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ABSTRACT: Molecular catalyst functionalized semiconductor quantum dots (QDs) are a promising modular platform for
developing novel hybrid photocatalysts. The interaction between adsorbed catalyst vibrations and the QD electron intraband
absorption can influence the photophysical properties of both the QD and the catalysts and potentially their photocatalysis. In CdSe
QDs functionalized by the CO2 reduction catalyst, Re(CO)3(4,4’-bipyridine-COOH)Cl, we observe that the transient Fano
resonance signal resulting from coupling of the catalyst CO stretching mode and the QD conduction band electron mid-IR intraband
absorption appears on an ultrafast time scale and decays with the electron population, irrespective of the occurrence of photoreduced
catalysts. The Fano asymmetry factor increases with an increase in the adsorbed catalyst number and a decrease in QD sizes. The
latter can be attributed to an enhanced charge transfer interaction between the more strongly quantum-confined QD conduction
band and catalyst LUMO levels. These results provide a more in-depth understanding of interactions in excited QD-catalyst hybrid
photocatalysts.

■ INTRODUCTION
Semiconductor (SC) nanomaterials have emerged as a new
class of materials with many potential applications in
photocatalysis,1−5 photodetectors,6−8 and solar cells.9−12 The
optical properties of SC quantum dots (QDs) can be
manipulated by altering their size and composition.13−19 This
allows for the design of nanomaterials with specific energy
levels and differing surfaces which affects their charge carrier
lifetimes, making them suitable for the aforementioned
applications. The integration of SC QDs with molecular
catalysts facilitates the prospect of enhancing processes such as
photodriven CO2 reduction and H2 generation, and nano-
particle-molecular catalyst complexes have emerged as
promising hybrid photocatalysts, circumventing the disadvan-
tages of molecular catalysts on their own.

Several catalysts exhibit distinctive vibrational signatures in
the infrared region that allow for monitoring key intermediates
involved in their catalytic reactions.20 Additionally, semi-
conductor nanocrystals (NCs), specifically QDs, are known to
have broad absorptions in the infrared, corresponding to

intraband transitions in the conduction band. Oftentimes,
ligands residing on the surface of QDs also have manifest
vibrational signatures in the IR region.21−24 Thus, adsorbate
vibrations and QD intraband excitations may overlap and
interact, leading to the formation of a Fano resonance (FR).25

FR arises from the mixing of a discrete quantum state to a
continuum; here these would correspond to a sharp vibrational
mode from a catalyst or ligands and the broad absorption to
the intraband transition of QDs, respectively. This phenom-
enon has been observed in various types of systems, most
commonly in plasmonic nanomaterials.26−29 For example,
Agrawal et al. investigated F and Sn codoped InO3 NCs with
oleate ligands bound to the surface.30 They observed that the
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C−H bonds within the oleate can couple to the localized
surface plasmon resonance of the NCs, resulting in a Fano line
shape. FR usually manifests as a derivative shaped feature in IR
spectra, but can vary depending on the Fano asymmetry
parameter q which relates to the transition probabilities into
the continuum and the hybridized discrete level and
determines the shape of the observed feature.25,31 This type
of coupling can also occur in QDs.

Recently, we have demonstrated that FRs emerge upon
binding a Fe−Fe molecular catalyst ([Fe2(cbdt)(CO)6] to
CdS nanorods (NRs) and CdSe QDs.32 Fano resonance
coupling occurred between the three vibrational modes of the
catalyst and the broad absorption from the NCs regardless of
whether electron transfer was possible. Several studies have
also demonstrated in literature that QD excitons can couple to
the vibrational modes of their capping ligands, usually long
chain organic molecules such as oleic acid, in the near IR
region.21,22 Upon exchanging the native ligands, it has been
shown that charge carrier dynamics can be affected, particularly
intraband relaxation of hot carriers.18,19,33−35 This presents the
intriguing prospect of vibrational coupling, in this specific case,
FR coupling, being able to affect charge transfer processes
within NC-molecular catalyst complexes.

