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ABSTRACT: The ligand shell around colloidal quantum dots mediates the electron and
energy transfer processes that underpin their use in optoelectronic and photocatalytic
applications. Here, we show that the surface chemistry of carboxylate anchoring groups of
oleate ligands passivating PbS quantum dots undergoes significant changes when the
quantum dots are excited to their excitonic states. We directly probe the changes of surface
chemistry using time-resolved mid-infrared spectroscopy that records the evolution of the
vibrational frequencies of carboxylate groups following excitation of the electronic states.
The data reveal a reduction of the Pb−O coordination of carboxylate anchoring groups to
lead atoms at the quantum dot surfaces. The dynamic surface chemistry of the ligands may
increase their surface mobility in the excited state and enhance the ability of molecular
species to penetrate the ligand shell to undergo energy and charge transfer processes that
depend sensitively on distance.

Colloidal quantum dots (QDs) exhibit size-tunability and
discrete electronic states with potential application in a

variety of optoelectronic applications.1−6 For example, solar
cells that utilize QDs as a light absorbing layer have the
potential to overcome efficiency limitations of single junction
solar cells7 through a number of mechanisms, including
multijunction devices, multiplication of photocurrent via
multiple exciton generation (MEG), or hot-carrier extraction
before thermalization of photogenerated carriers is com-
plete.8−13 The latter two processes benefit from the potential
to slow the relaxation of excited electronic states that arises
from an energy mismatch between the low frequency phonon
modes of inorganic nanocrystals and the discrete energy gaps
between electronic states of the quantum confined nanostruc-
tures.
This slowing of relaxation processes in such quantum

confined structures is known as the phonon bottleneck. While
the process has been challenging to observe in quantum dots of
CdS and CdSe,14−18 it has been observed in PbSe
nanostructures with carefully tailored multishell structures.19

The absence of a phonon bottleneck in CdS and CdSe has
been rationalized in terms of the difference in effective masses
of electrons versus holes. This allows excess energy of electrons
to transfer to holes via an Auger-type process followed by rapid
relaxation through the more closely spaced electronic states of
the holes. This subsequent relaxation process can be facilitated
by coupling of the excitonic states to the vibrational modes of
surface ligands.19−21 Recent studies have provided further
support for the coupling of ligand vibrations to excitonic states
of CdSe QDs.22−26 The absence of the phonon bottleneck in
PbS or PbSe nanostructures without carefully tailored
multishell structures has been more challenging to explain.

We recently provided new insight about the role that
electron−phonon coupling plays in creating resonant relaxa-
tion paths between quantum confined states of PbS quantum
dots that provide clarity regarding this question.27

The ability to extract multiple charges per photon from
MEG or to harvest hot carriers before they relax in
photovoltaic devices requires that electrons or holes transfer
rapidly across ligand−nanocrystal boundaries.28 Examples of
such charge transfer processes include the use of nanocrystals
as photoreceptors in photocatalytic systems in which redox
shuttles such as viologens29,30 were used to extract charges
from photoexcited QDs for transport to catalysts present in
solution.31−33 In other examples, QDs acted as the redox
photocatalyst where substrates could approach the QD
surfaces and be oxidized or reduced followed by subsequent
radical−radical reactions.34−38 Such charge transfer processes
can be facilitated by penetration of the redox shuttles within
the ligand shell. Ligands can also have a pronounced influence
on the electronic states of QDs.39−44 Variations of the highest
occupied and lowest unoccupied orbitals of the nanocrystals
were recently demonstrated over a 2 eV range,43 indicating
that PbS QDs may be used to drive charge transfer processes
involved in both photocatalytic oxidation or reduction
reactions depending on the choice of ligands. Furthermore,
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interesting and difficult chemical reactions can be photo-
catalyzed when the surface bound ligands themselves are the
reagents. In this case, the surface/ligand interactions can be
used to template for the final product.45

