Wavelength (nm)

Figure 2. UV/Vis absorption spectra of the PSs ZnP-dyad, YD2-0-C8, and
Bodipy-dye in CH,Cl, at ambient temperature.

ChemSusChem 2018, 11, 2517 - 2528 www.chemsuschem.org

2519

441 nm and less-intense Q bands at 577 and 641 nm. After
photoexciting of this push-pull ZnP molecule at the Soret-
band wavelength, it emitted a single peak at 678 nm owing to
Q-band fluorescence. After substituting the diarylamino func-
tional group in YD2-0-C8 with an ethynylene-bridged phenyl-
bodipy unit, the ZnP-dyad exhibited panchromatic sensitiza-
tion with an extended absorption onset at 765 nm from the Q
bands, a Soret band at 455 nm, the S,—S, ('mm*) transition
from the bodipy moiety at 525 nm, and a sharp Q band at
659 nm. The absorption spectrum of the ZnP-dyad was the
sum of the two constituent chromophores, which was similar
to those of other bodipy-porphyrin light-harvesting arrays."®
In addition, an extended shoulder peak among the Q bands
was located at 730 nm, which originated from the elongated
m-conjugation. Correspondingly, the peak located at the near-
infrared region absorbed light beyond the typical metallated
porphyrin chromophores. Conversely, this dyad exhibited dif-
ferent photoluminescence spectra when excited at the Soret
band or the bodipy-based absorption peak wavelengths. When
excited at the Soret-band wavelength, this molecule emitted

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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strongly at 669 nm with a shoulder peak at 743 nm, both of
which originated from the Q bands. However, when it was ex-
cited at the bodipy-based transition, the dyad showed an addi-
tional emission peak with a lower intensity at 544 nm. The
presence of the Q-band emission following excitation of the
bodipy revealed an energy transfer process from the peripheral
bodipy chromophore to the core ZnP chromophore, which
had an energy transfer rate that was comparable to the radia-
tive lifetime of the bodipy.

Electrochemical properties

Cyclic voltammetry (CV) measurements of these PSs focusing
on positive applied potential (0-1.5V versus SCE) were per-
formed (Table 2). The cyclic voltammogram (Figure 3) of
Bodipy-dye exhibited only one reversible oxidative wave (E;,=

Table 2. Electrochemical data and energy levels of ZnP-dyad, YD2-0-C8,
and Bodipy-dye.

Dye EVI Eiomo® [eV]  Epo9leVl  E PVl Eppwo® [eV]
ZnP-dyad 072 —5.14 1.62 —090  -3.52
YD2-0-C8 050 —4.92 1.81 ~1.31 —3.11
Bodipy-dye  1.00 —5.42 2.28 ~128  -3.14

[a] Half-wave oxidation potentials were measured by cyclic voltammetry
in dry CH,Cl, solution containing 0.1 M [NBu,][PF,] as the supporting elec-
trolyte (versus the SCE reference electrode). Under these conditions, the
reversible oxidation of ferrocene was E,,=0.38V. [b] Calculated from
(Eox+4.42), because the E,oyo of ferrocene is equal to —4.80 eV versus
vacuum level. [c] £y, was determined from the onset of the absorption
spectrum. [d] Eg = Eo,—Eq 0. [€] ELymo = Evomo + Eo-o-

1.08 V), which corresponded to the formation of a bodipy radi-
cal cation."” The cyclic voltammogram of YD2-0-C8 possessed
two reversible oxidation peaks (E;,=0.54 V and 0.98 V), which
both originated from the simultaneous oxidation of the ZnP
core and the diarylamino moiety."*? The cyclic voltammogram
of the ZnP-dyad was the sum of reversible oxidation of the
ZnP core (F,,=0.83 V) and the bodipy unit (E;,,=1.09 V).'"”

As shown in Table 2, the Ejgyo of these PSs (—4.92 to
—5.42 eV, relative to vacuum) were all more negative than the
redox potential energy level (—4.65eV, pH~4) of ascorbic
acid® (AA; as the sacrificial electron donor in the H, produc-
tion experiment) and the corresponding E o (—3.11 to
—3.52 eV) were all higher than the conduction band energy
level (~—4.26 eV) of titanium dioxide nanoparticles.”?" There-
fore, effective dye regeneration™ and electron injection®®”
were both expected to proceed in the photocatalytic H, gener-
ation cycle.

Computational studies

The ground state geometries of these PSs were optimized
using density functional theory (DFT) calculations (Figure 4,
S13 and S14) and the dihedral angles between neighboring
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Figure 3. Cyclic voltammograms of (a) ZnP-dyad, (b) YD2-0-C8, and
(c) Bodipy-dye in dry CH,Cl, with 0.1 m tetrabutylammonium hexafluoro-
phosphate as supporting electrolyte at a scan rate of 0.1 Vs~

units are shown in Figure 5. The electron density in the HOMO
and LUMO of Bodipy-dye was localized at the bodipy unit,
whereas the anchor moiety was perpendicular to the plane of
bodipy unit and the m-conjugation was disconnected at the
twist point. The electron density of YD2-0-C8 was distributed
into the m-conjugation system of the ZnP core and diarylamino
moiety in the HOMO, whereas the electron density in the
LUMO was mainly located in the ZnP core and phenylethyny-
lene unit. This HOMO and LUMO configuration was anticipated
to result in a prominent intramolecular charge-transfer (ICT)
character for the excited dye, explaining the origin of the
push-pull character in the ZnP dye.”” The electron density of
the ZnP-dyad in the HOMO and LUMO was distributed primari-
ly in the ZnP core and two phenylethynylene units, respective-
ly. Notably, the plane of the ZnP core was not coplanar with
the two phenylethynylene units or with the plane of the
bodipy unit; hence the direct communication of the smt-electron
density between ZnP core and bodipy unit was expected to be
insignificant.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Selected molecular orbital diagrams for (a) ZnP-dyad, (b) YD2-0-C8, and
(c) Bodipy-dye obtained by DFT calculations with LC-wPBE. To simplify the calculations,

alkyl chains on the photosensitizers were replaced with methyl groups.