Despite the reports of Fano resonance between QDs and
adsorbates, the mechanism for the Fano coupling remains
unclear. Herein, we use a well-known CO2 reduction catalyst,
Re(CO)3(4,4’-bipyridine-COOH)Cl (ReC0A) at several con-
centrations, and bound to QDs of varying sizes, to investigate
the effect of catalyst loading and QD size on the observed
transient FRs (Scheme 1). We use both transient visible (TA)

and infrared (TRIR) absorption spectroscopies to monitor
electron transfer between the QD and complex, as well as the
shape of the FR under these different conditions. We find that
the Fano asymmetry parameter q increases with catalyst
concentration but decreases with increasing QD size. These
observations are rationalized using a recently developed
vibronic Fano model whereby charge-transfer interactions
between the QD and the catalyst mediate an effective
interaction between the QD intraband transition and the
molecular vibrational polarization. This effective interaction
creates a vibrational energy relaxation pathway through
coupling to QD electronic transitions. Understanding these
interactions is crucial to designing hybrid photocatalysts similar

to our QD-ReC0A system. Because both molecular vibrations,
strong broad intraband absorptions in semiconductors, and
charge transfer interaction are present in all semiconductor/
molecular catalyst hybrid materials, this charge-transfer
interaction induced Fano resonance is likely a general
phenomenon. Finally, the Fano resonance signatures offer a
new method to probe weak vibrations significantly enhanced
through coupling to electronic transitions.36,37 Overall, the
results provide new insights into NC-catalyst interactions and
their signatures in ultrafast pump−probe spectra.

■ RESULTS AND DISCUSSION
Characterization of Quantum Dots. CdSe QDs were

used in our present study because of their wide size tunability
within the visible range. Several sizes of CdSe QDs were
synthesized following previous literature,38 resulting in exciton
band absorptions corresponding to sizes ranging from 2 to 5.6
nm in diameter. CdSe QDs were dispersed in heptane or
hexane solutions, and UV−vis spectra and band diagrams for
three QDs are shown in Figure 1a,b. Their exciton band
absorptions are centered at 490, 545, and 582 nm,
corresponding to 2.3, 3.0, and 3.9 nm diameters, which we
refer to as CdSe490, CdSe545, and CdSe582, respectively.

Different concentrations of ReC0A were introduced to each
size of CdSe QDs dispersed in hexane, as depicted in FTIR
(Figure 1c). The molecular catalyst is not soluble in hexane, so
the intensity of the vibrational mode absorption indicates the
amount of ReC0A molecules bound to the QD surface, likely
through their carboxylic acid ligands (Figure S1a). Average
amounts of catalyst bound for each concentration are detailed
in Table S1. The catalyst in acetonitrile (MeCN) has a visible
absorption centered at ∼400 nm corresponding to the metal to
ligand charge transfer (MLCT) state (Figure S1c).39,40 FTIR
spectra of ReC0A in MeCN show three vibrational modes
centered at 2025, 1921, and 1905 cm−1, corresponding to the
symmetric, asymmetric, and out of phase symmetric CO
stretches, respectively (Figure S1b). Upon addition to the
QDs, the lower frequency modes slightly shift to 1925, and
1909 cm−1 (Figure 1c). Figure S2a,b shows FTIR of CdSe545
and CdSe582 with varying concentrations of ReC0A and
demonstrate the same trend; as the added ReC0A concen-
tration increases, more ReC0A binds to the QD. In the FTIR
spectra shown in Figure 1c, the solvent contribution has been
subtracted, as the solvent (hexane) also has multiple
absorption bands in this spectral region, which can be seen
in the unsubtracted FTIR shown in Figure S2c. The catalyst
discrete vibrational modes will couple to the 1S to 1P
intraband transition of the QD to generate FR signals.41 We
focus on the high frequency mode centered at 2025 cm−1 in
the transient IR experiments as it is easier to distinguish it from
the solvent modes.
Electron Transfer Rates after Visible Excitation.

