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Co-sensitization to achieve a broad absorption window is a widely accepted technique in light
harvesting nanohybrid synthesis. Protoporphyrin (PPIX) and squaraine (SQ2) are two organic sensitizers
absorbing in the visible and NIR wavelength regions of the solar spectrum, respectively. In the present
study, we have sensitized zinc oxide (ZnO) nanoparticles using PPIX and SQ2 simultaneously for their
potential use in broad-band solar light harvesting in photocatalysis. Férster resonance energy transfer
(FRET) from PPIX to SQ2 in close proximity to the ZnO surface has been found to enhance visible light
photocatalysis. In order to confirm the effect of intermolecular FRET in photocatalysis, the excited state
lifetime of the energy donor dye PPIX has been modulated by inserting d'° (Zn'") and d” (Co") metal ions
in the central position of the dye (PP(Zn) and PP(Co)). In the case of PP(Co)-SQ2, extensive photo-
induced ligand to metal charge transfer counteracts the FRET efficiency while efficient FRET has been
observed for the PP(Zn)-SQ2 pair. This observation has been justified by the comparison of the visible
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1. Introduction

The efficient conversion of solar light into chemical and
electrical energy has been attracting expanding scientific and
technological interest in order to address the scarcity of energy
resources and enormous environmental pollution."™ Photo-
catalysis is a technique used for the degradation of toxic
organic pollutants by formation of oxidizing free radicals,
utilizing renewable solar energy.>® Thus, development of novel
materials with efficient photocatalytic activity, enough stability
and a well-matched absorption with the solar spectrum has
been recognized as an essential step to combat environmental
pollution through solar energy conversion.”*° Sensitization of
wide bandgap semiconductor photocatalysts such as TiO, and
ZnO with dyes to increase the photo response in the visible
region is well documented in the literature but materials
harvesting in the NIR region which constitutes 49% of the
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the metal centre of PP(Co)/PP(Zn) through the conduction band of the host ZnO nanoparticles.

d.*"'> The use of

entire solar spectrum are still less explore
organic dyes is favorable as a sensitizer when compared to
metal-based dyes as they are relatively cheap, less toxic and
possess a higher molar absorption coefficient.'*'* However, it
is very difficult to emulate the solar spectra with a single
organic dye sensitizer because of the characteristic narrow
absorption band of most of the organic sensitizers."” To resolve
this problem, co-sensitization of two dyes has been a well-
known technique in the case of dye-sensitized solar cells
(DSSCs).'>'” However, co-sensitization using more than two
sensitizers is less studied in the case of photocatalysis.'®"°
Co-sensitization may bring some additional difficulties to the
system because of the unwanted synergistic carrier mechanism
and the interactions occurring between the sensitizers.?’™
Hence, in order to achieve enhanced catalytic activity through
co-sensitization, the choice of the sensitizers is supposed to be
enough justified and the elucidation of photo-physical properties
and ultrafast carrier dynamics of the sensitizers is indispensable.

In our earlier work, protoporphyrin IX (PPIX) sensitized ZnO
has been proved to be a good visible light-induced photo-
catalyst due to the appropriate alignment of the conduction
band of ZnO and the highest occupied molecular orbital
(HOMO) of the dye.>® However, the main limitation of the
porphyrin sensitized photocatalysts has been found to be poor
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absorbance in the red and near infrared (NIR) wavelength
range. Recently, different squaraine dyes have stimulated a
lot of attention as a NIR absorbing sensitizer in the field of
DSSCs,*2¢ organic solar cells*”*® and photocatalysis®**° although
they have a much reported self-aggregation problem.*'*> In a
recent publication, we have successfully avoided the problem
of sensitizer squaraine (SQ2) aggregation using PPIX as a
co-sensitizer. Additionally, the increased absorption window
due to co-sensitization and dipolar coupling between the
sensitizer-co-sensitizer couple has been found to improve the
efficiency in DSSCs.*® It has to be noted that the PPIX dye from
natural resources has a metal ion at the central position of
the dye. The impact of different metal ions in the porphyrin
cavity on ultrafast photoinduced dynamics has been widely
reported®**> and their implications in photocatalysis are also
studied in our previous publication.’® However, the role of
different metal ions in porphyrin to determine the dipole-
dipole coupling (FRET) with other organic dyes on a semicon-
ductor surface and its implication in visible and NIR light
harvesting is sparsely reported in the literature.

In the present study, we have co-sensitized ZnO nano-
particles with SQ2 (NIR absorbing dye) and PPIX (visible light
absorbing dye). The Forster resonance energy transfer (FRET)
between the acceptor SQ2 and the donor PPIX has been
observed from time resolved fluorescence measurements and
it has been found to play a beneficial role in providing
enhanced catalytic activity apart from increasing the absorption
window. For comparative studies, we have synthesized
co-sensitized nanohybrids by impregnating a PPIX moiety with
different d-block metal ions (Zn and Co), which is expected to
modulate the excited state lifetime of the energy donor at the
surfaces of the host nanoparticles. Picosecond resolved fluores-
cence spectroscopy has been used to investigate the changes in
FRET efficiency of PPIX upon metalation in the presence of the
acceptor dye SQ2. The effect of FRET between the two
co-sensitizers has been correlated with the modulation of the
visible light induced catalytic activity of their respective
co-sensitized nanohybrid. We have also investigated NIR cata-
lysis upon metalation of PPIX in the synthesized nanohybrid. In
the case of NIR catalysis, the suppression of aggregation of the
SQ2 molecules due to co-sensitization is observed to enhance
the catalytic activity of the PPIX-SQ2 co-sensitized nanohybrid.
However, metalation of the PPIX co-sensitizer has reduced the
efficacy of the NIR catalysis of the SQ2-sensitized nanohybrid.
We have provided a mechanistic explanation for catalytic
activity modulation of different co-sensitized nanohybrids
under visible and NIR light irradiation by unraveling ultrafast
excited state dynamic events.

