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Abstract: Colloidal semiconductor nanocrystals (NC) have
reached a high level of synthetic control allowing the tuning of
their properties, and their use in various applications. However,
the surface of NCs and in particular their size-dependent
capping organic ligand behavior, which play an important role
in the NC synthesis, dispersibility, and optoelectronic proper-
ties, is still not well understood. We study the size-dependent
properties of the ligand shell on the surface of NCs, by
embedding surface bound dyes as a probe within the ligand
shell. The reorientation times for these dyes show a linear
dependence on the NC surface curvature indicating size-
dependent change in viscosity, which is related to a change in
the density of the ligand layer because of the geometry of the
surface, a unique feature of NCs. Understanding the properties
of the ligand shell will allow rational design of the surface to
achieve the desired properties, providing an additional impor-
tant knob for tuning their functionality.

Colloidal semiconductor nanocrystals (NCs) are promising
building blocks for various applications, as already demon-
strated in their use for fluorescent biological tagging,[1, 2] and
as chromophores in back light units of liquid-crystal displays
as well as advanced research in additional devices including
solid-state lighting, solar cells, photodetectors, and field-effect
transistors.[3–8] This is mainly due to the ability to modify the
physical and chemical properties of the semiconductor
material through bottom-up approaches by controlling the
particles size and shape in the nanometer scale.[9–11] The
inorganic NC surface is typically coated by an organic ligand
layer, making NCs a unique inorganic–organic hybrid chem-
ical system. Considering the inherent high surface-to-volume
ratios of such NCs, the ligand layer is of paramount
importance in the NC synthesis and in affecting the chemical
and physical properties of the particles.[12] In the NC synthesis,
the ligand layer plays a central role in size- and shape-
controlled growth.[13] Moreover, the ligand layer makes
possible the use of different solvents and matrices for the
NC dispersion, and ligand exchange is a common approach to

manipulate the NC compatibility within different environ-
ments.[14] The surface ligands also play a role in surface
passivation by saturating dangling orbitals of the NC surface
atoms, and hence avoiding irreversible chemical reactivity at
the surface (chemical passivation), as well as playing some
role in the passivation of electronic surface trap states
(physical passivation).

Several methods have been employed to study the ligands
on the surface of NCs. These are based on identification of the
ligands themselves, or alternatively, on probing the surface-
ligand-dependent properties of the NCs.[15] NMR spectrosco-
py has emerged as a major technique to study the properties
of organic ligands on the surface of NCs, due to its ability to
trace specific ligands in their natural environment by a non-
destructive procedure, and the capability to quantitatively
distinguish between free and bound ligands.[16] Using NMR
spectroscopy, researchers have been able to study important
aspects of the ligand shell such as the surface coverage,
binding mechanism, surface stoichiometry, and ligand
exchange schemes.[17–21] A major limitation of NMR spectros-
copy is that a high concentration of NCs is needed in order to
gain sufficient signal-to-noise ratios, concentrations that are
much higher than the typical concentration used for other
analysis techniques and for most applications. This makes the
use of NMR spectroscopy more prohibitive, and in certain
cases may even lead to misleading conclusions. In addition,
there is need for in situ approaches for the study of the surface
effects which can allow for fast and efficient probing of low
NC concentrations. Herein we study the size-dependent
dynamic properties of the nanocrystal ligand shell using
fluorescence anisotropy measurements of probe dye mole-
cules bound to the nanocrystal surface. A similar approach
was used previously to study self-assembled monolayers on
bulk surfaces.[22] In this approach, organic dye molecules were
attached directly to the surface of NCs[23–25] and their
reorientation dynamics were probed by time-resolved fluo-
rescence anisotropy spectroscopy.[26] The dye molecules are
embedded inside the ligand shell and adapt the dynamic
properties of the ligands. Their reorientation times are hence
sensitive to the size-dependent effective viscosity of the ligand
layer. The approach is applicable to low concentrations of
nanocrystals in situ, and benefits also from the advantages of
other optical probes including high sensitivity, potentially
down to the single nanocrystals level, with use in diverse
environments, at different temperatures, and under various
conditions.

To probe the size-dependent ligand dynamics in this
manner, we synthesized four samples of CdSe/CdS core/shell
quantum dots (QDs), with radii ranging between 1.3 to
2.4 nm, capped with octadecylamine ligands (Figure 1 a; see
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the Supporting Information). We use Atto 647N dye with an
amine linker group for surface binding to the QDs, as the
probe molecules. In principle, the linker amine group attaches
to positive binding sites—the Cd atoms on the surface of the
QD, similar to the binding of the native amine ligands to the
QD surface. In order to achieve effective conjugation of the
dye molecules, excess native ligands were removed from the
QD solutions by successive precipitation and dissolution
steps. The cleaned QDs were dispersed in chloroform at
concentration of about 100 nm and mixed with the dye
solution (in chloroform) at molar ratio of approximately five
dye molecules per QD. According to a previous study,[24] such
treatment will yield the attachment of a few dye molecules to
each QD, relative to a few hundreds or thousands of ligands,
hence the dye molecules are not expected to change the
dynamic properties of the ligand shell.