Transient absorption (TA) experiments were performed to
elucidate the electron transfer properties of CdSe QDs with
varying concentrations of ReC0A and were conducted under
475 nm excitation, to avoid direct excitation of the catalyst.
The first panel in Figures S3−S5 shows TA spectra for each
individual QD in heptane, CdSe490, CdSe545, and CdSe582,
respectively. After excitation, ground state bleaching appears in
each sample due to the filling of the 1S conduction band (CB)
state.42 Triexponential fits resulted in amplitude weighted
average time constants that were on the order of nanoseconds
shown in Table S2. Figure 2 shows the kinetic traces for each

Scheme 1. Illustration Demonstrating Exciton Formation
after Visible Pump Excitationa

aAfter the exciton is formed the 1S electron can be transferred to the
ReC0A complex. The 1S electron can also be promoted to the 1P
state by the IR probe, in which case, would result in Fano resonance
coupling with the catalyst CO stretching modes.
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sample probed at the center of the QD bleach signals. For
CdSe490, the exciton bleach (XB) recovery occurs significantly
faster upon addition of 0.25xRe (0.69 ns), indicating electron
transfer to the catalyst (Figures 2 and S3). As more ReC0A is
added, the bleach recovery lifetime is slightly faster in
comparison to the 0.25xRe case. The same trend is observed
for CdSe545; however, compared to CdSe490 with the same
number of molecules, the lifetimes of exciton bleach recovery
in CdSe545 are longer (between 0.99 and 1.44 ns), indicating
slower electron transfer to the catalyst. This is due to the
increased size of the QD compared to CdSe490. As the QD
size increases, the band gap decreases. This lowers the position
of the CB band edge corresponding to a decrease in the driving
force for electron transfer to the catalyst (Figure 1b). For
CdSe582, addition of ReC0A shows only minor decrease of the
exciton bleach recovery time (Figure 1c and Table S2),

indicating much slower electron transfer, which is attributed to
further decrease of the driving force of electron transfer from
these larger QDs. Additionally, there exists electronic coupling
between the QD and catalyst. However, the driving force effect
dominates with regards to the electron transfer rates. Electron
transfer leads to a singly reduced catalyst known to have a
weak absorption at approximately 520 nm.43 This is not
observed, due to the large bleach signal of the QDs which most
likely obscures the much smaller signal of the reduced catalyst.
Fano Resonance as a Function of Catalyst Concen-

tration. Time resolved infrared spectroscopy (TRIR) was
used to determine the interaction between the QDs and
varying concentrations of catalyst in hexane. We first measured
the transient IR spectra of QDs in hexane without the presence
of ReC0A catalyst. As shown in Figure 3a−c for CdSe490,
CdSe545, and CdSe582, respectively, upon 475 nm excitation,

Figure 1. (A) UV−vis spectra of the three CdSe QDs demonstrating their exciton band positions. Corresponding sizes are 2.3 (CdSe490), 3.0
(CdSe545), and 3.9 (CdSe582) nm. (B) Energy band diagrams of each QD compared to the reduction potential of ReC0A. Lower bands
correspond to the valence band for each nanoparticle, while the higher bands are the conduction bands. As the QD diameter increases, the band
gap decreases. (C) Solvent subtracted FTIR spectra of CdSe490 with varying amounts of ReC0A bound to the surface (red: 0.25x, yellow: 0.5x,
purple: 1x, green: 2x).

Figure 2. Fitted kinetics of CdSe QDs with varying amounts of ReC0A bound, probed at their corresponding ground state bleach frequency. (A)
CdSe490. The addition of ReC0A to the QD results in faster bleach recovery indicating electron transfer. (B) CdSe545. At this QD size, the CB
edge is still more negative than the ReC0A reduction potential. Slower bleach recovery compared to CdSe490 indicates electron transfer does not
occur as quickly. (C) CdSe582. Concentration-independent kinetics implies negligible electron transfer.

