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ABSTRACT: All-synthetic molecular donor−acceptor complexes are designed, which
are capable of counteracting the effect of photoinduced degradation of donor
chromophores. Anionic gallium protoporphyrin IX (GaPP) and semiconducting carbon
nanotube (CNT) are used as a model donor−acceptor complex, which is assembled
using DNA oligonucleotides. The GaPP-DNA-CNT complex produces an anodic
photocurrent in a photoelectrochemical cell, which steadily decays due to photo-
oxidation. By modulating the chemical environment, we showed that the photodegraded
chromophores may be dissociated from the complex, whereas the DNA-coated carbon
nanotube acceptors are kept intact. Reassociation with fresh porphyrins leads to the full
recovery of GaPP absorption and photocurrents. This strategy could form a basis for
improving the light-harvesting performance of molecular donor−acceptor complexes and
extending their operation lifetime.
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Molecular light-harvesting complexes in natural photo-
systems are intricately arranged proteins and pigments

that help collect sunlight in a photosynthetic reaction center
where charge separation and electron transfer reactions take
place. Inspired by such remarkable molecular machineries in
nature, all-synthetic light-harvesting donor−acceptor complexes
have been synthesized and studied extensively for photo-
electrochemical conversion. Gust and co-workers constructed a
variety of molecular donor−acceptor complexes and inves-
tigated their optical and electrochemical properties.1,2 They
showed that donor and acceptor molecules can be precisely
tuned such that intra/intermolecular charge transfer processes
are facilitated.3 A fraction of excitation energy was down-
regulated to protect the complexes from excessive light
exposure, mimicking the photoprotection mechanisms in
nature.4,5 Numerous other research groups synthesized and
studied various donor−acceptor complexes with novel photo-
electrochemical properties, working toward artificial photosyn-
thesis.6−8

Despite the recent advances in creating novel photo-
electrochemical complexes and understanding the relevant
charge transfer characteristics, the photostability remains one of
the most critical issues in engineering the donor−acceptor pairs
for solar energy utilization. In particular, photoinduced
degradation of donor chromophores is prevalent such that
conversion efficiency deteriorates over time. For example,
porphyrin chromophores, widely used donor molecules, may
degrade when photoinduced energy transfer from the
chromophore to molecular oxygen in solution generates
reactive oxygen species that can attack and oxidize the

molecules.9−11 A strategy that can prevent or alleviate such
inevitable adverse photoeffects would bolster donor−acceptor
complexes as viable solar energy-harvesting materials as well as
novel platforms to study charge transfer processes.12 In this
study, we demonstrate all-synthetic light-harvesting molecular
donor−acceptor complexes capable of counteracting photo-
induced degradation. To demonstrate this concept, we develop
a facile oligonucleotide-based assembly strategy that allows us
to exchange photodamaged donor molecules, while acceptors
remain intact in a photoelectrochemical cell. The photoinduced
decay of photocurrents is recovered (Figure 1a). This strategy
could form a basis for improving overall system performance
and service lifetime of donor−acceptor complexes for light
harvesting.
In this work, we use anionic gallium(III) protoporphyrin IX

chloride or GaPP (Figure 1b) and high-purity semiconducting
single-wall carbon nanotubes as a model of molecular donors
and acceptors. We use modified 30-mer oligonucleotide
strands, originally identified via an in vitro selection process
for selectively binding hemin or iron(III) protoporphyrin IX
chloride (FePP), which has the same molecular structure as
GaPP except for a change of the metal cation.13 We
demonstrate that photobleached porphyrins can be dissociated
from DNA-coated carbon nanotubes immobilized on an indium
tin oxide (ITO) surface, and that the photocurrents fully
recover after fresh GaPP molecules are reintroduced to the

Received: March 3, 2015
Accepted: April 6, 2015
Published: April 7, 2015

Letter

www.acsami.org

© 2015 American Chemical Society 7833 DOI: 10.1021/acsami.5b01924
ACS Appl. Mater. Interfaces 2015, 7, 7833−7837

