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Here, we report a ground-state interaction between the positively
charged cationic porphyrin and the negatively charged carboxylate
groups of the thiol ligands on the surface of CdTe quantum dots
(QDs), leading to the formation of a stable nanoassembly between
the two components. Our time-resolved data clearly demonstrate
that we can dramatically tune the intersystem crossing (ISC) and the
triplet state lifetime of porphyrin by changing the size of the QDs in
the nanoassembly.

Light absorption, exciton dissociation, and charge collection are
considered to be the three key processes that control the overall
power-conversion efficiencies of organic photovoltaic devices.™*
Matching the exciton diffusion length with the respective optical
absorption length is a challenge for achieving high power-
conversion efficiencies in solar cells.>® In this respect, photo-
generated singlet excitons exhibit very short lifetimes because of
their dipole-allowed spin radiative decay, and consequently, they
have short diffusion lengths.? In contrast, the radiative decay of
triplet excitons is dipole forbidden; therefore, their lifetimes are
considerably longer.® This has motivated interest in the triplet
state and its impact on solar cells.”® Being in this regime,
porphyrins, the essential chromophores within nature’s most
efficient energy conversion device,* have received special attention
due to their good thermal stability and remarkable photo-
electrochemical properties.>® Driven by their potential applica-
tions in the fields of artificial photosynthesis and photovoltaics,
the excited-state dynamics of porphyrins have attracted increased
research attention.”® The electronic transitions of the Soret and
Q-bands that appear in the visible spectral range are related to the
symmetry of the macrocyclic moiety of porphyrins and have
intense absorptions in the visible spectral region.’ The excitation
of porphyrins in the Soret band leads to internal conversion to the
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lowest singlet excited state (S;). This conversion is followed by
either decay to the ground state or by a singlet (S,)-triplet (T;)
intersystem crossing (ISC) to populate the low-lying triplet state.'®
The rate of the ISC process depends on both the energy gap
between S; and T, and the spin-orbit coupling.""*>

The excited-state properties of porphyrins can be systematically
adjusted by introducing distortion into the porphyrin macro-
cycle,”® which has triggered several interaction studies with the
porphyrin tetrapyrrole macrocycle. More specifically, the inter-
actions of porphyrins with nanostructures, such as gold nano-
particles,'* silver nanospheres,’® semiconductor QDs,'®*” metal
oxide nanoparticles,'® carbon nanotubes™ and graphene,* have
also attracted considerable interest. These studies predominantly
focused on distinguishing and understanding the photoinduced
electron transfer from energy transfer in the porphyrin nano-
assemblies. Time-resolved pump-probe spectroscopy provides
crucial information for the complete understanding of the
photoinduced excited state transitions,”>** including electron
and energy transfer in their nanoassemblies.

In this study, we explore the excited state deactivation
processes of 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin
tetra( p-toluene-sulfonate) (TMPyP) upon the addition of water-
soluble thioglycolic acid (TGA)-capped CdTe QDs (the structure
is given in Scheme S1, ESIT). The four pyridinium moieties result
in TMPyP being positively charged at neutral pH and can
strongly bind with the negatively charged TGA groups capping
the surface of the CdTe QDs through electrostatic interactions to
bring the TMPyP and CdTe QD units in close proximity. Among
the chalcogenide-based nanoscale materials, CdTe QDs were
selected for this study due to their band gap energy in the UV-Vis
region, water solubility and high affinity for porphyrins.'®"” In the
electrostatic binding and nanoassembly formation of TMPyP with
CdTe QDs, the rate of the ISC and the triplet state lifetime of
TMPyP were found to be sensitive to the size of the QDs. For
comparison purposes, we investigated the interactions between
neutral 5,10,15,20-tetra(4-pyridyl)-porphyrin (TPyP) and CdTe QDs,
revealing that the positive charge on the meso units is the key for
controlling the photo-physical processes.

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Absorption (on left) and emission (4ex = 580 nm) (on right) of (A) TMPyP
(50 uM) with successive additions of CdTe QDs (1.3 nm), (B) CdTe QDs (2.8 nm),
and (C) CdTe QDs (6.3 nm); the concentrations are given in the figure.