Despite their important roles in QD photophysics and
photocatalysis, ligand−nanoparticle interactions in the excited
electronic states of QDs have been challenging to characterize
directly through their transient vibrational spectra. Fortunately,
recent advances in time-resolved mid-infrared (TRIR) spec-
troscopy have enabled investigations of how molecular
structure influences the excited state electronic properties of
optoelectronic materials.27,46−50 Motivated by these studies,
we used TRIR spectroscopy to examine changes of the ligand
surface chemistry and bonding to nanocrystal surfaces of PbS
QD films passivated with oleate ligands following optical
excitation to excited electronic states. The transient vibrational
spectra reveal changes of bonding of the carboxylate groups,
indicating that the oleate ligands undergo significant structural
perturbation upon photoexcitation. Because ligand−nano-
crystal interfaces play a central role in charge transfer and
photochemistry of quantum dots,31,51 the ability to directly
probe ligand surface chemistry during excited state processes
may be used to gain a more complete description of how
excited state dynamics of the ligand shell influences photo-
catalytic processes of such systems.28−33,51

Carboxylates are common anchoring groups for ligands
attached to lead chalcogenide nanocrystals. They are the
surface-active functional group of oleate ligands used in the
synthesis of PbS and PbSe52,53 and are also involved in
bonding of smaller ligands such as mercaptopropionic acid
used to enhance the electronic coupling of nanocrystals in
quantum dot solids for optoelectronic and photovoltaic
applications.54,55 The bonding geometry of carboxylate groups
to metal ions at surfaces or in coordination compounds has a
significant influence on their carbon−oxygen stretching
frequencies. In fact, the correlation between vibrational
frequency and bonding geometry is sufficiently well-defined
in carboxylate complexes and crystalline materials to enable
their carboxylate-metal bonding geometries to be catalogued
according to their carbon−oxygen stretch frequencies.53,56

Figure 1a illustrates three common bonding geometries that
carboxylates can adopt when they interact with metals ions.53

The bridging and chelating geometries are characterized by
symmetric νsym and antisymmetric νas stretch modes that differ
in frequency by approximately Δν = 150 and 100 cm−1,
respectively. The unidentate bonding geometry possesses
formal double-bonded CO and single-bonded C−O
moieties with a much larger frequency difference νC=O −
νC−O near Δν = 300 cm−1.56

Vibrational features corresponding to these bonding geo-
metries appear in the Fourier transform infrared (FTIR)
spectra of the oleate passivated PbS QD films examined here
(Figure 1b). The films were cast in air from octane onto BaF2
substrates coated with a thin mesoporous alumina adhering
layer as reported previously.27 Immediately after being
deposited, the films were sealed in a cryostat under nitrogen
atmosphere for all optical measurements. The diameters of the
QDs were found to be 2.9, 3.1, 3.7, and 4.9 nm, determined by
fitting the visible/near-infrared (vis/near-IR) absorption
spectra and confirmed through high-resolution TEM images
(Supporting Information). The FTIR spectra of films of
different nanocrystal sizes are essentially indistinguishable.
Therefore, we use the spectrum of the 2.9 nm PbS QD film to

represent the FTIR spectra of all the samples in the discussion
that follows.
Vertical lines in Figure 1b serve as guides to the eye

highlighting the lower frequency symmetric νsym stretch of
carboxylate groups around 1400−1420 cm−1 and the higher
frequency antisymmetric νas stretch around 1520−1550 cm−1.
The spectra have been offset for clarity. Figure 1c depicts an
expanded view of the spectrum of the 2.9 nm PbS QD film that
is overlaid with Gaussian fit functions (dotted curves) used to
identify the frequencies of the νsym and νas stretch modes of the
bridging and chelating bonding geometries of oleate ligands in
the film. The locations of the νsym and νas of chelating
carboxylate groups at 1420 and 1520 cm−1 and the bridging
groups at 1400 and 1550 cm−1 are consistent with prior studies
of carboxylate binding motifs.53,56 The long aliphatic chains of
the oleate ligands contribute a C−H bend vibrational feature
between the νsym and νas modes. FTIR spectra of other
prominent vibrational modes including the aliphatic and alkene
C−H stretch modes around 2900 cm−1 appear in the
Supporting Information. We note that the CO stretch
frequency of carboxylates bonding with the unidentate