2. Experimental section
2.1. Reagents

All the chemicals used in this study were of analytical grade and
used without any further purification. ZnO nanoparticles
(~30 nm), protoporphyrin IX [PPIX], cobalt(u) chloride
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hexahydrate [CoCl,-6H,0], aluminium oxide nanopowder
(<50 nm), and zinc(u) nitrate hexahydrate [Zn(NO3),-6H,0]
were purchased from Sigma-Aldrich. Squaraine (SQ2) from
Solaronix, dimethyl sulfoxide (DMSO) from Merck, and ultra-
pure water of Millipore System (18.2 MQ cm) were used in the
present study.

2.2. Preparation of dye solutions

0.3 mM PPIX and 0.3 mM SQ2 solutions were prepared sepa-
rately under constant stirring for 1 h, using dimethyl sulfoxide
(DMSO) as a solvent. DMSO was used as a solvent because both
the dyes have good solubility in DMSO and it is an accepted
biologically relevant solvent.’” These two dye solutions were
mixed at different molar ratios such as (SQ2:PPIX) 8:2, 6:4,
4:6, and 2:8 and the dye cocktails were named accordingly as
S8P2, S6P4, S4P6, and S2P8. For the preparation of the cobalt(i)
ion metalated porphyrin [PP(Co)] solution an excess amount of
(1:10 molar ratio) cobalt(n) chloride hexahydrate was added to
0.3 mM PP dye solution in DMSO and the mixture was allowed
for overnight stirring. For the preparation of PP(Zn), core
metalation was done using the same procedure as cobalt(u)
using the salt zinc(u) nitrate hexahydrate. SQ2 and PP(Co) were
mixed at a molar ratio of 8:2 for the preparation of another
co-sensitizer solution and the SQ2 and PP (Zn) mixture was also
prepared using the same molar ratio.

2.3. Synthesis of the co-sensitized nanohybrid

ZnO NPs were sensitized with each of the above-mentioned
individual dyes and their respective dye cocktails by adding
20 mg of ZnO NPs to 10 mL of each dye solution with continuous
stirring for 12 h, at room temperature. After sensitization, the
solutions were centrifuged for some time and the clear super-
natants containing the unbound dyes were separated out. Then,
the sensitized nanohybrids were washed with DMSO for several
times to remove the possible unbound or loosely bound dyes
from the surface of the nanoparticles. The nanohybrids were
then dried by heating on a water bath and stored in the dark.

2.4. Methods of characterization

All the absorption spectra were recorded on a Shimadzu
UV-2600 spectrophotometer. The steady-state emission and exci-
tation spectra were recorded on a Jobin Yvon Fluorolog fluori-
meter. The picosecond time resolved fluorescence transients
were measured using a time correlated single photon counting
(TCSPC) setup from Edinburgh Instruments. Picosecond pulsed
lasers of Pico-quant (633 nm and 409 nm wavelengths) were used
as excitation sources in this study. The instrument response
function (IRF) was measured to be 80 ps. The experimental setup
and fitting parameters are discussed in detail in the earlier
publications from our group.*® The peak counts of the TCSPC
measurements were maintained at 2000 and at this count, a
reasonably good signal to noise ratio was achieved. The FRET
efficiency between the acceptor (SQ2) and different donors
(PPIX, PP(Zn)) was studied using the reported methodology.*
The equations for calculating the Forster distance (R, in A) and
energy transfer efficiency between the donor and the acceptor
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were reported earlier.’® The Forster resonance energy transfer
(FRET) has been studied between the donor PPIX or PP(Zn) and
the acceptor (SQ2) by calculating the Forster distance (R, in A)

1
Ry = 0211 x [k*n~*QpJ]° (1)

where x is the factor describing the relative orientation in space
of the transition dipoles of the donor and the acceptor and the
magnitude is assumed to be 2/3. The refractive index (n) of the
medium is calculated to be 1.479. The quantum yields of
the donors PPIX and PP(Zn) were calculated to be 0.06 and
0.01, respectively. J, the overlap integral, which expresses the
degree of spectral overlap between the donor emission and the
acceptor absorption, is given by,

_ o Fo(2)ea(2)24da

I [XFp(2)di

(2)

where Fp(4) is the fluorescence intensity of the donor in the
wavelength range of /1 to 4 + d/ and is dimensionless; g,(4) is the
extinction coefficient (in M~' ecm™") of the acceptor at A. If 1 is
in nm, then J is in units of M~* em™! nm*. The donor-acceptor
distance (rpa) can be easily calculated using the formula,

rpA’® = [ROG(IIJ ) €)

Here E is the efficiency of energy transfer. The transfer efficiency
is measured using the relative fluorescence lifetime of the donor,
in the absence (tp) and presence (tp,) of the acceptor.
E=1-24 @)
D
From the average lifetime calculation for PPIX SQ2 and
PP(Zn)_SQ2, we obtain the effective distance between the donor
and the acceptor (rp,), using the above equations. The molar
extinction co-efficient of the acceptor SQ2 was considered to be
319000 M~ ' ecm ™' as per reported literature.”" The reflecting
mode absorption spectra of the nanohybrids were collected using
a StellarNet™ spectrograph in the diffuse reflectance technique.

