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ABSTRACT: Quantum dots (QDs) and single-walled carbon nanotubes (SWNTs) have electronic and photonic properties ideally

suited for applications to solar cells, catalysts, sensors, and light-emitting diodes. Many of those applications require efficient energy
transfer interfacing different semiconductor nanomaterials. In this study, we develop covalently bonded interfaces to optimize charge
transfer from the photoexcited QD to the carbon nanotube acceptor exploiting interfacial strong electronic coupling. Ultrafast tran-
sient absorption spectroscopy of CdSe QDs reveals considerably shorter lifetimes of electronic excited states when the QDs are cova-
lently bonded to mildly oxidized SWNTs with surface-anchoring carboxylic acid groups. We define a set of spectroscopic fingerprints
to characterize strong coupling. These include suppression of photoluminescence (PL), broadened UV-vis spectra, and transient
absorption time scales faster than the picosecond timescale. Thus, the QD-SWNT assemblies were characterized by UV-visible spec-
troscopy, transmission electron microscopy (TEM), X-ray absorption fine structure (EXAFS), transient absorption, and photolumi-
nescence (PL) experiments. Calculations of fully atomistic models relaxed at the density functional theory (DFT) level of theory
provide a rigorous interpretation of the experiments as directly compared to the simulated Cd-edge EXAFS spectra and quantum
dynamics simulations of interfacial electron transfer (IET). Charge-separated states exhibit ultrafast electron transfer from the CdSe
QDs to the SWNTs due to the strong electronic coupling with negligible energy barriers for charge transport between components
in the QD-SWNT nanocomposites. The experimental and theoretical calculation results consistently indicate that strong interfacial
coupling fundamentally modifies the electronic structure and charge-transfer dynamics, demonstrating that the QD-SWNT assemblies
cannot be regarded as a simple combination but instead a hybrid system with distinct properties.
KEYWORDS: CdSe quantum dots, ultrafast interfacial charge transfer, single-walled carbon nanotubes, transient absorption spectroscopy,
quantum dynamics simulations
■ INTRODUCTION characteristics to achieve efficient light absorption and fast
6

Semiconductor nanocrystal quantum dots (QD) have been
widely used in solar cells, photocatalysis, biological imaging,
and other fields due to their adjustable band structure and con-
trollable emission spectrum.1–3 Meanwhile, single-walled car-
bon nanotubes, owing to their small dimensions, high aspect
ratios, high current-carrying capacities, and ballistic transport
properties, exhibit great potential in optoelectronic conversion
devices.4,5 Integrating quantum dots with single-walled carbon
nanotubes (SWNTs) is expected to make full use of their
charge transfer, thus improving the performance of
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optoelectronic devices. Studies of QD-SWNT structures, like
QD-pyrene-NT hybrid systems6 and QD-NT-polymer hybrids
systems,7 have shown that engineering the QD-SWNT coupling
can be critical for photoconversion by significantly improving
the efficiency of charge transfer between components.8,9 How
to improve the ability to transport carriers in quantum dots
while maintaining optical properties has long been a focus of
scientific research. Common strategies include10 (1) modifying
the surface of quantum dots through physical methods such as
ligand exchange or thermal annealing11,12 and (2) coupling
quantum dots with one-dimensional nanostructures, such as
single-walled carbon nanotubes6 or nanowires.2 Studies have
shown that the electron transfer rate typically decays exponen-
tially with the distance between the QD donor and acceptor.13

For a linker about 1 nm in length, the charge transfer rate is
usually on the nanosecond to tens-of-nanoseconds time-
scale.14,15 Additionally, the interfacial electron transfer (IET)
is also dependent on the specific chemical identity of the molec-
ular links.14

Compared with linker ligands, direct coupling QDs with
SWNTs can significantly enhance the electron transfer rate
and improve structural stability. However, the interfacial elec-
tronic coupling in the existing QD-SWNT composite systems
is often difficult to evaluate accurately. Many studies have ana-
lyzed coupling simply through the performance enhancement
of a catalytic process or device;16–18 some have shown moderate
suppression of photoluminescence (PL),19,20 but little has con-
firmed ultrafast charge transport on the sub ns time scale by a
direct probe. Although PL quenching is a common coupling
diagnostic method, its signal is easily disturbed by impurity
states and unbonded QDs, making it difficult to directly reflect
the actual charge transfer efficiency. In addition, most of the
reported systems rely on molecular linkers to achieve assembly,
which may introduce additional energy barriers to hinder the
rapid transport of electrons at the interface,21 although the com-
posite stability can be improved to some extent. For the struc-
tural characteristics and electron transfer process of strong
coupling systems, there is still a lack of systematic experimental
and theoretical verification.