As shown in Fig. 1, the free-base TMPyP typically has an
intense Soret band at 416 nm and weaker Q-bands at 515, 555, 586,
and 640 nm. The successive addition of 1.3 nm QDs to a solution
of TMPyP resulted in a decrease in the intensity of the Soret band,
followed by the appearance of a new band at 460 nm with an
isosbestic point at 436 nm, providing clear evidence for ground
state equilibrium between the free TMPyP and TMPyP-CdTe QD
nanoassembly. At the same time, the Q-bands transform into a
simple broad band with two peaks at 586 and 640 nm. Because the
Soret and Q-bands correspond to the electronic structure of the
macrocyclic cavity of TMPyP,">'® these observed spectral modifi-
cations are strong indications for interactions between TMPyP
macrocyclic and CdTe QDs. In such a nanoassembly, a consider-
able distortion in the structure of TMPyP from its free-base
structure is expected to occur due to out-of-plane displacements
upon the complexation of the TMPyP cavity with the QD.*®

The formation of a TMPyP-CdTe QD nanoassembly was also
indicated by quenching of the emission of TMPyP. Upon excitation
at 580 nm in the absence of CdTe QDs, TMPyP exhibits a broad
fluorescence band over the range of 625-800 nm, which corre-
sponds to the S;-S, transition. The successive addition of CdTe
QDs led to a blue-shift along with a decrease in the fluorescence
intensity of TMPyP (Fig. 1A). In addition, a more resolved spectrum
with two peaks at 625 and 670 nm was observed, providing clear
evidence for disruption of the intramolecular charge transfer (CT)
between the cavity and the meso unit.>* To evaluate the depen-
dence of the quenching behavior on the size of the QDs, we also
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examined the absorption and fluorescence spectra of TMPyP in the
absence and presence of different sizes of CdTe QDs. We observed
that the changes in both the absorption and emission spectra
exhibited the same trend, but the spectral changes and emission
quenching became considerably smaller as the size of the QDs
increased; see Fig. 1A-C.This result is consistent with the so-called
effect of the surface-to-volume ratio of the QDs, emphasizing that
the charge density or quantum confinement and surface coverage
of the QDs are responsible for the fluorescence quenching. In this
sense, we hypothesized that the charge density should be deter-
mined by the Cd>" ions at the surface of the QDs, which bound to
the thiol ligands,* and that surface coverage is facilitated by
electrostatic interactions between the positively charged pyrid-
inium moieties that serve as anchoring groups in TMPyP and
the negatively charged carboxylic groups of the thiol ligands on
the surface of the QDs.

To investigate this hypothesis, we evaluated the interaction
between the CdTe QDs with neutral TPyP, a porphyrin derivative
closely related to TMPyP without positively charged anchoring
groups in its structure, under the same experimental conditions.
As shown in Fig. S1, (ESIT) we found that the successive addition of
CdTe QDs up to 14.3 pM into the TPyP solution had no effect on
either the absorption or emission spectra. Thus, this finding, along
with the reduction potentials of the two porphyrins (—1.01 V for
TMPyP and —1.55 V for TPyP)*® and the lack of the spectral overlap
between the emission of the porphyrin and the absorption of the
CdTe QDs, suggests that electron and energy transfer from TPyP to
CdTe has a very low probability, indicating the formation of very
few nanoassemblies, if any, between the CdTe QDs and the neutral
TPyP. This observation supports the hypothesis that a positive
charge on the porphyrin is required to form a nanoassembly with
CdTe QDs. The formation of the TMPyP-CdTe nanoassembly was
also confirmed by the Raman spectra of TMPyP in the absence and
presence of CdTe QDs (see SI and Fig. S2, ESIT). The number of
TMPyP molecules accommodated on single QDs can be approxi-
mately estimated by calculating the surface area of the TMPyP and
QDs."® Because the interaction between TMPyP and QDs is con-
trolled by electrostatic interactions between the peripheral pyrid-
infjum functional groups and the carboxylic group on the QD
surface, we can assume that the porphyrins make a monolayer
parallel to the QD surface. From the effective diameter of TMPyP of
~2 nm" we estimated the number of TMPyP molecules accom-
modated on single QDs to be 2, 8, and 40 for the QDs of 1.3, 2.8,
and 6.3 nm in diameter.