Upon conjugation, the samples were measured in a time-
resolved photoselection scheme (see the Supporting Infor-
mation for full description). Briefly the solution is excited by
a vertically polarized pulsed laser (635 nm, 100 ps pulse),
which preferably excites the dye molecules that are aligned
with their absorption transition dipole moment along the
vertical direction. Following excitation, the emission inten-
sities in the parallel–vertical (IVV) and perpendicular–hori-
zontal (IVH) polarizations are measured and the time-resolved
anisotropy, r(t), is calculated according to Equation (1).

rðtÞ ¼
IVVðtÞ ¢ IVHðtÞ

IVVðtÞ þ 2 ¡ IVHðtÞ
ð1Þ

An example for such measurement is presented in Fig-
ure 1b, showing the time-resolved emission decays at parallel
and perpendicular polarizations. The emission intensity is
corrected for any polarization response of the measurement
system. Immediately after the excitation the excited dyes emit
preferentially in the parallel direction (emission and absorp-
tion dipole moments are parallel). With time, the dye

molecules reorient and thus the anisotropy returns to zero
value. If the typical reorientation time (q) is in the order of the
natural decay time of the emitter (t), the time-resolved
anisotropy will decay exponentially with time according to
Equation (2),

rðtÞ ¼ r0 ¡ exp ¢ t
q

� �
ð2Þ

where r0 is the anisotropy of the emitter in the absence of
reorientation effects (at time zero, see the Supporting
Information for full derivation).

The reorientation dynamics of free dye molecules in
water/glycerol mixtures were measured as reference (Fig-
ure 1c). The expected single exponential decay was observed,
and the reorientation time was found to scale with the
viscosity of the medium (h). The additional factors that
determine the reorientation time are related to the volume
and shape of the dye (V,f, respectively), interactions with the
medium (C), and the thermal energy (kbT) [Eq. (3)].

q ¼ hVfC
kbT

ð3Þ

For the QD–dye samples, the results of the reorientation
dynamics differ substantially (red curve in Figure 1c). A bi-
exponential decay of the anisotropy was observed. This is
a clear indication that the dye molecules in the solution are
divided to two populations—free dye molecules and QD–dye
conjugates, respectively showing fast and slow reorientation
times. We verified that for each specific sample the ratio
between the fast and slow components (or free and bound dye
molecules, respectively), reaches equilibrium (usually within
few minutes after adding the dye molecules to the solution),
and remains stable throughout the measurements.

The reorientation time constants for the various sizes of
QDs were extracted by fitting the anisotropy curves to a bi-
exponential decay function, the relative fraction of each
population can be derived from the amplitude of each

Figure 1. a) Illustration of CdSe/CdS core/shell QDs (radius of 1.3 and 2.4 nm) and of the surface ligand shell. b) Time-resolved photoselection
measurements of Atto647N dye in water/glycerol mixture. Initially the intensity is higher at the parallel direction (VV) than the horizontal direction
(VH), and as time evolves the reorientation dynamics takes place reducing the anisotropy. The reorientation kinetics is further manifested in the
inset, showing a delay in the emission maxima of the perpendicular direction (the intensity in the inset is normalized for clarity). From these
measurements the time-resolved anisotropy is calculated. c) Time-resolved anisotropy (dots), and fits (solid lines), of dye in low (blue) and high
(green) viscosity medium, and of the dye in QDs–dye conjugates sample (red). While for the dye alone, the anisotropy follows a single
exponential decay, for the QDs–dye conjugates a more complex, bi-exponential decay is observed, which reflects the dual population of free and
bound dyes within this sample.
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component and it can be used to evaluate the ratio between
free and bound dye. The reorientation time of the slow
component is significantly longer compared to the free dye in
chloroform. Moreover, it strongly depends on the QD size
and becomes shorter as the size is decreased, from 21 ns for
the NCs with a 2.4 nm radius, to 11 ns for the NCs with
a 1.3 nm radius (Figure 2a,b). Furthermore, changing the

measurement temperature between 15 to 45 88C, which
significantly changes the viscosity of the medium (chloro-
form), has hardly any effect on the reorientation time of the
bound dye molecules (Figure 2b). This is a direct indication
that the measured slow component of the reorientation time
for the bound dyes, is related to an effective viscosity of the
ligand shell, and not to tumbling of the entire QD which is
expected to be much longer, and expected to depend on the
solvent viscosity. Moreover, the relative independence of
reorientation times on temperature indicates that for these
samples and in this temperature range, the ligands do not
exhibit a dramatic change in their physical properties such as
a phase transfer. This result emphasizes the ability of time-

resolved anisotropy to directly probe the dynamic properties
of the ligands, in contrast to previous studies that relied on
indirect measurements of certain ligand-dependent proper-
ties of the NC such as the photoluminescence[27] or chemical
reactivity towards metal growth.[28]

To gain further insight regarding the effect of NC size and
of its surface curvature on the dynamic properties of the
ligand shell, the reorientation times of the bound dyes are
plotted versus the curvature of the QDs, which for a sphere is
the reciprocal of the radius, in Figure 3. It is clearly seen that

the reorientation time of the bound dyes becomes longer as
the curvature decreases, and an inverse linear relation
between the curvature and the reorientation time, is
observed. Fitting to linear function provides an expected
reorientation for a flat surface (curvature equals zero), of
about 32 ns.