Figure 3. TRIR spectra of CdSe QDs in hexane. (A) CdSe490 (B) CdSe545 (C) CdSe582. Absorption peaks at ∼2030 and 2050 cm−1 suggest
solvent vibrations couple with the QD intraband transition.
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there is an instantaneous formation of a broad IR absorption in
the probed region of 2000−2080 cm−1 region, which has been
attributed to the 1S to 1P intraband transition of electrons in
the CdSe QD CB.32 Furthermore, we observed two large
positive absorption features at 2030 and 2050 cm−1 that
correspond to solvent (hexane) absorption bands (Figure S2c).
The amplitudes of these vibrational features are proportional
to that of the broad 1S-1P intraband absorption, suggesting
that it is unlikely to be caused by shift of solvent bands caused
by heating or refractive index changes. We attribute these
features to Fano resonance between the narrow solvent
vibrational modes and the broad photoinduced IR 1S to 1P
transition in the CdSe QD CB.32 This coupling most likely
proceeds via a direct dipole−dipole interaction. A simple
estimate of the Fano asymmetry factor assuming the QD
intraband transition dipole moment is 3 orders of magnitude
greater than the solvent vibrational transition and a distance in
the range 1−10 nm gives a solvent-QD dipole−dipole Fano
asymmetry factor q of order 1−10. Note that such solvent-
adsorbate FR has previously been observed by Herliyh et al.
with a discrete surface Ti−O vibration interacting with broad
water librational modes.37 Upon the introduction of ReC0A to
the QD solutions, the TA spectra show much larger positive
bands at 2025 cm−1 in addition to similar positive solvent Fano
resonance features (Figure S6). The substantial increase in the
amplitude of ΔA at 2030 cm−1 (Figures S8 and S9) relative to
the pure QD-hexane solutions provide evidence for significant
catalyst-QD interaction. Although the FR originating from the
coupling between ReC0A and the QDs is on top of the solvent
absorption, the second peak at ∼2050 cm−1 corresponds
mainly to a solvent mode.

The Fano parameter, q provides a measure of the asymmetry
in the FR line shape. Microscopically, q is directly proportional
to the transition probability into hybrid (molecular-QD)
discrete states embedded in the intraband QD continuum, and
inversely proportional to the transition probability into the
unperturbed continuum states resonant with the catalyst
vibrational mode.31 To determine the value of q, all TRIR
spectra were globally fitted with the following equation (eq
1)25,32,37:
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where the first and second terms correspond to the absorption
due to the formation of the Fano resonance and the (ground-
state bleach) Lorentzian absorption, respectively. The IRPA
term corresponds to the IR signal originating from the QD
intraband electronic transition. Ai and Ai are the amplitudes of
the Fano and Lorentzian terms, respectively. qi is the Fano
asymmetry parameter, Γi is the width of the IR transition, and
v0,i is the peak position of the catalyst vibrational feature. εi is
the detuning term εi = 2(v − v0,i)/Γi.

Since hexane appears to also couple to the QDs, we first
globally fit the data to eq 1 with two Fano and two Lorentzian
terms corresponding to each peak, 2030 and 2050 cm−1, to
also obtain q values for the coupling of both solvent vibrations
with the QD. For QD-ReC0A complexes, because the solvent
and ReC0A CO symmetric mode absorption overlap, we
subtracted the solvent peaks from each QD-ReC0A sample

spectrum by using the solvent-QD q values and other
parameters from the solvent fits. This is described in detail
in the Supporting Information (Section S4). Hereafter, all
spectra shown have been solvent subtracted. It should be noted
that hexane is the optimal solvent for this study among many
that we have tried because of the following requirements: (1)
the QD is soluble but ReC0A is not soluble in the solvent, so
that all dissolved ReC0A molecules are on the QD, and (2) the
solvent should have minimal IR absorption in the CO
stretching mode region.

For each QD, as the amount of bound ReC0A increases, the
amplitude of the FR signal increases, suggesting enhanced
oscillator strength for the transition into the catalyst discrete
mode. Figure 4 shows CdSe490 without ReC0A, and with

increasing amounts of ReC0A, demonstrating this trend. We
attribute this to the total strength of the CO vibrational
oscillator on the QD surface. With more catalyst bound to the
surface, there are more CO modes, and therefore a larger
dipolar polarization density. This increase in the oscillator
strength of the catalyst modes on the QD surface leads to an
expected increase in q with catalyst concentration. As the QD
excited-state decays via charge transfer or nonradiative decay,
the FR amplitude simultaneously decreases, indicating the
essential role of the conduction band electron in promoting the
effective coupling to the catalysts. After the FR signal decays, a
peak at ∼2013 cm−1 and a negative feature at 2035 cm−1