In this study, a direct covalent bonding strategy without
molecular linkers is proposed to form a tight interface
between CdSe QDs and SWNTs to minimize the potential
barrier of electron transport and inhibit electron-hole recom-
bination, which can be applied to the design of electronic
devices, realizing ultrafast charge transfer at the sub-
picosecond level. Here, we focus on understanding ultrafast
charge separation at CdSe-SWNT nanocomposite interfaces.
We characterize the mechanism of IET by ultrafast transient
absorption (TA) measurements and validate the results with
fully atomistic quantum dynamics simulations. We find that
strongly coupled composite materials behave as new materials
showing distinct properties relative to those of the constituent
components.

We anticipate that the reported findings will have signifi-
cant implications for a wide range of applications, such as
solar cells where photoinduced charge transport across the
nanocomposite interfaces could be critical for the device
performance. The reported characterization is also expected
to be valuable for studies of a wide range of interfaces of
nanomaterial composites involving 2D structures, different
types of nanotubes and nanowires, and a host of other
geometries.
B

■ METHODS

Pretreatment of SWNTs

Acid-functionalized SWNTs were purchased from Carbon
Solutions, Inc. (Riverside, CA, batch number P3-SWNT,
>90% purity, 1 ± 0.5 μm length, nitric-acid-purified SWNTs
containing 1.0−3.0% carboxylic acid groups as provided from
the manufacturer) and further purified by HCl treatment
(100 mg SWNTs refluxed with 37% HCl at 60°C overnight)
to remove the metal catalysts and carbonaceous impurities.
Through previous characterization, we found that this batch of
SWNTs after treatments comprised the (12,10) chirality as
one of the major components.22
CdSe QDs Synthesis

CdSe QDs were synthesized by the hot-injection colloidal
route. For a typical experiment, 13 mg CdO were dissolved in
100 mL of octadecene (ODE) with the presence of 0.537 mg
of oleic acid. The cadmium solution was then stirred and heated
up to 225°C. At this temperature, the pre-prepared selenium
solution (30 mg of Se powder, 0.4 mL of trioctylphosphine
(TOP) dissolved in 10 mL of ODE) was injected quickly into
the cadmium solution and was allowed to react. The samples
were then collected and purified by extraction and centrifuga-
tion. Extraction was performed in a methanol/hexane mixture
and the precipitation of the CdSe QDs was achieved by the cen-
trifugation of the CdSe QDs dissolved in hexane with an excess
of ethanol.
CdSe QD-SWNT Attachment

The attachment of CdSe QDs and SWNTs was performed by
probe ultrasonication. A 1:1 weight ratio of CdSe QDs and
SWNTs was used. SWNTs were directly dispersed in a 40 mL
CdSe QD solution prepared with hexane. Probe ultrasonication
(50 W power) was carried out for 2 h in an ice bath. The solu-
tion was filtered, and the QD-SWNT heterostructure was then
washed 3 times, each time with 50 mL of hexane, and then oven
dried at 80 °C overnight. Once the sample was dry, the powder
was re-dispersed in a clean hexane solvent and used for further
characterization.
Computational Methods

Structural optimizations, in this study, were performed using
the quantum mechanics/molecular mechanics (QM/MM)
hybrid model, where the QM region was treated at the
ωB97X-D/def2-SVP level23–25 of theory using the Gaussian
09 program,26 and the MM region was described by the UFF
force field.27 The model system consisted of a Cd33Se33 quan-
tum dot (Figure S2) covalently bonded to a fragment of a
(12,10) single-walled carbon nanotube through bridged oxygen
atoms (Figure S3).28 Interfacial electron transfer (IET,
Figure S4 and Section S3) was independently simulated using
an Ehrenfest quantum dynamics approach based on a tight-
binding extended Hückel Hamiltonian,29–32 as implemented in
the YAeHMOP program.33 Local density of states and elec-
tronic couplings were extracted from the level-aligned
Hamiltonian matrix,34 with the initial excitation localized on
the LUMO+40 orbital of the QD. More modeling details can
https://doi.org/10.1021/acsaem.6c01275
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be found in Sections S2 and S3 in the supplementary
information.