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b01924


system for reassociation. Four successive regenerations result in
a 50% increase in the overall photoconversion efficiency within
a 90 min illumination period compared to a nonregenerated
system.
The light-harvesting donor−acceptor complex samples are

prepared by depositing DNA-dispersed carbon nanotubes in
aqueous solution on a membrane using a vacuum filtration
system, followed by transferring them onto an ITO substrate
and immersing the transferred sample in a GaPP-containing
solution for 1 h (see Experimental Methods in the Supporting
Information for details). The 30-mer single-stranded DNA
oligonucleotides (T12PS2M or 5′-T12GTG3TAG3CG3TTGG-
3′) are used for noncovalently linking GaPP, while dispersing
nanotubes in aqueous solution. The guanine (G)-rich part of
the DNA strand forms a G-quadruplex conformation,
facilitating target porphyrin recognition, whereas the 5′-T12
leader sequence is designed to adhere to the nanotube
surface.14 The absorption spectrum of the deposited GaPP-
DNA-CNT film on the ITO substrate is shown in Figure 1c.
Here, two prominent features are observed. The Soret band of
GaPP is found at ∼410 nm, whereas the peak around 1000 nm
arises from the electronic transition between the second van
Hove singularities (the so-called E22) of the semiconducting
single-wall carbon nanotubes.15,16 Minor signatures such as Q-
band of GaPP and E33 of carbon nanotubes are also present,
albeit weak, between 450 and 600 nm. Resonant Raman
scattering shows a minimal disorder mode (D peak) at
approximately 1350 cm−1 (Figure S1 in the Supporting
Information), suggesting that the noncovalent interaction of
DNA with the nanotube surface does not disturb the electronic
band structure of the nanotubes significantly. Two-dimensional
Raman contour map and atomic force microscope (AFM)
image indicate that the deposited complex film is percolated
carbon nanotube network with an average thickness of roughly
10 nm (Figure S2 and S3 in the Supporting Information)
The use of the GaPP-DNA-CNT complexes for photo-

current generation was examined in a photoelectrochemical cell
using 150 mM ferrocyanide (Fe(CN)6

4−) and 150 mM
ferricyanide (Fe(CN)6

3−) as a redox couple. Figure 2a shows
that the limiting photocurrent of approximately 6 μAmp was
measured from the complex sample containing 4 μg of carbon
nanotubes when the 350−700 nm light at ∼400 mW/cm2 was

turned on, and quickly diminished with the light off. The
kinetics of the photocurrents in Figure 2a is attributed to
Fe(CN)6

3‑/4‑ as other redox couples such as ascorbate/
dehydroascorbic acid under similar conditions demonstrates
fast photocurrent activities in response to light irradiation
(Figure S4 in the Supporting Information).17 We found that
ferrocyanide plays a more important role in the photocurrent
generation than ferricyanide. We varied concentrations of
ferricyanide/ferrocyanide while their total amount was fixed at
300 mM (Figure S5 in the Supporting Information). The
photocurrents generated with 250 or 150 mM ferrocyanide
were nearly identical at approximately 6.5 μAmp, whereas only
∼1 μAmp was observed with 50 mM ferrocyanide. In these
anodic photocurrent experiments, the electrons generated from
the photoirradiated sample are collected at the ITO, the
working electrode. Photoabsorption of GaPP chromophores
leads to charge separation at the interface with carbon
nanotubes.18,19 The photogenerated electrons are transferred
to the carbon nanotubes, which shuttle the electrons to the
working electrode.20 The oxidized GaPP molecules are reduced
by ferrocyanide in the electrolyte, which becomes an oxidizing
product, ferricyanide. The ferricyanide molecules diffuse to the
platinum counter electrode and become reduced to ferrocya-
nide, completing the entire photoelectrochemical circuit.17

The photoconversion process is confirmed by the action
spectra in Figure 2b, where photocurrent and optical
absorption are plotted as a function of irradiating wavelength
from 350 to 650 nm. Both spectra are in excellent agreement
with regard to GaPP signatures at ∼410 nm (Soret) and
between 550 and 600 nm (Q-band). This observation indicates
that both singlet transitions (S0 → S2: Soret and S0 → S1: Q)
can contribute to the transfer of photogenerated electrons to
the carbon nanotube acceptor, whereas the electrons in the S2
state likely depopulate to the S1 state before charge injection

Figure 1. (a) Schematic of a light-harvesting photoelectrochemically
active system compatible with dissociating and associating donor
chromophores. (b) Gallium(III) protoporphyrin IX chloride (GaPP).
(c) Absorption spectrum of GaPP-DNA-CNT complex film showing
prominent features of Soret band of the porphyrin chromophore and
the E22 transition of semiconducting single-wall carbon nanotubes. Figure 2. (a) Photocurrent generated by GaPP-DNA-CNT complexes.