Bodipy ZnP

ZnP-dyad

YD2-0-C8

Bodipy-dye

90.0° 0.0° 0.0°

Figure 5. Dihedral angles between the neighboring units or between the
phenylethynylene moiety and the carboxylic acid in ZnP-dyad, YD2-0-C8,
and Bodipy-dye, as determined by DFT geometry optimizations.

Transient absorption

Femtosecond transient absorption (TA) control experiments of
Bodipy-dye (Figure S17) and YD2-0-C8%' confirmed prior ob-
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(c) servations of their excited state spectra and dynam-

ics. The Bodipy-dye exhibited transient signals that
decayed slowly with the 'm*'s 5-7 ns excited state
lifetime, controlled by radiative and nonradiative in-
ternal conversion to the ground state.

The TA spectra of the ZnP-dyad at each of the ex-
citation wavelengths are shown in Figure 6. To fully
map out the relaxation dynamics of the ZnP-dyad,
each of the three absorption bands (Figure 6a) were
selectively probed through excitation at 650, 520,
and 470 nm (Figure 6b, 6¢c and 6d). Common to all
the spectra, the ground state bleach (GSB) of both
the Soret and Q bands were observed at 456 and
658 nm, respectively. A very broad excited state ab-
sorption (ESA) from 468 nm into the near-IR was im-
mediately present upon excitation of either of the
porphyrin absorption bands. That broad ESA
changed shape upon relaxation from the Soret state
(the porphyrin S,) into the Q-band state (the porphy-
rin S;) and again at long times following intersystem crossing
(ISC) to the triplet manifold. None of the transient spectra re-
turned to zero owing to formation of a long-lived triplet state;
however, all spectra retained a similar shape at long times,
showing that regardless of the excitation wavelength the mol-
ecule ended up in the same state: the T, state on the porphy-
rin. From the longtime decay kinetics, the lifetime of the
lowest energy excited singlet was 13004200 ps (see Fig-
ure S18), indicating a 0.77 ns™' ISC rate.

Excitation with a 650 nm pump pulse was used to selectively
excite the Q band with a 1,,,, of 658 nm. This approach avoid-
ed populating the excited states of both the porphyrin S, tran-
sition (Soret band) and the bodipy antenna, allowing for the
observation of the dynamics associated only with the lowest
energy transition. As shown in Figure 6b and 7a, immediately
following excitation, bleaches were apparent, which mirrored
the ground-state absorption of both the Soret- and Q-band
transitions. There was also an instantaneous appearance of a
broad ESA that extended throughout the probed spectral
window, interrupted only by the porphyrin ground-state
bleaches. Within the first 100-300 fs, the bleaches at 458 and
665 nm displayed a loss in amplitude, whereas at 478 nm, the
Amax Of the ESA, the signal rapidly decayed with a 160 fs time
constant. We attributed each of these 100-300 fs processes to
ultrafast intramolecular reorganization of the excited state,
combined with some degree of solvent reorganization. This re-
organization was in agreement with the kinetics of the redshift
of the negative signal at the Q-band wavelengths, because ul-
trafast reorganization produced a minor Stokes shift in the Q-
band-stimulated emission. Following the ultrashort time dy-
namics, a third time constant of approximately 2 ps with an ex-
tremely small amplitude was attributed to vibrational relaxa-
tion within hot S,, as seen by the narrowing and redshift of
the Q band and lack of any dynamics associated with the
Soret bleach. The small amplitude associated with this time
constant was owing to excitation near Ey, of the Q band result-
ing in only a small vibrationally excited population. Similar ki-
netics were observed across the entire spectrum as the ESA ex-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(@ ,,- ESA from the Q-band population, increased in ampli-
. 0.8 tude as the Q-band bleach formed. As shown in Fig-
§ g:i: ure 7b, the signal was dominated by the large am-
g-:: e~ plitude associated with this time constant, which we
R '4;0' ¥ ‘5(')0’ Uk ’5;0' R leéo' i 's.:;o' ik ‘7")0' E '7;0' B attributed to efficient energy transfer from the
bodipy to the porphyrin moiety in 2.3 ps. Interest-
(b) Sr— ingly, vibrational relaxation (VR) of the excited por-
0.00 :f\h —— B snciarm o 25 phyrin following the energy transfer was not ob-
a / N served because VR occurs at the same rate or slight-
O os- 5'4,‘ | . ly faster than the energy transfer.
< “\J oas D‘Z ?\‘;‘\\\ —_— To determine if energy transfer was possible from
-0.10 - B et [ 10 i fggop:s ®2r e the Soret band into the bodipy moiety, excitation of
5 e - the S, transition was accomplished with a pump
T A S TR LIRS T T I pulse of 470 nm overlapping with the red-edge of
o= o = S = e T the Soret band. Immediately following excitation,
(c) ok bleaches at the Soret and Q bands were formed
- = with a minor bleach of the bodipy formed at
0.00 —feh = 527 nm. By quantifying each of these signals over
8 0.01 the first approximately 10 ps (see details in the Sup-
4 porting Information), we determined that 94% of
az= S ——— the pump pulse absorption occurred in the Soret
.0.03 —036ps  10ps — 691ps band and only 6% of the pump-induced absorptions
— '1'DT . '251;;'5' . 37?7?5' — e 'BB"J' = Im — excited the bodipy directly.
450 500 550 600 650 700 750 In the spectra and kinetics before 500 fs, slight de-
(d) creases in the amplitude of the Soret and Q-band
0.01 4 470 nm /o bleaches are observed, concurrent with an increase
0.00 - e o —— cmemonne i of the bleach at 527 nm, all of which occur with an
a 0014 V average time constant of 280 fs. We assigned this to
o -0.02 | ) energy transfer from the higher energy Soret band
< 0.03 - ! %3 EM to the bodipy moiety occurring at the same time as
.0.04 - L,' — 0ddps 10ps — 1000 ps o[ oy TM] e internal conversion from the Soret band to the Q
-0.05 - i 2'?,2 = 417085,,57 ol 8i0 880 920 960 band. Quantification of these dynamics are provided
RN AR AR AR N in the Supporting Information and show that within
450 500 550 600 650 700 750