■ RESULTS AND DISCUSSION

We first prepared covalently tight-bonded CdSe QDs and
SWCNTs via the carboxylate anchoring strategy developed in
our previous work with detailed descriptions and characteriza-
tions.35 Briefly, during the reaction under ultrasonication, cap-
ping oleic acid (OA) ligands on the CdSe QDs were
exchanged by carboxylate groups from the SWNTs, establishing
covalent binding of the SWNTs to Cd centers on the CdSe sur-
face, as confirmed from our previous work.35 This covalent
bonding facilitates strong interfacial coupling between the
CdSe QDs and SWNTs (vide infra).18 The structure of CdSe
QD-SWNT nanocomposites was first confirmed with high-
resolution transmission electron microscopy (TEM).
Figures 1a and S1 confirm a uniform distribution of CdSe
QDs, with an intact average size of 3.05 ± 0.25 nm in diameter,
over SWNTs to form QD-SWNT composite. A schematic illus-
tration for the ligand exchange process is shown in Figure 1b.
Here, this covalent bonding is also suggested by our experimen-
tal EXAFS data at the Cd K edge for pure CdSe QDs
(Figure 1c) and QD-SWNT (Figure 1d). First of all, the similar-
ity between the EXAFS spectra of CdSe QDs and CdSe-
SWNTs suggests that the structure of the CdSe QDs was
largely preserved upon the formation of the nanocomposite,
while variations can still be found at the lower radial distance
regions. As shown in Figure S6a,b, bulk CdSe shows a single
peak at ∼2.6 Å, corresponding to the Se neighbors in the first
coordination shell of Cd.36 In contrast, the CdSe QDs counter-
part shows an additional peak at ∼2.3 Å due to the interaction
between CdSe and the capping OA agent.37 Our previous
experimental and theoretical analyses have ascribed this feature
to be the Cd–O neighbor scattering path rather than Cd-C.35

Importantly, upon the formation of the covalently bonded
QD-SWNT, the Cd-O signal intensifies while the Cd-Se coordi-
nation decreases with the Cd-Se bond length remaining essen-
tially unchanged (Tables S1−S3). These trends indicate that
surface Cd sites of the CdSe QDs are partially converted from
ligand/Se-rich local environments into Cd-O interfacial envi-
ronments associated with carboxylate groups on the SWNT
surface, while the CdSe core structure is largely retained. The
Cd-O anchoring motif therefore provides a direct structural
bridge between the QD and SWNT, reducing the interfacial
tunneling distance and enabling stronger electronic coupling
than linker-mediated or weakly adsorbed assemblies.35

To probe the electronic effects of CdSe-SWNT coupling, we
first investigated their optical absorption behaviors using UV-vis
spectroscopy. Figure 2 shows the UV-Vis absorption spectra of
CdSe QDs, obtained before and after SWNTs attachment. On
its own, CdSe QDs show a prominent absorption feature cen-
tered around 520 nm, whereas SWNTs do not absorb at all in
the 400−800 nm range. Interestingly, the absorption feature
of CdSe QDs has been smeared out after covalently bonding
to SWNTs via the proposed ultrasonication procedure. To ver-
ify that the observed optical changes arise from covalent cou-
pling rather than physical mixing or ultrasonic treatment, we
designed a series of control experiments. First, CdSe QDs and
SWNTs were physically mixed at a 1:1 ratio and magnetically
stirred for 2 h without ultrasonic treatment. The resulting
UV−vis absorption spectrum showed no change compared with
C