suggest that ReC0A has been singly reduced.41,44,45 This
confirms that the FR signal obstructs the singly reduced signal.
Between the 1x and 2xRe concentrations, the amplitudes of the
signals generated by the reduced species get larger, indicating
more ReC0A is reduced as we have observed with Cd3P2−
ReC0A in a previous paper.44 However, the 0.5xRe sample
seems to be the outlier. We believe the q value is lower
compared to the 0.25xRe case because the solvent could not be
completely subtracted from the raw data (the presence of a
small feature around 2055 cm−1), whereas the subtraction for
the other samples was able to completely eliminate the solvent
contribution. The growth in the FR signal with higher ReC0A

Figure 4. Transient IR spectra of CdSe490 with varying amounts of
ReC0A. Since the singly reduced ReC0A species begins to appear as
the FR signal decays, two more Lorentzians were used to fit the peak
at ∼2013 cm−1 and bleach at 2035 cm−1. (A) CdSe490-0.25xRe. (B)
CdSe490-0.5xRe. (C) CdSe490-1xRe. (D) CdSe490-2xRe.
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concentration was likewise noted in the case of the other two
studied QDs, CdSe545 (Figure S8) and CdSe582 (Figure S9).
Nevertheless, due to the slower electron transfer kinetics
compared to the smallest QD, the CO stretching modes of the
singly reduced species were not observed. The fits for each
sample spectra agree well with the data. Table 1 shows the q
values obtained for each sample and demonstrate q is
increasing as a function of catalyst concentration for each
QD size.
Fano Resonance as a Function of QD Size. We also

investigated the effect of QD size on the FR originating from
its coupling to the molecular catalyst. It is not explicitly
apparent from the spectra for CdSe490 and CdSe582 at a
concentration of 2xRe, that there is a significant difference in
the FR amplitude. However, our analysis shows Fano
asymmetry factors that reveal considerable size dependence.
Additionally, the number of adsorbates per QD for both of
these concentrations varies greatly (Table S1, CdSe490-2xRe:
8.4 molecules vs CdSe582-2xRe: 25.6 molecules). To minimize
the contribution from the concentration dependent effect on
the FR and more clearly investigate any QD size dependence,
four new QDs, CdSe525 (2.6 nm), CdSe550 (3.0 nm),
CdSe580 (3.8 nm), and CdSe620 (5.6 nm), were synthesized.
The highest concentration of ReC0A (2x) was added to each,
with their FTIR spectrum shown in Figure S11. Table S3
shows that the number of adsorbates per QD are more similar
compared to the values in Table S1 for the same ReC0A
concentration (2xRe). Upon 475 nm excitation of the QDs in
pure hexane, as seen previously, we observe two positive
features at approximately 2030 and 2050 cm−1, corresponding
to the solvent absorption (Figure S10). Upon addition of
ReC0A, the solvent response was still present, and the intensity
of the 2030 cm−1 peak increased, as previously observed. The
solvent FR was fitted to eq 1 and the values obtained were
used to subtract the solvent contribution from the QD-ReC0A
samples as described previously. The subtracted QD-ReC0A
FRs were then globally fitted to the same equation to obtain q
values (Table 2). Comparing both the FR amplitudes of each

sample in Figures 5 and S12, as well as the corresponding
asymmetry factors, there appears to be a basic trend. As the
size of the QD increases, both the FR amplitude, and the
asymmetry factor q decrease. Since FR strength scales with the
number of bound molecules, we can normalize the FR q value
by dividing by the calculated number of adsorbates on the
surface to get the coupling per adsorbate, which demonstrates
the same trend.