Wavelength (nm)

Figure 6. (a) The ground-state absorption spectrum of ZnP-dyad in THF with the transi-
ent femtosecond transient absorption spectra with excitation at (b) 650 nm, (c) 520 nm
and (d) 470 nm. NIR data is presented in the insets for each of the experiments.

tended to the NIR. A similar value of 2-6 ps has been reported
by di Nunzio et al. for the similar YD2-0-C8 PS.”™ Lastly, we ob-
served a loss of amplitude in the 478 nm shoulder of the ESA
with a 1300 ps time constant, indicating that the molecule un-
derwent ISC to the triplet manifold, which then persisted past
the duration of the experiment.

A 520 nm pump pulse was used to selectively excite the
bodipy moiety separately from the porphyrin bands (Fig-
ure 6¢). Following laser excitation, an immediate bleach was
formed centered at 527 nm, similar to that of excitation of the
Bodipy-dye, as shown in Figure S17. At early times, a slight ul-
trafast (300-500 fs) attenuation was seen at wavelengths of
478 and 527 nm, characteristic of vibrational cooling of the
bodipy moiety. Following this process, the bleach at 527 nm
lost all its amplitude with a 2.3 ps time constant, whereas both
the Soret- and Q-band bleaches appeared with similar time
constants. ESA to the red region of the Q-band bleach, and in
the near-IR (inset of Figure 6c), which was attributed to the
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300 fs, 87% of the excited Soret population under-
goes internal conversion (IC) to the Q band and
13% undergoes energy transfer into the bodipy
moiety. In the subsequent approximately 2.5 ps, the
blue light side of the spectrum showed an increase
in bleach of the Soret band, whereas a loss was ob-
served at the shoulder of the ESA centered at 478 nm. Within
this same time period, the growth of a new broadly absorbing
ESA was observed, which covered most of the spectrum, and a
loss in bleach amplitude of the Q band occurred. The loss of
signal at 478 nm was attributed to loss of the Soret to S, tran-
sition, whereas the loss in bleach at 665 nm was the result of
the overlap with the Q-band bleach and the newly formed ab-
sorption of the S;,—S, state. We attributed the shorter time
constant (~100 fs) to simultaneous internal conversion from
the Soret to the Q band and energy transfer from the Soret
band to bodipy, and we attributed the longer time constant (
~2.5 ps) to energy transfer from the excited bodipy to the Q
band.

Lastly, there was no evidence of triplet energy transfer
(TEnT) from the ZnP to the bodipy at any excitation wave-
length, which would be visible in a long-term bleach of the
bodipy absorption band. This indicated that the orbitals local-
ized on either portion of the dyad were well insulated from

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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@) e the H, generation experiments were conducted in
e aqueous solutions at pH 4.0, with AA (0.5 m) serving
b as the hole scavenger. Similar to previous reports,
B S NN GC analysis based on a methane internal standard
° i —— 458 nm calibration method was used to measure the
< o:os— :‘;E:m amount of H, produced (Figure S25) at the end of
sl — ot g the irradiation.
e | Plots of H, turnover number (TON) versus irradia-
; ; . tion time (120h) for ZnP-dyad, YD2-0-C8, and
30 40 50 Bodipy-dye are depicted in Figure 8, and the corre-
(b) sponding data [TON, turnover frequency (TOF), initial
0.01 —=5 TOF (TOF), initial activity (Activity), and apparent
R quantum yield (AQY;%)] are shown in Table 3. Under
o w005 green light irradiation, both ZnP-containing PSs
(o] _— = 458" (ZnP-dyad and YD2-0-C8) promoted the photocata-
g okl lytic H, generation (>3 mL); the Bodipy-dye did not
e e promote the reaction and its PS-TiO,~Pt composite
X material rendered the same result as the bare TiO,-
oA 1.- HI -;r \ | | : | Pt composite control, according to their Activity; and
0 2 4 6 8 10 20 30 “ 50 AQY%. Overall, TONs of 2600 and 2370 were ob-
tained for ZnP-dyad and YD2-0-C8, respectively, but
(c) T Z— = the TOF,; of YD2-0-C8 (60.8 h™') was almost double.
0.010 — The three PSs exhibited a similar pattern of activity
0.005 n under white-light irradiation; both the ZnP-contain-
8 R e e & ing PSs facilitated the light-driven H, generation
< 090 —g;g nm (>16 mL) whereas Bodipy-dye remained inactive
-0.005 — — 565 m (~2 mL) in the photocatalytic reaction. The systems
0.010 ) cEERReEme = with ZnP-dyad and YD2-0-C8 afforded high photoca-
talytic activity over 120 h with TONs of 12800 and
T T I T 1 11900, respectively. Furthermore, YD2-0-C8 achieved
10 20 30 40 50
Time (ps)