that of CdSe QDs alone, indicating that the optical properties
remained unchanged. Second, CdSe QDs alone were subjected
to ultrasonic treatment; although the absorption spectrum
exhibited slight broadening, the characteristic absorption peaks
of CdSe QDs were retained, suggesting that ultrasonication
itself does not significantly affect their structure. These results
indicate that changes occurred between CdSe QDs and
SWNTs in ultrasonication differ from those in simple physical
mixing. Combined with the EXAFS data, we reasonably attri-
bute this to effective covalent coupling between the quantum
dots and SWNTs, which disturb their excited-state distribution.
Additionally, normalized photoluminescence (PL) spectra

also confirmed a strong electronic interaction between CdSe
QDs and SWNTs upon covalent bonding. As shown in
Figure 3, the fluorescence intensity (i.e., excitonic emission)
of CdSe QDs is significantly quenched after binding with
SWNTs, with a quenching efficiency exceeding 99%. The result
indicates that there is a strong electronic coupling between
CdSe QDs and SWNTs, leading to an alternative charge trans-
fer from CdSe QDs to SWNTs instead of the excitonic emis-
sion.38 Theoretically, the charge transfer can occur in three
possible pathways: hole transfers, electron transfers, or
both.38,39 Since carbon nanotubes are known for high electron
affinities,10,15 we posit the dominant mechanism is most likely
to be the electron transfer from the conduction band of CdSe
QDs to the electron acceptor states in SWNTs.35

Direct attachment reduces the distance between the electron
donor and acceptor units, allowing efficient transfer of electrons
or holes across the interfaces, either through the anchoring
group or by tunneling.40 Although PL measurements support
the occurrence of electron transfer by showing emission
quenching, they only reflect the minority of emissive species
in the sample. As a result, the spectra can be dominated by
impurities or unbound QDs, limiting the reliability of PL in cap-
turing overall charge transfer dynamics. Therefore, we
employed transient absorption (TA) spectroscopy (Figure 4),
which captures the majority of the species within the sample
and is more reflective of the overall charge transfer processes
by giving information about the evolution of nonemissive decay
processes and dark states.
We employed ultrafast pump-probe laser spectroscopy to

probe the photoinduced charge transfer processes since the
interfacial electron transfer in the CdSe-SWNT assembly would
likely occur in the sub-picosecond to picosecond time
scale.41–43 We monitored temporal changes in absorbance fol-
lowing laser pulse pumping at both 440 nm (2.81 eV, slightly
larger than the 2.30 eV band gap of 3 nm CdSe QD)44 and
700 nm, above and below the first excitonic peak of CdSe
(∼550 nm), to monitor changes in both CdSe QDs and
SWNTs induced by photoexcitation. The samples were dispersed
in hexane at the same concentration and diluted to achieve opti-
mal optical density. The batch of SWNTs and the final SWNTs
concentration were kept the same to avoid changes in the TA
spectra that are not due to the CdSe QDs attachment.
As shown in Figures 4 and S7, the transient spectral charac-

teristics of CdSe-SWNTs are significantly different from those
of pure SWNTs and unbound CdSe QDs, especially when the
excitation energy is above or below the onset of CdSe absorp-
tion (in the 550−650 nm range and beyond 800 nm)
(Figure S8). In the 550−650 nm range and above 800 nm,
the negative signal (red) observed in SWNTs is converted into
the positive signal (blue) upon coupling with CdSe QDs. The
https://doi.org/10.1021/acsaem.6c01275
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Figure 1. (a) TEM image of the CdSe QD-SWNT nanocomposite material, (b) schematic illustration of the ligand exchange process for anchoring
CdSe QDs onto the SWNT. (c) Radial structure distribution functions of Cd obtained by Fourier transform of the k2 weighted EXAFS functions (not
phase corrected) for the pure CdSe QD, and (d) CdSe-SWNT composite, both fitted with CdSe and CdO.

Figure 2. UV−Vis spectra of pure CdSe QDs (red), pure SWNTs
(black), CdSe QDs sonicated in the absence of SWNTs (green),
CdSe QDs physically mixed with SWNTs (magenta), and CdSe QDs
covalently attached to SWNTs via ultrasonication (blue). The spectra
are offset from each other to facilitate the comparison.