We attribute the decrease of q with QD size primarily to the
reduced extent of the QD electronic wave function surface
penetration. Since QDs are quantum confined, in comparison
to bulk semiconductors, they have larger electronic wave
function amplitudes at longer distances from the surface.46,47 It
is well-known that as QD size increases, a simultaneous
decrease occurs for the band gap and the electronic wave
function amplitude away from the surface due to the quantum
confinement effect.13,14,48 As shown in computations by Zhu et
al., the radial distributions for electron and hole surface
densities decrease with larger QD size.15 It follows that as the
QD size increases, the electronic wave function decays faster
away from the surface. This feature leads to a decrease in the
electronic charge-transfer coupling between the QD and
catalyst CO vibrational modes promoted via its vibronic
coupling with the catalyst LUMO (see below). A reduced
spatial overlap between the molecular LUMO and the
intraband electronic excited-state leads to a reduced Fano
hybridization and a weaker FR signal with a smaller vibrational
oscillator strength and asymmetry parameter q, as observed
here.

The given qualitative analysis of the Fano asymmetry factor
dependence on the QD size is supported by our microscopic
model, which we describe mathematically and in detail in ref
49. and summarize here. First, recall that according to the FR
theory,31,49 q is proportional to the discrete oscillator
absorption intensity and decreases with stronger interaction
between the discrete and continuum modes. For the examined
QD-catalyst system, the molecular vibration line width is
primarily determined by intramolecular interactions and is only
weakly affected by the interaction with the QD. Therefore, QD
size variations primarily affect q through the effect of the
excited QD on the catalyst’s vibrational oscillator strength.

In our proposed mechanism, charge-transfer interactions
between the excited QD and the catalyst (i) mediate an
effective vibronic coupling between the QD intraband
polarization and the molecular vibrational resonance ultimately
leading to the observed FRs and (ii) control the change in
molecular vibrational oscillator strength induced by excitation
of the QD (Figure 6). The second effect controls the observed
behavior of q with system size.

Quantitatively, perturbation theory shows that QD-catalyst
charge transfer interactions create ionic character in the
molecular ground-state, modifying the vibrational oscillator
strength quadratically with the charge transfer coupling
strength. This interaction depends strongly on the QD
conduction band-catalyst LUMO orbital overlap, which
decreases with QD size, in direct agreement with the observed
reduction in q for larger QDs. As in our previous discussion of
the solvent-QD FRs, estimates of q obtained from dipole−
dipole interactions are too low and unable to explain the
reported size-dependence of the Fano asymmetry factor
reported here.

Table 1. Fano Asymmetry Parameters q for Each QD and ReC0A Concentrationa

0.25xRe 0.5xRe 1xRe 2xRe 4xRe

CdSe490 10.3 ± 1.9 5.24 ± 0.36 21.9 ± 4.2 41.4 ± 12.1
CdSe545 15.5 ± 3.5 20.6 ± 3.17 32.7 ± 5.2 66.4 ± 15.3
CdSe582 10.6 ± 1.9 12.3 ± 1.4 20.2 ± 4.5 23.2 ± 4.4

aWith higher ReC0A concentrations, q is observed to increase.

Table 2. Fano Parameter (q) Values for Each QD-2xRe
Complex

CdSe525 CdSe550 CdSe580 CdSe620

2xRe 29.8 ± 7.3 22.9 ± 3.6 20.2 ± 6.8 4.41 ± 1.1
normalized FR 1.37 1.32 0.79 0.159
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■ CONCLUSIONS
In conclusion, we have investigated how the Fano resonance
between excited QDs and adsorbed molecular CO2 reduction
catalysts depends on the number of adsorbed catalysts and the
QD size. We have demonstrated that the FR signal increases
with catalyst loading, which is induced by increased total
oscillator strength of catalyst vibrations embedded in the QD
intraband absorption continuum. In addition, we observed that
increasing the QD diameter results in a decreasing FR signal,
which is attributed to the reduced charge transfer interaction
between larger QDs and catalysts because smaller quantum
confinement in the QD decreases the degree of overlap
between its 1S level and the ReC0A LUMO. These results
have provided us with a deeper understanding of how FR is
affected by various experimental conditions and lend us further
insight into the interactions between QDs and their surface
bound species.
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IR excitation. In summary, the effective coupling between the QD 1S
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