Nanosecond transient absorption (ns-TA) spectra of aqueous
solutions of TMPyP and TMPyP-CdTe QDs of the smallest and
largest CdTe QDs (1.3 and 6.3 nm) are presented in Fig. 2. It is
worth mentioning that T;-T,, absorption spectra (450-650 nm
range) were collected after optical excitation at 355 nm, which is
the third harmonic generation of the 1064 nm Nd:YAG Q-switched
laser. More details about setups are given in the Experimental
section. This observation is in excellent agreement with the
literature for the transient triplet state absorption.””*® Although
there is an overall spectral similarity for the T;-T,, absorption spectra
of free TMPyP in Fig. 2A to that of TMPyP-CdTe (6.3 nm) and
TMPyP-CdTe (1.3 nm) nanoassemblies in Fig. 2B and C, respectively,

Chem. Commun., 2015, 51, 8010-8013 | 8011
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Fig. 2 Nanosecond TA spectra of TMPyP (A) and of TMPyP in the
presence of CdTe QDs (6.3 nm) (B) and CdTe QDs (1.3 nm) (C) collected
after excitation of 355 nm. An identical absorption spectrum of porphyrin
solutions before and after TA measurements excludes the possibility of any
photo-degradation.

a significant shift in the spectra to higher wavelengths as the free
TMPyP transitions to its complex (nanoassembly) with the CdTe QDs
can be observed. A similar shift in T;-T,, absorption was reported
when going from free-base porphyrin to metallated porphyrins.>
This is also in line with the higher energy shift of the metallo-
porphyrin triplet state compared to free-base ones.”® Moreover, we
have conducted a control experiment monitoring the T,-T,, absorp-
tion change of TMPyP after metallation using CdCl, and a clear
spectral shift is observed (see Fig. S3, ESIt), supporting our proposed
mechanism. In other words, the observed shift can be attributed to
the interaction with CdTe QDs rather than spectral overlap with
ground state bleach. Moreover, the magnitude of this shift, in Fig. 2,
is found to be dependent on the size of QDs used for the interaction
with TMPyP. Although a shift of 6 nm is observed in the TMPyP
mixture with 6.3 nm CdTe QDs, a larger shift of approximately
20 nm is observed for 1.3 nm CdTe QDs.

This different magnitude of the shift suggests not only
different positions for the T; energy of TMPyP adopted in the
complex relative to the free TMPyP but also different strengths
of interaction between the TMPyP cavity and the surface of the
CdTe QDs. Another interesting observation is the significant
differences in the triple state lifetimes extracted from the TA
decay profiles, as shown in Fig. 3.

Free TMPyP exhibited a lifetime of 2.16 ps, which is approxi-
mately 6 times shorter than those extracted from the signal
collected in the presence of the smallest CdTe QDs. Moreover,
the lifetime becomes longer as the size of the QDs is decreased:
3.23,5.43, and 12.25 ps in the nanoassemblies of TMPyP with CdTe

8012 | Chem. Commun., 2015, 51, 8010-8013
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Fig. 3 Kinetic traces of nanosecond transient absorption of the free TMPyP
(grey) and TMPyP in the presence of CdTe QDs (1.3 nm; red), CdTe QDs
(2.8 nm; green), and CdTe QDs (6.3 nm, cyan) collected after excitation
at 355 nm.