2.5. Methods for photocatalysis test

The photocatalytic activity of the nanohybrids under visible
light illumination was examined for photo-decomposition of
acridine orange (AO), a model pollutant having a nitrogen
containing heterocyclic structure in aqueous solution. The
photodegradation of AO (initial concentration Cp = 0.5 x 10~* M)
was carried out in a 1 cm optical path quartz cell containing 3 mL
of solution having 1 ¢ L™* concentration of each nanohybrid.
The suspension was irradiated under visible light using a
mercury lamp of 7800 Lux, with a 395 nm high pass filter
and appropriate amounts of aliquots were taken out at certain
time intervals. The percentage degradation (%DE) of AOin 1 h
was calculated using eqn (5):

Io—1
% DE = -

x 100 (5)
0

where I, is the initial absorption intensity of AO at Aax =491 nm
and I is the absorption intensity after 1 h visible light irradiation.
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On the other hand, NIR catalysis was performed using a
tungsten-halogen lamp with a 650 nm high pass filter. The
intensity of this particular lamp was measured to be 31200 Lux.

3. Results and discussion

Un-metalated protoporphyrin (PPIX) and squaraine (SQ2) are
two commercially available dyes which have been chosen in
this study as co-sensitizers. The other two dyes, cobalt(u)
metalated protoporphyrin (PP(Co)) and zinc(i) metalated proto-
porphyrin (PP(Zn)), are synthesized by core metalation of the
protoporphyrin moiety following the procedure mentioned in
the Experimental section. Although the acidic pK, value of the
protonated imino nitrogens facilitates the reaction of core
metalation, the process is highly selective upon the choice of
metal ions. The absorption spectrum of PPIX (Fig. 1a) in DMSO
solvent shows the strongest intensity peak at 407 nm, which is
due to the Soret band transition (B band), and the other four
lower intensity Q band peaks appear at 507 nm, 543 nm,
575 nm and 630 nm. Both the B and the Q bands arise from
n-m* transitions. The four Q bands are the X and Y components
of the two vibronic transitions between S; « S, electronic
levels. The changes in the absorption spectra of PP(Zn) (Fig. 1b)
and PP(Co) (Fig. 1c) when compared to that of PPIX can be
considered as evidence of metalation in the “pocket” of the
porphyrin ligand. The red shifted Soret band and two vanished
Q bands are typical signatures of the metal ion incorporation.
For PP(Zn) the Soret band maxima appears at 421 nm and the
two prominent Q bands appear at 547 nm and 584 nm. In the
case of PP(Co), the B band maxima is at 423 nm and the Q (1,0),
Q (0,0) peaks are at 535 nm and 568 nm. The decrease in the
number of Q bands upon core metalation can be assigned to
the increase in molecular symmetry from D,}, to Dyy,. The Soret
band (S, < So) of PPIX is broader than the two metalated
complexes probably due to the dimerization of the free ligands.
As metal ion incorporation slightly reduces the possibility of
aggregation, the B band became narrower. The structure and
the absorption spectra of SQ2 in DMSO (Fig. 1d) show that the
highest intensity peak appearing at 664 nm corresponds to the
n-m* transitions while the lower intensity peak at 611 nm is a
consequence of dye aggregation. From the absorption spectra
of PPIX (Fig. 1a) and SQ2 (Fig. 1d) it is evident that if a mixture
of these two sensitizers can be used in an appropriate ratio to
sensitize a nanomaterial, the entire visible region of the solar
spectrum i.e. 400-700 nm can be harvested. The combination
of the absorption spectra of SQ2 with PP(Co) or PP(Zn) also
emulates a wide range of solar spectra but the central metal ion
of PP is observed to possess a very pronounced effect on the
light harvesting efficiency as manifested by the catalysis results
explained later.

Depending on the nature of the central metal ion the
metalloporphyrins are divided into two groups ‘“Regular” and
“Hypso” porphyrins where the first one consists of a closed
shell central metal ion (d"° or d°) and the second one consists
of a metal ion which has a vacant d orbital (d%, n = 6-9).*>
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Fig. 1 Molecular structure and normalised absorption spectra of (a) PPIX, (b) PP(Zn), (c) PP(Co) and (d) SQ2.

PP(Co) is a hypsoporphyrin with a d” central metal ion. From
the emission spectra of PPIX and PP(Co) shown in Fig. 2a,
it can be observed that the fluorescence intensity is drastically
reduced upon cobalt(i) ion incorporation in the porphyrin
moiety. The intramolecular charge separation from the a,,()
of the ligand porphyrin to the vacant d,. orbital of the Co(u)
metal ion is responsible for the reduction in fluorescence
intensity. In hypso-porphyrins, there is a significant overlap
between the n* of porphyrin and the drn (d, and d,) of the
central metal ion which facilitates the metal to ligand back-
bonding and as a synergistic effect the a,,(n) — d,» charge
transfer also becomes facile. From the similar excitation spec-
tra of PPIX and PP(Co) shown in the inset of Fig. 2a, it can be
concluded that the very low emission intensity at 630 nm of
PP(Co) is attributed to the very small amount of the free PP
molecules left in the solution. Fig. 2b shows the steady state
emission spectra of PP(Zn) where two prominent emission
peaks are observed at 588 nm and 631 nm which are due to
Q(0,0) and Q(0,1) transitions, respectively. The emission peak
positions are blue shifted in PP(Zn) from that of PPIX due to the
reorientation of the electronic levels and this is in good agree-
ment with the absorption spectra of the dyes as discussed
earlier. A higher energy gap is associated with PP(Zn) for the
increased molecular symmetry rather than PPIX. The intra-
molecular charge transfer process is not expected in the case
of the regular metaloporphyrin PP(Zn) as Zn(u) is a d"*° system
and it does not have any vacant d orbital to accept the electrons
from the protoporphyrin ligand. Additionally, the metal-based
dr orbitals are low lying in Zn(u), so the possibility of metal to
ligand backbonding is also very less in the case of PP(Zn). The
excitation spectra of PP(Zn) in the inset of Fig. 2b show two
different spectral features for two different emission wave-
lengths. At 588 nm emission the excitation spectra resemble
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Fig. 2 The steady state fluorescence emission spectra in solvent DMSO
for (a) PPIX and PP(Co), (b) PP(Zn) and (c) SQ2. The insets of each show
their respective excitation spectra.