(b) Action spectrum of the complex. The black-dotted line indicates
the normalized photocurrent collected under light illumination at the
corresponding wavelengths; the absorption spectrum of the GaPP
portion of the GaPP-DNA-CNT complexes with the SWCNT
background subtracted. (c) Comparison of various samples including
GaPP-DNA-CNT, DNA-CNT, GaPP-CNT, GaPP-T24-CNT, and
GaPP-A24-CNT films. (d) Photocurrents at different amount of the
GaPP-DNA-CNT complexes (black dots) along with the correspond-
ing Soret band absorption of GaPP (∼410 nm, blue dots).
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given their fast relaxation kinetics.21 Similar charge transfer
processes were reported previously with other porphyrin/
carbon nanotube complex systems.22

The photocurrent of the GaPP-DNA-CNT film is compared
with those of several control samples under identical conditions
including the same amount of carbon nanotubes in the films
(Figure 2c). The DNA-CNT film with no GaPP molecules
barely demonstrate measurable photocurrents (∼0.5 μAmp) as
expected, consistent with GaPP chromophores being electron
donors for this light-harvesting complex system.21,23 The GaPP-
CNT film fabricated without DNA strands also shows a small
amount of photocurrent (∼1 μAmp), consistent with its
absorption spectrum indicating a minimal amount of GaPP
chromophores (Figure S6 in the Supporting Information). Two
control DNA sequences of 24-base-long consecutive poly
thymine (T24) and poly adenine (A24) demonstrate photo-
currents of approximately 2 μAmp, about three times smaller
than that of the GaPP-DNA-CNT film. Correspondingly, the
optical absorption spectra of the control samples with T24 and
A24 strands show reduced amounts of GaPP chromophores
(Figure S6 in the Supporting Information). This result indicates
that the ability of T12PS2M DNA for selective binding of
GaPP is well-retained on the nanotubes, wheeras nonspecific
adsorption of anionic GaPP on the DNA-CNT film is less
important.
The amount of light-harvesting complexes used in the film

determines the resulting photocurrents. Figure 2d shows that
the increased amount of DNA-functionalized carbon nanotubes
(black circles) capture a greater number of GaPP molecules
(blue triangles), resulting in an increasing photocurrent. The
corresponding absorption spectra showing the Soret and E22
bands are presented in Figure S7 in the Supporting
Information.
The photoelectrochemical properties of the donor−acceptor

complexes are also a strong function of light-irradiation
intensity as shown in Figure 3a. The rate of photocurrent
decay was much faster at 400 mW/cm2 than at 70 mW/cm2,
which we attribute to a more rapid photoinduced degradation
of the porphyrin chromophores. With light illumination and
dissolved oxygen in the electrolyte, GaPP molecules experience
photo-oxidation, leading to degradation and ultimately photo-
current decay of the complex film.9,24 With the N2 purged

electrolyte, the GaPP-DNA-CNT complex film experienced a
slower rate of decay, indicating that the degradation effect was
relieved by reducing dissolved oxygen in the electrolyte (Figure
S8 in the Supporting Information). This photodamage effect
may also be counteracted by replacing photodegraded
chromophores with fresh porphyrins. In Figure 3b, c, we
show a series of optical absorption spectra and corresponding
photocurrents recorded during the regeneration process.
Initially, a DNA-coated CNT film (shown in black in Figure
3b, c) was characterized with no GaPP Soret signature and
minimal current signals under illumination. This film was then
incubated with a GaPP-containing solution to allow the DNA
strands to interact with GaPP molecules, forming the light-
harvesting complexes. The donor−acceptor system demon-
strates a strong Soret feature and photocurrent (shown in red
in Figure 3b, c). We then submerged the complex film in the 30
wt % hydrogen peroxide solution for 1 h to displace GaPP
molecules. The proposed mechanism for the porphyrin
dissociation is that H2O2-induced oxidation of GaPP results
in the destruction of porphyrin rings and/or dissociation from
the DNA strands.25,26 The hydrogen peroxide-based treatment
is found to be effective at removing the porphyrins, whereas
carbon nanotubes were well-retained on the ITO as they show
no apparent changes in their optical absorption. After the GaPP
removal, the film may have some porphyrin residue as seen in
absorption, but its contribution to photocurrents was trivial
(shown in blue in Figure 3b, c). Finally, the film was
refunctionalized with fresh donor chromophores by reassoci-
ation with porphyrins in a new solution. The absorption
spectrum and photocurrent signal of the final GaPP-DNA-CNT
complex film (shown in green in Figure 3b, c) are nearly
identical with those of the original GaPP-DNA-CNT film
(shown in red).
The results in Figure 3 also indicate that DNA−carbon