QDs with sizes of 6.3, 2.8, and 1.3 nm; respectively. This observed
difference is referring to the significance impact of QD’s surface-to-
volume ratio on the interaction with TMPyP. We anticipate, based
on spectral and lifetime results, different degrees of S;-T; mixing
dependent on the change in energy levels associated with the
different surface-to-volume ratios of the investigated QDs. Being
in this regime, the observed longer triplet lifetime for the TMPyP-
QD nanoassembly compared to TMPyP alone can be due to faster
ISC from the singlet state in the nanoassemblies enhanced by
virtue of spin-orbit coupling in the presence of CdTe QDs.>**" It
should be noted that upon interaction with CdTe QDs the free
rotation of the meso-N-methyl pyridinium units attached to TMPyP
is suppressed, which is expected to result in elongation of the
excited state lifetime. In this regard, several reported examples
indicate that hindered or restricted molecular rotation rigidifies
the molecule and in turn reduces the non-radiative excited-state
deactivation processes.”>** It has been reported that electronic
density of the triplet state is mostly located on the macrocyclic
core of the porphyrin.***> The radiationless deactivation of the
triplet state in porphyrin requires flipping of the pyridinium groups
in TMPyP around the macrocyclic core of the porphyrin.**?®
Consequently, any restriction or hindrance imposed on this rota-
tion will reduce the non-radiative deactivation of the excited state
and subsequently increase the triplet state lifetime. The changes
detected in the steady-state measurements indicate the adoption of
the sitting-atop porphyrin complex structure.'®* Such structural
changes most likely introduced some extra restrictions on the
rotation of the meso group together with the increased ISC by
adopting the metallated porphyrin symmetry, as indicated by
ground state measurements, leading to the observed increase in
lifetime. As observed in the kinetic profiles (Fig. 3), the enhance-
ment is strongly dependent on the size of the QDs used. Because
the steady-state measurements suggested a correlation between
the degrees of complexation with the size of QDs, we anticipate
different degrees of ISC in the same order due to the different
degrees of spin-orbit coupling by CdTe QDs, similar to the heavy
atom effect.””*738

Further confirmation of the proposed mechanism can be
obtained from the S; lifetime determined using the TCSPC
technique, and the kinetic traces are shown in Fig. S4 (ESIf).

This journal is © The Royal Society of Chemistry 2015
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The lifetime profile extracted from the fluorescence decay of
TMPyP is found to be approximately 4.01 ns, which is in good
agreement with the fluorescence lifetime of TMPyP reported in
the literature.??*° On the other hand, the lifetimes obtained for
TMPyP in its assembly with CdTe QDs (1.3 nm) is 0.97 ns, with
CdTe QDs (2.8 nm) is 1.15 ns and with CdTe QDs (6.3 nm) is
2.45 ns, as shown in Fig. S5 (ESIT). The observed decrease in the
fluorescence lifetime of TMPyP in its assemblies with QDs is
pointing out to the enhancement of non-radiative routes for
excited state deactivation. Since the energy and electron trans-
fer is ruled out based on the lack of spectral overlap between
TMPyP emission (which is selectively excited under our experi-
mental conditions) and QD’s absorption, and on a control
experiment carried out using femtosecond TA studies using
TMPyP and TMPyP-QD where no spectral signature for radical
ions was detected (see Fig. S6, ESIt).

Due to the strong spectral overlap between the excited
singlet and triplet state absorption, accurate values for the rate
of intersystem crossing (Kisc) cannot be extracted. However, we
were able to calculate the Kigc for TMPyP free and in the
presence of CdTe QDs using the method described by Pettersson
et al.,*® by which we found that the Kisc is 5.9 x10” for free TMPyP,
7.3 x 107 for TMPyP with 6.3 QD, and 16.8 x 10” for TMPyP with
1.3 QD. The increase in Kigc or the decrease in lifetime can be
understood in terms of the SAT or out of plane complex structure.
This type of deformation can dramatically change the photo-
physical properties of the porphyrin.*"*> These short fluores-
cence lifetimes obtained for the TMPyP-CdTe QD assemblies
suggest an enhancement in the ISC.

In summary, the time-resolved results demonstrate, for the first
time, the possibility of modulating the ISC rate and the triplet state
lifetime of TMPyP by controlling both the distance and the
strength of binding between the porphyrin cavity and the surface
of CdTe QDs. Fluorescence quenching of TMPyP upon addition of
CdTe QDs is observed and found to be sensitive to the size of the
QDs, demonstrating the impact of quantum confinement on the
observed quenching. Notably, the novel insights reported in this
manuscript provide an understanding of the key variables involved
in the nano-assembly, thus paving the way for the exploitation of
efficient ISC and subsequently elongating the triplet-state lifetime,
which are required for light harvesting in the triplet state as one of
potential solutions to overcome the poor exciton mobility to
achieve high power-conversion efficiency.?
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