Phys. Chem. Chem. Phys., 2018, 20, 10418-10429 | 10421



PCCP

the absorption spectra of PP(Zn) whereas at 631 nm emission
wavelength, the excitation spectra resemble the absorption
spectra of PPIX. The emission maxima of the SQ2 are shown
in Fig. 2c, at 672 nm and the corresponding excitation spectra
resemble the absorption spectra of SQ2 with an additional
signature of S, — S, transition around at 380 nm.

Fig. 3a shows the absorption spectra of the sensitized
nanohybrids along with the absorption spectra of the bare
ZnO NP. The retention of the ZnO band gap peak after being
sensitized by different sensitizers proves that sensitizers do not
affect the stability of the ZnO nanoparticle. The absorption
spectra of the ZnO NP shown in Fig. 3a show a band gap of
3.4 V. The HOMO-LUMO gap of the sensitizers used in this
study is well reported in the literature in various theoretical and
experimental studies.*® The redox potentials of PPIX, PP(Zn)
and PP(Co) obtained from CV are 0.46 V, 0.57 V, 0.67 V,
respectively, with respect to the saturated calomel electrode.**
On the other hand, the reduction potential of squaraine
obtained from CV is —0.78 V with reference to NHE.*> The
TEM image of the ZnO NP shown in Fig. 3b shows an inter-
planar distance of ~0.26 nm, corresponding to the spacing
between two (002) planes. The ZnO NP (~30 nm) used in this
study has a zeta potential (mV)/average agglomerate size (nm)
of —3.00/1170 at pH 7.4.*° To obtain the details of attachment
of the dyes on the ZnO surface, we analyzed the FTIR spectra of
SQ2_ZnO and PP_ZnO conjugates and compared them to that
of free SQ2 and PPIX. As shown in Fig. 4, the FTIR peaks
corresponding to the carboxylic group stretching frequency of
the free dyes were found to disappear and shift respectively for

Paper

the two conjugates while the other peaks remained the same.
This perturbation in the stretching frequency at 1695 cm ™" in
the case of PPIX and 1685 cm ™" in the case of SQ2 proves their
attachment to the ZnO surface through carboxylic groups.
The attachment of the carboxylic group of the sensitizer to
Zn(u) located at the ZnO surface can further be proved from the
Raman spectra of the functionalized nanohybrids as shown in
our earlier publication.*® From thermogravimetric analysis and
a particle density of ~30 nm ZnO NP, we have estimated that
~15000 SQ2 and ~ 3500 PPIX were attached with one ZnO NP
at 8:2 molar ratio of the SQ2 : PPIX sensitizers. The estimated
value is consistent with earlier reports.>> Upon attachment to
the ZnO NP surface, the steady state emission of the sensitizers
is quenched as shown in Fig. 3c and d. In addition, the steady
state emission peak of PPIX in the PPIX-ZnO nanohybrid is
red-shifted by ~5 nm compared to the emission spectra of free
PPIX. This observation indicates the electronic interaction
between the singlet excited state of PPIX with the ZnO nano-
particle. The ~6 nm blue shift in the emission peak position of
SQ2_ZnO with respect to that of free SQ2 is indicative of a
probable aggregation.

To analyze the photoinduced chemical and physical proper-
ties of the individual sensitizers and their respective nano-
hybrids with ZnO, the pico-second resolved fluorescence transients
(Fig. 5) were studied. The mechanistic explanation and dynamic
behavior of the photo excited charge carriers are co-related with
the excited state lifetimes summarized in Table 1. The ZnO NP
(~30 nm) has no emission at the excitation wavelengths used in
this study (409 nm and 633 nm). Thus, there is no possibility of
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(a) Absorption spectra of PP(Zn)_ZnO (pink), PP(Co)_ZnO (brown), ZnO NP (black), SQ2_ZnO (blue), PP_ZnO (red), (b) TEM image of a ZnO