Figure 1. (a) Illustrations of common carboxylate binding motifs and
the corresponding frequency differences of their carboxylate stretch
modes. (b) FTIR spectra of four different size PbS QD films with
oleate ligands. Distinct vibrational modes including symmetric νsym
and antisymmetric νas carboxylate stretches are labeled with
corresponding structures. (c) FTIR spectrum of 2.9 nm PbS QD
film with Lorentzian fit functions used to identify the νsym and νas
modes of the chelating (red) and bridging (blue) bonding geometries.
These are marked by vertical lines that correspond to those appearing
in panel b.
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geometry appear around 1600 cm−1.56 Therefore, the absence
of a peak at 1600 cm−1 in the FTIR spectra indicates that
oleate ligands bond to PbS surfaces primarily through bridging
and chelating geometries in the ground electronic states of the
nanocrystals.
We investigated ligand−nanoparticle interactions between

surface bonded oleate molecules and PbS QDS using TRIR
spectroscopy in an effort to explore how the bonding
interactions may change following photoexcitation to their
excited electronic states. Transient absorption spectra meas-
ured between 1150 and 1800 cm−1 in PbS QD films deposited
from solutions of 2.9, 3.1, 3.7, and 4.9 nm diameter
nanocrystals passivated with oleate ligands are represented in
Figure 2a-d, respectively. The spectra were measured following

excitation at 532 nm with a 2 ns laser pulse with excitation
intensity of 2 μJ/cm2. Given a density of QDs in the films of
∼1019 cm−3, this corresponded to a density of absorbed
photons of <0.02/QD even for films made from the largest 4.9
nm QDs. In all cases, the transient absorption spectra exhibit
narrow vibrational features that are superimposed onto broad
electronic absorptions that arise from the 1Se(h)−1Pe(h)
intraband transitions of the PbS QDs.27 We note that we
showed in our earlier publication27 that charge traps or defects
contribute negligibly to the photophysics of the PbS QDs
examined here. Therefore, the vibrational features represent
perturbations of oleate ligands in the excitonic excited states of
the QDs rather than due to defect states.
The narrow vibrational features introduce concave-up and

concave-down curvature in the transient absorption spectra
that indicate their locations by visual inspection of the data
without further analysis. The vibrational features have been
shaded for clarity in Figure 2 on the basis of this curvature.
Nonetheless, we separated the transient vibrational features
from the broad electronic transitions using the following fitting
procedure from which we obtain the transient vibrational
spectra of the PbS QD films represented in Figure 3a. To
separate the features, we took the position that the electronic
transitions would vary smoothly with frequency and adopted

third order polynomial functions to fit their curvature in the
1150−1800 cm−1 spectral window. This allowed us to fit the
curvature of the electronic transitions at frequencies below
1200 cm−1 and above 1650 cm−1. This is important because
this approach enabled us to estimate the shape of the
electronic transitions using the frequency regions where the
vibrational features do not appear so we could independently
extract their line shapes. This minimized the influence that the
fits of the electronic transitions had on the frequency and
amplitude of the vibrational features.
The transient vibrational spectra obtained from analysis and

subtraction of the electronic transitions described above are
represented in Figure 3a for each oleate capped PbS QD film
for all nanocrystal diameters. The spectra were measured at 20
ns time delay and are plotted as a double difference in
absorption ΔΔAbs in units of μO.D. because they represent
results of subtracting a difference signal from a transient
absorption measurement. The shading of the negative-going
bleach of the ground state vibrational features and the positive-
going transient absorption features match the shading in Figure
2 prior to subtraction of the electronic transition. Because we
did not fit the broad electronic transition in the region of the
vibrational features appearing in Figure 3a, there is some
uncertainty in the baseline defining the zero of the ΔΔAbs
signal. We added dotted lines in the 3.7 and 4.9 nm PbS QD
spectra as guides to the eye to show qualitatively where this
uncertainty may have affected the transient vibrational features.

Figure 2. TRIR spectra measured at several delay times following 532
nm excitation of (a) 2.9 nm, (b) 3.1 nm, (c) 3.7 nm, and (d) 4.9 nm
PbS QD films passivated with oleate ligands. The spectra consist of
narrow vibrational features (shaded regions) that are superimposed
on broad electronic features corresponding to the 1Se(h)−1Pe(h)
intraband transitions (dotted curves).