Figure 7. Kinetic fits of transient absorption signals of ZnP-dyad with excita-
tion at (a) 650 nm, (b) 520 nm and (c) 470 nm.

each other, providing no orbital overlap necessary for TEnT.
However, we could not rule out the occurrence of TEnT on
timescales much longer than the 2 ns TA experiment.

Photocatalytic hydrogen generation

In view of the panchromatic light-absorbing properties of ZnP-
dyad and YD2-0-C8, we exploited these PSs to study light-
driven generation of H, by preparing PS-TiO,—~Pt nanocompo-
site materials. Both green and white light supplied by a light-
emitting diode (LED) light sources were utilized to examine
the effectiveness of the ZnP chromophore and bodipy-based
antenna design for promoting the photoelectrochemical pro-
cess. Comparisons of the UV/Vis spectra in tetrahydrofuran
(THF) solutions of ZnP-dyad, YD2-0-C8, and Bodipy-dye before
and after sonication in the presence of platinized TiO,, were
used to determine the extent of binding of the PS onto the
TiO, particles (the corresponding spectra are displayed in Fig-
ures S20-524.) The relatively low dye-loading values (~40-
70%) as compared to the previous reports®® were probably
owing to the larger molecular size of PSs in this study. In short,
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Figure 8. Photocatalytic H, evolution with respect to different PSs under irra-
diation with (a) green LED (520 nm) at 50 mW and (b) white LED (420-

750 nm) at 80 mW. Each sample consisted of 5 mL of 0.5 M AA in water at
pH 4.0 and 20 mg of PS-TiO,~Pt composite material.
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Table 3. Light-driven H, generation data with and without PSs.

Irradiation type Dye DL H, TON®! TOF® TOF4 Activity/ AQY,®
[%] [mL] thr] thr'] [umolg~"h™"] [%]

Green LED ZnP-dyad 413 3.22 2600 217 35.1 18100 0.464
YD2-0-C8 62.8 445 2370 19.8 60.8 47700 1.22
Bodipy-dye 71.1 0.81 379 3.2 10.1 9020 0.231
none 0 0.45'9 - - - 9200 0.235

White LED ZnP-dyad 415 15.95 12800 107 334 173000 2.59
YD2-0-C8 535 19.11 11900 99.2 407 272000 4.07
Bodipy-dye 71.1 159 744 6.2 17.1 15200 0.228
none 0 233 - - - 23100 0.346

[a] Dye-loading percentage. [b] Turnover number (TON) of H, was calculated as the number of mole of H, produced divided by the number of mole of PS
attached to platinized TiO,. [c] Turnover frequency (TOF) was calculated as TON divided by the number of hours (i.e. 120 h). [d] Initial turnover frequency
(TOF) in the first 16 h. [e] Initial photocatalytic activity (Activity) of the system was defined as the number of micromole of H, evolved per gram of plati-
num loaded per hour. [f] Initial apparent quantum yield percentage (AQY;%) of the system. [g] 48 h instead of 120 h.

a remarkable TOF, >400 h~' and the ZnP-dyad reached a TOF,
of 334h".

Under both green- and white-light irradiation, the resultant
H, generation by the Bodipy-dye-based system was essentially
the same as the control. This indicated that the dye-
sensitization approach was not effective, even though the
bodipy chromophore is highly light-absorbing in the 500-
550 nm wavelength region. Another structurally similar
bodipy-based sensitizer demonstrated poor efficiency of elec-
tron injection in another study,”® whereas Ziessel et al. pro-
posed that the disubstitution of long alkoxyl groups at the 4-
position of bodipy chromophore through carbon-carbon triple
bonds could improve the charge recombination with TiO,.””!
According to the computational studies (Figure 4c), the HOMO
and LUMO both remained at the center of Bodipy-dye chromo-
phore and, presumably, the phenylethynylene moiety and the
adjoining phenyl ring acted as an insulating layer and blocked
the photoinduced electron injection into TiO, owing to the dis-
connection of m-conjugation. Therefore, even when intense
green light was used to photoexcite the PS, the light-harvest-
ing effect by the organic PS still remained minimal.