ACS Applied Energy Materials www.acsaem.org Article
negative ΔA signal of the pristine SWNTs mainly reflects
ground-state bleaching of the nanotube excitonic transitions.
After CdSe QDs are covalently attached, the signal in the same
spectral region becomes positive, indicating that photoinduced
absorption and/or carrier-induced absorption associated with
newly accessible coupled electronic states dominates over the
original bleaching response. The bleaching signal in the
650−800 nm range remains visible in CdSe-SWNTs but is
superimposed on a higher background, indicating photoinduced
absorption arising from additional electronic interactions intro-
duced by the CdSe QDs. Although the ground-state bleaching
signal of CdSe QDs could not be directly observed
(Figure S7), their attachment to SWNTs significantly change
D

the spectral profiles of SWNTs under both excitation wave-
lengths, indicating strong electronic coupling between the
CdSe QDs and SWNTs.
In QD-SWNTs, signatures of the CdSe exciton absorption

are absent in both linear (UV-vis absorption spectroscopy,
Figure 2) and transient optical measurements (Figure 4), sug-
gesting the formation of distinct electronic states due to the
strong binding between the CdSe QDs and the SWNTs. In
the limit of weak coupling, 440 nm excitation should produce
signals that could be approximately described by a linear combi-
nation of the individual components, while the 700 nm excita-
tion should reproduce the unmodified SWNTs dynamics. In
contrast, we find that it is not possible to isolate the individual
components using selective excitation (Figure 4), suggesting
the formation of a strongly coupled nanocomposite material.
Both the 440 nm (where the QDs absorbs) and the 700 nm
pump excitation wavelengths (where the SWNTs absorbs) pro-
duce similar responses, further suggesting formation of a
strongly bound new nanocomposite. Upon attachment of
CdSe QDs to SWNTs, we observe positive signals in the ΔA
spectrum (Figure S8) that can be attributed to absorptive pro-
cesses due to excited state absorption (transitions from the
excited state to even higher excited states upon excitation with
pump laser) or increase in the population of mobile electrons
as new density of states become available with strong binding
of CdSe QDs on SWNTs. Therefore, it is natural to conjecture
that there is ultrafast electron transfer from the QDs to the
strong coupled SWNTs. Although the instrument response
function cannot resolve dynamics below 100 fs, the data clearly
show changes in the spectra when CdSe QDs are attached to
SWNTs, suggesting formation of a distinct nanocomposite
material.
https://doi.org/10.1021/acsaem.6c01275
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Figure 3. Left panel. Steady-state fluorescence spectra normalized to optical density at the excitation wavelengths of CdSe QDs (red) were signif-
icantly quenched upon attachment to the SWNTs (blue). The samples were dispersed in hexane at 1 mg/mL. Excitation wavelength: 440 nm.
Right panel: A close-up of the QD-SWNT spectrum. The magnification of CdSe-SWNT in right plot is 300 times the scale.

Figure 4. Transient absorption (TA) spectra of functionalized SWNTs compared to the CdSe-SWNT nanocomposite for optical excitation (λp) at
440 and 700 nm. For 700 nm optical pumping, we have removed the region where laser scatter obscures the excited state dynamics.

ACS Applied Energy Materials www.acsaem.org Article
To quantify the time scales of the photoinduced processes,
we analyzed the kinetics of the transient absorption signals.
Figure 5 shows the decay profiles of transient absorption kinet-
ics of SWNTs with and without CdSe QDs at the 800 nm
probe, following 440 nm excitation. Clearly, the relaxation
kinetics of the nanocomposite evolve on dramatically different
Figure 5. Decay profiles of CdSe-SWNT (top, blue) and SWNTs
(bottom, black) when both solutions were pumped at 440 nm. The
data are probed at 800 nm.