nanotubes are intact after the H2O2 treatment. No significant
effects on the carbon nanotubes are expected in the H2O2
treatment for 1 h without temperature elevation,27,28 whereas
their surface may be protonated at low pH and reversibly
deprotonated at high pH.29 To ascertain whether DNA strands
remain intact after the treatment with 30 wt % H2O2 solution,
we performed a control experiment designed to damage DNA
via the Fenton chemistry (Figure S9 in the Supporting
Information). Here, a GaPP-DNA-CNT film was exposed to
50 μM iron sulfate (FeSO4) in 100 mM H2O2 solution for
DNA cleavage after GaPP dissociation.30 After the Fenton
reaction, the film was washed thoroughly and the reassociation
with GaPP was carried out. With the DNA damaged, the Soret
band of the GaPP-DNA-CNT film was drastically lower at
approximately 20% of the intact GaPP-DNA-CNT film as the
damaged oligonucleotides were unable to anchor the GaPP.
Of considerable utility in our strategy is that the regeneration

of donor chromophores can be repeated indefinitely. As proof-
of-concept, we performed multiple regeneration cycles for a
GaPP-DNA-CNT film, measured its photocurrent over time,
and compared it with the film without porphyrin replacement
(Figure 4). To facilitate photodegradation of the donor
chromophores, we used high light intensity at ∼400 mW/cm2

on the sample. As shown in Figure 4, the complex film without
regeneration demonstrates a continuous decay of photocurrent,
quickly decreasing to 50% of its initial photocurrent signal
within the first thousand seconds (black curve). Another donor-
acceptor complex film was regenerated after 1000 s by replacing
the photodamaged porphyrins through the H2O2 treatment and

Figure 3. (a) Photocurrent decays of the GaPP-DNA-CNT complexes
under light illumination at 70 and 400 mW/cm2. (b) Absorption
spectra and (c) corresponding photocurrents during the sequential
regeneration process: (i) initial DNA-CNT film with no GaPP (black),
(ii) the DNA-CNT film after association with GaPP (red), (iii) the
GaPP-DNA-CNT film after GaPP dissociation (blue), and (iv) the
GaPP-DNA-CNT film after reassociation with GaPP (green). A
mixture solution of 150 mM ferricyanide and 150 mM ferrocyanide
was used as the electrolyte. For photocurrent measurement in c, a
xenon arc lamp was used and the light intensity at the sample was
measured at ∼400 mW/cm2.
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association with fresh porphyrins as described above. Such
regeneration was repeated four times (blue curve). During the
90 min irradiation period, the overall photocurrent efficiency
increased by 50% compared with the sample without
regeneration. We expect that for a 24 h illumination period,
the regenerated system would achieve 16 times more
photocurrent output than the film without replacement of
photodegraded chromophores. This novel approach may be
potentially used for improving overall performance of donor−
acceptor complexes and dramatically extending their light-
harvesting service lifetime.
In this Letter, we demonstrate a novel strategy that

counteracts the photodegration in all-synthetic molecular
donor−acceptor complexes for light harvesting. Gallium
protoporphyrins and semiconducting carbon nanotubes, the
model donors and acceptors in this study, are assembled by
using 30-mer oligonucleotides that have a strong affinity for the
protoporphyrins. This complex demonstrates a consistent
anodic photocurrent, originated from optical absorption of
the porphyrin chromophores, followed by the excited-state
electron transfer to carbon nanotubes on the ITO working
electrode. The complex shows a superior ability for light
harvesting and conversion compared to other samples without
the porphyrins and based on other DNA sequences. Photo-
induced degradation of the donor chromophores results in the
decay of photocurrents over time. The regeneration of the
complex film was demonstrated by sequentially dissociating the
damaged donors from the complex and associating with fresh
porphyrins, whereas the DNA-coated carbon nanotube accept-
ors were kept intact. The photocurrent recovered fully when
the complex film was regenerated. Compared with the sample
without regeneration, a 50% increase in photocurrent was
observed from four repeated regeneration cycles within a 90
min irradiation period. The bioinspired approach of dynam-
ically replacing photodegraded chromophores in the donor−
acceptor complex could form a basis for solar energy-harvesting
systems with drastically improved overall performance and
extended service lifetime.
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