nanoparticle (c) emission spectra of the PPIX_ZnO compared to PPIX, inset shows the steady state emission spectra of PP(Zn)_ZnO compared to that of
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the changes.
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interference in the decay patterns of the sensitizers from the ZnO
defect state emission. In DMSO solvent, both PPIX and PP(Zn)
show single exponential lifetimes of 16.50 ns and 2.24 ns, respec-
tively. Kobayashi et al. have reported earlier that the decay lifetime
and quantum yield of the S; state emission in porphyrin systems
decrease with an increase in the atomic number of the central
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metal ion or the ligand as well due to enhanced spin-orbit
coupling and acceleration of intersystem crossing.”” In the case
of fluorescence decay lifetime of PP(Co), a fast component of
240 ps with 38% relative weightage is observed upon excitation
at 409 nm because of the ligand to metal charge transfer. Regard-
ing the excited state lifetime of the dye-ZnO complexes, both PPIX
and PP(Zn) show efficient ligand to semiconductor electron trans-
fer with timescales in hundreds of picosecond range. A very low
extent of ligand to semiconductor charge transfer takes place in
the PP(Co)_ZnO complex which is also evident from the reduced
average lifetime of the complex compared to the dye PP(Co) but
the lifetime of that particular process is not much distinguishable
from that of the ligand to metal charge transfer timescale.
The fluorescence lifetime of the SQ2 dye is measured to be single
exponential while upon attachment to the ZnO surface, an addi-
tional 80 ps faster component in lifetime appeared due to the
electron transfer from SQ2 to ZnO. As there is no IRF like
component in the decay pattern of SQ2_ZnO, there is no possibility
of any predominant electron injection in sub-picosecond time
scales.*®

The steady state quenching of donor emission for both PPIX
and PP(Zn) after the addition of SQ2 is shown in Fig. 6. As
shown in the insets of Fig. 7a and b, there is a significant
overlap between the absorption spectra of the NIR absorbing
sensitizer SQ2 and the emissions of the visible absorbing
sensitizers PPIX and PP(Zn). In order to investigate the possi-
bility of resonance energy transfer between the donor PPIX or
PP(Zn) and the acceptor SQ2, time resolved fluorescence decays
are measured in a mimic of the proposed ZnO nanohybrid
systems by attaching both the donor and the acceptor on the
surface of <50 nm Al,0;. The aim of attaching the donor and

2000 1 (a) s (b)
1500 '
@ A, 409nm PPIX
51000 & Ay 633 nm
500 1 Uy PP(Zn)
PPIX_ZnO
i / PP(Zn) ZnO
2000 ®
b A, 409 nm © f @
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2. 3
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Fig. 5 Pico-second resolved fluorescence decay profiles of (a) PPIX (red) and PPIX attached to ZnO (green), (b) PP(Zn) (pink) and PP(Zn) attached to ZnO
(yellow) (c) PP(Co) (brown) and PP(Co) attached to ZnO (grey). (d) SQ2 (blue) and SQ2 attached to ZnO (cyan). All the measurements were performed in
DMSO solvent.
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Table 1 Dynamics of picosecond resolved fluorescence transients of the dyes PPIX, PP(Zn), PP(Co) and SQ2 and the respective nanohybrids with ZnO

Excitation Emission
Sample wavelength (nm) wavelength (nm) 7, (ns) 7, (ns) 73 (ns) Tavg (1S)
PPIX 409 633 16.50 + 0.10 (100%) 16.50
PPIX_ZnO 409 633 16.50 = 0.10 (13%) 2.25 + 0.05 (44%) 0.13 + 0.03 (42%) 3.19
PP(Co) 409 633 16.50 £ 0.10 (62%) 0.24 £ 0.03 (38%) 10.32
PP(Co)_ 409 633 16.50 + 0.10 (23%) 2.17 + 0.05 (22%) 0.24 + 0.03 (55%) 4.40
PP(Zn) 409 588 2.24 + 0.03 (100%) 2.24
PP(Zn)_ZnO 409 588 2.24 + 0.03 (25%) 0.59 + 0.02 (29%) 0.10 + 0.03 (44%) 0.78
SQ2 633 670 0.73 £ 0.04 (100%) 0.73
SQ2_ZnO 409 670 0.73 + 0.05 (34%) 0.08 + 0.02 (66%) 0.30
J = .
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Fig. 6 Steady state Pl spectra of (a) PP(Zn) and SQ2_PP(Zn) attached to
Al,Os. (b) PPIX and SQ2_PPIX attached to Al,Os.

acceptor dyes to Al,O; for investigation of FRET (Forster
resonance energy transfer) is to bring them in enough proximity
to each other enabling the possibility of intermolecular dipole-
dipole coupling. As Al,O; is an insulator, insignificant charge
transfer possibility upon attachment of the dyes to the nano-
particle surface is evident in the literature.*® Thus, all the three
dyes PPIX, PP(Zn) and SQ2 have a single exponential lifetime
even after being attached to the Al,O; surface.

Fig. 7a shows that the fluorescence of the donor PPIX
attached to Al,O; decays at a single exponential lifetime and
after the addition of the acceptor SQ2 the average lifetime is
observed to be quenched. A similar trend in the change of
lifetime after the addition of the acceptor SQ2 is observed for
another donor molecule PP(Zn) also (Fig. 7b). For the donor
PP(Zn), we are able to capture the rise in the acceptor’s decay
profile in a solution mixture of PP(Zn) and SQ2 upon excitation
at 409 nm (Fig. 7c) which provides a strong evidence of the
FRET between these two dye pairs. In the inset of Fig. 7c, the
excitation spectra of only SQ2 and the PP(Zn)-SQ2 FRET pair
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Fig. 7 The picosecond resolved fluorescence decay of (a) PPIX attached
to AlbOsz in the absence (red) and presence (grey) of SQ2. (b) PP(Zn)
attached to AlLOs in the absence (pink) and presence (green) of SQ2.
The inset shows the spectral overlap between the emission of PP(Zn) and
absorption of SQ2, (c) time resolved fluorescence decay of SQ2 attached
to Al,Os in the absence (blue) and presence of PP(Zn). The inset shows the
excitation spectra of SQ2 in the absence and presence of PP(Zn).