E

time scales. For SWNTs, the signal is negative (net bleach)
and evolves with two primary components (Table 1) deter-
mined from fitting to a biexponential decay (eq 1) convoluted
with the instrument response, a faster decay of 0.14 ps compa-
rable to our experimental time resolution, and a weaker second-
ary component that decays in 1.21 ps. In contrast, the
CdSe-SWNT nanocomposite exhibits a positive signal (net
absorption), attributed to electronic coupling with the CdSe
QDs. Here, the primary signal decays with a time constant of
1.17 ps and notably exhibits a decay process that extends to
times >11 ps. No resolvable rise process is observed in the
photoinduced absorption signal, indicating that the
Table 1. Summary of Decay Constants from Bi-Exponential
Fittings of the TAS Data

sample τ1 (ps) τ2 (ps)
SWNT 0.14 1.21
CdSe-SWNT 1.17 11.79

https://doi.org/10.1021/acsaem.6c01275
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Figure 6. (a) Optimized Cd33Se33 QD-half-SWNT model obtained at the DFT level of theory, using the ωB97X-D ωB97X-D/UFF functional, The
color key is as follows: teal = Cd, brown = Se, gray = C, white = H, red = O. (b) Theoretical time-dependent IET, i.e. survival probability of the
electron localized on the 440 nm excited CdSe QD, of LUMO+37 (3.44 eV), LUMO+38 (3.46 eV), LUMO+39 (3.48 eV) and LUMO+40
(3.49 eV) compared with the experimental linear fit line (black dashed line). LUMO+41 (4.69 eV) and beyond is not considered due to the signif-
icantly higher energy level.

ACS Applied Energy Materials www.acsaem.org Article
charge-separated state is formed almost instantaneously, consis-
tent with the scenario of direct electron injection from the
quantum dots into the SWNTs.

y= y0 +A1e
− x=τ1 +A2e

− x=τ2 (1)

The transient data will necessarily reflect the characteristic
absorptions of either the weak or strong coupling situation.
Here, our transient absorption data of the composite differ sig-
nificantly from a simple linear combination of the individual
components. As in the linear absorption, the transient spectral
features in the weak coupling limit will retain the character of
the individual components, although the kinetics (rate con-
stants) will be modified due to energy and charge transfer pro-
cesses. Our TA data (Figure 4 and Table 1) for the composites
do not reflect this situation. Rather, our TA data are notable for
the absence of the characteristic spectral features of the funda-
mental excitonic optical transition for the semiconductor
QDs. Furthermore, the nature of the fundamental excitation
characteristic of the nanotubes changes considerably by switch-
ing sign over the characteristic absorption region. This shift
indicates a change in the sign of nonlinear polarization, which
can only result from a significant change in the structure and
occupation of the electronic energy levels. The calculations sup-
port these assertions (vide infra).

According to our simulations (Figure 6a) of interfacial elec-
tron transfer at the DFT-QM/MM level of theory (see details
in Section S3), such a process would be possible since QDs
are bonded directly to the SWNTs.35 In fact, our simulations
of IET by Ehrenfest quantum dynamics using a tight-binding
extended-Hückel (EH) model Hamiltonian confirm ultrafast
electron transfer between the excited QDs and SWNTs. The
interfacial electron transfer process is complete within 500 fs
when an electron is excited by 3.48 eV (up to LUMO+39).
As discussed in the methods again, new material reproduces
F

the experimental TA results, indicating ultrafast electron trans-
fer between the covalently bonded QD-SWNT nanocomposite.
The simulations used the bonding as characterized by the
EXAFs results.

■ CONCLUSIONS

In this work, we have developed a direct covalent bonding
strategy to assemble CdSe QDs with carboxylate-
functionalized single-walled carbon nanotubes, eliminating
molecular linkers. TEM, EXAFS, and DFT-QM/MM modeling
confirm the bonding configuration, while >99% PL quenching,
pronounced UV-vis broadening, and transient absorption (TA)
spectral changes provide clear evidence of strong electronic
coupling. Ultrafast TA spectroscopy combined with quantum
dynamics simulations reveals sub-picosecond interfacial elec-
tron transfer from CdSe QDs to SWNTs. The experimental
and theoretical results reveal that the QD-SWNT assemblies
are not merely a simple combination of two individual compo-
nents but rather represent a new system with a fundamentally
altered electronic structure. This work not only elucidates the
mechanism of ultrafast charge separation in strongly coupled
nanocomposites but also offers a generalizable strategy for
enhancing carrier transport in next-generation optoelectronic,
photocatalytic, and quantum devices.
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