Figure 3. (a) Transient vibrational spectra of carboxylic groups
anchored to PbS surfaces following 532 nm excitation of 2.9, 3.1, 3.7,
and 4.9 nm PbS QD films passivated with oleate ligands. The ground
state bleach feature overlaps the vibrational modes of chelating
carboxylate groups appearing below in the spectrum of the 2.9 nm
PbS QD film. Vibrational features of the excited excitonic state
correspond to enhanced bridging and monodentate bonding geo-
metries. (b) Cartoon depiction of the change in bonding from the
ground to the excited excitonic states indicating a loss of the chelating
and an increase of the monodentate geometries. These changes
correspond to a decrease of the average Pb−O coordination in the
excitonic excited state.
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We note that the conclusions of the manuscript are unchanged
if we do not follow these guides to the eye. They are included
for purposes of visual clarity.
The transient vibrational spectra in Figure 3a are plotted

above the FTIR spectrum of the 2.9 nm PbS QD film for
comparison. Vertical lines in the FTIR spectrum mark the
frequencies of the νsym and νas carboxylate stretch modes of the
chelating structure around 1420 and 1520 cm−1, and of the
bridging structure around 1400 and 1550 cm−1, respectively.
These are the same frequencies marked in the FTIR spectra
represented in Figure 1. Vertical lines are also included as
guides to the eye to mark where the double-bonded CO and
single-bonded C−O moieties absorb with frequencies νC=O
and νC−O around 1600 and 1250 cm−1, respectively.
The pattern of frequencies and amplitudes of the transient

vibrational features measured in the PbS QD films reveal
complementary information about the changes in bonding of
oleate ligands to the PbS QD surfaces following optical
excitation. For example, a prominent negative-going vibrational
feature overlaps the νsym and νas stretch modes of carboxylate
groups involved in the chelating bonding geometry (marked by
vertical lines at 1420 and 1520 cm−1). The negative-going
feature also overlaps the vibrational features of chelating
carboxylate groups in lead−oleate complexes observed in
Raman spectra that has been observed around 1450 cm−1.57

Such Raman active vibrational modes can contribute to
vibrational features in transient absorption spectra when the
vibrational and electronic coordinates are coupled, giving rise
to what have been called infrared activated vibrational (IRAV)
modes.58,59 Such interactions produce negative-going features
that interfere with broad electronic absorptions such as those
observed in the PbS QD films. We therefore assign the
negative-going feature around 1450 cm−1 in the transient
vibrational spectra to chelating carboxylic groups interacting
with surface lead atoms that are perturbed in the excited
electronic state of the PbS QDs.
On either side of the negative-going vibrational feature are

transient absorptions that overlap the νsym stretch of the
bridging geometry around 1400 cm−1 and a combination of the
νas stretch of the bridging and the CO stretch of the
monodentate geometries at 1550 and 1600 cm−1, respectively.
The amplitudes of the excited state vibrational features of
carboxylate groups indicate a pronounced enhancement of
their lower frequency symmetric stretch νsym and a decreased
amplitude of their antisymmetric stretch νas modes. The ratio
of these peaks differs markedly from their ratio in the FTIR
spectrum. Three possible explanations present themselves. The
first is simply that the negative-going vibrational feature may
have greater overlap with the higher frequency antisymmetric
stretch mode and so mask it by cancelation of the oppositely
charged features.
The second possibility is that the localization of charge

carriers near the QD surfaces in the excited state may modulate
the absorption intensity of the vibrational modes as has been
observed when carboxylate groups interact with polarizable
charge distributions on metal surfaces.60 Figure 4 illustrates the
interactions that could modulate the absorption intensity. The
symmetric motion of the carboxylate stretch νsym mode causes
its transition dipole moment to interact constructively with its
image dipole created in the polarizable charge distribution.60

This can lead to an enhancement of the oscillator strength of
the lower frequency νsym as observed in the spectra. In contrast,
the transition dipole moment of the antisymmetric stretch νas

mode with its image dipole is destructive, which can reduce its
oscillator strength.
A third possible explanation is that the transient features

arise from the vibrational Stark effect61 caused by a change in
charge distribution in the excited electronic state. The
amplitude of Stark shifted vibrational features depend on
their line widths with narrower features exhibiting larger
amplitudes. Typical vibrational Stark shifts have been reported
in the few cm−1 range. While we cannot eliminate possible
contributions from the vibrational Stark effect, it would be
surprising to observe such shifts of vibrational features
spanning a 300 cm−1 range. We therefore conclude that the
vibrational features in Figure 3a arise from some combination
of interfering positive and negative vibrational features and
screening of the vibrational modes by a polarizable charge
distribution in the excited state.
Finally, we note the appearance of a transient vibrational