Conversely, both ZnP-containing PSs possessed a certain
degree of LUMO at the anchor-adjoining phenylethynylene
moiety (Figures 4a and b), ensuring an effective photoinduced
electron injection into the conduction band of TiO, from both
the ZnP-dyad and YD2-0-C8. As a result, the dye-sensitization
approach was effective for these two PSs and the production
of H, was realized in both cases. Based on the final TON values
the two PSs generated approximately 5 times more H, under
white-light irradiation than under green-light irradiation. Addi-
tionally, the initial TOF was 4-6 times larger under white-light
illumination, even after taking into account the 60% larger in-
tensity of the white-light LED compared to the green LED.
Consequently, the significant differences in TON revealed the
benefit of developing panchromatic dyes for photocatalytic re-
actions, especially for the solar-driven water splitting reaction
and related photocatalysis.?*”

From the TA result, a 2.3 ps time constant was assigned for
the singlet energy transfer from the bodipy unit to the ZnP
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moiety, comparable to those (i.e., 0.51-0.73 ps) of the reported
bodipy-conjugated PtN,S, PSs. In the bodipy-PtN,S, systems,
the bodipy-antenna was an effective energy-transfer chromo-
phore towards the PtN,S, charge-transfer moiety, increasing
the H, production efficiency."®** Accordingly, our dyad design
should make a positive contribution towards H, generation
compared to ZnP alone. In addition, Hupp et al. reported that
a similar bodipy-conjugated ZnP dyad (structure shown in Fig-
ure S29) exhibited higher incident photon-to-current efficien-
cies in the range of 500-550 nm as compared to another ZnP-
based PS without the bodipy unit (structure shown in Fig-
ure S29), for the corresponding DSSCs.™ In brief, the bodipy
unit was shown to facilitate light-harvesting using the dyad ap-
proach, in agreement with the efficacy observed for our ZnP-
dyad towards hydrogen production, which depended on the
same electron injection processes as the prior DSSC study by
Hupp.

On the basis of structural consideration, the ZnP-dyad was
different from the push-pull type YD2-0-C8 PS containing a di-
arylamino moiety, which has been proven to provide strong
electron-donating strength towards the ZnP unit in previous
studies by Yeh, Diau and co-workers."**"! Therefore, the elec-
tron injection step for YD2-0-C8 was anticipated to be faster
than that of ZnP-dyad because of the strong charge pushing
effect.®V Additionally, the hole in the HOMO on YD2-0-C8 is lo-
calized further away from the surface of TiO,, potentially slow-
ing down back-transfer of electrons from the semiconductor
and enhancing overall efficiency.

However, when white-light irradiation was exploited, the
stronger light absorbing capability throughout the visible light
region of the ZnP-dyad relative to YD2-0-C8 (see Figure 2)
compensated for the poorer charge separation effectiveness,
which led to almost the same TOF; for these two ZnP-
containing PSs.

Conclusions

ZnP-sensitized platinized TiO, was used for light-driven hydro-
gen generation from aqueous media. The absorption spectrum
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of the bodipy-conjugated ZnP-dyad successfully intensified
and extended the absorption throughout the visible region,
filling up the weak absorption in the range of 500-550 nm of
YD2-0-C8 and other porphyrins. Ultrafast transient absorption
spectroscopy was used to determine that the time constant
for the singlet energy transfer from the bodipy unit to the ZnP
chromophore was 2.3 ps, supporting the possibility to utilize
the energy transferred from the bodipy chromophore for effec-
tive charge separation at the interface between PS and TiO,.
However, the photocatalytic system with YD2-0-C8 still per-
formed better than that of ZnP-dyad and provided a TOF; that
was almost two time higher under green-light excitation; this
comparison indicated that the electronic push-pull configura-
tion played a pivotal role for ZnP PS at the charge-separation
interface. Conversely, both ZnP-containing PSs provided much
higher initial TOFs and total TONs when white-light irradiation
was used. This result clearly demonstrated the importance and
advantage of panchromatic sensitization. A very active H, gen-
eration system was prepared with YD2-0-C8, with a TOF; of
407 h™" and TON of approximately 12000 over 120 h. Notably,
this pilot study on panchromatic ZnP PSs paves the way for
improving the photocatalytic system, especially in the context
of solar-driven H, production and other related photocatalytic
reactions.

Experimental Section
General

All chemical reactions were performed under an inert nitrogen at-
mosphere through the use of a Schlenk line. Glassware was dried
in an oven prior to use. Commercially available reagents were used
without purification. All the reagents for chemical synthesis were
purchased from Tokyo Chemical Industry Co., Ltd (TCl), Sigma-
Aldrich, Acros Organics, or Dieckmann. Solvents were dried by dis-
tillation over suitable drying agents. PS YD2-0-C8 was purchased
from Yingkou OPV Tech New Energy Co., Ltd. All the reactions
were monitored by thin-layer chromatography (TLC) with Merck
pre-coated aluminum plates. Products were purified by column
chromatography on silica gel (230-400 mesh) purchased from
Merck.

Characterization

"H and "*C NMR spectra were measured in CDCl; or [Dg]THF on a
Bruker Ultra-shield 400 MHz FT-NMR spectrometer and tetramethyl-
silane (TMS) was used as an internal standard for calibrating the
chemical shift. MALDI-TOF mass spectrometry was performed on
an Autoflex Bruker MALDI-TOF system. UV/Vis absorption spectros-
copy was performed on a Hewlett Packard 8453 spectrometer in
dichloromethane solution at 293 K. The solution emission spectra
and lifetimes of the PSs were measured on a PerkinElmer LS50B
spectrophotometer at 293 K. Electrochemical measurements were
conducted on a CHI 630C Electrochemical Analyzer/Workstation at
a scan rate of 100 mVs ™.