are compared at an emission wavelength of 675 nm. It is
evident that in the FRET pair the acceptor’s emission comes
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to some extent from the excitation at the absorption peak position
of the donor PP(Zn). Due to resonance energy transfer from the
excited state of the donor to that of the acceptor, the decay lifetime
of donor has been quenched. Additionally, FRET increases the
carrier population in the excited state of the acceptor SQ2 which is
responsible for the rise component in the acceptor decay profile
upon exciting the donor PP(Zn). So, the average lifetime of the
acceptor SQ2 is observed to be increased from 1.10 ns to 2.12 ns
after FRET from the donor PP(Zn). Comparing the excited state
decay lifetimes of the PP(Zn)-SQ2 system at the emission peak
position of PP(Zn) (588 nm) and the emission peak position of SQ2
(670 nm), it can be observed that both of them has the same three
lifetime components. Only their relative weightage differs for
different emission wavelengths. Both the faster decay lifetime at
588 nm and the rise lifetime at 670 nm are found to be the same.
So, the resonance energy transfer between the PP(Zn) and SQ2 is
quite evident from all the above-mentioned observations. The rise
in the decay profile of SQ2 is not distinguishable in the case of the
PPIX-SQ2 pair, as the emission peak of PPIX (633 nm) is very close
to the emission peak of the acceptor SQ2 (670 nm), unlike the
PP(Zn)-SQ2 pair. All the corresponding timescales and their relative
percentage are summarized in Table 2. Using conventional meth-
odologies, the FRET efficiencies between the PPIX-SQ2 pair and
the PP(Zn)-SQ2 pair are calculated to be 58% and 44%, respectively.
For both the pairs, the overlap integral between the donor emission
and acceptor absorption j(4), donor-acceptor distances Rp, and
other FRET parameters are provided in Table 3. In time resolved
measurements, no changes are found in the PP(Co) decay profile
upon the addition of SQ2. Thus, it can be concluded that the FRET is
absent in the case of the PP(Co) and SQ2 pair due to the other
ultrafast competing process of LMCT.

In order to investigate the effect of FRET on the photo-catalytic
activity, co-sensitized ZnO nanohybrids are prepared using the dyes
PPIX and SQ2 at different molar ratios. Acridine orange (AO) is
used as a model organic pollutant to be degraded by the synthe-
sized photocatalysts. Fig. 8a shows the photocatalytic degradation
profile of AO under visible light by a co-sensitized photocatalyst. A
hypso-chromic shift in the absorption peak of photodegraded AO
and discoloration of the solution due to lower molar extinction
coefficient of the photo-degraded products prove the photocatalysis
of AO in the present study. The kinetics of the photodegradation of
AO is shown in the inset of Fig. 8a where the rate constant is found
to be 0.04 min~". Fig. 8b shows the photo-degradation of AO under
visible light illumination by the nanohybrids co-sensitized with
different molar ratios of the two dyes PPIX and SQ2 along with the
single dye sensitized nanohybrids ie. PPIX ZnO and SQ2_ZnO.

PCCP

Table 3 FRET parameters

System J(%) R, (nm) E (%) Rpa (nm)
$Q2_PPIX 1.8 x 10 4.5 58 4.2
SQ2_PP(Zn) 1.2 x 10* 3.2 44 3.3

From the photocatalytic degradation data of AO under visible light
(above 395 nm) in 1 h summarized in Table 4, it can be observed
that ZnO sensitized by 8 : 2 molar ratio of SQ2 : PPIX shows much
better visible light photocatalytic activity than the other molar
ratios and the individual dye sensitized nanohybrids. The
SQ2_ZnO shows the lowest catalytic activity probably because
of the extensive aggregation problem which may have reduced
upon co-adsorption with PPIX. Control studies have been done
with only AO or only ZnO under visible light illumination but its
degradation is negligible. The 8:2 molar ratio of SQ2 and PPIX is
found to have superior photo catalytic activity among the other
molar ratios because at that particular ratio the probability of
FRET is the highest which is similar to an earlier observation in
the case of co-sensitized DSSCs.>* To check whether the extent of
dipole-dipole coupling can control the catalytic activity, two
more co-sensitized nanohybrids are prepared at the same best
performing molar ratio of 8:2 of the SQ2 and the other visible
absorbing metalo-porphyrin dye. These nanohybrids are named
SQ2_PP(Co)_ZnO and SQ2_PP(Zn)_ZnO and their catalytic
activities are compared to those of the single dye sensitized
nanohybrids PP(Co)_ZnO and PP(Zn)_ZnO as shown in Fig. 8c.
The figure clearly depicts that both the mixed dye hybrids show
better activity than their respective control study of single dye
sensitized nanohybrids because in both the cases the absorp-
tion window is increased due to co-sensitization. But the
notable feature is that SQ2_PP(Zn)_ZnO shows a much higher
activity than SQ2_PP(Co)_ZnO as in the latter the dipole-dipole
coupling effect is absent. The activity of S8P2_ZnO and
SQ2_PP(Zn)_ZnO is found to be similar as in both the cases,
FRET is a photo-induced process which facilitates the enhanced
radical generation and the pollutant degradation as well. The
N-De-methylation process occurs during photo degradation of
acridine orange (AO). The four N-methyl groups are removed
from the original AO moiety during photo-degradation.*®
3,6-Diaminoacridine or proflavine has been widely reported as
the photo-degraded product of acridine orange due to ROS
mediated photocatalysis. Fig. 8d shows the absorption spectra
of proflavine (PF) and the inset of Fig. 8d shows the kinetics of
formation of the product proflavine derived from a peak normal-
ized degradation profile of AO. The formation of PF is took place