feature around 1250 cm−1 that is indicative of the formation of
carboxylate groups in the monodentate bonding geometry.
This evidence combined with the preferential perturbation of
carboxylates in the chelating geometry (negative-going feature
at 1450 cm−1) and the enhancement of the bridging geometry
νsym and νas modes reveals a net reduction of the Pb−O
coordination in the excited excitonic state of PbS QDs in
comparison to the ground electronic state. This shift toward
lower Pb−O coordination in the excited electronic state is
represented in Figure 3b. The chelating bonding geometry
involves coordination of both oxygen atoms of the carboxylate
groups to individual lead atoms on the QD surfaces. The shift
toward more bridging bonding geometries causes the
associated lead atoms to be coordinated by only one oxygen
atom. The shift to the monodentate geometry reduces the total
number of oxygen atoms coordinated to the QD surfaces,
leading to a further decrease of the average Pb−O
coordination.
These changes of the oleate bonding geometries in the

excited excitonic states of PbS QDs are consistent with prior
measurements of electrons interacting with ligand−nanocrystal

Figure 4. Carboxylate symmetric stretch νsym mode creates a
transition dipole moment that is reinforced by its image dipole
from the polarizable charge distribution near the surfaces of PbS QDs
in their excited state. In contrast, the antisymmetric stretch νas mode
is suppressed due to antiparallel alignment of its image dipole.
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surface states.20,62,63 The PbS QDs were synthesized under
conditions that lead to lead-rich surfaces.52 Therefore,
localization of electrons at the ligand−nanocrystal surfaces in
the excited state would be expected to increase electron density
in the antibonding π orbital between the carboxylate and lead
atoms in the chelating bonding geometry, weakening the
average Pb−O bond strength. We speculate that this is the
origin of the decreased Pb−O coordination observed in the
transient vibrational spectra. We note that CdS and CdSe QDs
and nanorods synthesized using different procedures have been
shown to trap holes rather than electrons at their surfaces.64,65

If holes were trapped at the lead-rich surfaces of the PbS QDs
examined here, we would anticipate an associated strengthen-
ing of the carboxylate bonding to the more electro-positive
lead atoms.
The dynamic excited state surface chemistry observed here

has implications for the use of QDs as photosensitizers in light
harvesting and photocatalytic reactions. For example, some
applications of nanocrystals in photocatalytic systems utilize
them as photoreceptors that transfer electrons to redox shuttles
such as viologens29,30 for subsequent transport of reduction
equivalents to the catalyst in the system.31−33 Other
applications use QDs as photocatalysts to oxidize or reduce
substrates that approach their surfaces to enable radical−
radical reactions.34−38 Such charge transfer processes are found
to be mediated by penetration of the redox shuttle within the
ligand shell of the nanocrystals. The ability of small molecular
species to penetrate the ligand shell of QDs to undergo such
charge transfer processes is influenced by the permeability of
the ligand layer that in turn depends on the binding of the
surface active functional group to the QD surface.28 It will be
interesting to examine nanocrystals having different surface
compositions and different exposed crystal facets66,67 using
TRIR spectroscopy in order to better understand how changes
in surface chemistry of their excited electronic states may
influence their charge transfer and photocatalytic reactivity.
In summary, we investigated the changes in surface

chemistry of oleate ligands on PbS quantum dot surfaces
following optical excitation of the quantum dots to their
excitonic excited states. TRIR spectroscopy directly probed the
surface bonding geometries of carboxylate groups of oleate
ligands through the time-evolution of their vibrational
frequencies. The data revealed a net reduction of the Pb−O
coordination of carboxylate groups to lead atoms on the
quantum dots surfaces in the excited states of the nanocrystals.
In the ground electronic state, oleate ligands bind primarily
through chelating and bridging geometries to lead atoms. In
the excited state, a net reduction of the more highly
coordinated chelating geometry is observed with an associated
increase of the bridging and monodentate bonding geometries.
These changes are consistent with localization of electrons at
the nanocrystal surfaces resulting in a net reduction of the lead
atoms in the excited electronic state of the quantum dots. The
ability to directly probe ligand−nanocrystal interactions in
excited electronic states using TRIR spectroscopy offers the
opportunity to investigate the molecular dynamics that
influence energy and charge transfer processes at quantum
dot surfaces that underpin their use in optoelectronic and
photocatalytic applications.
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