Preparation of platinized TiO,

For a 0.5 wt % platinized TiO, sample, the addition of 40 mL metha-
nol to 1.6 g of titanium(lV) oxide nanopowder (anatase, <25 nm
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particle size, 99.7% trace metals basis, Sigma-Aldrich) and 0.1 mL
of H,PtCl, aqueous solution (8 wt%) created a slurry, which was
then subjected to radiation from a 300 W coated Hg lamp
(HF300PD, EYE Lighting) under vigorous stirring for 24 h. The re-
sulting crude product had a grayish color. Platinized TiO, was then
retrieved by centrifugation at 3500 rpm for 5 min and washed
three times with methanol. The obtained material was dried under
vacuum at approximately 60 °C in darkness for 8 h.

Adsorption of photosensitizer onto platinized TiO,

20 mg of the prepared platinized TiO, was added to 2.5 mL of
50 um PS THF solution, the mixture was then sonicated for 30 min.
The solution lost color gradually while the solid became pink or
dark-green. The dye-loaded solid was then retrieved by centrifuga-
tion at 3500 rpm for 5 min. The supernatant layer solvent was re-
moved carefully using a dropper and the pellet at the bottom was
dried under vacuum for 2—3 h in darkness. The whole dried pellet
was directly utilized without further characterization in the photo-
catalytic reaction mixture for one photolysis experiment.

The dye loading percentage, DL%, for each PS was estimated by
comparing the absorbance value of the absorption peak with the
highest ¢ before and after the dye adsorption (Table 3). The corre-
sponding UV/Vis spectra for ZnP-dyad, YD2-0-C8, and Bodipy-dye
are shown in Figures S20-524.

Light-driven hydrogen production studies

The photocatalytic reactions were performed in 5 mL aqueous AA
(0.5m) solution at pH 4.0 with AA serving as the sacrificial electron
donor (SED; AA was selected in our system because of its relation-
ship between the pH value and H,-evolving activity has recently
been studied in detail and the redox chemistry is also well-
known®?). A 25 mL pear-shaped flask was placed above stirrers at
19°C and the flask was sealed with rubber septa. The photocatalyt-
ic reaction mixture with a stir bar was then purged with a mixture
of gas containing argon/methane (80:20 mol%) for 15 min. The
methane present in the gas mixture served as an internal standard
for GC analysis at the end of each experiment. The reaction mix-
ture was steadily stirred and continuously radiated from the
bottom with green (~520 nm) and white light-emitting diodes
(420-750 nm) inside a just-fit container, which blocked the stray
light from the environment. The light power was measured with a
thermal sensor (Model: BIM-7203-0100F) and power meter (Model:
BIM-7001; Hangzhou Brolight Technology Co., Ltd.), and estimated
to be approximately 50 mW (green light) and 80 mW (white light)
for each reaction mixture. At the end of the experiment, the head-
spaces of the flasks were characterized by GC to examine the
amount of hydrogen produced. The amounts of hydrogen evolved
were determined by GC (Shimadzu GC-8A with a molecular sieve
5 A column and TCD detector) at the end of the radiation period
and were quantified using a calibration plot of the integrated
amount of hydrogen relative to the methane (Figure S25). During
the radiation, GC samples were taken at different time points. The
LED radiation was assumed to be monochromatic at the emission
intensity maximum (520 nm for green light; 556 nm for white
light) and the corresponding apparent quantum yield values for
each photosensitizer were estimated according to the equation
shown below.

rate of H, production x 2

0y
rate of incident photons x100%

AQY (%) =

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



:@‘* ChemPubSoc
N Europe

Synthetic procedures of intermediates and PSs

Compound 1: 3-Ethyl-2,4-dimethyl-1H-pyrrole (950 mg, 7.72 mmol),
4-iodobenzoyl chloride (1.03 g, 3.87 mmol), and dry CH,Cl, (50 mL)
were stirred in the dark overnight at 25°C. NEt; (2.5 mL) was then
added. After 10min, boron trifluoride etherate (2.5 mL,
20.13 mmol) was introduced and the reaction mixture was stirred
for 1 h. The crude mixture was purified by column chromatography
on silica gel, and the product band was eluted with CH,Cl,/hexane
(1:1, v/v) as an eluent. Recrystallization of the product was per-
formed with CH.Cl,/diethyl ether to yield compound 1 as a red
solid (413 mg, 0.79 mmol, 20%). '"H NMR (CDCl;, 400 MHz): 6=
7.85-7.82 (m, 2H, Ar), 7.04 (d, 2H, J=8.4 Hz, Ar), 2.53 (s, 6H, alkyl),
2.30 (q, 4H, J=7.6 Hz, alkyl), 1.32 (s, 6H, alkyl), 0.98 ppm (t, 6H, J=
7.6 Hz, alkyl); >*C NMR (100 MHz, CDCl;): 6 =154.15, 138.52, 138.25,
138.17, 135.38, 133.03, 130.49, 130.29, 94.51 (Ar), 17.08, 14.64,
12.56, 11.99 ppm (alkyl). HRMS (MALDI-TOF, m/z): [M*] 506.1205;
calcd for (Cy5H,6BF,IN,) 506.1202.