Table 2 Excited state lifetime of the donor PPIX and PP(Zn) attached to Al,Os in the presence and absence of the acceptor SQ2 and the excited state
lifetime of the acceptor SQ2 attached to Al,Os in the presence and absence of the donor PP(Zn)

Sample Excitation wavelength (nm) Emission wavelength (nm) 7, (ns) 7, (ns) 73 (ns) Tavg (11S)
PPIX 409 633 13.20 + 0.10 (100%) 13.20
PPIX-SQ2 409 633 13.20 4 0.10 (38%)  1.02 + 0.05 (39%)  0.25 + 0.01 (23%)  5.47
PP(Zn) 409 588 1.90 £ 0.06 (100%) 1.90
PP(Zn)-SQ2 409 588 1.90 + 0.05 (26%) 1.10 + 0.04 (45%) 0.25 + 0.03 (28%)  1.06
SQ2 409 670 1.10 + 0.10 (100%)

PP(Zn)-SQ2 409 670 1.90 + 0.10 (34%) 1.10 + 0.04 (152%) 0.25 + 0.03 (—86%)  2.12

This journal is © the Owner Societies 2018

Phys. Chem. Chem. Phys., 2018, 20, 10418-10429 | 10425



PCCP Paper
10 Acridine Orange degradation @] 073
g | 19" 2491 mm
< 0.8 | 0.8 1 |
= [ o Sos 0.8
3 | Omin | “d-04 i
So06-4 || 30min | |~ S
= N psominf | 02T 5006 -
2 M [ | 0 20 40 60| ©
S04} | Time (min)
< |
\ Ny -
Eo2- SO | 04
Z. i &
N2
0.0 . ; i : ' 0.2 IS()_ PP&Zn) Zn
200 300 400 500 600 700 800 0 20 40 60 80 100 0 20 40 60 80 100
Wavelength (nm) Time (min) Time (min)
Proﬂavn?% formation (d) 5100 ®
054 %440nm e g
o121 =t
80.4 B < '%’: 75 4
2 © 11 c
Sos &
§ 1.0 4 * T T T - 50 1
$0.2 4 0 20 40 60 2
< Time (min) =
AN £ 25 4
0.1 4 2 P 5
\ Y =z
H
OO T T T Ll T 02 L] ) T T T L 0 T T T T
200 300 400 500 600 700 800 0 30 60 90 120 150 180 700 et aBh <pth
Wavelength (nm) Time (min) ogv 3 ¥ o

Fig. 8 Photocatalysis under visible light irradiation (above 395 nm) (a) photocatalytic degradation of acridine orange (AO) by the SQ2 and PPIX (8:2)
co-sensitized ZnO, inset shows the kinetics at the absorption peak maxima of acridine orange, (b) comparison of catalytic activity for different
co-sensitized ZnO sensitized by different ratios of SQ2 and PPIX, control ZnO and acridine orange. (c) Catalytic activity of ZnO sensitized by PP(Co),
PP(Zn) and by their respective cocktail mixture with SQ2 at 8:2 molar ratio of SQ2 and the metalloporphyrins. (d) Absorption spectra of the photo-
degraded product proflavine (PF), the inset shows the kinetics at the absorption peak maxima of PF during photocatalysis of AO obtained from a
normalized absorption spectra of AO degradation. (e) Recyclability of the catalyst S8P2_ZnO i.e. ZnO sensitized by 8: 2 molar ratio of SQ2 and PPIX. (f)
Effects of Cu?*, TBA and EDTA on the photocatalytic activity of S8P2_ZnO.

at a rate constant of 0.018 min ' which is slower than the

degradation rate of AO due to the formation of several inter-
mediate products. The comparison of the decay kinetics of AO
and formation of proflavine further proves the photo-degradation.
The recyclability of the co-sensitized nanohybrid S8P2_ZnO has
also been tested and Fig. 8e shows that the catalyst is still 50%
active after completion of three cycles. After consecutive cycles,
the activity decreases probably due to the dye leaching process.

To explore the mechanism of catalytic activity of the SQ2 and
PPIX co-sensitized nanohybrid, catalysis has been performed in
the presence of excess radical scavengers and the results are
shown in Fig. 8f. Cu®* is known as an electron scavenger because
it accepts electrons from the reaction media to yield Cu". Tertiary
butyl alcohol (TBA) acts as the scavenger of *OH, and ethylene-
diaminetetraacetic acid (EDTA) is introduced as a hole (h")
quencher. In all the three cases the catalytic activity decreases
but Cu*" has reduced the activity drastically to 20% which implies
that among all the reactive species the negatively charged O,*~
plays the most crucial role in the photo-degradation of the
pollutant. Comparing all the catalytic activities tabulated in
Table 4, it can be inferred that in the case of co-sensitized
photocatalyst synthesis, FRET is a dynamic event which has much
pronounced influence in controlling the light harvesting activity,
and the nature of the specific metal ion in the porphyrin core
plays a crucial role in the dipole-dipole coupling with the acceptor
dye. The predominant mechanistic pathway under visible light
catalysis of the nanohybrids is summarized in the following
chemical equations and Scheme 1.
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Table 4 Percentage of photocatalytic degradation of acridine orange in
the presence of different catalysts in 1 h