We next discuss the origin for the systematic change in the
reorientation times upon varying the NC radius. The main
factors considered relate to those affecting the ability of the
ligands, and hence the probe molecule, to reorient more freely
within the ligand monolayer. The two major factors are first,
the density of the binding of the ligands—that is, ligand
surface coverage effect, and second, the effective density of
the ligand shell constraining movements within the mono-
layer. For organic ligands bound to a surface, two types of
motions are allowed: rotational movement of the ligands
around the bond axis and bending of the ligand with respect to

Figure 2. a) Time-resolved anisotropy measurements (dots), and fits
to bi-exponential decay (solid lines), of the QDs–dye conjugates for
QDs samples of different radii. The changes in the reorientation times
for the slow component with QD radius can be seen by the change in
the slope of the long decay component of the anisotropy. Data is
vertically shifted for clarity. b) Reorientation times of the dye molecules
attached to the surface of the various samples of QDs (slow
component of the bi-exponential decay), as function of temperature,
showing only moderate change in this temperature range (dashed
lines are a guide for the eye).

Figure 3. a) Cross section of QDs and their capping ligand shell. From
this illustration the change in the density of the ligand shell,
manifested by the larger distances between ligands at the outer shell
for the smaller QD can be clearly discerned. b) Reorientation times
versus the QD surface curvature showing a linear correlation. From
fitting this data, a reorientation time of about 32 ns is expected for
infinite flat surface.
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the surface. Both modes are expected to be slowed down
when the density of the binding increases, which results in an
increase of the density of the ligand shell. For QDs, however,
certain deviation from this trend is expected. While the
surface binding density of the ligands is assumed to be similar
for all QDs (or even slightly higher for smaller QDs), the
actual density of the ligand shell farther from the surface is
reduced because of the curvature, as was also demonstrated
for gold QDs covered with oligonucleotides.[29–31] For the
smaller QDs this effect is stronger, and thus as the size of the
QD decreases the ligands can move more freely. This can be
represented by the effective viscosity of the ligand layer,
which is lowered as shown uniquely by our study. This
phenomenon is distinctive to nanoscale surfaces that shows
curvature which is in the order of magnitude of the width of
the ligand shell.

In order to estimate the change in density with QD radius,
we assume a constant binding density of ligands at the surface
of the QDs (four ligands per square-nanometer)[15, 16] and
calculate the surface density at the outer shell of the ligand
monolayer (about 2 nm from the surface), for the different
sizes of the QDs. The change in the density is illustrated in
Figure 3a, presenting a close up view of the surfaces for two
QDs, 2.4 nm and 1.3 nm in radius. The change in the ligand
density along with the changes in the reorientation times for
the QDs with the different radii are summarized in Table 1.

As can be seen from the results of this illustrative model,
indeed the available space for reorientation for each ligand is
increased for the smaller QDs. For the larger QDs the
constraints for movement are higher, limiting the capability of
each ligand to move freely and hence increasing the effective
viscosity of the ligand shell which is indicated by the slower
reorientation dynamics of the probe dye molecules.

In summary, we have used for the first time anisotropy
measurements of a probe dye molecule bound to the NC
surface, to investigate the NC ligand dynamics. The bi-
exponential decay directly allowed us to separate the bound
from free ligand components. An inverse linear correlation of
the reorientation times with the NC surface curvature was
found, and assigned to the change of density of the ligand
shell, indicating geometrical dependence of the effective
viscosity of this layer. The fluorescence anisotropy is there-
fore a useful in situ probe for the surface ligand layer
behavior, and offers a unique view on the size-dependent
dynamic properties of the ligands in the nanocrystals.

Keywords: fluorescence spectroscopy · nanocrystals ·
nanotechnology · polarized spectroscopy · surface chemistry
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Table 1: Summary of size-dependent reorientation times and ligand density in the different QD samples.

QD
Radius [nm]

Curvature
[nm¢1]

Reorientation
coefficient [ns]

Density at
the outer

shell [nm¢2]

Area per ligand
at the outer
shell [nm2]

1.3�0.2 0.8�0.1 11�1 0.6�0.1 1.6�0.1
1.6�0.2 0.6�0.1 15�1 0.8�0.1 1.3�0.1
2.0�0.2 0.5�0.1 17�1 1.0�0.1 1.0�0.1
2.4�0.3 0.4�0.1 21�1 1.2�0.1 0.8�0.1
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