Compound 2: A mixture of compound 1 (60 mg, 0.119 mmol), tri-
methylsilylacetylene (0.05 mL), Pd(PPh,),Cl, (7 mg, 0.009 mmol),
and Cul (2 mg, 0.009 mmol) in a mixture of THF/NEt; (10/1, 22 mL)
was heated to reflux under a nitrogen atmosphere overnight. The
solvent was removed under reduced pressure. The residue was pu-
rified by column chromatography on silica gel using a 1:2 mixture
of CH,Cl, and hexane as eluent to afford compound 2 (52 mg,
0.088 mmol, 74%) as a red solid. "H NMR (CDCl,, 400 MHz): 6 =7.60
(d, 2H, J=8.4 Hz, Ar), 7.24 (d, 2H, J=8.4 Hz, Ar), 2.53 (s, 6H, alkyl),
230 (q, 4H, J=7.6 Hz, alkyl), 1.29 (s, 6H, alkyl), 0.98 (t, 6H, J=
7.6 Hz, alkyl), 0.29 ppm (s, 9H, Si(CH,),); *C NMR (100 MHz, CDCl,):
0=154.01, 139.20, 138.23, 136.08, 132.92, 132.65, 130.49, 128.38
(Ar), 10436, 95.61 (C=C), 17.07, 14.64, 1254, 11.91 (alkyl),
—0.07 ppm  (Si(CHs);). HRMS (MALDI-TOF, m/z): [M*] 592.2420;
calcd for (C50H,,BCI,F;N,0Si) 592.2426.

Compound 3: To a flask containing the ethynyl precursor (52 mg,
0.109 mmol) and K,CO; (151 mg, 1.09 mmol) was added 22 mL of
CH,Cl,/CH;0H (10:1, v/v). The solution was allowed to stir at room
temperature for 3 h. The solvents were then removed by evapora-
tion under reduced pressure, and the residue was extracted with
CH,Cl, and washed with water (320 mL). The organic layer was
evaporated under reduced pressure and purified by column chro-
matography on silica gel using a mixture of hexane/CH,Cl, (1:1, v/
v) as eluent to obtain a red solid (24 mg, 0.059 mmol, 54%).
"H NMR (CDCl,, 400 MHz): 6=7.63-7.61 (m, 2H, Ar), 7.28-7.26 (m,
2H, Ar), 3.19 (s, TH, C=C—H), 2.53 (s, 6H, alkyl), 2.30 (g, 4H, J=
7.6 Hz, alkyl), 1.30 (s, 6H, alkyl), 0.98 ppm (t, 6H, J=7.6 Hz, alkyl);
BCNMR (100 MHz, CDCl): 6=154.09, 139.01, 138.20, 136.45,
132,97, 132.79, 130.48, 128.51, 122.67 (Ar), 83.03, 7843 (C=Q),
17.08, 14.64, 12.55, 11.89 ppm (alkyl). HRMS (MALDI-TOF, m/z): [(M*]
404.2239; calcd for (CosH,,BF,N,) 404.2235.

ZnP-dyad: Protected diethynyl precursor ZnP (54 mg, 0.039) was
dissolved in 20 mL THF, the solution was then cooled in an ice
bath followed by the addition of tetra(n-butyl)ammonium fluoride
(1™ in THF, 0.39 mL, 0.386 mmol). After stirring for 1 h, the solution
was evaporated under reduced pressure. The resulting residues
were extracted with CH,Cl, and washed with water (3x20 mL). The
solvent was evaporated under reduced pressure and the residue
was redissolved in a 25 mL mixture of THF/NEt; (2:3, v/v) and sub-
sequently cooled in an ice-bath. To this reaction mixture, com-
pound 1 (20 mg, 0.039 mmol), 4-iodobenzoic acid (10 mg,
0.039 mmol), Pd,(dba); (2mg, 0.002mmol), PPh; (1 mg,
0.04 mmol), and Cul (1 mg, 0.002 mmol) were added. The reaction

ChemSusChem 2018, 11, 2517 - 2528 www.chemsuschem.org

2526

SCHEM
Full Papers

mixture was stirred at 0°C for 30 min and then refluxed overnight
(the temperature was increased slowly). After the solvent was re-
moved under reduced pressure, the residue was purified by
column chromatography on silica gel with pure CH,Cl,, and the
product band was eluted with CH,Cl,/CH;OH (19:1, v/v) to afford a
dark solid. This solid was further purified by precipitation using
CH,Cl,/hexane and the precipitate was dried under vacuum to
yield the PS ZnP-dyad (32 mg, 0.020 mmol, 51%) as a dark solid.
'H NMR (CDCl;, 400 MHz): 6=9.72 (d, 2H, J=4.8 Hz, Ar), 9.67 (d,
2H, J=4.8 Hz, Ar), 891-8.90 (m, 4H, Ar), 8.21 (d, 2H, /=8 Hz, Ar),
8.14 (d, 2H, J=8.4 Hz, Ar), 8.06 (d, 2H, J=8.4 Hz, Ar), 7.75-7.71 (m,
2H, Ar), 7.49 (d, 2H, J=8 Hz, Ar), 7.03 (d, 4H, J=8.4 Hz, Ar), 3.88 (t,
8H, J=6.4Hz, alkyl), 2.58 (s, 6H, alkyl), 2.37-2.34 (m, 4H, alkyl),
1.26 (s, 6H, alkyl), 1.05-0.97 (m, 14H, alkyl), 0.85-0.80 (m, 8H,
alkyl), 0.66-0.49 (m, 8H, alkyl), 0.45-0.38 ppm (m, 36H, alkyl);
BCNMR (100 MHz, CDCly): 0=159.86 (COOH), 154.01, 151.68,
151.53, 150.75, 139.58, 138.42, 135.56, 132.98, 132.19, 132.05,
130.71, 130.52, 129.96, 128.76, 125.17, 120.66, 115.65, 105.18 (Ar),
99.99, 99.31, 95.11, 94.60 (C=C), 68.61, 31.39, 29.71, 29.66, 29.61,
29.46, 29.37, 29.33, 29.10, 28.73, 28.65, 28.58, 27.21, 25.26, 22.29,
17.13, 14.67, 13.85, 12.59, 12.06 ppm (alkyl). HRMS (MALDI-TOF, m/
2): [(M4+H)*] 1584.8108; calcd for (CogHy,4BF,NgO4Zn) 1584.8186.