Photocatalytic degradation (%)

Catalyst of AOin1h
PP_ZnO 32 +2
SQ2_Zn0o 16 + 1
SQ2: PP (8:2)_ZnO 70 £ 3
SQ2:PP (6:4)_ZnO 54 £ 2
SQ2:PP (4:6)_ZnO 3142
SQ2:PP (2:8)_ZnO 29 £ 2
Zn0O 8+1
AO 941
SQ2 : PP(Co) (8:2)_ZnO 55+2
SQ2:PP(Zn) (8:2)_ZnO 7243
PP(Co)_ZnO 33 +£2
PP(Zn)_ZnO 46 + 2
PPIX hy PPIX *
PPIX *f SQ2 —RET SQ2*
hv
$Q2 SQ2*
SQ2* ~e-
ZnOCB # O, 0,4 AO

PPIX *—

Photodegradation of
AO
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ncreased absorption window
due to Co-sensitization

Scheme 1 FRET: the tuning tool for modulating the catalytic activity of
co-sensitized nanohybrids, under visible light illumination.

0 20 40 60 80 100

1 Time (min)

: ] SQ2_ZnO (b)

S8P2_7ZnO

12 N2\ SQ2 PP(Co) ZnO
[}
Q
g 09 9
so.
S
o
(72}
o
< 0.6 1 7

0.3 1

400 500 600 700 800
Wavelength (nm)

Fig. 9 (a) Photocatalytic activities under NIR light irradiation (above 650 nm)
using a tungsten—halogen light source, (b) dye loading in different nanohy-
brids from solid state absorption spectra collected in retro reflecting mode.

Fig. 9a shows NIR light induced photocatalysis by the
co-sensitized nanohybrids. From the comparison of the dye
degradation percentages summarized in Table 5, it is quite
evident that the co-sensitized nanohybrids exhibit better
catalytic activity under NIR light than the control SQ2-ZnO.
However, the dye loading curve in Fig. 9b shows that there is
higher loading of SQ2 in the SQ2-ZnO hybrid rather than the
other co-sensitized hybrids. This observation leads to the
conclusion that higher loading causes a stronger aggregation which
is clear from the monomer—dimer peak ratio of the SQ2-ZnO and
the three co-sensitized photocatalysts. In the co-sensitized nano-
hybrids, aggregation is suppressed to some extent due to
co-adsorption on the ZnO surface. The SQ2_PPIX_ZnO adduct
is found to exhibit the best NIR catalysis with 69% dye degradation

This journal is © the Owner Societies 2018

PCCP

Table 5 Percentage of photocatalytic degradation of acridine orange in
the presence of different catalysts in 1 h under NIR light irradiation (above
650 nm) using a tungsten—halogen light source

Photocatalytic degradation (%)

Catalyst of AOin1h
AO 9+1
SQ2_ZnO 3142
SQ2: PP (8:2)_Zn0O 69 £ 2
SQ2: PP(Co) (8:2)_ZnO 45+ 1
SQ2:PP(Zn) (8:2)_ZnO 5142

Co-adsorption induced reduced aggregation

»
&
&
Efficient Inefficient
NIR Catalysis NIR Catalysis

ROS

Scheme 2 Photocatalysis under NIR light illumination by three co-sensitized
nanohybrids.

in 1 h while SQ2_PP(Zn)_ZnO and SQ2_PP(Co)_ZnO show compara-
tively less activities due to the presence of the metal centre. The
phenomenon is well explained in Scheme 2. The excited state
electrons of SQ2 are trapped in the porphyrin core-metal through
the ZnO conduction band. It has been reported earlier that photo-
excited carriers of the semiconductor conduction band move to
the core metal of the metalloporphyrin photosensitizers®">> and
facilitate charge separation under UV irradiation but in the case
of dual dye sensitization the same phenomenon is observed to
diminish the NIR catalytic activity of the conjugate. As cobalt has
avacant d orbital, the process is more facile in the case of PP(Co)
than PP(Zn). Thus, SQ2_PP(Co)_ZnO performs less efficiently
than SQ2_PP(Zn)_ZnO. It can be inferred that for NIR catalysis
PPIX is proved to be a better co-adsorbent for SQ2-ZnO than the
other two metalloporphyrins.

4. Conclusion

Our present study on PPIX, PP(Co), PP(Zn) and SQ2 dyes
provides an insight into their excited state dynamic behavior
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for their potential use as light harvesting photo-sensitizers. We
have shown that the dipolar coupling or FRET from PPIX to SQ2
at the ZnO surface plays the key role to enhance the catalytic
activity of the co-sensitized photocatalyst. Most importantly,
the dipole-dipole coupling of the PPIX and SQ2 pair is observed
to be highly influenced by the core metalation of the donor
PPIX and consequently affecting the catalytic activity of the
co-sensitized ZnO nanohybrid under visible light. In the case of
PP(Co) the FRET is found to be absent due to ultrafast photo-
induced ligand to metal charge transfer. At the same time
PP(Zn)-SQ2 is observed to be a very efficient FRET pair. Photo-
catalytic efficiency is also conclusively correlated with the
presence and absence of FRET. Additionally, the PPIX-SQ2
co-sensitized ZnO nanohybrid is observed to be an efficient
NIR photocatalyst also due to the anti-aggregation effect of
PPIX on the SQ2 molecule at the surface of ZnO. Thus, different
ultrafast phenomena have been proved to be the tuning tool for
the visible light harvesting as well as NIR harvesting capacity of
co-sensitized nanohybrids.
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