Bodipy-dye: A mixture of compound 3 (24 mg, 0.059 mmol), 4-io-
dobenzoic acid (13 mg, 0.050 mmol), Pd,(dba); (3 mg, 0.003 mmol),
PPh; (1.5 mg, 0.06 mmol), and Cul (1 mg, 0.003 mmol) in a mixture
of THF/NEt; (20/1, 21 mL) was heated to reflux under a nitrogen at-
mosphere overnight. The solvent was removed under reduced
pressure. After the removal of the solvent, the impurities were re-
moved by column chromatography on silica gel using pure CH,Cl,,
and the product band was eluted with CH,Cl,/CH;OH (10:1, v/v) to
afford the photosensitizer Bodipy-dye (24 mg, 0.046 mmol, 78 %) as
a red solid. 'H NMR ([Dg]THF, 400 MHz): 6 =8.04 (d, 2H, J=6.8 Hz,
Ar), 7.73 (d, 2H, J=8.4 Hz, Ar), 7.64 (d, 2H, J=7.6 Hz, Ar ), 7.41 (d,
2H, J=8Hz, Ar), 249 (s, 6H, alkyl), 2.34 (g, 4H, J=7.6 Hz, alkyl),
1.38 (s, 6H, alkyl), 0.99 ppm (t, 6H, J=7.6 Hz, alkyl); *C NMR
(100 MHz, [Dg]THF): 6 =153.74, 139.53, 137.56, 136.47, 132.56,
132.21, 131.24, 130.39, 129.66, 128.89, 127.07, 123.51 (Ar), 91.04,
89.57 (C=(Q), 16.69, 14.00, 11.59, 11.15 ppm (alkyl). HRMS (MALDI-
TOF, m/z): [M"] 524.2489; calcd for (Cs,H3;BF,N,0,) 524.2447.

Transient absorption

A regeneratively amplified titanium:sapphire laser (Spectra-Physics
Spitfire) was used to produce femtosecond laser pulses at a 1 kHz
repetition rate. The pump pulse was produced from a home-built
noncollinear optical parametric amplifier (NOPA) centered at three
different wavelengths of 470, 520, and 650 nm with a pulse energy
of 100 nJ per pulse and a bandwidth of 14, 11, and 40 nm, respec-
tively.®® A mechanical chopper was used to block every other
pump pulse. The probe beam was created by focusing of the fun-
damental 800 nm beam through either a sapphire crystal to pro-
duce a white light continuum spanning 425-950 nm or through
calcium fluoride (CaF,) giving a continuum from 350-650 nm. The
probe was dispersed by a grating spectrograph (Acton, 300 mm fl,
150grmm~") before reaching the CCD camera (Princeton Instru-
ments, Pixis T00BR). The white light spectrum was filtered using a
dye solution (NIR800A, QCR Solutions Corp) to block residual
800 nm light from entering the spectrograph during sample collec-
tion and a 780 nm long pass when collecting signals in the near-in-
frared (NIR). Solution samples were prepared in a 2 mm fused-silica
cuvette and diluted to an absorbance of approximately 0.1-0.7
and the cuvettes were translated vertically at approximately
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2 mms ' to refresh the illuminated sample. The TA signal was col-
lected using both a parallel and perpendicular pump to probe the
polarizations, with the isotropic (magic angle) signal calculated by:

Ay, = (AA| +2AA)) @)
3

Kinetic data was fit to a series of exponentials with varying ampli-
tudes, convoluted with a Gaussian instrument response function
that was established by the pump-probe cross-correlation. Cross-
correlations (XC) were determined from Optical Kerr Effect (OKE)
signals obtained when the pump and probe were overlapped on a
1 mm glass slide. OKE signals were averaged over all wavelengths
of interest, giving values of 100, 60, and 50 fs for excitation wave-
lengths of 470, 520, and 650 nm, respectively.

Computational studies

DFT calculations and time-dependent DFT (TD-DFT)®¥ calculations
provide useful information about the nature of electronic ground
states and excited states, respectively. Both DFT and TD-DFT calcu-
lations were performed by using the Gaussian 09 package.®” The
B3LYP®® hybrid functional with 20% Hatree-Fock exchange and
LC-wPBE functional were used. The 6-31G(d,p) basis set was used
for C, H, B, F, N, O, S, and Zn. The optimized geometries for ZnP-
dyad, YD2-0-C8, and Bodipy-dye were confirmed with all real fre-
quencies.
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